


SYMPOSIUM ON ISOTOPE TECHNIQUES IN
AN: 048867
UN: 551.49 S989

111
ООООООЫСНЧ



'î О О Р *





ISOTOPE TECHNIQUES
IN GROUNDWATER HYDROLOGY

1974

VOL. I



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN
ALBANIA
ALGERIA
ARGENTINA
AUSTRALIA
AUSTRIA
BANGLADESH
BELGIUM
BOLIVIA
BRAZIL
BULGARIA
BURMA
BYELORUSSIAN SOVIET

SOCIALIST REPUBLIC
CAMEROON
CANADA
CHILE
COLOMBIA
COSTA RICA
CUBA
CYPRUS
CZECHOSLOVAK SOCIALIST

REPUBLIC
DENMARK
DOMINICAN REPUBLIC
ECUADOR
EGYPT, ARAB REPUBLIC OF
EL SALVADOR
ETHIOPIA
FINLAND
FRANCE
GABON

GERMAN DEMOCRATIC REPUBLIC
GERMANY, FEDERAL REPUBLIC OF
GHANA
GREECE
GUATEMALA

HAITI
HOLY SEE
HUNGARY
ICELAND
INDIA
INDONESIA
IRAN
IRAQ
IRELAND
ISRAEL
ITALY
IVORY COAST
JAMAICA
JAPAN
JORDAN
KENYA
KHMER REPUBLIC
KOREA, REPUBLIC OF
KUWAIT
LEBANON
LIBERIA
LIBYAN ARAB REPUBLIC
LIECHTENSTEIN
LUXEMBOURG
MADAGASCAR
MALAYSIA
MALI
MEXICO
MONACO
MONGOLIA
MOROCCO
NETHERLANDS
NEW ZEALAND
NIGER
NIGERIA
NORWAY

PAKISTAN
PANAMA
PARAGUAY
PERU
PHILIPPINES
POLAND
PORTUGAL
ROMANIA
SAUDI ARABIA
SENEGAL
SIERRA LEONE
SINGAPORE
SOUTH AFRICA
SPAIN
SRI LANKA
SUDAN
SWEDEN
SWITZERLAND
SYRIAN ARAB REPUBLIC
THAILAND
TUNISIA
TURKEY
UGANDA
UKRAINIAN SOVIET SOCIALIST

REPUBLIC
UNION OF SOVIET SOCIALIST

REPUBLICS
UNITED KINGDOM OF GREAT

BRITAIN AND NORTHERN
IRELAND

UNITED STATES OF AMERICA
URUGUAY
VENEZUELA
VIET-NAM
YUGOSLAVIA
ZAIRE. REPUBLIC OF
ZAMBIA

The Agency's Statute was approved on 23 October 1956 by the Conference on the statute of the IAEA
held at United Nations Headquarters, New York; it entered into force on 29 July 1957. The Headquarters of
the Agency are situated in Vienna. Its principal objective is "to accelerate and enlarge the contribution of
atomic energy to peace, health and prosperity throughout the world".

Printed by the IAEA in Austria
August 1974



PROCEEDINGS SERIES

ISOTOPE TECHNIQUES
IN GROUNDWATER HYDROLOGY

1974

PROCEEDINGS OF A SYMPOSIUM
ORGANIZED BY THE

INTERNATIONAL ATOMIC ENERGY AGENCY
AND HELD IN VIENNA,

11-15 MARCH 1974

In two volumes

VOL.1

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 1974



ISOTOPE TECHNIQUES IN GROUNDWATER HYDROLOGY 1974
IAEA, VIENNA, 1974

STI/PUB/373



FOREWORD

This symposium, held in Vienna on 11-15 March, 1974, was the fourth
on the subject of isotope hydrology organized by the International Atomic
Energy Agency. However, this one was limited to groundwater hydrology
in view of the general increase of interest and activity in isotope hydrology
since the previous meeting in 1970.

The proceedings of this symposium are a good indicator of the present
world status of these techniques. Thus one notes that many of the studies
are in the developing areas of the world. Furthermore, there has been a
shift to using these techniques as an additional applied tool in specific
problems of development of water resources. Examples of such applications
also give evidence of the closer collaboration between isotope specialists,
who originally developed the methods, and hydrogeologists and geochemists.

It is hoped that these proceedings will contribute to a wider apprecia-
tion of the potential use of isotope techniques to hydrological problems
associated with the development of groundwater for agriculture, community
water supply and industry.
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SIX YEARS' ENVIRONMENTAL TRITIUM PROFILES
IN THE UNSATURATED AND SATURATED ZONES,
GR0NH0J, DENMARK

L J . ANDERSEN
Geological Survey of Denmark,

T. SEVEL
Danish Isotope Centre,
Copenhagen,
Denmark

Abstract

SIX YEARS' ENVIRONMENTAL TRITIUM PROFILES IN THE UNSATURATED AND SATURATED ZONES,
GR0NH/ÛJ, DENMARK.

The rate of infiltration and downward movement of soil water in the unsaturated zone and the groundwater
in the upper part of the saturated zone have been investigated using environmental tritium in precipitation
and subsurface water. Four tritium profiles were measured at the same site during the period March 1966
to November 1972. A model for evapotranspiration (recharge and a displacemefit-flow model with dispersion)
has been tested with reference to data on precipitation, evapotranspiration and soil-moisture using environmental
tritium as a tracer with satisfactory results. Tritium balances for the unsaturated zone during the period
1966-72 have been set up. Frequent measurements of soil-moisture profiles using the neutron method have
recorded a downward movement of a front of gravity water with a velocity about 3 - 3.5 m monthly. However,
the actual flow velocity of the soil-moisture determined by environmental tritium is 4 .5 m yearly.
Evapotranspiration and recharge to the groundwater has been calculated for the period 1961-72.

INTRODUCTION

The purpose of this investigation was to study the infiltration rate and
the movement of water in the unsaturated zone for setting up a water balance
using environmental tritium in precipitation and soil moisture combined
with neutron-measured soil-moisture profiles.

The investigations have been carried out as an IHD-project by the
Geological Survey of Denmark (DGU) and the Danish Isotope Centre (DIC).
The field investigations were planned and executed by the DGU, and the
soil-moisture samples analysed for tritium by the DIC. The interpretations
of the results were undertaken co-operatively by the DGU and the DIC.

Data of tritium concentration in precipitation from Odum [1] and, for
periods without data from this station, adjusted values from the station at
Plonninge, have been used. Precipitation from the basic stations at Karup
and Gr^nhjój, Danish Meteorological Institute, has been used. Monthly
values of potential evapotranspiration [2] have been adjusted in accordance
with new investigations [3].



TABLE I. MONTHLY VALUES OF PRECIPITATION AT KARUP, TO MARCH 1966, AND GRC^NH^J, AND
TRITIUM CONCENTRATION AT ÔDUM. NUMBERS IN BRACKETS ARE ADJUSTED VALUES FROM
PLÓNNINGE. THE ASTERISK INDICATES INTERPOLATED VALUES. PRECIPITATION VALUES ARE
INCREASED BY 10% TO ADJUST FOR WIND EFFECT

1962 ™
• » ;

• » "

1965 ™
•*c
« -
• « :

1969 s 1

m o -

1912 ™

Jan.

49
(64)

83
310

12
1000

68
850

92
320

47
235

75
156

62
83

75
105*

36
60*

51
70*

24
70*

Feb.

53
(92)

76
500

9
1234

26
668

37
405

• 69
265

68
163

26
112

36
91

46
80*

53
78

14
80*

March

53
(120)

49
740

49
1660

14
1150

30
468

80 '
312

78
187

53
128

12

145*

84

115*

42
130*

47
130*

April

47
(156)

48
910

48
2490

47
1950

70
905

34

405

68
225

56
141

46
210

112

156

29
(164)

75
160*

May

35
(172)

108
1020

105
2900

36
1515

40
770

42
620

60
285

56
210

108
280*

26
250*

61
(230) *

83
225*

June

92

(170)

72

1100

53

3495

113

2075

55

685

89

745

33

345

124

360

27

350

25

(275)

55

(252)

77

250*

July

144

(133)

50

1034

77

3808

115

1495

117

605

64

650

34

325

100

325

53

290*

120

255*

94

(190)*

103

190*

Aug.

122
(20)

151
600

187
3590

81
1985

63
510

91
370

55
185

38
215

74

166

24
162

142
(123)

35
120*

Sep.

123
(60)

65
363

68
1600

99
1850

75
200

86
245

80
102

78
247

28
120*

120
80*

54
(122)*

33
120*

Oct.

97
(88)

67
350

117
827

44
490

52

141

74
185

262
65

89
120

31
90*

100

36

79
(122)*

18
120 *

Nov.

91
(102)

37
450

199
770

67
215

72
160

60
162

61
61

115
120

183

70*

131
55*

113
(90)*

119
90*

Dec.

87
(65)

47
670

20
642

140
330

117
207

131
155

82
63

42
123

20
65*

55
61

39
60*

89
60*

Year

993

852

943

850

820

867

956

839

693

879

807

717



IAEA-SM-182/1

GEOLOGY, TOPOGRAPHY AND CLIMATE

The investigations have been carried out in glaciofluvial outwash
material of fine to medium sand and gravels at Gr^nh^j, Denmark. The
ground surface at the site area has a gentle slope of about 1 : 1000. No
streams exist within distances of 10-15 km and overland flow does not
occur. The unsaturated zone has a thickness of about 22 m, and the
underlying aquifer consists of sand and gravel and layers of fine sand to
depths more than 60 m below the land surface [4]. Mean precipitation is
780 mm per year and mean temperature +7. 5°C.

The ground surface at the site is grass covered within an area of
4X 25 m. The surroundings are planted with various agricultural crops.

SAMPLING AND MEASURING PROCEDURES

Four 6-in. cased boreholes have been augered at time intervals of
about 2 years. All boreholes penetrate the unsaturated zone to about 2 m
below the groundwater table, except well No. I which reaches a depth of
57 m below the land surface or 35 m below the water table. Well No. I
was completed in March 1966, well No. IV in March 1968, well No. V in
November 1970 and well No. VI in November 1972. The wells are located
within 15 m from each other. The lithology and grain-size distribution
are equal in all the wells.

In well No. I all material was sampled every 0. 2 m down to 22.8m below
the land surface. The samples were well sealed in the field. In the
laboratory the samples were weighed and dried at 105°C in a vacuum
distillation system. The weight of each sample was about 5-6 kg. The
amount of distilled water was weighed and compared with the loss of weight
of the samples, and the soil-moisture content was determined by volume
per cent using the borehole volume as bulk volume.

Well Nos IV, V and VI were sampled every half metre. Samples of
about 5 kg were taken. In the laboratory the same procedure was followed.
However, the soil moisture is expressed in per cent by weight and con-
verted to per cent by volume using a calibration curve derived from the
samples from well No. I.

The distilled soil water was stored in glass bottles and analysed for
tritium using the benzene method and liquid scintillation counting. This
method has a detection limit of approximately 10 TU and a standard
deviation of 25 to 5%, decreasing with increasing tritium concentration.

PRECIPITATION AND TRITIUM CONCENTRATION

Monthly values of precipitation and tritium concentration of precipitation
are given in Table I. The values in brackets are data from Plônninge
adjusted with a factor of 0. 92 derived from comparison of simultaneous
measurements. Interpolated values are shown by an asterisk. All
recorded values of precipitation are in accordance with new results
increased by 10% to allow for under-registration caused by wind effect.
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FIG.l . Gttfnhtfj, Well No.I, March 1966. Measured tritium profile, (1), black dots indicate measured
values. Calculated tritium profiles: Displacement flow model, (2), and displacement now with dispersion, (5).
Soil-moisture content, (3). Total soil-moisture accumulated with depth, (4).



FIG.2. ~ t b n w j .  Wells No.IV, V and VI, March 1968, November 1970, November 1972 respectively. 
Measured tritium profiles, (1). black dots indicate measured values. CalcuIated tritium profiles, dispIacement 
flow model, (2), and displacement flow with dispersion, (5). Sofl-moisture content, (3). Total soil-moisture 
accumulated with depth, (4). 



TABLE II. VALUES OF POTENTIAL AND ACTUAL EVAPOTRANSPIRATION (Ep AND Ea), AMOUNT AND
TRITIUM CONCENTRATION OF PRECIPITATION (P), STORED SOIL-WATER (W8), AND RECHARGE (R) AND
TRITIUM INPUT FOR 1963. TRITIUM ADJUSTED FOR DECAY TO MARCH 1966

1963

Ep mm

E« mm
A

p m m

TU

w m m

s TU

mm
R
 TU

Tritium input
(TU metres)

Jan.

0

0

12
840

100
510

12
510

6

Feb.

5

5

9
1037

100
530

4
530

2

March

16

16

49
1403

100
747

33

747

25

April

46

46

48
2105

100
774

2
774

2

May

86

86

105
2465

100
1043

19
1043

20

June

93

87

53
2988

66
1043

0
1043

0

July

108

70

77
3272

73
1043

0
1043

0

Aug.

85

85

187
3105

100
2244

74
2244

166

Sep.

56

56

68
1392

100
2152

12
2152

26

Oct.

35

35

117
124

100
1509

82

1509

124

Nov.

15

15

199
698

100
983

184
983

181

Dec.

5

5

20
565

100
928

15
928

14

Year

550

506

953

437

566



IAEA-SM-182/1 9

TRITIUM PROFILES

The tritium profiles from 1966, 1968, 1970 and 1972 are shown on
Figs 1 and 2. All concentrations refer to the sampling time.

The 1966 profile shows three tritium peaks with tritium concentrations
of about 800 to 950 TU at depths of 4 m, 7.5 m, and 13 m below the land
surface, and lower concentrations above 4 m and below 13 m down to the
groundwater table. The amount of tritium in the profile (M) down to 22 m
below the land surface is calculated as the product of the soil-water content
in metre water column and the measured tritium concentration for each
interval of sampling. In the 1966 profile M= 1020 TU m.

The 1968 profile shows a broad maximum from 7 to 17 m with tritium
concentrations up to 500 TU, decreasing downward to the groundwater and
with a slight increase of tritium in the upper part of the groundwater zone.
The tritium content in this profile, M = 553 TU m, shows a remarkable
decrease relative to the 1966 profile.

The 1970 profile has low values of tritium concentration in the upper
part of the unsaturated zone and a maximum of about 400 TU near the ground-
water table, and the same concentrations in the upper part of the ground-
water zone. The tritium content M = 308 TU m.

The 1972 profile shows low values of tritium concentrations (below
150 TU) down to about 15 m below the surface level and a small maximum
about 20 m below the surface level. The tritium content M is here equal
to 209 TU m.

The shape of the tritium profiles and their total amount of tritium
indicate a downward migration of recharges in the years 1962-72. For
interpretation of the tritium profile of the unsaturated zone as a function
of time in the period 1966-72 models for the input function and the flow
conditions in the unsaturated zone are introduced.

THE INPUT MODEL

From soil-moisture measurements in the investigated wells and at
several other stations in the investigation area, the field capacity of the
root zone down to about 1 m below the surface is estimated to be 100 mm
of water. The wilting point is estimated to be 50 mm. From
pan-evaporimeter measurements [3], the potential evapotranspiration in
this area is estimated to about 550 mm yearly with a seasonal variation
as shown in Table II. The actual evapotranspiration is calculated by
reducing the potential evapotranspiration according to the curve on Fig. 3.

The evapotranspiration-recharge model is based on the following
assumptions: The evapotranspiration in a given month originates from
precipitation during that month. If precipitation exceeds the evapotranspira-
tion the excess is totally mixed with the stored soil-moisture in the upper
one metre of the unsaturated zone. The recharge into the intermediate
zone is equal to precipitation minus actual evapotranspiration (net infiltra-
tion). The tritium concentration of the recharge is equal to the concentration
resulting from mixing of antecedent soil-moisture and the net infiltration.

The values of actual evapotranspiration calculated using this model
are in good agreement with values found in connection with water-balance
studies at other sites in this catchment.
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Reduction factor

0.5

Water storage
100 90 80 70 60 50 mm

FIG.3. Reduction factor (rf) for calculation of actual evapotranspiration (Ea) from potential evapotranspiration
(Ep) as a function of water storage in the upper one metre of the unsaturated zone. Ea = rf-Ep.

Calculated values of recharge and tritium concentration of recharged
water are shown for the year 1963 in Table II. In the example, the tritium
concentrations are reduced for radioactive decay up to March 1966.

FLOW MODELS

Displacement flow

Using a flow model by which the recharge water into the unsaturated
zone displaces earlier stored soil-moisture in this zone, and using the
measured values of moisture content, the displacement of the soil-
moisture profile produced by recharge during a given month can easily
be found.

Beginning with the recharge in the month before the sampling time of
the tritium profile, and successively filling up with recharges and
corresponding tritium concentrations from earlier months, the tritium
profiles resulting from the input model mentioned above and the displacement-
flow model are calculated for March 1966, March 1968, November 1970 and
November 1972. The calculated tritium profiles are graphically shown on
Figs 1 and 2 together with the measured profiles.

The 1966 profile is simple to interpret as it contains moisture of high
tritium content from precipitation in 1963 and 1964 in the peaks.

From the calculated tritium values in the 1968 profile it appears that
this profile, above 20 m below the surface level, mainly contains moisture
which originates from rain in the period 1965 to 1968. According to the
measured tritium profile, the 1964 peak should have been out of the
unsaturated zone. However, the presence of this peak within the calculated
profile may be due to an inaccurate determination of the water content in
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the profile. A discrepancy of only 1% overestimated water would decrease
the total water content by about 200 mm, and in that case the peak would
have disappeared. It should be mentioned that the gravimetric determina-
tion of the water volume per cent in the profile is based on a borehole
diameter of 152 mm (6 in. ) instead of 160 mm which is the diameter of the
boreshoe used. This borehole diameter would possibly be more correct.
If so, it would decrease all values of water volume per cent by 10%, i. e.
a decrease of the total water content in the profiles of about 200 mm.
However, even with this assumption the low values of tritium concentrations
just above the groundwater table cannot be explained.

Another point of importance is that the measured tritium profiles
originate from four different spots placed up to 15 m apart from each other.
Discrepancies in grain-size distribution and soil-moisture content would
change the depth of a given rain input from one profile to another in addition
to the shape of the tritium profiles.

The tritium profiles calculated by the displacement model for 1968,
1970 and 1972 show that trailing caused by dispersion makes direct inter-
pretation difficult if not impossible. The measured tritium profile in 1968
might at a first glance [5] be interpreted as containing the recharge from
1963-64 within its tritium maximum from 7 - 17 m above the surface level.
However, this maximum must be a result of trailing from the peaks in 1963
and 1964 plus recharged water in the period 1965-66.

The total amount of tritium in the profiles is calculated by the displace-
ment flow model as 1080, 457, 215 and 146 TU m for 1966, 1968, 1970
and 1972 respectively. Apart from the 1966 profile, the calculated tritium
values are smaller than the measured values by 20 - 30%.

As can be seen in the graphs, the calculated tritium profiles do not
fit the measured profiles with respect to the absolute tritium concentrations.
The coincidence is better with the relative variations in tritium concentra-
tion. The most significant dissimilarity appears when intervals of high
concentration of tritium by this model move downward without any diffusion
or dispersion. This results in overestimated tritium concentration in the
peaks and under-estimated tritium concentrations ahead and behind a peak.

Displacement flow with dispersion

As diffusion and dispersion take place to a certain extent, a displacement
flow model with dispersion was tested on the recharge data using the same
evapotranspiration model as above.

The dispersion of a tritium input with sharp boundaries means that
instead of one travelled distance xo during time t, the input develops a
distribution of travel distances. This is described by Eq. (1) [6]:

(1)

where C(x, t) is the tritium concentration in depth x at time t
D is the dispersion coefficient (m2/s)
CQ is a constant found by normalizing the distribution function

so that the distribution holds the same amount of tritium as
the input with sharp boundaries
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The calculations are made under the following assumptions of homo-
geneous and isotropic conditions throughout the profile, i. e.

(1) Constant travel velocity.
(2) Constant dispersion coefficient.
(3) Constant soil-moisture content.

The amounts and concentrations of input water are derived from the
displacement flow model using average concentrations of tritium for sub-
sequent 1-m intervals of the profile.

The displacement flow model with dispersion has been tested on the
1966 profile using a dispersion coefficient of 10'7 m2 /s (see Fig. 1). The
model fits the 1966 profile quite satisfactorily, and the total amount of
tritium in the profile is calculated as 1075 TU m which agrees with the
measured 1020 TU m. A dispersion coefficient of 10"7 m 2 / s gives the best
fit with the measured tritium concentrations regarding the shape of the
tritium curve. However, the calculated tritium curve has a downward
displacement of 2 - 3 m, and the model consequently overestimates tritium
concentrations in the lower part of the profile and underestimates in the
upper part.

As the tritium curve is calculated on the basis of 1-m intervals, the
model does not simulate local and sharp peaks or minima. The displace-
ment model with dispersion has been applied on the profiles 1968, 1970
and 1972. As can be seen from Fig. 2, the tritium profiles calculated and
measured coincide to an acceptable degree except for the 1968 profile.
However, it is difficult to imagine any mechanism of flow by which the
1968 profile can be derived from the 1966 profile. The fundamental dis-
crepancies between the two tritium profiles must be caused by factors
other than hydrodynamical.

TRITIUM BALANCES

Tritium balances are set up for the three periods between the four
measured tritium profiles using the evapotranspiration-recharge model
mentioned above and the displacement flow model (without dispersion).
The results are given below in TU m and adjusted for decay at the end of
each period:

Stored tritium, measured (start of period)

Output tritium, calculated

Input tritium, calculated

Stored tritium, calculated (end of period)

Stored tritium, measured (end of period)

Difference (measured-calculated)

March 1966
March 1968
(TU metres)

908

454

131

585

553

-32

March 1968
Nov. 1970
(TU metres)

471

312

104

263

308

+45

Nov. 1970
Nov. 1972
(TU metres)

275

160

54

169

209

+40
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These tritium balances indicate that the output of tritium to the ground-
water during the period March 1966- March 1968 has been higher than
predicted by the applied models and vice versa for the periods 1968-72.
These disagreements can be explained by the fact that the dispersion effect
has not been considered.

SOIL-MOISTURE PROFILES

Soil-moisture profiles have been measured regularly by the neutron
method during the period of investigation from 1966-72.

Observations of changes in soil-moisture as a function of time and
depth have given important information about the character of the downward
movement of water in the unsaturated zone (see Fig. 4).

The observations have shown seasonal fluctuations of the soil-moisture
content with a maximum of total water content in the unsaturated zone
in March-April and a minimum in October-November.

Infiltration during autumn increases the water content in the upper
metres of the unsaturated zone, and as soon as the field capacity is
exceeded a zone of gravitational water is produced, and the front of this
zone starts moving downward. However, the "movement" of the front
of gravitational water must be apparent, as the tritium profiles show that
the transmission of water through the unsaturated zone takes place by
displacement flow with dispersion, and without overtaking by new water.

The position of the front has been recorded from the soil-moisture
profiles as a significant increase in soil-moisture content.

Once a year, in October-December, a front begins at the surface and
reaches the groundwater table in April- June the next year. At this time
a rise in the groundwater table appears, indicating that an input of recharge
to the groundwater takes place (Fig. 5).

Behind or above the front the soil-moisture content is rather constant
if the infiltration rate is sufficient to replace the downward moving water.

When the infiltration decreases or stops, either because of low precipi-
tation or high evapotranspiration, the soil-moisture content behind this
zone decreases approaching field capacity. The lowest soil-moisture content
is therefore to be found below a new front of gravitational water.

The lag of time between infiltration and recharge to groundwater is
6-7 months at the investigation site and the apparent travelling velocity
of recharge through the unsaturated zone about 3 - 3. 5 m monthly
(1966-72).

The time-lag is rather constant from year to year. As the soil-water
content changes from year to year the travelling velocity seems to be
independent of the soil-moisture content. However, as the capillary
conductivity increases with increasing moisture content, the flow increases
also.

The soil-moisture distribution in the vertical direction will influence
the amount of input to the groundwater.

From the soil-moisture profiles and the water-table fluctuations it can
be seen that the major fraction of the recharge input to the groundwater
takes place during the passage of the water-table by the lower part of the
zone with gravitational water. In the upper part of this zone the content of
gravity water is decreased by drainage, and only a minor input of recharge
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PRECIPITATION
MM/DAY
AT KARUP

12/12-13/10 5/1-12/12 8/2-5/1 15/Э-8/2 19/4-15/3 6/8-27/6 28/8-9/8 26/9-28/8 26/10-26/9 16/11-26/Ю 12/12-16/11

FIG. 4. Soil-moisture changes between successive soil-moisture profiles from the unsaturated zone at Gr0nh0j, Well No. I, Dec. 1966 to Dec. 1967.
Black colour indicates the zone with gravitational water. The lower part of the figure is meant to be read beside the upper part; therefore the
remarks on lithology in the first column of the upper part apply also to the lower part.
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1966 1967 1968 1969 1970 1971 1972
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J M M J S N J M M J S N J M M J S N J M M J S N J M M J S N J M M J S N J M M J S N

FIG. 5. The front of the zone with gravitational water at Gr^nh^j, Well No.IH, and fluctuations in the
groundwater table.

to the groundwater takes place during the passage of this part of the zone
into the groundwater. However, from the soil-moisture measurements
it can be ascertained that a decrease in the soil-water does not finish
before the next front of gravity water arrives. This means that under the
existing climatic and hydrogeological conditions the input of recharge to
groundwater continues during the whole year, although with varying
intensity.

From Fig. 5 it appears that the rise of the groundwater table starts
at the same time as the arrivai of the front at the water table.

The period of rising of the water table depends on the length of the zone
with gravitational water, and the slope of the rise depends on the amount
of gravity water per unit length of this zone.
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EVAPOTRANSPIRATION AND RECHARGE

From the 1966 profile it appears that the travelling velocity of water
in the unsaturated zone is approximately 4. 5 m yearly. The total soil-
moisture content to a depth of 22 m is 1750 mm. This results in an annual
recharge of 358 mm yearly. The average recharge calculated by the used
input model for the period 1961-66 gives a recharge of 377 mm yearly.
This demonstrates that the evapotranspiration model applied simulates
the evapotranspiration and recharge conditions concerning the amount of
water.

Using this model, monthly values of evapotranspiration and recharge
have been calculated from precipitation data at Karup/Grjónh^j for the
period 1961-72 (Table I). Annual average values of evapotranspiration
and recharge to the ground water for this period are calculated as 467 mm
and 383 mm respectively.

CONCLUSION

Tritium and soil-moisture profiles in the unsaturated zone at Gr̂ nhjój
show that the flow in the unsaturated zone is basically a displacement flow
with dispersion. The tritium profile for March 1966 calculated by means
of the input model and the simple displacement flow model with dispersion
reproduces the measured tritium profile satisfactorily.

Soil-moisture profiles measured regularly have shown a seasonal
downward moving zone with gravitational water, the front of which has a
travelling velocity of about 3 - 3. 5 m monthly. However, the true travelling
velocity of the water, as stated above, is 4. 5 m yearly. Therefore the
travelling velocity of the front is apparent with regard to the water
movement. It has been explained as a "pressure wave1'-generated displace-
ment of old capillary water at successively increasing depths [7].

A better understanding of the hydrodynamical processes is needed to
explain the observed difference in travelling velocity between the soil-
moisture itself and the front of the zone with gravitational water. For this
purpose work has begun on designing a model mainly based on flow through
a series of partly filled compartments with complete mixing and including
a time-lag effect governed by the flow between the compartments.
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DISCUSSION

W. G. MOOK: An exchange of hydrogen isotopes between the water
and any clay minerals present would account for dispersion, for apparent
retardation of the vertical water movement and for loss of tritium from
(or possibly an addition of tritium to) the water. Have you any evidence
that such an exchange occurred?

L. J. ANDERSEN: No, the unsaturated zone consisted of sand and
gravel — with no clay material.

D. B. SMITH (Chairman): Is the pressure front shown in Fig. 4 at or
above field capacity, thus producing direct gravity flow?

L.J . ANDERSEN: The zone of gravitational water has a water content
above field capacity, which is found just below this zone, where drainage
has persisted longest.

D. B. SMITH: Could the low tritium values observed just above the
water table in the 1968 profile (see Fig. 2) be due to a transient rise in
the water table, which would cause a "wash-out" of the tritium in the
lower part of the unsaturated zone?

L. J. ANDERSEN: I do not think so. As shown in Fig. 5, there are
only small seasonal fluctuations of the water table in this aquifer (about
0. 5 m).

P. KIRKOV: Have you investigated the tritium concentration in soil-
water in relation to capillary water saturation? I ask this because the
discrepancy between measured and calculated tritium values was higher
in 1968, when the groundwater level rose.

L.J . ANDERSEN: No, we have not. However, the amount of tritium
stored in the capillary zone is small compared with the total amount of
tritium in the unsaturated zone, for the capillary zone is only about half
a metre thick. The discrepancy between the measured and the calculated
tritium profiles in 1968 cannot be explained in terms of the tritium in the
capillary zone.

U. CHANDRA: Have you noted any discrepancy between amount of
precipitation and extent of recharge in your studies? I ask this because
we have found in recharge studies carried out in India with the injection
of artificial tritium that three consecutive monsoons involving about the
same precipitation have not resulted in reproducible recharge data, and
we are not able to find an explanation.
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L. J. ANDERSEN: The amount of recharge from a given amount of
precipitation depends on the evapotranspiration conditions and on the
storage capacity of the root zone; our evapotranspiration-recharge model
takes this into account.

Monthly values are given in Table II of our paper for precipitation,
actual evapotranspiration and recharge in 1963.

J. W. HOLMES: I have a question concerning Fig. 4, part of which
shows soil-water content profiles from the surface to the water table
at about 22 m, and the statement in your oral presentation to the effect
that the displacement flow model with dispersion gave calculated tritium
contents which were a little too large in the lower part of the profiles and
underestimates compared with the tritium contents measured in the upper
part. Could this be due to a systematic error in the neutron moisture
meter results when these are interpreted for absolute water content?
Changes in water content are capable of quite accurate measurement with
the neutron moisture meter, but usually absolute water content cannot be
measured so precisely.

L. J. ANDERSEN: You are quite right concerning the influence of
incorrect soil-moisture determinations on the calculated tritium profiles.
However, the soil-moisture content of the profiles was determined
gravimetrically from soil samples, the neutron method being used only
for showing the downward velocity of the front of gravitational water.

J. W. HOLMES: It is an achievement to have sunk access tubes to
22 m in gravelly sand. Could you give a few details of the techniques for
drilling and lining the boreholes?

L. J. ANDERSEN: The boreholes for sampling soil-moisture were
drilled using a cylindrical auger and cased with 6-in. iron pipes. They
were later used for neutron measurements. A special access tube installed
near one of the 6-in. boreholes has a diameter of 2-g- in. ; it was driven
down to a depth of 38. 5 m below ground surface by means of special
equipment.

G. B. ALLISON: How sensitive are the calculated tritium profiles to
changes in the dispersion coefficient?

L. J. ANDERSEN: Perhaps my co-author, Mr. Sevel, would care to
answer this question.

T. SEVEL: A dispersion coefficient D= 10"9 m2/s gives a tritium
concentration in the 1963 peak of about 1800 TU, whereas D= 10"8 m2/s
gives approximately 1300 TU. The value chosen by us, D= 10'7 m2 /s,
gives about 1000 TU, which agrees well with the 900 TU obtained by
measurement (see Fig. 1).

A. ZUBER: How is Eq. (1) used to calculate the dispersion curve,
which is a superposition of a number of curves given by that equation?

T. SEVEL: The average concentration of tritium as calculated by the
displacement flow model is determined for one-metre intervals. From
these tritium inputs the distribution of concentrations in one-metre
intervals is calculated using Eq. (1). The final concentration at a given
depth is the result of summing contributions from various tritium inputs.

A. ZUBER: How many parameters are varied in performing the
curve fitting with the dispersion model?

T. SEVEL: Only one — the dispersion parameter. The mean distance
travelled (x0 in Eq. (1)) is given by the evapotranspiration-recharge model
and the displacement flow model.
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U. SIEGENTHALER: The solution of a dispersion equation like your
Eq. (1) should be based on proper boundary conditions at the soil surface
(see N. D. Gershon and A. Nir, Water Resour. Res. _5 (1969) 830). This
is not the case with your Eq. (1), which permits an unrealistic tracer loss
if the tracer gradient at the surface is not zero. The solution for a
prescribed tracer influx is given in paper IAEA~SM-182/91as Eq. (16),
and calculations with such a solution might change your model curves in
a non-negligible manner. Would you or Mr. Sevel care to comment on
this point?

T. SEVEL: The calculations performed with Eq. (1) take into account
the fact that no tritium should be lost. This is done by suitably modifying
the shape of the distribution function. Dispersion equations obtained under
different boundary conditions do not result in major differences in the
shapes of the corresponding distribution functions. Minor differences in
shape are believed not to be of significance in this particular problem,
where the final dispersed function is calculated by superposing a number
of small tritium inputs.

U. SIEGENTHALER: Your soil-moisture profiles indicate fairly
fast-moving water fronts; on the other hand, Fig. 4 shows moisture maxima
and minima at constant depths (for example, 3 m and 6 m). This suggests
that there may be two water components (a fast-moving one and a slow or
stationary one) which do not mix well as regards their tritium contents.
Have you considered this possibility?

L. J. ANDERSEN: Admittedly, a zone with a higher soil-moisture
content "moves" downwards with a sharp wetting edge. As indicated in
the "Conclusion", however, the frontal movement must be apparent. If
one had a flow of higher velocity, as suggested by you, this would result in
a tritium distribution quite different from that observed in the case of the
1966 profile. The stationary intervals with relatively high moisture content
are due to granulometric properties of the material; one cannot deduce
anything regarding flow velocity from them. The tritium profile calculated
by means of the displacement flow model with dispersion shows that there
is not normally a faster flow of younger water overtaking the older water.

i MARTINEC, J., SIEGENTHALER, U. , OESCHGER, H., TONGIORGI, E. , "New insights into the
run-off mechanism by environmental isotopes", these Proceedings 1, IAEA-SM-182/9.
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Abstract

THE SANDHAUSEN SHALLOW-GROUNDWATER TRITIUM EXPERIMENT.
Observations of environmental tritium were carried out over several years in a shallow unconfined aquifer

composed of fine to coarse sand, in the alluvial plain of the Upper Rhine river, Federal Republic of Germany.
The observations reached to a maximum of 75 m depth but were concentrated in the top 15 m of the ground
(the top 12 m of groundwater). For the period 1967 to 1971, the vertically integrated tritium content was
near 500 TU • m H2O, and the depth of bomb tritium influence increased from about 10 to 25 m below the
groundwater table. A groundwater recharge rate of 164 mm yearly (standard error ±25%) is deduced (for
an assumed porosity of 0.30; precipitation averages 686 mm yearly), from a balance with the tritium
supplied by precipitation. The largest contribution to the error arises from estimating the tritium concentra-
tion in the recharge water from that of precipitation, whereas the amount of tritium deposited in the ground
can be determined to probably ± 10%. The recharge rate is consistent with the results of other investigations.
In a forest clearing in the area that is elsewhere covered by high pine trees, the tritium deposition was higher
by nearly 50%. Excessive tritium concentrations were found at localities downstream from small depressions
in the ground that expose the water-table.

1. INTRODUCTION

The tritium distribution in a shallow, sandy aquifer in a forest area
near Sandhausen, southwest of Heidelberg in the Federal Republic of
Germany, has been a subject of study from 1965 to 1972 [1-3]. The purpose
of the study was to test a method, described previously [1], of finding the
groundwater annual recharge by setting up a tritium balance between the
tritium supplied by precipitation and the tritium actually deposited in the
aquifer. The method applies to an unconfined shallow aquifer with extended
level surface topography, conditions that are met in the Sandhausen area.

In the present report we summarize the results of the study that are
relevant to this method, and discuss precision achievable under field con-
ditions. The results of multi-well dye experiments, and an investigation of
transversal vertical dispersion in the groundwater flow, which formed part
of the study, are dealt with in two separate publications [4,5]. A more
extensive discussion of several of the observed features, and a detailed
account of many of the technical aspects, are found elsewhere [3].

* Present address: Geologisch-PalUontologisches Institut, Universitat Kiel, Kiel, Federal Republic
of Germany.
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FIG. 1. Section of alluvial plain of the Upper Rhine river (Rhein), adjacent to the study area (dotted
rectangle, 49°211i, S ^ í ) . bolines of mean water-table elevation above sea level are shown (in metres,
courtesy of Landesstelle fur Gewasserkunde und wasserwirtschaftliche Planung, Karlsruhe). SFL: presumed
flow line of groundwater flow from study area towards the Rhine river. Dot at the origin of SFL gives the
approximate position of the location of Fig. 5 (Location 1). Location denoted 3179 is that of Fig. 3.
Hills to the east of the plain are about 5 km upstream from the study area. The position of some of the
towns in the area is indicated.

2. THE INVESTIGATION AREA

The investigation area, Sandhausen Forest, is shown in Fig. 1. It is
located in the alluvial plain of the Upper Rhine river, about 7 km southwest
of Heidelberg, and is covered by pine trees (Pinus silvestris) about 15 m
high. The area is almost flat and has an unconfined aquifer with a shallow
water table, at about 3-m depth below the ground surface. The aquifer
matrix is composed of fine to coarse sand, showing, in general, median
values of particle diameter (by weight) of 0.15 to 2 mm, down to a depth
of about 15 m. Layers of coarser material, with median grain diameters
up to 7 mm, are encountered in the deeper layers. The available borehole
profiles do not indicate any impermeable layers down to 115 m (the maximum
depth was reached by one borehole only). A value of 0. 30 is assumed for
the average porosity of the aquifer. The groundwater flow is northwest,
towards the Rhine river. The hydraulic gradient is about 0.7%0. This
gradient and flow direction can be obtained from Fig. 1, but were verified
by establishing the absolute groundwater-table topography in boreholes
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available in the area [3]. The average groundwater flow velocity is
approximately 40 m yearly [3,4]. Annual precipitation in the area has
averaged 686 mm for the last 20 years. The winter (November-April)
average is 287 mm for the same period. In parts of the area the forest
cover is lower or missing, and there are a few small depressions in the
ground that expose the groundwater table forming water holes. Effects
of some of these irregularities are discussed below.

3. THEORY

In this section a discussion is presented of the way in which the
balance between tritium, supply by precipitation and tritium deposited in
the groundwater is used to determine the groundwater recharge. A relation-
ship for idealized conditions is first derived, and sources of error under
field conditions are then considered on the basis of this relationship.

Under the idealized condition of the groundwater system being com-
pletely homogeneous laterally, the groundwater flow would follow the pattern
sketched in Fig. 2. The tritium concentration in the groundwater, because
of the assumed lateral homogeneity, can then be a function of depth only.
Groundwater recharge of highly variable tritium concentration (see below)
has passed through the groundwater table in recent years, and the shape
of the tritium-ver sus-depth profile in the groundwater will, in some way or
other, reflect the time history of tritium concentration in the groundwater
recharge. Were there no dispersion of flow, the tritium-versus-depth
profile would simply be made up by the successive recharge increments
tucked upon one another. Dispersion, which certainly does occur, has the
effect of smearing out the profile, to a shape as qualitatively shown on the
right of Fig. 2. This means that despite the fact that there is lateral flow
of the groundwater, a balance between tritium supply by precipitation and
tritium accumulated in the groundwater needs to take into consideration only
one dimension, i. e. the vertical.

GS

FIG. 2. Schematic vertical section through aquifer showing groundwater now lines (left), crossing borehole (SB);
GS ground surface, WT water table; vertical scale is greatly exaggerated, true slope is £1°. Resulting
tritium versus depth profile in the groundwater is schematically shown on the right, TU tritium concentration,
d depth (m). The flow lines as shown are for an idealized aquifer that is homogeneous both laterally and
vertically. Vertical inhomogeneities, however, only result in inflections of the streamlines and do not
affect the argument leading to Eq.(l). The deepest flow lines showing tritium intersect the water table
quite a distance upstream from the observation point.
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The tritium accumulation in the groundwater is represented by

Г
M - / p ( z ) - c ( z ) - d z (1)

о

where
c(z) = tritium concentration (in TU1) at depth z (positive downwards)
p(z) = porosity (assumed constant 0. 30)
ZQ = depth to which bomb tritium is essentially confined

M is termed "apparent tritium deposition" (in TU *m H2O). The apparent
tritium deposition in effect is the amount of tritium that is found in a
vertical column of groundwater of unit cross-section.

Bomb tritium has been supplied by precipitation (of tritium concentration
c*) since about 1952. Denoting the groundwater recharge rate by R (in
mH 2 O yearly), the principal balance between tritium supply and apparent
tritium deposition then is (cf. [1])

t

M(t) = / R ( t ' ) - c * ( t ' ) - e - M t - n dt1 (2)

1952

The exponential factor takes into account that tritium has been lost
in the ground by radioactive decay (decay constant X) between the time of
infiltration t1 and the time of observation t (sampling time). The recharge
rate in Eq. (2) is to be taken as the rate at which water supplied by preci-
pitation is taken up by the ground to be eventually delivered to the ground-
water. The passage through the unsaturated zone produces mixing but no
isotopic fractionation (cf. e. g. [6]), so that Eq. (2) holds. To obtain the
long-term mean groundwater recharge rate, R, Eq.(2) is rewritten as

M(t) = R f J ^^- c *(t l ) e" x ( t " t ' ) dt I (3)
1952

This is the basic equation of the method.
Groundwater recharge, under the climatic conditions of Central Europe

(apart from the Alpine regions), is largely confined.tq_the cold season. In
the original paper [1], as a first order evaluation, R/R accordingly was
assumed 1 for the period September to March (i. e. cold-season precipitation
enters the ground at a constant rate), and 0 for the rest of the year (i. e. no
summer recharge occurs).

Denoting

c * ( t < ) . e - M t - t ) d t , (4)

1952
Sep. -Mar. only

1 1 TU is a tritium concentration of 1 T atom in 1018 H atoms.
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the balance then simply is

M = R-S (5)

S, representing the tritium supply, or the "tritium supply function" [1],
is calculated according to Eq. (4) from records of the tritium concentration
in precipitation, c*, and M from a tritium-versus-depth profile in the
groundwater following Eq.(l) . R is then obtained from_Eq. (5).

A more refined choice of the weighting function R/R is however, cer-
tainly desirable, the problem being that the occurrence of recharge is quite
irregular, and that the tritium concentration in precipitation has varied by
orders of magnitude over the bomb fall-out period. This variability in
both recharge and tritium concentration means that the choice of R(t)/R is
quite critical as to the value of R obtained. Equation (5) may formally be
retained if the tritium supply function S is replaced by a more general,
weighted supply function

t

4 (i\ = / ' i p^/fn-r'X/t-t") Jft ( e\

1952

It is to be noted that recharge and tritium concentration are anticorrelated
in their seasonal trends. Even more critical than this, however, are the
year-to-year variations in recharge rate and tritium concentration. In
particular, it is important to weight correctly the recharge contributions
of the years of excessively high tritium concentration _in precipitation.
Various assumptions are employed below to obtain R/R, or SR.

The sources of error of the method in determining the average ground-
water recharge rate R are easily seen from Eq. (3). These sources are:
(1) experimental uncertainties in determining the apparent tritium deposi-
tion M from a vertical tritium profile in the ground; (2) variation of M with
locality arising from the natural inhomogeneities in the ground, so that
M determined from a certain tritium profile is no longer representative
of the true tritium deposition in the aquifer; (3) uncertainties in estimating
the weighting function R/R which cannot be determined experimentally;
(4) uncertainties in estimating the tritium concentration in precipitation,
c*, over the entire bomb-tritium period (virtually no direct tritium measure-
ments are available for the area).

The porosity p required in Eq.(l) is only approximately known. A value
of 0. 30 is assumed in all numerical evaluations in this study. This value is
taken to be correct to within ±0. 05 (corresponding to a 1 sigma error) . The
margin of error should also take care of any variability in the porosity
within the depth range where tritium is observed.

4. TRITIUM IN PRECIPITATION AND THE TRITIUM
SUPPLY FUNCTION

Tritium concentrations for Sandhausen precipitation were estimated
as follows: From previous work in which the geographical variation of
tritium concentrations in precipitation in Central Europe had been established
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[7,8], an average t r i t ium concentration rat io was adopted, of Sandhausen
precipitation to that of some suitable station of which a rain t r i t ium record
was available. Recorded tr i t ium concentrations (of monthly composites of
precipitation) for the tr i t ium recording station were then multiplied by
this rat io to obtain the monthly tr i t ium concentrations for Sandhausen. The
stations used in this study and the corresponding t r i t ium concentration
ra t ios , Sandhausen-to-trit ium recording station, were :

1952 to 1960: Central European reference station, as defined previously
[7,8] (an artificial reference station), rat io 1.1;

1960 to 1962: Sindorf, Cologne, 50°54'N, 06°32'E [9], rat io 1. 34;

1962 to 1972: Hof, 50°19'N, 11°56'E [9] , rat io 0. 96.

The uncertainty in these rat ios is believed to be ± 5 % (equivalent to
1 sigma e r r o r ) . The standard deviation of the individual rat io for a certain
month, from the long-term average given above, i s , following the work
mentioned [7,8], no more than about ±35%. The fluctuation, of course,
is smal ler for a longer period of accumulation and may be assumed to be
±35%*n~* where n is the number of months in the period. F r o m the tr i t ium
concentrations in monthly precipitation thus deduced, t r i t ium supply functions
were calculated from Eq.(6). The time integral of Eq. (6) was, in pract ice,
split up into a sum of yearly contributions

SR(k) = > ^ • • c f . e - M H (7)
L— R

i =1952

The weighting of the tritium concentrations was separated into
seasonal and year-to-year weighting and was carried out in several ways:
As for the seasonal weighting, a precipitation-weighted tritium average cf
over the cold season (to which in general occurrence of recharge is confined)
was used; the recharge season was taken as October to December, September
to March, or November to April, respectively. Three ways were used for
the year-to-year weighting, i. e. the recharge being, firstly assumed the
same each year; secondly, assumed proportional_to_the precipitation N̂  over
the chosen recharge period [10] (i.e. Rj/R = Nj/N, N = long-term average);
and thirdly, taken from a correlation to water-table fluctuations. The latter
weighting procedure is based on the following:

Water-table observations at various boreholes in the area indicated,
in general, a water-table decrease during summer and an irregular rise
during the cold season, and furthermore, response to sufficiently strong
rainfall within a month [3]. A long-term water-table record is shown in
Fig. 3. It can be presumed that aquifer characteristics and recharge rates
are reasonably uniform over an area that is sufficiently extended, so that
the variations in the groundwater table may be regarded as representative
of the interplay of recharge and run-off of the groundwater in the study
area. Hydraulic interference, e.g. from near-by water works or long-
term groundwater level changes, should be small. The usual water-table
rise during a particular winter is then a measure of the recharge that is
being added to the aquifer in the study area over that particular recharge
season. For the present purpose, the recharge of a certain cold season
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FIG.3. Water-table level (metres above sea level), 1956-71, at borehole 3179 about 3 km upstream from
the study area. Yearly averages are indicated. Observations 1970-71 from centre of study area (dotted,
Location 1) are shown for comparison. W = November to April; S = May to October..

Ri was therefore simply taken to be proportional to the overall increase
hi of the water-table level over that season i .e . R¡ = a - h j , where a is
a factor oî_proportionality assumed constant in time. It follows that
R i /R=h i /h J where h = long-year average of h ^ is the year-to-year weighting-
factor required for Eq. (7).

The water-table record of Fig. 3 shows a significant rise in the water-
table level during the summer of the exceptionally wet years 1961, 1965,
1968, and probably 1969, and it can be concluded that in these years recharge
was formed also during summer. The recharge season for these years
was therefore extended over a full 12 months period including the summer
months, e.g. November 1960 to October 1961.

The basic data necessary to calculate the tritium supply function
(Eq.(7)), i. e. the year-to-year weighting factors and the corresponding
tritium concentrations, 1951-71, are summarized in Table I and shown
in graphical form in Fig. 4. It may be repeated here that the tritium con-
centrations in Table I and Fig. 4 are supposed to represent those of ground-
water recharge, being obtained by appropriately weighting the tritium con-
centrations in precipitation. The upper part of Fig. 4 shows that the various
year-to-year weighting factors are reasonably well correlated. Weighted
tritium supply functions for 1967, 1969 and 1971, calculated from the data
of Table I, are given in Table II.



TABLE I. BASIC DATA USED TO OBTAIN THE WEIGHTED TRITIUM SUPPLY FUNCTIONS (Eq.(7)) OF TABLE II

Recharge
season

(1)

1952-53

1953-54

1954-55

1955-56

1956-57

1957-58

1958-59

1959-60

1960-61a

1961-62

1962-63

1963-64

1964-65a

1965-66

1966-67

1967-68a

1968-69a

1969-70

1970-71

Precipitation-weighted seasonal tritium

cone.

Oct. -Dec.

(2)

b

70

49

138

621

700

420

201

161

74

106

94

79

average in precip.

Sep. -Mar.

(3)

4 . 4

22

30.8

38.5

66

132

363

95

63

434

1071

1336

535

237

161

99

159

97

120

. cf (TU)

Nov. -Apr.

(4)

a . b

107

143

603

1446

1442

772

245

163

212

196

105

164

Oct. -Dec.

(5)

1.89

0.46

0.89

0.73

0.92

0.60

1.23

0.79

1.45

0.89

0.58

0.86

0.79

1.74

1.65

1.18

0.83

0.64

0.85

Year-to-year weighting Rj/R by

precipitation N¡/N

Sep. -Mar.

(6)

1.42

0.58

1.06

0.81

1.06

1.13

0.89

0.72

1.00

0 . 9

0.68

0.83

1.18

1.35

1.17

1.31

1.26

0.93

0.72

Nov. -Apr.

(7)

1 .1

0.62

0.87

0.88

0.88

0.99

0.85

0.78

1.2

0.98

0.72

0.83

1.25

1.52

1.21

1.51

1.01

1.34

0.62

water table
fluct. hj/h

(8)

d

0.74

1.37

1.37

0.47

0.26

2.16

0.53

0.37

0.37

1.26

1.95

0.90

2.05

0.74

1.21

0.10

Oct. -Dec.

Nj/Ñ

(9)

8 .3

10.1

27.4

28.1

60.7

79.2

446.0

55.3

71.0

122.8

360.2

602.0

331.8

349.7

265.7

87.3

88.0

60.2

67.1

с?

Sep. -Mar.

Nj/5

(10)

6.2

12.8

32.7

31.2

70.0

149.2

323.1

68.4

63.0

390.6

728.3

1109. 0

631.3

320.0

188.4

129.7

200.3

90.2

86.4

•R¡/R (TU)

Nov. -Apr.

Nj/N a

(И)

4 . 8

13.6

26.8

33.9

58.1

130.7

308.5

83.5

178.8

590.9

1041.1

1196.9

965.0

372.4

197.2

320.1

198.0

140.7

101.7

Nov. -Apr.

hj/ha

(12)

4 . 4

22.0

30.8

28.5

90.4

180.8

170.6

27.8

321.8

319.6

535.0

533.5

972.7

477.8

146.7

434.6

145.0

127.0

16.4

a May to October were included for the years 1961, 1965, 1968 and 1969, in computing the precipitation-weighted tritium concentration averages in columns (4), (11) and (12).
Ь September-March averages were used for 1952-53 to 1958-59.
c Long-term averages are N=152 mm (Oct. -Dec. ); 342 mm (Sep. -Mat. ); h= 161 mm.
^ No water-table record available for 1952-53 to 1954-55, hj/h" assumed 1.
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FIG. 4. Year-to-year weighting (upper part) and precipitation-weighted tritium concentration averages
(in TU) in precipitation over presumed recharge season (lower part), 1952-71. The presumed recharge seasons
are: Oct. - Dec. (OD), Sep. -Mar. (SM), or Nov.-Apr. (W). N/N: weighting by precipitation; h/h: by
water-table level; from Table I. The natural tritium concentration (before 1952) of groundwater recharge
was near 4 TU [7,8]. In the present study, contributions of natural tritium before 1952 are ignored (Eqs (3),
(6), (7)).
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TABLE II. WEIGHTED TRITIUM SUPPLY FUNCTIONS SR (Eq.(7)
in TU-years) FOR 1967, 1969 AND 1971: Thejralues of columns (2)
to (6) are based on the yearly values of c'?''R i/R of Table I, columns (3),
(9), (10), (11) and (12) respectively; year 1967 includes inclusive
recharge season 1966-67, cf. Table I and text. The values of
columns (3) and (5) are the lowest and highest of the set respectively

Year-to-year
weighting

Recharge season

(1)

year: 1967

1969

1971

-

Sep. -Mar.

(2)

3660

3520

3350

Oct. -Dec.

(3)

2135

2070

1950

Sep. -Mar."

(4)

3320

3290

3100

Nov. -Apr.

(5)

4210

4260

4040

hj/h

Nov. -Apr.

(6)

3130

3350

3130

The uncertainty that has to be reckoned with, of a tritium supply function
adopted from those of Table II, is estimated as follows: October to December
is when the tritium concentration in precipitation is at its seasonal minimum;
therefore this case (Table II, column 3) can safely be regarded as a lower
limit. The tritium supply function based on the November-to-April recharge
season and year-to-year weighting by precipitation (column 5), probably is
high because too much weight is given to the recharge season 1963-64 and
1964-65, in comparison with the data derived from the water-table level
record (cf. Table I and Fig. 4). Therefore, the difference between columns 3
and 5 in Table II is arbitrarily taken as equivalent to a 4 sigma error of
SR, from which assumption an uncertainty (1 sigma) of ±17% is obtained for
the tritium supply function as a rough estimate. The uncertainty of the
tritium concentrations in precipitation as such, has additionally to be
accounted for. The considerable scatter of the estimated monthly tritium
concentrations (±35%, cf. above) is to a large degree being averaged out
in calculating SR, as is seen from Eq.(7). It is to be noted, though, that
a few yearly contributions represent the bulk of the value of the sum in
Eq. (7) (1962-65). To account for this, the effective number of months
over which the averaging is to be carried out is tentatively taken as 24,
which leads to a remaining scatter of SR from this source of ±35%-(24)"^
= ±7%. To this, one has to add ±5% for the uncertainty of the average
ratios(cf. above). The overall error thus may be taken as ±(172 + 72+52 )* = ±20%.

In the sections below, the tritium supply function for the recharge
period November to April and water-table-level-based year-to-year weighting
of Table II, column 6, is used.

5. TRITIUM OBSERVATIONS IN THE SANDHAUSEN GROUNDWATER

Vertical tritium profiles in the groundwater were obtained mostly by
employing a number of observation boreholes in a set, of which each bore-
hole was equipped with a single filter and reached to a different depth. For
depths to about 7 m below the ground surface, the boreholes consisted of
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TABLE III. RESULTS OF DUPLICATE SAMPLING OF
BOREHOLE FILTERS

Depth of sampling filter
below water table

(m)

0.5

3

7

9

10

10

Sampling date

2 Oct. 1969
15 Oct. 1969

14 Mar, 1969
19 Mar, 1969

14 Mar. 1969
19 Mar. 1969

2 Oct. 1969
16 Oct. 1969

16 Oct. 1969
23 Oct. 1969

2 Oct. 1969
9 Oct. 1969

Tritium concentration
± analytical error

(TU)

195. 7 ± 9.8
187. 9 ± 7,4

213. 8 ± 10.4
222. 8 ± 8.6

86, 0 ± 9,2
97.1± 8.2

54.2 ± 3.2
58,3 ± 2.7

56.2 ± 5. 5
68. 5 ± 3,7

57,3± 2 ,5
47, 6 ± 2 .1

TABLE IV. TRITIUM CONCENTRATIONS (TU) AT FILTER DEPTHS
IN DEEP BOREHOLE, WHILE BOREHOLE WAS BLOCKED OFF
BETWEEN FILTERS (see text)

Sampling
date g

(a) Packer set installed 1970/7/29 a

70/ 7/29

70/ 9 / 2

70/ 9/24

70/10/26

70 /11 / 4

(b) Packer set installed 1971/9/7

71/11/15 70.9 ± 6 . 1

72/ 2 / 1 71,1 ± 2.6

72/ 3/28

Depth of filter below groundwater table (m)

27 49

-

-

-

-

-

12.2 ± 0 . 9

10.1 ± 0 . 7

5.25 ± 1.5

-

-

-

-

-

4 . 0 ± 0.5

2 . 8 ± 0.4

0. 9 ± 0.4

72

50.3 ± 7 . 2 b

28.2 ± 6 . 7

0.0 ± 2 . 9

1.3 ± 2.1

1. 6± 0. 5

1.2 ± 0.5

0 .7± 0. 5

0. 8 ± 0. 5

Only the filter at 72 m was blocked off in this experiment.
Similar tritium concentrations were observed at the other filters immediately after being blocked off
with help of the packer set, after disposal of 10 litres or 100 litres.
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a single length of tubing of 1 cm outer diameter, and for greater depths
to a maximum of 15 m below the ground surface, of 2. 5 cm tubing in lengths
of 1.5 m. The tubing was brought into position by means of a vibration hammer
(ZREMB BC9 VE, Polimex, Warsaw, Poland). Water samples were obtained
by sucking water up through the tubes, or, in the case of the 2. 5-cm diameter
tubing, through a plastic hose leading down to the filter depth.

Results of duplicate sampling of some of the filters, 1 to 2 weeks apart,
are given in Table III. The table shows that the sampling is reproducible
essentially within the limits of analytical uncertainty.

A few observations reached down to 75 m depth and were obtained from
a deep borehole (5 cm inner diameter) having several sections of filter
tubing. To eliminate mixing between the filters by vertical flow in the
borehole, a sampling system was designed and installed [3] to block off the
borehole between the filter sections while allowing water from the filter
sections to be sampled. The blocking off was accomplished by packers
made of inflatable rubber hose. The packer system was filled with water
and pressurized with help of air from a compressed-air tank. In this way
the excess pressure inflating each packer was the same, independent of
depth in the borehole, and several filters could be blocked off from each
other simultaneously. Samples were taken from the filter sections several
weeks apart, and the tritium results are given in Table IV. The tritium
concentrations at all depths decreased in the course of a few months, and
the final data represent at least useful upper limits of the true tritium con-
centrations in the aquifer at the depths of the filters.

The unsaturated zone holds only a small amount of water (~25 cm HgO),
and therefore contributes only a little tritium to the integral of Eq. (1). The
total tritium content above the water-table was measured several times in
1970 and 1971, and values ranging from 28 to 57 TU • m were obtained [3].
These amounts are only a small correction to the amounts of tritium con-
tained in the saturated zone. A round figure of 40±15 TU may be assumed
to represent the tritium in the unsaturated zone throughout 1969 to 1971.
The passage through the unsaturated zone causes about an 18 months'
delay between infiltration of precipitation into the ground and passage of
the same water through the water table, because the 25 cm of water content
very roughly correspond to a one-and-a-half year 's recharge (cf. below).

6. THE TRITIUM DISTRIBUTION IN THE SANDHAUSEN
GROUNDWATER: THE APPARENT TRITIUM DEPOSITION

The question is how well the true deposition of fall-out tritium in the
aquifer is represented by the "apparent tritium deposition", i .e . the vertical
tritium integral M defined in Eq. (1), under actual field conditions. The
representation would be unsatisfactory if the value of M were highly variable
with location over the study area. Figure 5 shows 10 tritium profiles at one
and the same location in the study area, for the period 1967 to 1971. Over
that period of time, the maximum tritium concentration decreased by about
a factor of two, whereas the depth of obvious bomb-tritium influence roughly
was doubled. Over the period 1969 to 1971, when most of these observa-
tions were made, one finds a certain variability between the several available
profiles, and there is a trend of tritium slowly penetrating deeper into the
ground. Figures 6 and 7 give profiles in the nearer vicinity of the location
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• TU

FIG. 5. Tritium depth profiles at Location 1 in the Sandhausen study area, 1967 to 1971. The individual
tritium concentrations (in TU) ± analytical error are given for each filter (d= deptn in m below water table).
Profiles 1967 and Mar. 1968 from Thilo [10] . Boreholes were permanently installed for the period Dec. 1969
to Sep. 1971, the depth below water table of the filters varying with the water-table level.
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FIG. 6. Tritium depth profiles for 1969 in the vicinity of the location of Fig. 5; lb, l c and Id several
metres away; l e about 100 m downstream. Dashed parts below 9 m are below groundwater table taken
from Location 1 (Fig. 5).
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FIG. 7. Tritium depth profiles more distant from the Location of Fig. 5, 1969 to 1970. Locations: No. 3, 300 m

downstream, young pine tree area; No. 4, 1 km downstream, open field, therefore not included in Table VI;

Nos 6, 8, 9, 300 m downstream.

TABLE V. TRITIUM CONTENTS OF GROUNDWATER LAYERS
(in T U - m H 2 O), WINTER 1967-68 (after Thilo [10]),
DEC. 1969 AND S E P . 1971, FOLLOWING FIG. 5 (see text) :
" T o t a l " i s equivalent to the apparent t r i t i u m deposition M ( E q . ( l ) ) .
Tr i t ium supply functions SR a r e from Table II, column (6)

Depth range below groundwater table

(m)

(1)

0 - 4

4 - 8

8 - 1 2

> 12

unsaturated zone

total= M

S R (TU • years)

R (mm H2O)

1967-68

(2)

300

75

~ 10 a

0

85

470

3130

150

Dec. 1969

(3)

245

145

75

30

40

535

3350

160

Sep. 1971

(4)

170

145

40

85

40

480

3130

153

a Estimated.
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of Fig. 5 and for more distant locations respectively. These profiles show
a somewhat larger variability of tritium concentration as a function of depth
among different profiles. The apparent tritium depositions, calculated from
these profiles are, however, satisfactorily similar (see below).

The trend with time 1969 to 1971 of the apparent tritium deposition
among the profiles of Fig. 5 was assessed as follows: The depth range 0
to 12 m was arbitrarily broken up into three layers, i . e . 0 -4 m, 4 - 8 m
and 8-12 m below the groundwater table. The tritium contents of these
layers were calculated for each of the profiles of Fig. 5 by interpolating
linearly between the data points. The tritium contents calculated from
the successive profiles for a certain layer were then fitted to a linear
function of time by a least-squares fit. The point of this is that, by the
averaging with depth and fitting with time, much of the variability of the
profiles of Fig. 5 is suppressed. Best-fit tritium contents for the three
depth layers are listed in Table V, columns 3 and 4, for the beginning
and the end of the 21 months' period covered by the 1969 to 1971 profiles.
These figures indicate a decrease of the tritium contents of the top 12 m
of groundwater between December 1969 and September 1971. The decrease
(110 TU • m H2O)is to be considered significant, as the least-squares fit
indicates a standard uncertainty of the tritium contents of each 4 m layer
of only about 12 TU • m H2O.

To estimate the tritium contents below 12 m, the following data were
used: A best-fit tritium-concentration-versus-time curve at 12 m depth
from the data of Fig. 5, gave tritium concentrations, for the beginning and
the end of the 21 months' period, of 11 and 31 TU respectively. There are
furthermore available for 1971 data for a single-filtered borehole at about
18. 5 m below the water table (the average of three samples was 22. 5 +5 TU),
and the 5 TU figure for the 27 m filter of Table IV (March 1972). The tritium
content for September 1971 was then calculated by interpolating linearly
between the data at 12, 18. 5 and 27 m (extrapolation gives 0 TU at 30 m),
and that for December 1969 by multiplying the 1971 figure by the ratio of
the 12 m concentrations, 1969 to 1971. The values for both 1969 and 1971
are listed in Table V; they are presumably on the high side, not only because
the results from the deep well are upper limits, but also because the deep-
well data were obtained nine months after the observations of Fig. 5 ended.

Table V summarizes the above data. It further contains figures for
1967-68 that are averages of six profiles given by Thilo [10] from between
September 1967 and March 1968 (two of these profiles are shown in Fig. 5)
at the exact site (or near) of the observations of Fig. 5. The contributions
of the unsaturated zone for 1969 to 1971 are as given in Section 5, and the
one for 1967-68 was obtained by ascribing to 25 cm of water in the unsaturated
zone the mean tritium concentration at the water table of the six profiles of
Thilo (340 TU).

Table V also lists the apparent tritium depositions M (sum of the tritium
contents of the various layers), and the average groundwater recharge rates
R that are obtained by dividing M by the weighted tritium supply functions
SR. Dividing by SR automatically accounts for tritium added to the system
between 1967 and 1971, as well as for radioactive decay of tritium in the
ground, so that the average groundwater recharge rates obtained for
1967-68, 1969 and 1971 are directly comparable (which is not strictly true
for the apparent tritium depositions). From the fact, then, that R does not
show any trend with time from 1967 to 1971, it can be concluded that the
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apparent tritium depositions for 1967-68, December 1969 and September 1971
are consistent with each other, i. e. that no uncontrolled gain or loss of
tritium with time occurred.

A loss of tritium from the groundwater might have arisen by ground-
water being taken up by the trees in the area, in view of the fact that the
water table is only 3 m below the ground surface. The aforegoing result
means that such an effect has been small during 1967-71. The water table
was high from 1968 to 1970. In 1971, when the water-table was much lower,
trees were felled by a storm, and it was observed that the roots did not
penetrate beyond 2 m below the ground surface, i. e. missed the capillary
fringe by quite a distance. The groundwater table was low also during
1963-68 (cf. Fig. 3). If it is true that the tree roots do not try to follow
the capillary fringe, and if, even when the groundwater table is high, the
trees do not noticeably take up tritium from the groundwater, it can be
concluded, that no groundwater should have been taken up by the trees during
1963-68. This is an important result because the tritium concentrations
at the groundwater tables were quite high during that period, so that a
serious loss of tritium might have occurred. Moreover, simultaneous
tritium measurements of tree sap, precipitation and water from the
unsaturated zone and the water table during 1970-71 also indicated that the
trees essentially use water from the unsaturated zone only [3], although
these measurements were done during a period when the tritium concentra-
tions were no longer very sensitive in indicating the sources of the tree
sap water.

The fact that the apparent tritium depositions of 1967 to 1971 (Table V)
are internally consistent can be interpreted also as indicating that the
apparent tritium deposition did not fluctuate excessively over a 150-m
distance upstream along the groundwater flow section passing through the
observation point, because the groundwater travelled about that distance
during 1967 to 1971.

The relatively fast vertical propagation of tritium between 8 and 25 m
below the water table that is implied by the data of Table V is believed to be
caused by the fact that several layers of higher hydraulic conductivity are
encountered at that depth range. The vertical propagation is analysed in
detail elsewhere [5].

It can be concluded that the apparent tritium deposition should be a
satisfactory measure of the tritium deposited in the aquifer studied, and
that there is no indication of systematic errors or a prohibitively high
scatter.

7. EFFECTS OF LOW PLANT COVER AND OF WATER HOLES

Two kinds of irregularities were studied, i .e . a forest clearing and
water holes. The forest clearing is about 150 m wide in the groundwater
flow direction. It was cleared in late 1963 and replanted with small trees
(30-40 cm) in 1964. A number of tritium profiles were obtained as above
at the downstream end of the clearing, and the results are given in Fig. 8.
Two effects are obvious. The apparent tritium deposition is appreciably
larger than in the forest (by about ±50% in the top 12 m of the ground-
water, cf. Table V) and it decreases with time. The decrease is easily
explained in that the recharge contributions in the clearing of the years
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FIG. 9. Tritium depth profiles in the vicinity of water holes (open groundwater surfaces), 1969; a profile
of Location lb (5.2.1969) is shown for comparison. Two water holes were examined; profiles 1 (WH1),
2 (WH1) and 3 (WH1) show excess tritium owing to water hole 1, profile 7 (WH2) owing to water hole 2 [3].

1962 to 1965 that make up a large fraction of the tritium deposition are
gradually moving downstream with the groundwater flow, out of the clearing,
i. e. are no longer found at the point of observation. Although it cannot
strictly be excluded that the excess in the apparent tritium deposition over
that of the forest area is due to a flow irregularity within the groundwater
itself (only observations from one location are available), the higher apparent
tritium deposition is probably real. The excess may be explained by a
higher recharge rate in the clearing, and possibly in part also by a different
seasonal pattern of the recharge, i. e. a relatively higher contribution of
summer precipitation which is higher in tritium concentration.

The water holes, as had already been observed by Thilo [10], also
give rise to excess tritium concentrations in the ground. Some typical
profiles are given in Fig. 9. Contrary to the commonly observed profiles,
tritium concentrations are very high down to 10 or 12 m below the water
table. This means that the area influenced by a water hole is easily traced
by observing the tritium concentration at a suitable depth, e. g. 10 m
below the water table. By tracing the downstream edge of the excess and
attributing the bulk of the excess to 1963-64 recharge, a flow velocity of
44 m yearly was determined. This velocity, as well as the flow direction
deduced in the same way, was in accordance with the ones determined
hydrologie ally [3,4]. The water hole in this particular case had an open
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surface of about 5 m2 only (WH1, cf. Fig. 9). That the excess is so pro-
nounced (Fig. 9), means that the hole must be extremely efficient as a
source of tritium. Not only will a hole take up the tritium-rich summer
precipitation as well, and additional tritium by vapour exchange, but it
will also act as a vertical short-cut into the groundwater. During the years
1963 to 1967 there has been a large vertical tritium gradient near the top
of the saturated zone. During that time the hole probably was very effective
in transferring tritium downwards, and this is believed to be the main
mechanism producing the excess. These observations suggest the usefulness
of the tritium excess produced by water holes to trace the groundwater flow;
on the other hand, it follows that care has to be taken to exclude effects
of water holes in experiments to determine the groundwater recharge rate
by the present method.

TABLE VI. APPARENT TRITIUM DEPOSITIONS M (in TU -m H2O)
OF THE PROFILES OF FIGS 5-7, AND RESULTING AVERAGE
GROUNDWATER RECHARGE RATES R (in mm yearly), BASED ON
THE TRITIUM SUPPLY FUNCTIONS GIVEN IN TABLE II, COLUMN (6),
FOR 1969 AND 1971. The mean value of the average rates of column (6)
is 164 mm yearly (giving the two figures for Location 1 four-fold
weight (see text))

Location No. a

(1)

l b

l b

lb

l c

Id

l e

3

6

8

9

Date of sampling

(2)

69/12/10

71/ 9/ 8

69/ 2 / 5

69/ 3/19

69/ 9/17

69/ 3/19

69/12/10

69/ 6/11

69/ 7/16

69/ 9/18

Tritium contents of
groundwater
(TU-mH2O)

0 - 12 m Correctionsc

(3) (4)

465 70

355 125

547 55

545 55

534 65

573 55

507 65

541 60

420 60

486 65

M
(TU-m H2O)

(5)

535

480

602

600

599

628

572

601

480

551

R = M/SR

(mm yearly)

(6)

160b

153 b

180

179

179

187

171

179

143

164

Tritium profiles for Location 1 see Fig. 5; lb to le, Fig. 6; 3, 6, 8, 9, Fig. 7.
b Data in this line from Table V, i.e. best-fit values based on 8 profiles between 69/12/10 and

71/9/8 at one and the same location.
c Includes 40 TU • m H2O for the unsaturated zone (Section 5) and an estimated tritium content

below 12 m (Section 6) (see text).
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8. THE AVERAGE GROUNDWATER RECHARGE RATE

Table VI gives the apparent tritium depositions M calculated from the
tritium profiles of Figs 5 -7 , as explained in Section 6. The 8 profiles of
Fig. 5, 1969 to 1971, are represented by the two best-fit values of M of
Table V for the beginning and the end of the period covered by these profiles.
The corrections to M in column 4 of Table VI account for tritium in the
unsaturated zone (40 TU * m H2O) and below 12 m below the water table;
the latter contribution is linearly interpolated with time between the figures
in Table V for this depth range.

The mean value of the average2 groundwater recharge rates R listed
in Table VI is 164 mm yearly, if the data for Location 1 are given a fourfold
weight (corresponding to the number of profiles they represent). From
the variability of the individual values of R one calculates a statistical
uncertainty (1 sigma), of about ±3% for the mean value, and ±10% for a
single value. This means (cf. Section 6) that the apparent tritium deposi-
tion M obtained from a single profile has an uncertainty of about ±10%.
The uncertainty partly arises from the limited vertical resolution of the
tritium profiles, but mostly, probably, from a true variability of M with
location (for this reason, the data for Location 1 in Table VI have been
given unit weight only in computing the error). An additional uncertainty
arises from the correction term in Table VI, column 4; this can be assumed
to be ±20 TU* m H2O, corresponding to a ±4% error in M. The compounded
uncertainty of M then is ±11% for a single profile, and ±5% for the mean.

The total error of the average groundwater recharge rate (164 mm
yearly) is the combination of the errors of the apparent tritium deposition
M following Table VI, of the tritium supply function SR following Table II,
and of the porosity of the aquifer (cf. Section 3); these errors are ±5%,
±20% and ±17% (±0. 05/0. 30) respectively. The total error therefore is
±27%, or rounded, ±25%. Estimating R from a single profile (±11% error
in M) would increase the error only slightly, to ±28%. The present study
thus obtains for the long-term average of the groundwater recharge rate
a value of 164 mm yearly (±25%) for the Sandhausen Forest area. This
recharge rate amounts to 24% of the annual precipitation (686 mm yearly).

In a previous investigation in the same area, Thilo [10] reported a
recharge rate of 132 mm yearly (±8%; Thilo gives 154 mm yearly, for
porosity 0. 35, which is equivalent to 132 mm yearly for the porosity 0. 30
adopted in this paper) using the same method. The lower error comes
from neglecting the uncertainty for SR, and assuming a much lower uncer-
tainty of the porosity. Part of the difference in the recharge rates comes
from Thilo neglecting the tritium content of the unsaturated zone. Thilo
used unweighted tritium concentration averages in precipitation for a
September-to-March recharge period, and year-to-year weighting propor-
tional to the September-to-March precipitation.

Artificial-tritium injections in an open field next to the forest area [11]
gave a groundwater recharge of 183 mm yearly for the period December 1969
to December 1970, i. e. consistent with the result from the bomb tritium
method.

Average = long-term time average, cf. Eq. (3).
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Matthess [12] determined the annual groundwater recharge in a mainly
agricultural sandy area in the vicinity of Weinheim, in the Rhine valley,
about 20 km north of the investigation area, by evaluating the extension
(in 1957) of the catchment area brought about by municipal and industrial
water-works in this region and their annual discharge. He obtained a value
of about 200 mm yearly for the recharge rate (including a contribution of
river seepage from the Weschnitz river). Evaluating the changes of ground-
water level and of the total groundwater volume connected with it, Noll [13]
found an empirical relation between precipitation and groundwater recharge
in the area of Mannheim-Ludwigshafen. For the area east of the Rhine
river (Mannheim) the mean annual recharge (1959-70) ranged from 150
to 225 mm yearly in the different parts of the investigated region. For
the part covering the Sandhausen investigation area, a value of 225 mm
yearly is reported. Investigations of Baumgartner [14] on the evapotrans-
piration of various soils with different vegetation cover indicate a range
of the annual recharge of 150 to 200 mm yearly for the Sandhausen area,
in agreement with the present results.

Schneider [15]3 , on the other hand, gives a value of 392 mm yearly
for the annual groundwater recharge for the area west of Sandhausen.
This value is mainly based on lysimeter measurements performed in com-
parable sandy areas, and may be representative only for bare sandy areas
in the vicinity of the present investigation area, rather than for densely
covered forest areas where the recharge should be lower. The role of the vege-
tation cover in the groundwater recharge is also reflected in a recent
publication of Schneider [16]. His value of 392 mm yearly appears high
relative to the results of the present study, and is higher also than that
of the other studies applicable to the Sandhausen area.

This comparison indicates that the present results are valid within
reasonable error limits.

9. CONCLUSIONS

This study has shown that the distribution of tritium in the Sandhausen
aquifer is reasonably homogeneous, so that the amount of bomb tritium
deposited in the ground can be determined to better than ±10%. It thus
appears that the tritium distribution produces only a minor contribution
to the overall error of the groundwater recharge rate R (±25%) obtained
from the tritium balance as explained in this report. It should be possible
to reduce the overall error; this would require a reliable determination of
the porosity of the aquifer, as well as a specific study on the tritium con-
centration of seepage relative to that of precipitation (to reduce the ±17%
error in SR, see Section 4).

The tritium supply function SR is derived from a model concept without
a firm experimental or theoretical foundation. Whereas the figures in
Table II, column 3, give, in practice, a strict lower limit, a straightforward
upper limit cannot be given. Because a higher SR gives a lower recharge
rate R, this statement means that, where the error margin of R arising
from SR is concerned, the margin is certainly safe towards higher values
of R, but perhaps less so towards lower ones.

This report was kindly obtained from Stadtwerke Heidelberg by permission of H. Schneider.
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The method can be expected to give useful and sufficiently accurate
results in suitably selected areas. Criteria would be a level surface topo-
graphy, and a shallow unconfined aquifer of adequate lateral homogeneity.
Vertical tritium profiles should be determined at three localities at least,
preferably extended in the groundwater flow direction over a distance cor-
responding to that covered by several years of groundwater flow. In this
way it would be learned whether the tritium distribution was sufficiently
homogeneous. Care should be exercised to sample down to sufficient depth,
and the problem of tritium loss caused by trees from the capillary fringe,
particularly during 1963 to 1968, should specifically be considered. The
considerable depth to which sampling would have to be extended may cause
a problem for practical applications. On the other hand, no more than about
30 tritium analyses would be required for a reliable estimate. A further
potential application of the method is to study the variation of the recharge
rates with plant cover in adjoining areas. Rather small variations should
be detectable, because only the uncertainty in determining the tritium
deposited in the aquifer enters, whereas the tritium concentration of the
recharge should be very nearly the same.
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DISCUSSION

J.R. GAT: The use of the recharge weighting factor R(+)/R can be
criticized on the grounds that the conservation law may be violated when the
profile extends over a period which is less than that for which R has been
determined. This would be especially serious in the case of large fluctua-
tions in R(+) in those years when the tritium input is also important.

W. ROETHER: This is a criticism which must be taken seriously.
Essentially, the problem is that a few years (1962-65) contribute a large
fraction of the total tritium found in the ground, so that estimates of the
average groundwater recharge rate may be very wrong if the contributions
of these years are not weighted appropriately. We have tried out various
methods of weighting (see Sections 4 and 6 of the paper), however, and the
differences are not very large.

C. B. TAYLOR: In the vicinity of Christchurch, New Zealand, we
have found significant evaporation enrichment of stable isotopes in gravel/sand
pits where a horizontally fairly fast-moving water table intersects the
surface in the form of large ponds. This is an effect which may be used
in following water-table movement, and the method is cheaper than tritium
measurements. Did you find any stable isotope irregularities in the anomalous
tritium profiles which might be attributed to intersection of the water table
with the surface irregularities at Sandhausen?

W. ROETHER: No, we did not. However, I would not expect appreciable
stable isotope enrichment in the case of the Sandhausen water holes as
their surface areas are too small.
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Abstract

TRITIUM DATA FROM GROUNDWATER IN THE KRISTIANSTAD PLAIN, SOUTHERN SWEDEN.
Tritium analyses have been performed twice a year since 1963 on groundwater from a number of wells

on the Kristianstad plain in southern Sweden. Most wells penetrate down into Cretaceous limestones and glau-
conitic sandstones. According to the tritium contents and the changes in the tritium contents the wells have
been classified in four groups, characterized in the following way: Group 1, wells with low tritium values,
generally below 3 TU (tritium units) through the whole observation period; Group 2, wells with low-to-intermediate
and increasing values; Group 3, wells with high and increasing values; Group 4, wells with initially increasing,
then decreasing values. It is concluded that there is a very slow recharge of water to the Cretaceous aquifers
in the Kristianstad plain. Under certain circumstances the recharge has increased locally because of pumping.

GEOLOGICAL BACKGROUND

The Kristianstad plain, situated in southern Sweden (see Fig.l) , forms
a lowland characterized by flat-lying Cretaceous sediments, deposited on a
gently sloping basement of Archaean bedrock. The Cretaceous sediments
are concealed under a Pleistocene overburden of clayey till, glaciofluvial
sand and gravel, and marine-lacustrine sand and clay sediments.

In the southwest the plain is bordered by two horsts, Linderodsasen and
Navlingeâsen, consisting of Archaean bedrock and rising 50-150 m above
the plain. The horsts form dominating geomorphological features in the
landscape.

The Cretaceous sediments in the area were deposited in a sea which
successively inundated the Archaean bedrock in the area. Near the shores
mainly sandy sediments were deposited, nowadays forming a sequence of
glauconitic, poorly consolidated sandstones. The glauconitic sandstones
are overlain by sandy limestones, which were formed from sediments depo-
sited when the water depth in the Cretaceous sea had increased.

A very rough sketch, showing the generalized stratigraphy of the sedi-
ments of the Kristianstad plain, is shown in Fig.2. Several local deviations
from this sketch occur. Sandy beds, for example, are quite common within
the limestone sequence. The total thickness of the Cretaceous sediments
does not exceed 200 m in most places. More information about the geology
of the area is given by Nils son [1].

45
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FIG. 1. Map showing the investigation area; boundary of Cretaceous deposits according to K. Nilsson [ 1].

GROUND WATER CONDITIONS

The main aquifer of the area is the glauconitic sandstone in the basal
parts of the Cretaceous formation. Other aquifers of local importance con-
sisting of Quaternary sand and gravel, or Cretaceous sand or sandstone
within or above the limestone sequence, are found at many places in the area.

The main flow of the groundwater of the glauconitic sandstone aquifer
as well as that of the Quaternary aquifers is directly towards Lake Hammar-
sjon and the sea. However, the flow pattern in the main aquifer is strongly
influenced by pumping for water supply, especially round the city of Kristian-
stad.
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FIG. 2. Sketch showing the stratigraphy of the investigation area. The thickness of the Cretaceous sediments
is 100 -200 m in most places in the central parts of the Kristianstad plain.

The glauconitic sandstone and the other Cretaceous or Quaternary sand
and gravel deposits have a much higher permeability than the limestone
sequence. The glauconitic sandstone, which is the main aquifer, can be
regarded as a semi-confined aquifer.

In some areas the piezometric level of the main aquifer is higher than
that of the upper aquifers; in other areas the conditions are the reverse.
The differences in piezometric level between the different aquifers generally
do not exceed a few metres. In areas where great quantities of groundwater
are withdrawn by pumping the differences may be greater.

GROUNDWATER OBSERVATION PROGRAMME

Within the framework of the International Hydrological Decade (IHD),
the Geological Survey of Sweden has established a groundwater network for
the collection of information on the variations in groundwater quantity and
quality in Sweden. The Kristianstad plain has been selected as an observa-
tion area in this network. Data on groundwater level, chemistry and tritium
content are collected in the area from a number of wells penetrating down to
different aquifers.

Sampling at some of the stations was begun by the Geological Survey
of Sweden before the IHD in connection with an investigation on the hydrology
of the Kristianstad plain carried out during 1955 - 66. Collection of samples
for tritium analyses was begun in 1963 - 64 in nine wells in the area. For
various reasons some of them have been abandoned as sampling stations and
have been replaced by other wells. Since 1965 the analysis programme has
been successively expanded. At present the following parameters are deter-
mined: pH, electrical conductivity, alkalinity, sulphate, chloride, nitrate,
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fluoride, sodium, potassium, calcium, magnesium, iron, manganese, alu-
minium, lead, copper and some other metals. Since 1965 samples have also
been collected in a small river (Vramsân) within the area. The sampling is
carried out twice annually (spring and autumn).

Only the results of the tritium analyses are given here in preliminary
form.

SAMPLING STATIONS

Figure 3 shows the recorded sequences of strata at those wells the t r i -
tium data from which are discussed here. Some further comments on the
sampling stations are given below.

0306 Vinslov

This station consists of two wells close to each other. The wells are
used for the water supply of the town of Vinslb'v. Since 1968, when a new
well was established, they have been used only for temporary water supply.
The withdrawal of water from the old wells is at present 10 000 - 20 000 m3

annually. Before 1968 the annual withdrawal was more than 100 000 m3. The
new well is situated at a distance of about 500 m from the old wells. Sampling
in the new well has recently begun.

0307 and 0315 Kristianstad

These wells form part of a well system used for the water supply of the
city of Kristianstad. Well No. 0307 has not been used since 1964 and was
this year replaced by No. 0315. The withdrawal of water from the sampling
wells has differed greatly from year to year. However, the total amount
of water pumped from the well system of Kristianstad has been constantly
growing from about 3 million m3 yearly to 5 million m3 yearly during the
sampling period.

0308 Vinno

This well is used for the water supply of the small town of Vinno. The
annual withdrawal is 40 000 m3.

0309 and 0317 Yngsjb"

These two wells, situated about 200 m from each other, are used for
the water supply of an engineering works. Since well No.0317 was established
in 1966 the samples have been collected from this well. The annual yield
is about 70 000 m3.

0310 and 0316 Ostra Sonnarslbv

In 1968 well No. 0310 was replaced by No. 0316 as sampling station and
water supply well for the town of Ôstra So'nnarslbv. A volume of about
50 000 m3 annually is pumped from the well.
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0311 Gards Kbpinge

The well is used for the water supply of the town of Gárds Kbpinge. The
annual withdrawal is 30 000 - 40 000 m3.

0312 Âhus
о

The well is used for the water supply of the town of Ahus. At present
the withdrawal is more than 400 000 m3 yearly. The well collects its water
from a sandstone bed in the upper part of the Cretaceous formation.

0313 Fjalkinge

This well was used for the water supply of a spirit distillery until 1971 when
the factory was closed. The pumping in the well has been characterized by
large seasonal variations.

0314 Tollarp

This well is used for the water supply of the town of Tollarp. The annual
yield is more than 300 000 m3. In contrast to the other sampling wells, this
well does not penetrate down to the Cretaceous sediments, but collects its
water from Quaternary sand and gravel deposits filling a canyon in the surface
of the Cretaceous limestone. The sand and gravel deposits are covered with
till.

V ram s an

River water samples from Vramsân are collected about 5 km NW of
Tollarp. No measurements of the river discharge are performed in connection
with sampling.

RESULTS OF THE TRITIUM ANALYSES

The results of the tritium analyses are presented in Table I and Fig.4.
All the tritium analyses have been carried out by the Radioactive Dating
Laboratory in Stockholm.

In Fig.4 a curve showing the variations in tritium content in the precipi-
tation at Skurup is shown. This station is situated about 70 km SW of
Kristianstad. Precipitation tritium data from 1963 - 69 are from Ref. [2] .
Data from 1969-71 have been submitted by the Institute of Meteorology in
Stockholm.

The tritium content in the river water of Vramsân reflects the falling
trend in the tritium content of precipitation. A single low value in 1969 may
be caused by an error in analysis.

The groundwater sampling stations may be classified in four groups
according to the tritium content and recorded changes.

Group 1 (wells Nos 0309/0317, 0311, 0314) is characterized by low
tritium values. All recorded values, with the exception of two, are below
3 TU (tritium units). One sample from station No. 0317 has a content of
23 TU and one from No. 0314 a content of 20 TU. Probably these diverging
results are caused by sample contamination or error in analysis.



TABLE I. TRITIUM CONTENT (Ш TU ) Ш WATER FROM THE SAMPLING
STATIONS ON THE KRISTIANSTAD PLAIN

0306

0307

0315

0308

0309

0317

0310

0316

0311

0312

0313

03H

VINSLÔV

KRISTIANSTAD

KRISTIANSTAD

VINNÔ

YNGSJÔ

YNGSJÔ

Ô.SÔNNARSLÔV

Ô.SÔNNARSLW

GÀRDS KÔPINGE

ÂHUS

FJÀLKINGE

TOLLARP

VRAMSÀN

1963

I

14+7

W±0.4

4.6+04

09+0.2

3.HU4

0.6+0.3

29±l

< /

E

18

№).4

1964

I

23

8.5

17

и±аз

19+0.4

38

09ШЗ

2.H0.4

П

26

9.3

9.1+05

18+03

3&0.4

O£tQ3

51

27

25iO3

1965

I

33

19

11

12

<1

S.6±0£

< /

60

33

18*0.4

517

E

43

20

15

< ;

6.0*3.5

< 7

69

25

<1

499

1966

I

lit!

14±1

1±1

4±1

1*1

82±1

22±1

3±1

W4+4

E

16±1

16±1

3 + 1

6±1

1±1

Ю2+4

5+1

2±1

ГК+14

1967

I

72±3

16 + 1

14 + 1

1+1

6+1

1 + 1

m ±4

4+1

2±1

269+10

E

81±3

39+2

24 + 1

15+0.5

12+1

1 + 1

131+5

1.3+05

2±1

2S1±9

1968

I

91±3

46+2

24+1

23+1

31+2

1 + 1

Q3+5

1 + 1

2+1

229+9

E

84±4

42+2

26+1

2+1

46+2

2 + 1

135+6

58+2

2.5±1

200+8

1969

I

222+Ю

37+2

36+2

1.2+0.5

36+2

29*0.5

162+7

12±QS

22Í28

215+9

E
113 ±6

33+2

43±2

25+QS

40+2

3.1+0.5

8 + 1

<1

1.4+05

7+1

1970

I

169±9

36 ±2

35+2

W+0.S

39+2

<1

85+4

3±1

133+7

E

\77±9

55 + 3

27+1

< 7

26+1

< /

120+6

12W.5

23±Q5

143+7

1971

I

I97±1O

26+1

43+2

<1

32+2

1.8+0.5

111+6

1.8±05

12±O5

123+6

E

155±8

23*2

43+3

2J+0.5

43±3

1.4+05

90+5

2.4+OS

1.1±0.S

125+7

1972

I

161 ±8

71 ±4

49±3

i.aas

41±3

1.7+0.5

101 ±5

2.0*0.5

87±4

E

92±5

8.4tO.S

40 ±2

aatas

34±2

0.8K15

46±3

20+1

87+4

1973

I

81±1

6.6ЮБ

51+1

2À+U5

7.5+0.5

1.7+0.6

81+1

2.7+0.7

114 ±2

E
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PRECIPITATION WATER
STATION

Sк иг up

SURFACE WATER STATION
Vramsàn

GROUNDWATER STATIONS
Group I (low tritium content)

0314 Tollarp
0311 Gàrds Kôpinge

« « • • 0309/0317 Yngsjô

Group 2 (low to moderate
increasing tritium
content)

0310/0316 Ó. Sónnarslóv
030B Vinnô

. . . . 0307/0315 Kristianstad

Group 3 (moderate to high
increasing tritium
content)

0306 Vinslôv
0312 Ahus

Group ¿ (varying tritium
content)

• • • • 031Э Fjalkinge

1963 196¿ I96S 1966 1967 1969 1969 1970 1971 1972 1973

FIG. 4. Variations in tritium content in groundwater and surface water from the Kristianstad plain, and pre-
cipitation water from Skurup.
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Stations Nos 0309, 0311 and 0317 are deep wells penetrating down into
the Cretaceous sediments. Only small amounts of water are pumped from
these wells compared with most of the other wells discussed here.

Evidently the turn-over of the groundwater in the aquifer, in spite of
the pumping, is so long that no influence from young water with high tritium
content can be seen during the period of observation.

Station No. 0314 also belongs to this group. Contrary to the other wells
within the group, it penetrates only Quaternary deposits. The well obtains
its water from sand and gravel, filling up a 20 - 30-m deep canyon in the
surface of the Cretaceous limestone, and covered by till. Despite the rela-
tively large amount of water (300 000 m3 yearly) pumped from the well, the
tritium content of the water is about 2 - 3 TU. This fact indicates a long
turn-over time of the water in the aquifer. In the well area artesian con-
ditions are present, which prevents percolation from the till down into the
sand and gravel aquifer. Probably the recharge area for this aquifer is
situated west of Tollarp close to the fault lines mentioned above.

Group 2 (wells Nos 0307/0315, 0308, 0310/0316) is characterized by
wells with intermediate and increasing tritium values. In 1963 the values
were below 5 TU. From 1963 to 1968 an increase to 20 - 50 TU was recorded.
Since then no clear trend is discernible. However, low values have been
recorded from stations Nos 0315 and 0316 during the last recorded year,
perhaps indicating a falling trend.

At these wells the water seems to have a distinctly shorter turn-over
time than at wells in Group 1. This shorter turn-over time is found in
connection with shallow wells with a relatively small withdrawal of water
(0308), deep wells with large withdrawal (0307, 0315) or wells situated close
to the fault lines (0310, 0316).

Group 3 (wells Nos 0306, 0312) is characterized by high tritium content.
During the period 1963 - 69 the values increased, since then the values have
been relatively constant; however, in the latest recorded year a weak,
decreasing trend seems to be discernible. The two wells in this class are
relatively shallow and have a large withdrawal of water. The single low
value in 1969 at station No. 0312 probably is due to an error in analysis.

Group 4 (well No. 0313) contains only one well which at the start of
sampling had very low tritium content. The content rapidly increased to
values of about 20 - 30 TU in 1964, 1965 and 1966. Since then the content
has decreased to very low values. No sampling has been possible since
1971, as the well is no longer used for water supply. During the sampling
period the pumping was characterized by great seasonal variations in intensity.
These variations and changes in the groundwater flow pattern during the
sampling period, caused by a change in pumping in other wells, may have
caused the unusual variations in tritium content at station No. 0313.

CONCLUSIONS

In deep wells with relatively small pumping intensity and situated in
the central parts of the Kristianstad plain (0309/0317, 0311), no raised t r i -
tium concentrations have been traced so far. This fact indicates that the
water in the large Cretaceous aquifers in this area has a very long residence
time. However, the turn-over rate has locally been increased so much through
pumping that young water with measurable tritium content has been able
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to reach those beds from which the water is pumped. This is the case in
most wells that are shallow or have moderate depth (0306, 0312, 0308,
0316) and in deep wells with great pumping intensity (0307/0315). Some of
the wells (0306, 0310, 0316) are situated close to the fault lines, which may
facilitate the infiltration and percolation of young water to the parts of the
aquifer in question.

The high tritium contents found in certain wells in the central parts of
the plain must, however, derive from water which has percolated through
the covering Quaternary and Cretaceous beds. Through the pumping the
relations between the piezometric levels of the different aquifers have been
changed, which locally has made percolation down to the Cretaceous beds
possible or increased the rate of percolation.

FUTURE PROGRAMME

The sampling and analysis is planned to continue at most stations. An
expansion of the station network to include some new wells is now being made.
A more penetrating evaluation, also including the chemical data, will be
carried out when analysis data from some new wells and more knowledge
about the physical properties of the aquifers are available.
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D I S C U S S I O N

T.M. DINÇER: Have you carried out any 14C analyses?
G.N. PERSSON: No, we have not, partly because of the high carbonate

content of the aquifer material, which would probably make interpretation
of the results very difficult.

L.J. ANDERSEN: The tritium determinations in your study were carried
out for groundwater pumped from open wells into which water flowed from
rather thick intervals of the aquifer. Have you any information about the
vertical distribution of tritium in the individual wells? I imagine that such
information, combined with information on the inflow at different levels,
would be needed for a final interpretation of the data.

G.N. PERSSON: No, we do not have such information. However, we
intend to look into this question.

L.J. ANDERSEN: Have you found any correlation between the tritium
concentration in the groundwater and the difference in piezometric heads
between the upper and the lower aquifer, indicating possible upward or down-
ward leakages?

G.N. PERSSON: No, we do not yet have enough data on the relationships
between the piezometric levels.
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J. SILAR: Are there any confining strata in the geological structure
investigated by you?

G.N. PERSSON: As I mentioned in my oral presentation, the permeability
of the limestone is considerably lower than that of the sandstone (about 10~8m/s
compared with 10~4-10"5m/s), while the permeability of the Quaternary till
is about the same as that of the limestone. These strata can be regarded as
se mi-confining.

B.T. VERHAGEN: Although the geological setting is completely different,
the structure of the groundwater system described by you is similar to a
semi-artesian aquifer that we have been studying in Botswana and the piezo-
metric levels of which corresponds closely to those of phreatic, perched
aquifers overlying it. As in your case, low and often vanishing tritium is
measured in the semi-confined aquifer, while measurable tritium is found
in the phreatic aquifers. In this connection, I suggest that you employ radio-
carbon as well as tritium in your study; radiocarbon analysis has helped us
immensely in our study of the above-mentioned system in Botswana. The
problems associated with a limestone environment are considerable, but
valuable relative dating can still be achieved. Radiocarbon analysis might
help in establishing that — as I suspect - there is an interconnection between
the aquifers being studied by you.

G.N. PERSSON: I hope we shall be able to include radiocarbon analysis
in the programme for further investigations of the hydrogeology of this area.
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Abstract

ENVIRONMENTAL TRITIUM IN THE UNSATURATED ZONE: ESTIMATION OF RECHARGE TO AN UNCONFINED
AQUIFER.

Extraction of water from 11 soil cores taken vertically has allowed determination of the natural tritium
profiles in the unsaturated zone at three different sites. These sites have the same geographic location and a
mean annual rainfall of ~750 mm annually. Comparison of observed and model tritium profiles shows that
piston-type flow of soil-water dominates below the root zone (~Л. 5 m), but above this, direct input to beneath
the surface of the soil assumes importance. Estimation of recharge to groundwater from the tritium profiles,
using both profile shape and the total quantity of tritium held in the soil profile, shows that mean annual
recharge varies between 40 and 140 mm annually for the three sites. Multiple coring at two of the three sites
has established that a recharge estimate made using a single core has a coefficient of variation of 15 -20%.

1. INTRODUCTION

Percolation of water through overlying soil material is often an
important component of recharge to unconfined aquifers in humid and sub-humid
regions. Smith et ai. [1] have given 2 examples of the use of environmental
tritium in the determination of the rate of percolation of water through the
unsaturated zone, but more needs to be known of the variability of the tritium
profile in the unsaturated zone at a particular site and the effect of this
variation on estimates of recharge.

The pattern of tritium fallout in precipitation in the Southern
Hemisphere has been markedly different from that in the Northern Hemisphere.
The most important difference is that the peak in tritium concentration in
rainfall due to high level nuclear testing from 1960 to 1962 was delayed
until 1965/1966 and was of a lower magnitude than in the Northern Hemis-
phere. Consequently any peak in tritium concentration in the soil profile
will be smaller and less well defined. However, by matching soil tritium
profiles measured in the field with calculated profiles, it should be possible
to estimate recharge.

The actual tritium profile at a particular site is determined by
the mechanism of infiltration, as this controls the tritium concentration of water
input to various depths within the soil profile. Smith et at.[11 and Zimmerman
et at. [2] have found that piston-type movement is the predominant mode by which
water moves down a soil profile but in our "mediterranean" type climate with
marked seasonal wetting and drying, other mechanisms may assume importance.

2. SITE DESCRIPTION

The three sites from which soil cores were taken all lie within
the Gambier Plain (approx. 140.8°E, 37.8°S), the whole of which is underlain

57
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by an unconfined aquifer of considerable economic importance. Most of the
recharge to this aquifer is thought to be by percolation through the overlying
soil material. Holmes and Colville [3], using non-weighing lysimeters,
estimated that mean annual recharge to this aquifer by percolation was 63 mm.
However, this experiment was undertaken at one site only and soils overlying
the aquifer vary considerably [4].

In this present study a total of eleven cores were taken from
three different sites, all within 30 km of each other. These sites were
chosen for the gradation in soil properties from a soil with sand overlying
heavy clay (Site A), through sandy loam overlying sandy clay (Site B) to
sandy loam overlying well-structured clay with sandy lenses (Site C). Site A
is within 1 km of the lysimeter site and has a similar soil type. All sites
are on level ground and no coordinated surface drainage pattern has developed,
although the mean annual rainfall at these sites is approximately 750 mm,
most of which falls in the winter half of the year (April-September). Land
cover at all sites is improved pasture with no trees or other forms of land
use within 100 m of any of the sampling locations. Native forest (mainly
Eucalyptus spp.) was cleared from the sites 70-100 years ago.

3. SAMPLING AND ANALYSIS

'Undisturbed' cores of 100 mm diameter to depths of up to 8 m
were obtained using either hollow stem augers and a cable recovery core
barrel, or a split tube auger core sampler. No drilling fluids were used.
Cores when withdrawn were partitioned into 200-300 mm sections and immediately
sealed inside two heavy-duty polythene bags. Sampling at a particular
location was usually completed in a single day.

Water (0.5-2 1) was extracted from each core section by vacuum
distillation at ea.200°C. Volumetric water contents of each core sample were
measured and these varied considerably down any one profile.

Tritium concentrations were obtained by 50 to 80 fold electro-
lytic enrichment of the soil-water samples in constant feed cells, followed
by conversion to ethane and gas proportional counting [5]. Estimated
standard deviation is 0.3 TU or 7%, whichever is the larger.

4. RAINFALL INPUT

Tritium concentration of rainfall in southern Australia has been
monitored at several stations since late 1965 [6]. One of these stations,
Mt. Gambier, is within 20 km of our sampling sites and the tritium concentration
of rainfall collected here was used to estimate tritium input to the soil
surface at our sites. For previous years tritium concentrations were estimated
by analysing wine samples dating back to 1950 [7]. The good correlation between
wine and rainfall tritium concentrations, when both are available, enables this
extrapolation to be made with some confidence. In all cases precipitation -
weighted mean concentrations were used. The regression coefficient between
annual precipitation-weighted tritium concentration of rainfall and the tritium
concentration of wine is 1.3 (SD = 0.1). The resultant extrapolated tritium
concentrations are shown in Table I. Means for shorter time periods prior to
1965 were obtained from a regression between the wine tritium concentration and
that for the appropriate time period obtained from our post-1965 record.

The monthly rainfall data used were those from the Bureau of
Meteorology Station at Mt. Gambier Aerodrome.
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TABLE I. OBSERVED OR EXTRAPOLATED ANNUAL PRECIPITATION
WEIGHTED MEANS OF TRITIUM CONCENTRATION AT MT. GAMBIER

Year

54/55

55/56

56/57

57/58

58/59

59/60

Tritium

cone.

(TU)

6

6

29

26

24

17

Year

60/61

61/62

62/63

63/64

64/65

65/66

Tritium

cone.

(TU)

14

14

19

29

23

32

Year

66/67

67/68

68/69

69/70

70/71

71/72

Tritium

cone.

(TU)

48

43

30

28

23

25

5. MECHANISM OF WATER INPUT TO A SOIL PROFILE

5.1. Recharge models

The small peak in tritium activity observed in the Southern

Hemisphere makes the pulse tracing technique for determining soil-water

movement used by Smith et al.[l] difficult and ambiguous to use. Associated

with this difficulty, the rather low percolation rates of water in the soils

studied here results in a significant portion of the total tritium in the

profile being stored in the top 2 m and this tritium therefore may be subject

to loss by evapotranspiration during the dry summers.

One approach which may be used in determining mean annual

recharge from a tritium profile involves comparing the total amount of tritium

held in the soil profile beneath the root zone with the amount of tritium which

would be held in the soil profile if unit recharge had occurred. To use this

method a suitable tritium input function (TIF) for recharge water passing

beyond the bottom of the root zone is required. An estimate of this TIF is most

easily made when the root zone consists of a sandy material retaining little

water at the end of the dry summer.

Another approach to the estimation of mean annual recharge is to

match the shape of observed tritium profiles with those calculated from models

based on simplified mechanisms of water movement within the soil profile. Three

separate models of the recharge process, represented diagramatically in Fig. 1,

are compared here.

5.1.1. Model I - Piston flow: this model is similar in concept to the Classical

and Modified Evaporation models developed by Smith et al.[I] for their chalk

profile.

In southern Australia the soil-moisture deficit (SMD) reaches

a maximum in March at the end of the dry summer; this deficit is made up

during the winter when precipitation (P) exceeds evaporation (E).

The model assumes (i) that if starting with a profile in which

the SMD is at its maximum, an amount of rainfall equal to P-E will accrue in

the profile in the months when P>E, (ii) that percolation of water to the

lower portion of the profile (i.e. recharge) will only take place when the

SMD is fully made up, and (Ид.) that in subsequent months when P-E becomes

negative, the evaporated water will have the tritium concentration of that

of the preceding month's rainfall. Loss of water by evaporation will continue

in this way until the SMD again reaches its maximum. This model implies that
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PROFILE FULLY
DRY (MID AUTUMN)

PROFILE FULLY
DRY

FIG. 1. Diagrammatic representation of Models I, II and III.

tritium in the profile at the end of March can never be lost by evapotrans-
piration. It also implies that water (at low tritium concentration) equal in
amount to the previous year's recharge will have moved to the water table.
Any change in the tritium profile since March of the preceeding year will be
associated with that amount of water but at a tritium concentration of last
year's early winter rainfall. The tritium concentration of this water is that
of rain falling between April and June since the amount of annual recharge is
always less than P-E for these months. The mean tritium concentration for
these months in any one year is not significantly different [6].

5.1.2. Model II - Modified Piston flow: observations of soil-water behaviour
under annual grasses have shown that in regions with a "mediterranean"-type
climate, the water content of clay soils below VL.5 m shows little variation
over an annual cycle. Thus when water has percolated beneath the root zone
(1.5 m), its tritium can be lost by decay only. At all depths in the root
zone, water (and hence tritium) is subject to loss by evapotranspiration during
the drying cycle. The amount of tritium lost in this way is estimated from a
knowledge of the tritium profile at the end of winter, and the amount of water
lost from each depth interval when the soil is dried to the maximum SMD.
It is assumed that the hydraulic conductivity of the soil is so low that
negligible redistribution of soil-water by gravity-induced flow occurs during
drying of the soil profile.
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In operation, this model requires two tritium inputs, one is
that of early winter rainfall which makes up the SMD as in Model I, and the
other is the higher, late winter concentration. The latter replaces, by
piston flow, water lost from the top of the soil profile when recharge occurs.

5.1.3 Model III - Direct Input: in common with Models I and II, piston
flow occurs below 1.5m. Above this depth, the SMD is made up by direct
infiltration to 1.5 m by early winter rainfall. Late winter rain then causes
water to move through the whole profile by piston flow. Thus water moving
beyond the root zone has components of the current year's and previous years'
rainfall.

The latter two models require a knowledge of water content pro-
files for the soil in its wettest and driest conditions.

5.2. Diffusion

Since tritium gradients exist in the soil, calculated tritium
profiles were corrected for diffusion. The soil profile was considered as
consisting of a series of layers and use was then made of diffusion
from a layer of finite thickness into a homogeneous semi-infinite medium [8]
to estimate the movement of tritium into and out of each layer. Estimates
of the diffusion coefficient for water in soil material range between 10~9
and 10~Ю m^ sec"-'- [9]. A value of 5 x 10"^m^ sec~l was used here.

6. ESTIMATION OF RECHARGE FROM TRITIUM PROFILE SHAPE

6.1. Year-to-Year Variation of Recharge

Since the aim of this work is to provide estimates of mean
annual recharge to groundwater by matching model tritium profiles with
observed tritium profiles, consideration needs to be given to the form of
the annual input to the models.

The simplest approach is to assume that recharge is constant
each year. This is not a very realistic approach as the considerable
variation in winter rainfall from one year to the next will undoubtedly
give rise to some variation in annual recharge.

A more realistic approach is to assume that annual recharge is
linearly related to winter precipitation. Use is made of the empirical
relationship

R = 0.5 (P - C) Cl)
w

where R is annual recharge, P is April-to-September rainfall and С a constant.
Expressions of this type have been used by engineering hydrologists for
estimating both groundwater accession and surface water runoff. The expression
is used here to estimate the weight to be given to the tritium concentration
of each year's rainfall by adjusting С and obtaining sets of values of R to
be input for the various models. To estimate mean annual recharge, a value
of С is chosen so that the model tritium profile gives the best fit to the
measured profile. The mean annual recharge corresponding to that tritium
profile is then obtained by averaging the values of R for a long period of
time. Here 30 years is the time period used.

To test the effect of year-to-year variation of recharge input
to a model in making estimates of mean annual recharge, both of the above
approaches were used in determining model profiles. The results are discussed
in section 7.3.
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VOLUMETRIC WATER CONTENT
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FIG. 2. Water content and tritium profiles for Site A: (a) Fully wet and fully dry volumetric water content
profiles; (b) Tritium profiles July 1971; (c) Tritium profiles Nov. 1971, April and Aug. 1972; (d) Comparison
of the mean measured tritium profile and profiles calculated using Models I, II and 1П with a mean annual
recharge of 40 mm; (e) Comparison of Model III tritium profiles with different recharge rates.
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6.2. Individual sites

6.2.1.Site A.

The six tritium profiles obtained at this location are shown in

Fig. 2 (b) and (c). Three complete cores from surface to beneath the water-

table were taken in July 1971 and, although duplicate cores were taken at the

other sampling times, results of the duplicates are not yet available.

The soil profile consists of 0.5 m of sand overlying heavy red-

brown clay which grades through yellow to white, highly calcareous clay at

4 m. These overlie a layer of recemented limestone at 4.7 m above a sandy

aquifer. Standing water level varies between 4.5 and 5.5m beneath the soil

surface over an annual cycle.

All profiles have the same general form viz. a peak in tritium

concentration at aa.l.O m and a monotonie decline to 1-2 TU at 4-4.5 m depth.

Considerable variation of tritium concentration occurs in the top of the soil

profile over the time period from July 1971 to August 1972. This is as ex-

pected since seasonal changes in tritium concentration of rainfall will have

an effect on the soil water tritium concentrations nearest the surface. The

deeper profiles all show a significant rise in the tritium concentration of

samples taken beneath the water table. This phenomenon is discussed in

section 6.2.1.2.

Because the winter of 1972 was drier than average (April-

September rainfall was 377 mm, compared with a 30-year mean of 464 mm), little,

if any, recharge would have occurred. The 1971 and 1972 profiles beneath

the A horizon should therefore be almost identical, the only differences being

caused by decay; on this basis the data from both years has been bulked to

give a mean tritium concentration vs. depth profile. This profile has been

used in testing the performance of the different models.

6.2.1.1. Comparison of Observed and Model Tritium Profiles

Model I

Fig. 2(d) gives a comparison of the mean measured tritium profile
and a tritium profile calculated using this model with a mean annual recharge
of 40 mm/year, each individual year's recharge being estimated using Eqn. (1).
The shape of the two profiles is almost identical, but the model profile holds
too little tritium. An increase in the rate of recharge does not markedly
improve the fit.

Models II § III

Fig. 2(a) shows mean volumetric water content profiles for both
the driest and wettest soil conditions. The SMD is oa 200 mm, and the
tritium concentration of water which makes up this deficit in both models is
the precipitation weighted mean of rain falling between April and July. The
water which fills the top of the profile to replace, by piston flow, water
moving from the soil profile to the aquifer has a tritium concentration
equal to the mean concentration of August and September rainfall.

Fig. 2(d) shows the tritium profiles obtained by application
of these models for С = 404 mm in Eqn. (1) (mean annual recharge for a
30-year period = 40 mm) compared with the mean measured profile. Both
models predict approximately the correct amount of tritium in the soil
profile to 4.5 m, but the fit is markedly better for Model III than for
Model II. This indicates the importance of the rapid movement of water to
the bottom of the root zone during wetting up of the soil profile. Further-
more, measured tritium concentrations below 3.0 m are higher than predicted
suggesting that some water percolates through the profile to these depths
via macroscopic structural pore spaces or old tree root channels.
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In Fig. 2(e) the tritium profile calculated from Model III for
a value of С of 424 mm (mean annual recharge = 30 mm) is compared with the
calculated profile for a mean annual recharge of 40 mm. The differences
between these calculated profiles show that mean annual recharge can be
estimated to within 10-20% using this method.

6.2.1.2. Swamps and Groundwater Recharge

The estimated value for mean annual recharge obtained using
Model III was less than that obtained using lysimetry [3]. One explanation
is that the lysimeters did not allow lateral movement of water on the surface
of the soil or on the В horizon. Under natural conditions the additional 20
mm of water moves laterally to the swamps which are common in the area, and
portion of this infiltrates to the aquifer. However in the lysimeters all of
this water was able to infiltrate through the more permeable repacked soil,
to be measured as local recharge.

In support of this hypothesis, higher tritium concentrations were
observed in water taken from the aquifer than from clay at the bottom of the
soil profile at both site A (see Fig. 2(b) and (c)) and the lysimeter site.
At the latter the tritium concentration of water taken from the saturated
clay at the bottom of the soil profile was 5.6 TU and that of water samples
taken from sandy material 1.0 and 1.7m beneath the water table were 12 and
7.0 TU respectively. No quantitative assessment of the amount of water reaching
the aquifer from swamps in this way has been made.

At Sites В and С no swamps or perched water tables occur and all
movement to the water table is vertical.

6.2.2. Site С

The four tritium profiles which are available for this location
are shown in Fig. 3(b). Duplicate samples were taken at all sampling times
but results for duplicates are only available for April 1972. The soil
profile consists of 0.6 m of dark coloured sandy loam overlying 6 m of
clay interspersed with occasional thin sandy lenses. Although the soil
has a high clay content, as evidenced by volumetric water contents as high as
0.6, the soil material is highly structured and allows relatively rapid down-
ward movement of water. A sandy horizon at 7 m is underlain by a thin
layer of carbonate cemented sand and white carbonate-rich clay. The water
table is at a depth of 15 m beneath the surface.

The tritium profiles take the same general form as those
observed at Site A except that a secondary peak at 6 m occurs in two of
the profiles. Reproducibility of the four individual profiles is not as good
as at Site A.

As for Site A, a mean tritium concentration vs. depth curve was
constructed for comparison with model profiles.

6.2.2.1, Comparison of Observed and Model Profiles

Model I

As for Site A, if this model is correct, the tritium concentration
of recharge will be that of rainfall in early winter (April-June). Using a
value for С in Eqn. (1) of 204 mm (representing a mean annual recharge of 140
mm/year), the resultant annual recharges at the appropriate tritium concentrations
were used to construct the curve shown in Fig. 3(c). Again the profile shape
matches quite well with that of the observed shape, but the model profile holds
too little tritium.
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140mm (CONSTANT)

FIG. 3. Water content and tritium profiles for Site C: (a) Fully wet and fully dry volumetric water content
profiles; (b) Measured tritium profiles; (c) Comparison of the mean measured tritium profile and profiles
calculated using Models I, II and III with a mean annual recharge of 140 mm; (d) Comparison of Model III
tritium profiles with different recharge rates.



TABLE II. RECHARGE ESTIMATES USING TOTAL TRITIUM IN THE SOIL PROFILE

Site

A

В

С

Sampling
date

July 1971

» «

„ „

Nov. 1971

April 1972

Aug. 1972

July 1971

Nov. 1971

April 1972

April 1972

Aug. 1972

Limit of
integration ({)

(m)

4.0

4.0

4.0

4.0

4.0

4.0

7.0

7.5

7.5

7.5

7.5

Tritium in
profile

Í

/Ts(x)e(x)dx
0

(TU.m)

20.3

15.7

15.5

17.0

11.9

16.0

24.3

30.1

39.7

38.0

41.1

"Tritium excess"

l o ( P " E >nT p (n )

(TU.m)

3.4

3.4

3.4

5.6

0

3.1

3.4

5.6

0

0

3.1

Tritium in
profile for

unit recharge
20

£ = o T l ( n ) e x p ( n X )

(TU.m)

2.6

2.6

2.6

2.6

2.7

2.7

Mean

2.6

2.6

2.7

2.7

2.7

Mean

Mean annual
recharge
assuming

constant recharge
each year

(mm)

65

47

46

44

44

47

49,o=9

80

96

147

140

140

130,0 = 20

Tritium in profile
for unit recharge,
each year's input,

weighted according
to Eqn. (1)

(TU.m)

2.4

2.4

2.4

2.4

2.6

2.6

2.4

2.5

2.5

2.5
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Models I I § I I I

From the mean volumetric water content profiles shown in Fig. 3(a),
the SMD is 100 mm (i.e. approximately half that at Site A). Because less
rainfall is required to make up the SMD here than at Site A, this water will
have the tritium concentration of April-June rainfall. The water which replaces
that draining through the profile will have the tritium concentration of July-
September rainfall.

The calculated tritium profiles which result from application of
these models with С = 204 (mean annual recharge = 140 mm) are compared with
the mean of the observed profiles in Fig. 3(c).

The model profiles are quite similar, with Model III giving a
slightly better fit. This model predicts slightly more tritium in the profile
than is observed to depths of 4.5 m, but less than is observed at greater
depths, again indicating the existence of rapid water movement through macro-
scopic soil pores or old root channels. The Model III tritium profile for С
= 244 mm (mean annual recharge = 120 mm) is compared with the profile for
С = 204 in Fig. 3(d). Again this Model allows prediction of mean annual
recharge to within 10-20%.

7. DISCUSSION

7. 1. Total Tritium in the Soil Profile

Figures 2(d) and 3(c) show that Model I predicts the shape of
the observed tritium profiles quite well, but a poor match is obtained for
the total quantity of tritium held in the soil profile. If the mean tritium
concentration of rainfall for the whole period when P>E is used as input to
this Model rather than that for April to June, the fit improves markedly.

The models provide estimates of recharge from the shape of
tritium profiles, however it is also possible to obtain recharge estimates
from the total quantity of tritium held in the soil profile. This approach
is easiest to use if Model I behaviour is assumed, as this Model predicts
that all tritium remaining in the soil profile in March each year is associated
with recharge. For Models II and III only tritium beneath 1.5 m is associated
solely with recharge, making a TIF difficult to obtain.

Because of the difficulties associated with the use of total
tritium in the profile and a TIF with Models II and III, the semi-empirical
form of Model I with each year's recharge input having a tritium concentration
of April-September rainfall is used in the following sections.

7.1.1. Site A

Individual tritium profiles show some variation in shape, but the
total quantity of tritium held in the soil profile shows less variation. To
obtain the quantity of tritium in the soil profile the integral CT

s
(x)e(x)dx

is evaluated, where T
s
(x) is the tritium concentration of soil water and 6(x)

is the volumetric water content a distance x beneath the soil surface. A depth of
4.0 m is chosen as the limit of integration since below this depth tritium
concentrations begin to increase due to the effect of the water table. The
amounts of tritium stored in the soil profiles represented by the six cores
taken are shown in Table II. Mean annual recharge (MAR) is then estimated as

л m 20

MAR = [ ^T
s
(x) e(x)dx - ]>~] (P-E)

n
T (n)]/ YZ Tj&OexpCnX) (2)

0
 n=o n=o

The second term in the numerator estimates the amount of tritium held in the

soil profile in excess of that which was present in March of the same year.
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To obtain this amount of tritium the product of rainfall excess and the tritium
concentration of each month's rainfall, Tp, is summed over the number of months
elapsed, m. Tj represents the tritium concentration of each year's recharge
and X the decay constant for tritium. The resultant values for mean annual
recharge are shown in Table II. This method assumes constant recharge each
year, but if the divisor in Eqn. (2) is weighted by recharge values calculated
using Eqn. (1), it only changes by M.0% (Table II). The value for mean annual
recharge of 49± 8 is in reasonable agreement with that obtained using Model
III (40 mm).

7.1.2.Site С

Similar calculation, with an integration limit of 7.5 m, again

using the mean tritium concentration of April-September rainfall as input to

Model I, results in a mean annual recharge of 130± 20 mm (Table II). This

value is also in good agreement with the value of 140 mm obtained using

Model III.

In two of the profiles relatively high tritium concentrations

were observed at 6.5 m. This may be due to water moving through major

pore networks or old root channels in the soil profile and collecting in

the sandy horizon above the clay at 7 - 7.5 m. For the second tritium

profile measured in April 1972, the tritium concentration was assumed to

drop to 2 TU at 7.5 m.

7.1.3. Site В

Only one tritium profile was measured at this site. The
tritium concentration had dropped to 2 TU at 7 m. Application of the technique
described in 7.1.1 results in a mean annual recharge of 80 mm.

7.2. Soil Type as a Determinant of Annual Recharge

The variation of mean annual recharge from 40-140 mm over the
three sites, all having the same geographic location, shows the importance
of soil type in determining recharge. As expected the SMD plays an important
role. At Site A the SMD is approximately 200 mm, while at Site С it is 100 mm.
This difference provides a partial explanation for the difference in mean annual
recharge between the two sites.

The approach outlined here could readily be extended to cover the
whole of the Gambier Plain using a soil classification map such as Blackburn's
[4] to identify soils of similar hydrologie properties. Although recharge has
only been estimated with a plant cover of annual grasses, Models П and III
could readily be extended to provide estimates of recharge under other forms
of land use.

7.3. Yearly Variation of Recharge

As seen above, the methods for estimating mean annual recharge
are not particularly sensitive to year to year variation in recharge. This
is rather surprising since, for Site A, for example, annual recharge computed
from Eqn. (1) varies between 110 mm and zero. Figs. 2(e) and 3(d) compare
Model III curves computed from annual recharge using both Eqn. (1) and a
constant value for annual recharge. Although some differences in profile shape
are obvious, a good match to the observed profile is obtained for both recharge
inputs. Comparison of columns 6 and 8 in Table II shows that recharge rates
calculated from the total quantity of tritium in the profile are also not
very dependent on differences in each year's recharge. This effect is an
artifact of the way in which the tritium concentration of rainfall has varied
in southern Australia, and may not be applicable at other locations.
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Because hydrologists usually require mean annual recharge when
evaluating an aquifer, and estimates of this are not very sensitive to
variation in amount of recharge from year to year, no attempt was made to
improve estimation of the relative amounts of recharge occurring each year
by modification of Eqn. (1). In fact in other areas of southern Australia
where rainfall data are limited, recharge estimates obtained by assuming
constant annual recharge will be suitable for aquifer evaluation.

7. 4. Reliability of Estimates of Mean Annual Recharge

The method for estimating mean annual recharge described in
7.1 assumes that the tritium concentration at the lowest level of measurement
is zero, i.e. the total quantity of tritium in the profile should be determined
during integration. Since tritium concentrations do not drop to zero in our
profiles the values for mean annual recharge obtained using Eqn.(2)must slightly
under-estimate actual recharge.

Because of higher measured tritium concentrations near the bottom
of the soil cores than predicted by Model III, values of mean annual recharge
obtained using this model also will be under-estimated.

8. CONCLUSIONS

The determination of several tritium profiles at each of two
sites has shown that these have sufficient reproducibility to allow reasonable
estimates of recharge to be made. Two methods for estimating recharge are
demonstrated: one of these depends on matching the tritium concentration
profile with a theoretical curve and the other is based on measurement of
the total amount of tritium held in the soil profile.

Of the three models tested, the best fit between observed and
calculated profiles was obtained using Model III. This model assumes that
water already in root zone does not move downwards ahead of the infiltrating
water during wetting up, but that the SMD is made up by direct infiltration
of rainfall to the bottom of the root zone. The values for mean annual recharge
obtained in this way compare favourably with those obtained using a semi-
empirical form of Model I which is based on piston flow.

The considerable differences in mean annual recharge at the three
sites (40, 80, 140 mm) show the importance of soil type in determining this
parameter. To predict total annual recharge to the Gambier Plain aquifer with
any accuracy, recharge rates through the variety of soils which overlie it,
must be evaluated.

ACKNOWLEDGEMENTS

The co-operation of H. Ashby and D. Guerin in allowing extensive
sampling on their properties is gratefully acknowledged. J .C. Dighton
assisted throughout the work and J.M. Thompson assisted with core sampling
in the field. A. W. Palm' s advice on sampler operation and design proved
invaluable.

R E F E R E N C E S

[1] SMITH, D.B., WEARN, P.L., RICHARDS, H.J., ROWE, P.C., "Water movement in the unsaturated
zone of high and low permeability strata by measuring natural tritium", Isotope Hydrology 1970 (Proc. Symp.
Vienna, 1970), IAEA, Vienna (1970) 73.



7 0 ALLISON and HUGHES

[2] Z1MMERMANN, U. , MÜNNICH, K.O. , ROETHER, W., "Downward movement of soil moisture traced
by means of hydrogen isotopes", Geophys. Monograph No. 11 (STOUT, G. E., Ed.), Am. Geophys. Union
(1967) 28.

[3] HOLMES, J. W., COLVILLE, J. S., Grassland hydrology in a karstic region of southern Australia, J. Hydrol.
10 (1970) 38.

[4] BLACKBURN, G., Soils of County Grey, South Australia, Soils and Land Use Series No. 33, CSIRO,
Australia (1959).

[5] HUGHES, M. W., HOLMES, J. W., An Apparatus and Method for the Measurement of Natural Abundance
of Tritium, Division of Soils Tech. Paper No. 3, CSIRO, Australia (1971).

[6] ALLISON, G.B., HOLMES, J. W., HUGHES, M. W., Tritium fallout in southern Australia and its hydro-
logic implications, J. Hydrol. 14 (1971) 307.

[7] ALLISON, G.B., in preparation.
[8] CARSLAW, H. S., JAEGER, J .C. , Conduction of Heat in Solids, Oxford University Press, London (1960) 54.
[9] SCHMALZ, B. L., POLZER, W.F., Tritiated water distribution in unsaturated soil, Soil Sci. 108 (1969) 43.

DISCUSSION

P. FRITZ: You obtain your water samples under vacuum at 200°C, at
which temperature the clay minerals are dewatered. What contribution
does the water of these clay minerals make to the shape of your profiles?

G.B. ALLISON: It makes a contribution of 1-2%.
R.B. THOMAS: Could the recharge variation in the three areas be

due to differences in the local precipitation, especially as regards convective
storms?

G.B. ALLISON: As we are dealing with long-term estimates of mean
annual recharge, I think this is unlikely.

J .R. GAT: We have observed wide vertical changes in the tritium
content of soil-moisture in cores from the coastal plain of Israel. Over
distances of less than one metre, values changed from a few TU to more
than a hundred TU. It has been found that these changes correlate with
vertical stratification of soil layers, the very low tritium values being found
in the shadow of clay lenses and high values above them. There is thus
an indication that flow occurs by a combination of vertical and horizontal
displacements and that the wide-area vertical movement cannot be estimated
from a single profile of tritium, but only from an average of many samples.
Have you experienced anything similar, and how would you deal with such
a situation?

G.B. ALLISON-: We have not observed this phenomenon, which is
presumably due to the presence of perched water tables. Perched water
tables are sometimes found at our sites, but always in the sand at the top
of the soil profile.1

W. M. EDMUNDS: Can you offer any explanation for the existence of
tritium in the saturated zone beneath your profiles?

G.B. ALLISON: I can offer two explanations — the first (and more
likely) one is that the tritium has moved laterally in the rather permeable
aquifer sands from the swamps which are common in the area; the second
is that the clay above the aquifer is well structured and some movement
around the beds is to be expected.

I. SAINZ ORTIZ: Have you verified your recharge calculations by
direct hydrogeological methods (the drawing-up of annual groundwater
balances) on a regional scale?

G.B. ALLISON: No, we have not.
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E. MAZOR: The deduction of recharge and infiltration rates from
measured tritium concentrations in water extracted from soil cores is based
on the model of even flow through a sponge-like medium. However, water
frequently descends through the soil via short cuts in the form of cracks,
root channels and animal burrows. The values deduced from core studies
are therefore only minimum recharge and infiltration values. One should
in each case measure the tritium concentration not only in the cores but
also in the local groundwater. Groundwater sometimes contains more
tritium than is found in cores when these are taken from a depth exceeding
a few metres, thus demonstrating recharge by short cuts.

G.B. ALLISON: I agree that what you say might occur. We must
therefore safeguard ourselves by stressing that any estimates of recharge
made from tritium profiles may be underestimates.

B.R. PAYNE: The use of environmental tritium in estimating recharge
is potentially of greatest interest in arid regions, where estimates obtained
by non-isotopic methods are subject to considerable error and it is often
doubtful whether recharge is taking place at all. It has been stated that
the estimation of the amount of tritium in a profile is relatively easy, although
of course, there is the question of representative coverage of an area. On
the other hand, the input of tritium is more difficult to estimate. However,
we can estimate the maximum value for tritium input and hence the minimum
value for recharge. In the case of arid regions, of course, the weighting
function to take into account the irregularity in rainfall from year to year
will become an important parameter. Would you care to comment?

G.B. ALLISON: In arid areas where little recharge occurs, considerable
amounts of tritium may be input to the soil profile. Root action will not
remove all of this tritium, even though no net recharge occurs. Thus, one
must exercise caution when interpreting the results obtained with soil cores
from arid areas. For this reason, and because recharge is unlikely to be
laterally uniform (it may occur only at such sites as creek beds), it is
doubtful whether environmental tritium will permit quantitative estimates
of recharge in arid areas.

T.M. DINÇER: I should like to mention our experience in relation to
the estimation of infiltration and recharge with thermonuclear tritium in
Saudi Arabia.

In a region of sand dunes east of Riyadh we have collected samples of
sand moisture using hand-driven augers down to 7 m and found the 1963
thermonuclear tritium peak between 4 m and 5 m, indicating a mean annual
rate of infiltration of 20 mm. The mean annual precipitation is 70 mm and
the mean annual class A pan evaporation about 3500 mm in this region.
This shows that the desert environment is particularly good for the conser-
vation of water. The mean grain size of the dune sand is 0. 25 - 0. 30 mm
in the area studied. This is important, for in sand dunes consisting of
finer sand (with a grain size of, say, 0.15 mm) there is no moisture owing
to the higher evaporation losses.

We also found that, compared with the precipitation, the moisture in
the sand was highly enriched with respect to stable isotopes (7- 8% for 18O),
which gives a unique opportunity for identifying the water recharged through
the sand dunes whenever such recharge occurs.

The study of recharge using thermonuclear tritium cannot be a routine
technique because of the cost involved and the fact that facilities for tritium
analyses are not always available. One must therefore relate the results
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of tritium studies to the climatic and physical factors. In the case of the
sand dunes in Saudi Arabia, we know from our tritium studies that the annual
precipitation of 70 mm can be considered as the threshold of infiltration
for sand dunes with a mean grain size of 0.25 mm or less. For higher
annual precipitation rates even sand dunes with a smaller grain size can
transmit water towards deeper layers.

Our studies ha\te shown that in arid regions the strong thermal gradients
in the soil are responsible for the movement of water in the unsaturated
zone, as the moisture cóhtent of, for example, the sand is well below the
field capacity. Gravitational forces become effective below a certain depth,
approximately 5 m in our study, as the thermal gradients in the soil decrease.
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Abstract

RECHARGE OF A DOLOMITIC AQUIFER AS DETERMINED FROM TRITIUM PROFILES.
The recharge of a dolomitic aquifer has been derived from an interpretation of the tritium variation with

depth in the soil overburden. The evaluation is based on the premise that the ground water recharge is primarily
a stratified propagation of soil moisture and that the temporal variations of tritium in the precipitation are
preserved in the soil. The tritium concentration of 1958 and 1962-63 precipitation is known to have been
increased significantly by admixture of nuclear tritium. The depth to which this precipitation penetrated
could be inferred from the tritium concentrations in the soil profile, and permitted the calculation of ground-
water recharge. Three different methods were used to interpret the data of 13 tritium profiles. An average
annual recharge of 30 ± 5 mm yearly derived from the tritium profiles was of the same order as that obtained
independently from rainfall input models, and is equivalent to 5.4 + 1<Уо of the average annual precipitation.

1. INTRODUCTION

An estimate of average annual recharge is essential for the assessment
and optimum utilization of groundwater resources but is difficult to determine
reliably, because of the interaction between recharge and other variables.

Several methods have been used to assess the groundwater recharge
of the dolomitic aquifer discussed here. All, however, have some short-
comings, either because of simplifying assumptions or the uncertainty of
various essential variables. Certain weaknesses inherent in two common
methods of estimating recharge are examined preparatory to discussing
the merits and demerits of tritium profiles as a direct means of estimating
recharge.

1.1. Water balance equation

Even in an apparently simple hydrological situation such as that pre-
vailing in the area of investigation where some of the recharge over a well-
delineated area issues as a natural spring, the leakage through the boundaries
and evapotranspiration losses remain essentially unknown factors. Although
some of the elements contained in the water balance equation could be
eliminated under certain conditions, the reliability of others remains
uncertain.

Likewise, a significant short-term rise in water level cannot be con-
verted to the quantity of water recharged unless the effective porosity of
the aquifer is known. The latter is normally inferred from pumping tests
but these have serious limitations if applied to heterogeneous aquifers such
as dolomitic groundwater bodies which may have irregular solution cavities.

73
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1.2. Analog models

Estimates of recharge by means of electrical or digital simulation
models are not only sometimes dubious on account of the assumptions on
which such models are based, but depend on the availability of appropriate
hydrological records with which to test the simulation. The availability
of such records is one of the main reasons for the successful simulation
of recharge of a certain dolomitic aquifer, which is at present being
refined [ 1]. The method cannot be regarded as suitable for general
application.

2. USES OF TRITIUM TO DETERMINE RECHARGE

2.1 . Tritium in groundwater

Natural tritium and 14C present in free groundwater afford a means
of dating the water. Age determination per se provides only a relative
indication of recharge, being merely a measure of the time that has elapsed
since the infiltration of the precipitation now recovered as a groundwater
sample, but Vogel [2] derived for a homogeneous aquifer a relationship
between average annual recharge and the depth of a sample assayed for
age. In the case of the dolomitic aquifer forming the subject of this study,
the age of the water was shown to increase linearly with depth if it is
assumed that the porosity decreases exponentially [3] . However, the
validity of this method of estimating recharge hinges on the reliability of
the porosity determination and also on the extent to which the-natural aquifer
conforms to the idealized situation.

2.2. Tritium in the unsaturated zone

The studies of Zimmermann and co-workers [4 -6 ] indicated that the
groundwater recharge process is essentially a piston-like propagation of
soil-water through the unsaturated zone, and that much of the water eventually
accruing to groundwater is therefore not derived directly from incident pre-
cipitation but is soil-water released after successive exchange of the perco-
lating water, layer by layer, with moisture already held in the unsaturated
zone.

Zimmermann and his co-workers thereupon applied this deduction to
measure groundwater recharge directly, using artificial tritium 'spikes' to
measure the rate of movement of water downward through the soil. Such
a method would obviously have practical limitations if applied on a large
scale, and the tritium would have to propagate downwards for a considerable
time to yield a reliable estimate of groundwater recharge. Fortunately,
however, an analogy exists in the large amounts of tritium which were
injected into the atmosphere by hydrogen bomb tests in the Northern Hemi-
sphere. The hydrogen bomb tritium constitutes a major 'spike' introduced
into the unsaturated soil zone by natural precipitation, and therefore affords
a means of tracing the propagation of soil moisture through the unsaturated
zone.

For the Northern Hemisphere, Smith and co-workers [7] demonstrated
the use of tritium profiles in the soil to study the transport mechanism of
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water percolating through a chalk and a clay medium. By trying to match
the depth of the observed tritium peak, which originated from the input of
nuclear tritium into the soil, with simulated tritium, input reconstructed
from rainfall-recharge models, it could be. deduced that water transport
in the clay medium is exclusively by intergranular seepage. As for the
chalk, intergranular seepage also proved to be the dominant mode of
transport, although it appeared that about 15% of the tritium is transported
more rapidly, probably through fine cracks.

Whereas the tritium input into the soil in the Northern Hemisphere
is complicated, comprising several injections of hydrogen bomb tritium,
these were, to some extent, smoothed out in the Southern Hemisphere
where only in 1962-63, and to a lesser extent in 1958, were major increases
in the tritium concentration of the precipitation discernable. These two
increases therefore serve as specific time references and enable soil-
water originating from precipitation which fell in those years to be identified.
Vogel [ 8] illustrated that in this way a quantitative estimate of groundwater
recharge could be obtained. The method involves a study of tritium profiles
in the soil overburden, and assumes the preservation of the temporal
variation in the tritium concentration of the precipitation during its stratified
propagation through the unsaturated soil zone, as demonstrated by the studies
of Zimmermann mentioned above.

The latter method would be particularly suitable for determining the
recharge of an area with a homogeneous and relatively deep soil overburden.
It has been applied to deduce the recharge of a dolomitic aquifer even though
the soil is not very uniform.

3. A CASE STUDY IN THE USE OF TRITIUM PROFILES TO DETERMINE
RECHARGE

3.1. Hydrological description of the area studied

The tritium profiles relate to the dolomitic aquifer known as the
Grootfontein Compartment, delineated in Fig. 1. The hydrogeological
features were described in detail in a paper on С and tritium analyses,
delivered at the Symposium in 1970 [ 3], but it is necessary to add some
important information which has since come to hand.

More detailed magnetic surveying and exploratory drilling have revealed
the existence of two additional dykes, (s) and (f), within the area bounded by
dykes (a), (c), (e), (z) and (o), which was originally taken to be the extent
of the compartment drained by spring A. Based on the latest available
data, the area draining to spring A also includes the subcompartment
enclosed by dykes (r), (z) and (e), as well as the more easterly compartment
bounded by dykes (z), (r) and (e), whose eastern boundary is assumed to lie
along the groundwater divide, as indicated approximately by (i).

A slightly different groundwater contour map was produced after an
extended survey of water levels by Mulder [ 9], the major trends being
shown in Fig. 1. The area of high abstraction is reflected by a pronounced
deviation in the water-level contours, but the groundwater depression just
east of spring A cannot be attributed to pumpage and suggests leakage towards
the sink-hole compartment to the north. Extensive geophysical surveys and
drilling have failed to clarify the position fully.
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Probably only minor leakage occurs through the major dyke (e) which
forms the southern boundary of the compartment. On the other hand, the
newly detected dyke (s) is not very wide, and according to the groundwater
contours it constitutes virtually no restriction to the groundwater flow.
The indications are that dykes (z) and (r) are probably leaking and this has
been the main reason for extending the compartment which drains to spring A.
The possibility of a certain amount of leakage through dyke (o) and sub-
sequent drainage to spring В cannot be excluded.

3.2. Recharge fluctuations based on the hydrograph of a sink-hole

Fortuitously, the annual variability in recharge relative to the long-
term mean could be deduced from the water-level fluctuations in a sink-
hole situated just north of the Grootfontein Compartment (see Fig. 1).

In calculating the relative recharge — in the form of an effective rise
in water level — due account was taken of the water-level recession that
would have occurred had there been no recharge. Whereas the previous
interpretation [3] was based on an annual water-level recession, a more
accurate estimate of the recharge was subsequently obtained from the
same recession on a monthly basis.



TABLE I. TRITIUM CONCENTRATION AND SOIL MOISTURE CONTENT OF PROFILE SAMPLES

Profile
number and date

1

14/3/73

О

Л С /*Э /ПО

15/3/73

з
2/4/73

А
*±

28/3/73

к
о

12/3/73

6
21/3/73

30/3/73

Depth
(m)

0.6 - 0.9
1.2 - 1.5
1.8 - 2 . 1
2.4 -2.7

1.2 - 1.5
1.8 - 2 . 1
2.4 -2.7

0.6 - 0.9
1.2 - 1.5
1.8 - 2 . 1
2.4 - 2.7
3.0 - 3.3

1.2 - 1.5
1.8 - 2 . 1
2.4 - 2.7
3.0 - 3.3
3.7 - 4.0

0.6 - 0.9
1.2 - 1.5
1.8 - 2 . 1

0.6 - 0.9
1.2 - 1.5
1.8 - 2 . 1
2.4 - 2.7
3.0 - 3.3
3.7 - 4.0

1.2 - 1.5
1.8 - 2 . 1
2.4 - 2.7

Moisture
content

(<y0 by volume)

11.0
15.8
20.3
22.1

18.3
24.1
24.0

12.9
15.2

20.0
27.0
17.7

20.5
22.6
25.6
21.8
25.2

17.4
18.7
22.0

17.6
19.0
23.0
25.8
25.6
25.4

20.8
21.6
25.0

Tritium
concentration

(TU)

31.2 ± 0.8
21.4 ±1.0

7.7 ± 0.6
2.2 ± 0.7

29.3 ± 1.0
11.6 ± 0.8

4.2 ± 0.7

30.3 ± 1.1
32.5 ± 1.0
26.0 ± 0.9
15.7 £ 0.9
5.9 ±0.5

27.2 ± 1.0
17.2 ± 0.7
9.5 ± 0.7
7.4± 0.7
3.9 ± 0.5

29.0 ±1.1
16.9 ± 0.8
5.4± 0.7

32.8 ± 1.0
21.8 ± 0.6

5.9 ± 0.7
5.1± 0.7
2.1 ± 0.6
2.4± 0.6

18.4± 0.9
9.4± 0.8
6.7 ± 0.7

Profile
number and date

8
21/9/71

9
28/1/72

1П
J.KJ

29/1/72

11
13/12/71

12
17/12/71

13
14/12/71

Depth

(m)

0.9

1.8
2.7
3.7

0.6 - 0.9
1.8 - 2.1
2.4 - 2.7

3.7 - 4.0

0.9
1.8
2.7
3.7

4.6

0.9
1.8
2.7
3.7

0.9
1.8
2.7
3.7

0.9
1.8
2.7
3.7

Moisture
content

(<7o by volume)

12.2
19.0
19.6
22.1

19.3
22.3
24.1
25.9

19.1
20.5
23.4

27.1

18.3

20.0
18.1
22.5

6.9
13.9
12.5
12.4

10.9
10.7

8.5
14.2

Tritium
concentration

(TU)

37.2 ± 1.2
12.0 ±0.9
9.0 ± 0.6
3.9 ± 0.6

35.8 ± 1.3
22.0 ± 1.2
12.7 ±0.8
13.1 ± 0.9

29.6 ± 1.2
15.0 ± 0.8
4.0 ± 0.4
5.7 ± 0.5
5.9 ± 0.7

29.4± 1.8
14.9 ±0.6
9.0 ± 0.7
5.1 ±0.3

36.4± 1.1
10.2 ± 1.0

6.6± 0.6
2.2 ± 1.4

32.3 ± 1.2
34.3 ±1.2
34.3 ±0.9
34.7 ±1.8
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By this means, not only the time of occurrence but also the relative
magnitude of recharge events were reconstructed for the period 1923 to 1973
as is depicted in Fig. 2.

Had the effective porosity of the aquifer been known it would have been
straightforward to convert the effective rise in water level to the equivalent
quantity of water recharged; however, the effective porosity of dolomitic
aquifers is very uncertain due to the irregular karstification of the dolomite.

3.3. Profile sampling

A total of 13 soil profiles was sampled at the localities indicated in
Fig. 1. An indication of the total depth of the soil overburden could be
obtained from the logs of pilot boreholes which were drilled to obtain
geological information. They confirm, that the soil cover is generally not
a local occurrence but extends over a wide area and to a depth as great
as 25 m. The soil texture is fairly uniform, varying from a sandy red
loam soil at the surface to more clayey soil at depth. Occasionally, loose
chert was struck in the profiles, this being one of the reasons for reaching
only limited depths in some profiles. Outcrops of chert and dolomite do
occur, but constitute a relatively small percentage of the total area; the
effect of fissures on recharge is in any event reduced by the soil which
partially fills the cracks.

The first set of samples taken in December 1971 was sited non-selectively
over a wide area. The gaps were filled more selectively when the second set
of profiles was sampled in March 1973, so as to ensure that the results
would adequately represent the Grootfontein Compartment as a whole. Care
was taken to ensure that the depth attained was sufficient to enable the tritium
increases pertaining to both 1962-63 and 1958 to be detected.

All samples were extracted by means of a simple hand auger of the
scooping type. In 1971 the samples were taken at depth intervals of about
0.9 m. As this proved to be too large an interval for accurate resolution
of the variation in tritium with depth, composite samples over depth incre-
ments of 0.3 m were collected when the second set of profiles was sampled.
The samples were prepared for tritium assay1 by first extracting the
moisture by vacuum distillation.

The tritium values of the various profiles are listed in Table I, the
variation with depth being illustrated in Fig.3. Table I also indicates the
moisture content of the soil samples, which is an important factor in the
calculation of the recharge.

3.4. Interpretation

The groundwater recharge has been derived from the tritium profiles
in three ways which all presuppose that the tritium input into the ground
propagates downward in a stratified way, preserving the temporal variations
of the tritium concentrations in the rainfall, except for limited vertical
diffusion.

Tritium analyses by Vogel and co-workers, Natural Isotope Division (CSIR).



80 BREDENKAMP et al.

TRITIUM CONCENTRATION

1-

2 -

3 -

4 -

5 J

10 20 30 40<TU)

GROOTFONTEIN

14-3-73

1 •

2 •

3 -

4 •

5-

10 20 30 40(TU)

4-

GROOTFONTEIN
2 - 4 - 7 3

10 20 30 40 10 20 30 40

1-

S 2H

S¡
о

4 -

GROOTFONTEIN

28-3-73

1 -

2 -

3 -

4 -

5 -

GROOTFO NT EIN

12-3-73

10 20 30 40 10 20 30 40

1-

2-

3-

4-

5-

VERLIES

T 21-3-73

1-

2 -

3 -

4 •

5 J

TR EKORIFT

3 0-3-7 3

FIG. 3. Graphs showing the variation of tritium concentration with depth, for the different profiles (Fig. 1).
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3.4.1. Estimation of average annual recharge based on variations in the
tritium concentration of rainfall

In this case the tritium input into the soil was estimated from the
annual average tritium concentration of precipitation in the Transvaal,
which, according to Vogel [ 8], may be assumed to be the same as the
tritium concentration at Pretoria (see Fig. 4). The radioactive decay up
to December 1971 was taken into account, the solid line in Fig. 4 indicating
for each year the probable tritium concentration (as at December 1971) of
soil-water originating from the rainfall of the year in question.

The calculation of recharge proceeded according to the interpretation
of Vogel [ 8], whereby the distinct rises in the tritium concentration in
1962-63 and 1958 served as sensitive reference levels from which the rate
of the downward movement of soil moisture in the unsaturated zone could
be inferred. From Fig. 4 it is evident that water with a tritium concentration
of less than 7 TU must date from before 1958, that concentrations between
12 TU and about 24 TU represent the precipitation that occurred in 1962-63,
and that a tritium concentration close to 3 0 TU and higher is associated with
rain falling after 1964.

The depths to which the 1958 and 1962-63 precipitation penetrated were
estimated from the tritium values of the various soil horizons. In cases
where the wide spacing of the samples with depth made it impossible to
determine the exact depth of the two critical transition horizons, the limits
within which they could occur were defined by probable maximum and
minimum depths of penetration, as is illustrated for profile 1 in Fig. 5,
showing the variation in tritium concentration with depth.

Both time references were then used independently to calculate the
average annual recharge, the following example serving to illustrate the
procedure:

Example2: Profile 1 — Date sampled 14/3/73
Depth to which the 1962-63 precipitation penetrated

= 1.37 ± 0.15 m
Equivalent depth of water contained in the soil column to this level

= 0.158 ± 0.02 m
This represents the recharge which occurred during 10 years.
Thus the average annual recharge = 15.8 ± 2.4 mm yearly.

As the recharge during the period from 1962-63 to the date when the
profile was sampled differs from the long-term average, a correction factor
was necessary. According to the above-mentioned sink-hole record, the
average annual recharge during the period between 1962-63 and the sampling
date amounted to 118% of the long-term average. Adjusted accordingly,
the estimate of average annual recharge based on penetration of the 1962-63
precipitation then becomes 13.4 ± 2 mm yearly.

The recharge was then inferred from the depth to which the 1958 pre-
cipitation had penetrated. Again a correction factor (0.97) was applied to
render the two estimates comparable, yielding an average annual recharge
of 18 ± 2 mm yearly.

Interpretation of Bredenkamp.
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TABLE II. INDEPENDENT INTERPRETATIONS OF THE AVERAGE
ANNUAL RECHARGE FOR PROFILE 1 BY THE AUTHORS

Tritium
reference

level

1958a

1962-63a

Average

1958b

1966-67b

Average

Estimated

Bredenkamp

Max.

20

15

Min.

16

11

17

14

average annual recharge (mm)

Max

22

18

Schutte

18

13

Min.

14

10

Max

20

13

Du Toit

18

14

Min.

14

7

Mean

18 ± 3

12 ± 3

15 ± 3

18 ± 1

14 ± 1

16 ± 1

a The tritium reference level is based on the tritium concentration of the rainfall only — Subsection 3 . 4 . 1 .
" The tritium reference level is based on the tritium concentration of the rainfall and the actual

magnitude of the annual recharge — Subsection 3 .4 .2 .

One of the main reasons for the difference between the two estimates
is undoubtedly the low resolution of the tritium profiles due to the coarse
sampling interval with depth which renders the method to a certain extent
subjective. Independent assessments of the recharge were therefore carried
out, by each of the authors of the paper, for all the profiles analysed. For
profile 1 the variations in these assessments are listed in Table II. The
mean of the individual estimates was then averaged and taken as the recharge
for the profile. The results of all the profiles listed in Table III yielded an
average annual recharge of 30 ± 6 mm yearly to the nearest millimetre.

3.4.2. Estimation of average annual recharge based on variations in both
the tritium concentration and amount of annual recharge

The actual tritium input into the ground is a function not only of the
tritium concentration but of the amount of recharge, the latter varying
significantly from one year to another, as shown in Fig. 2. The actual
annual tritium input into the soil can therefore be reconstructed from the
water equivalent of the recharge (water-level rise in the sink-hole multiplied
by the effective porosity) and the tritium concentration in that year as
obtained from Fig. 4. An effective porosity of 0.025 was used which,
according to the hydrological simulation models, appears to be a very
realistic value for the dolomitic aquifer (see Section 4.3 and Table IV).

The resulting input of tritium into the ground is given in Fig. 6. The
recharge from 1961-62 to 1965-66 inclusive appears to have been very
small, and could have contributed only very little nuclear tritium to the
soil profile. This suggests that the transition from a concentration of
12 TU to 30 TU, previously ascribed to recharge in 1962-63, may reflect
a mixing of water originating before 1962-63 with that recharged during



TABLE Щ. AVERAGE ANNUAL GROUNDWATER RECHARGE DERIVED FROM DIFFERENT METHODS OF
INTERPRETING THE TRITIUM PROFILES

Profile

number

1

1

2

3

4

5

6

7

8

9

10

11

12

13

Average

1958

Reference

level

2

18 ± 3

27 ± 4

35 ± 2

43 ± 5

22 ± 3

21 ± 3

33 ± 4

40 ± 9

d

35 ± 7

52 ± 11

24 ± 6

d

First methoda

1962-63

Reference

level

3

12 ± 3

23 ± 4

26 ± 5

29 ± 5

19 ± 3

18 ± 4

21 ± 5

25 ± 8

34 ± 8

27 ± 8

34 ± 9

17 ± 6

5 3 e

Average

4

15 ± 3

25 ± 4

31 ± 4

36 ± 5

21 ± 3

20 ± 4

27 ± 5

33 ±9

34 ± 8

31 ± 8

43 ± 10

21 ± 6

5 3 e

30.0 ± 5.8

Average annual recharge (mm)

1958

Reference

level

5

18 ± 1

27 ± 1

33 ± 4

41 ± 3

22 ± 2

24 ± 3

31 ±2

42 ± 5

d

35 ± 3

46 ± 4

26 ± 8

d

Second method
1966-67

Reference

level

6

14 ± 1

21 ±2

30 ± 6

29 ± 4

22 ± 3

20 ±2

21 ± 1

25 ± 1

39 ±9

33 ± 7

39 i 10

15 ± 3

5 3 e

Average

7

16 ± 1

24 ± 2

32 ± 5

35 ± 4

21 ± 3

22 ± 3

26 ± 2

34 ± 3

39 ±9

34 ± 5

43 ± 7

21 ± 6

5 3 e

30.8 ± 4.2

Thirdc

method

8

13

21

-

-

-

18

-

-

-

-

-

-

-

Average
of

4 and 7

9

16 ± 2

25 ±3

32 ± 5

36 ± 5

21 ± 3

21 ± 4

27 ± 4

34 ± 6

37 ±9

33 ± 7

43 ± 9

21 ± 6

5 3 e

30 ± 5

Estimation of average annual recharge based on variations in tritium concentration of rainfall — Subsection 3.4.1.

Estimation of average annual recharge based on variations in both the tritium concentration and actual recharge rate — Subsection 3.4.2.

Estimation of average recharge based on total integrated tritium input —Subsection 3.4.3. Only approximate values.

Not detectable.

Minimum recharge.
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the excessively wet season of 1966-67. This led to a decision to interpret
the profiles again, assuming this time that the depth of 12 TU to 30 TU
transition indicates the front of the 1966-67 recharge. The correction
factor applied accordingly related to the revised period of recharge (1966-67
to the date of sampling). Recharge during this period was appreciably above
the long-term average recharge, so that, after the correction was applied,
the estimate of recharge was much the same as that based on 1962-63 as
the reference level. The results for profile 1 are listed in Table II, showing
again the mean values yielded by the independent interpretations of the
authors.

The results for the rest of the profiles, listed in Table III, indicate
the average of the three independent interpretations, according to the method
just described. An average recharge of 31 ± 4 mm yearly, to the nearest
millimetre, was thus derived.
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3.4.3. Estimation of average annual recharge based on total integrated
tritium input

Mimnich and co-workers [10] showed that, because of the stratified
movement of the groundwater through a homogeneous medium, it is possible
to derive the groundwater recharge from the accretion of tritium to the
groundwater.

In the present study the tritium input could be reconstructed from the
sink-hole record (see Fig. 6). The total tritium content of the soil, derived
from the area under the curve in Fig. 6 (25.3 TU X metres), and the average
annual recharge that it represents (58 mm), can be used as a reference
to compare the total tritium input of individual profiles; it thus affords
yet another way of estimating the local average annual recharge of sub-
terranean water. The average annual recharge of 58 mm was derived
from the average annual rise in the sink-hole (2.33 m) assuming an effective
porosity of 0.025 (the mean for the four best models, see Section 4.3).
However, this interpretation was applied only to those profiles for which
sufficient points were available to obtain a fairly reliable value for the
total tritium content.

Again using profile 1 as an example (Fig. 5), its tritium input since
the 1958 precipitation could be estimated from the water content of the soil
layers and their respective tritium concentration. This yielded a value
of 5.54 TU X metres, compared with the total tritium input of 25.3 TU
X metres derived from the sink-hole record (see Fig. 6). The latter being
equivalent to an estimated average annual recharge of 58 mm, that of
profile 1, calculated by simple proportion, proved to be 13 mm yearly,
which compares fairly well with the two previous interpretations. A similar
degree of correspondence between the estimates for the other profiles is
apparent from Table III, although this method tends to yield somewhat
lower estimates of recharge than do the tritium profile methods already
described.

3.5. Discussion of results

3.5.1. General

The combined average annual recharge of the groundwater, based on
all 13 tritium profiles, is 30 ± 5 mm yearly, which is equivalent to 5.4 ± 1%
of the long-term mean annual precipitation in the area (560 mm).

The reliability of the estimates of average annual recharge depends
on the accuracy with which the depth to which the 1958 and/or 1962-63
precipitation has penetrated can be determined. Where the sampling interval
with depth is wide, this determination becomes rather subjective. A closer
vertical sampling interval would enable the critical tritium horizons to be
identified more exactly, but this would increase the number of samples to
be analysed, and thus the cost.

It was encouraging to find that the estimate of average annual recharge
based simply on the annual variation of the tritium concentration of the
rainfall did not differ significantly from that yielded by the more detailed
method which also took account of the variations in the volume of annual
recharge. The third method of estimation, being that based on the total
tritium accretion, has only been included to show that it can yield an answer
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fairly close to those obtained by the other interpretations of the tritium
profiles; it cannot be used without some reference input function such as
could be derived from the sink-hole record.

The average recharge estimate for the various profiles listed in Table III
shows satisfactory agreement between the various methods of interpretation.
The variations between different profiles can be ascribed to local differences
in precipitation, soil characteristics and topography.

Figure 3 shows that the profiles are all very similar in shape, providing
further confirmation of the stratified downward propagation of the soil
moisture through the unsaturated zone deduced by other research workers.

3.5.2. Specific profiles

Profiles 1 and 2 were taken about 50 m from each other with the object
of testing the reproducibility of the recharge estimates obtained from the
same area. As is evident from Table III, the values differ significantly,
being about 16 mm and 25 mm respectively. One obvious reason for the
discrepancy is the higher soil moisture content of profile 2, reflecting a
difference in the soil texture.

Profile 7 was sampled in the bed of an old tributary of the Molopo River,
which is at present dry but which occasionally carries surface flow during
exceptionally wet spells such as occurred in 1966-67 and January 1972.
Although the profile was taken from the river alluvium, the recharge value
(27 ± 4 mm) is still less that the average recharge (30 ± 5 mm).

Profiles 8 and 11 produced very similar soil samples, indicating
similar soil stratification. In both cases the recharge was relatively high.
An interesting observation was made at the site of profile 11 when samples
were taken to determine the dry density of the soil nine days after very
heavy rains occurred in the area. A water table was reached at a depth
of 6.7 m, whereas during the previous sampling carried out before the
rain no water table was encountered in the profile which extended to a depth
of 8.0 m. Considered in the light of the fact that the general groundwater
table is at about 20 m, this indicates that the displacement of soil-water
through an appreciable thickness of soil can be relatively rapid.

In order to clarify the effect of irrigation on the propagation of the
tritium through the soil, profile 9 was sampled in a cultivated land which
had been under irrigation for the previous 12 years. Notwithstanding this
fact, it was still possible to detect the 12 TU to 30 TU transition horizon,
but the depth of the profile was not sufficient for observation of the 1958
precipitation. The higher value for the recharge obtained in this profile
(37 ± 9 mm) might be attributable to irrigation but it could also be due to
a difference between local conditions and those elsewhere, although the
soil texture was very much the same as in the rest of the area.

The inclusion of profile 13 is not strictly justified as it lies well outside
the area of investigation; however, it is of interest because it represents
conditions quite different from those of the rest of the profiles. The soil
overburden in this case consisted of very fine sand with little clay, as is
indicated by the low moisture content of the soil samples (Table I). The
latter is one of the reasons for a much deeper penetration of the nuclear
tritium. The calculations indicate that the recharge is much higher than
average.
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4. COMPARISON BETWEEN ESTIMATES OF MEAN ANNUAL RECHARGE
DERIVED FROM TRITIUM PROFILES AND SIMULATION MODELS

It is essential to find some valid means of checking the estimates
derived from tritium profiles; otherwise the reliability of the tritium
method will always be suspect. Fortunately, it was possible to obtain an
independent estimate of the recharge in the area of investigation by simulating
the recharge events (Fig. 2) inferred from the sink-hole hydrograph.

The simulation, using rainfall and evapotranspiration data, was based
on several daily and monthly rainfall input models. Both sets of models
sought to balance the rainfall input against the evapotranspiration occurring
from the soil which acts as an intermediate reservoir, and the releases
of excess water from the soil reservoir to recharge the groundwater. The
models differ from, each other mainly in the manner in which the evapo-
transpiration losses were taken into account. The coefficients of the
variables, and the most probable value for the effective porosity of the
dolomite, were determined by the success of the simulation as measured
by the standard error of estimate. Recharge events occurring during
1955-66 to 1971-72, the period of most reliable data, were simulated.

Only a brief description of the various simulation models is given
and the results are listed in Table IV.

4.1. Daily models

Precipitation data were obtained from a nearby rainfall station situated
about 8 km from the sink-hole, and the evapotranspiration values were
deduced from the evaporation from an American Class A pan at Mafeking,
about 50 km from the site. In all cases a pan factor of unity proved to
give the best results.

4.1.1. Model Dl

In this model the evapotranspiration was taken to be proportional to
the pan evaporation, but the losses from the soil were not allowed to accrue
beyond a specified maximum value. This maximum was varied simultaneously
with the effective porosity until the best simulation was obtained.

4.1.2. Model D2: Single exponential model

In this model the maximum loss from the soil was automatically
controlled by assuming an exponential decrease in the losses, according
to the following formula:

E t=Eoe" tAc (1)

where
Et = the evapotranspiration at the time t
t = the number of days since the last recharge occurred
Eo ~ the pan evaporation for the specific day
tc = a characteristic time (in days) which determines the rate of the

exponential decay.



TABLE IV. COMPARISON OF THE RESULTS OBTAINED FROM DIFFERENT HYDROLOGICAL RECHARGE
SIMULATIONS

Hydrological
year

1955-66
56-57
57-58
58-59
59-60
60-61
61-62
62-63
63-64
64-65
65-66
66-67
67-68
68-69
69-70
70-71
71-72

Water-level
rise in

sink-hole
(m)

3.72
5.55
4.31
1.89
0.74
3.72
0.00
0.20
0.25
0.19
0.66
7.71
3.49
1.90
0.72
3.96
5.80

Standard error of estimate
Average annual rise in water level (m)
Effective porosity
Average annual recharge (mm)
Recharge from sink-hole data (mm)a

Average annual evapotranspiration (mm)
Evapotranspiration as % of pan evaporation

Model Dl

0.70
2.01
3.36
0.32
1.92
4.42
1.61
0.16
0.68
1.76
1.43
8.12
3.48
1.68
1.99
3.28
5.05

1.54
2.47
0.037

91.4
86.2

341

13.1

Daily models

Model D2

2.34
2.44
2.22
0.93
0.56
4.72
0.30
1.39
0.75
0.58
1.93
7.27
4.00
1.85
2.67
3.04
5.46

1.32
2.50
0.032

80.0
74.6

490
18.8

Simulated water-level rise (m)

Model D3

1.55
1.81
2.92
1.70
2.22
3.87
0.46
1.21
0.14
0.52
0.12
7.45
2.84
0.21
2.56
2.59
6.42

1.49
2.27
0.026

59.0
60.6

517

19.8

Model Ml

1.96
5.36
4.12
1.00
1.68
3.80
0.00
0.40
0.44
0.00
0.52
8.40
2.92
1.76
0.68
2.24
6.28

0.77
2.44
0.025

61.0
58.3

500

19.2

Monthly models

Model M2

0.32
2.95
5.23
0.45
0.27
4.59
0.45
0.18
0.95
0.00
0.00
8.50
2.68
0.91
0.50
2.09
5.91

1.40
2.12
0.022

46.6
51.3

538
20.6

Model M3

2.56
6.88
3.16
0.00
1.95
2.93
0.00
0.19
1.07
0.09
2.09
6.05
2.05
2.61
1.78
2.14
6.61

1.25
2.48
0.022

54.6
51.3

449

17.2

Model M4

1.10
4.50
4.65
0.00
0.65
4.20
0.20
0.15
1.15
0.00
0.40
8.20
2.35
1.65
1.35
2.30
6.35

1.09
2.31
0.020

46.2
46.6

447

17.1



Model Dl: Evapotranspiration proportional to pan evaporation; maximum losses controlled by an arbitrary fixed value.

Model D2: Exponential decay of evapotranspiration losses.

Model D3: Double exponential decay of evapotranspiration losses.

Model Ml : No interception. Evapotranspiration proportional to rainfall days only.

Model M2: No interception. Evapotranspiration proportional to rainfall, rainfall days and pan evaporation, the rain days being weighted twice as much as the other
two variables.

Model M3: Interception taken into account. Evapotranspiration proportional to rainfall days only.

Model M4: Interception taken into account. Evapotranspiration proportional to rainfall, rainfall days and pan evaporation, the rain days being weighted three times
as much as the other two variables. _

и
Long-term average annual rise in water level in sink-hole (2.33 m) multiplied by the effective porosity. i
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4.1.3. Model D3: Double exponential model

The previous model did not make provision for a higher rate of
evapotranspiration in the period between recharge events on occasions
when precipitation did occur but was insufficient to satisfy the recharge
condition which controlled the resetting of t to zero.

A double exponential decrease was devised, which was essentially
the same as the previous one except that a second t, called t \ was intro-
duced to represent the time since the last occurrence of precipitation.
The exponential decrease in evapotranspiration was determined either
by t or t1, whichever was applicable.

4. 2. Monthly models

An independent simulation of the recharge events derived from the
sink-hole record is being developed on a hybrid computer in the course
of another study of the aquifer [ 1]. It is based on monthly values.

For the soil-water zone the most probable water content at field
capacity proved to be 150 mm, and it was assumed that the minimum water
content when the soil dried out would be 50 mm. The basis for estimating
the evapotranspiration was the adjustment of the long-term average obtained
by Schulze [ 11], according to the degree to which conditions deviated from
the average. This was achieved by taking into account the actual precipitation,
number of rain days and pan evaporation, as indicated in Table IV. This
tabulation of the results shows that the best simulation was obtained by
simply relating the evapotranspiration losses to the number of rain days
(Model Ml), but this simple relationship cannot be extrapolated since it
implies that the evapotranspiration losses would be zero if no rain occurred
in a specific month. The second best simulation (M4) is therefore regarded
as a more realistic model. The good agreement achieved between the actual
and simulated values for the best daily and best monthly models is shown
graphically in Fig. 7.

4.3. Comparison between the recharge estimates yielded by the simulation
models and the tritium profiles

The correspondence between the simulated recharge from the hydro-
logical models and the estimate of average annual recharge yielded by the
tritium profiles strengthens the confidence in the reliability of the latter.
Although the simulation models indicate a higher groundwater recharge
than that obtained from the profiles, this is to be expected because of the
additional recharge that the sink-hole compartment receives as a result
of leakage from adjacent compartments.

It is also possible that the figure for the average annual recharge
derived from tritium profiles can be regarded as an underestimate since
the existence of small cracks and fissures cannot be excluded. To
determine the average annual recharge of 58 mm used in Section 3.4.3,
the average annual rise of the water level in the sink-hole was multiplied
by an effective porosity of 0.025, which was the mean for the four best
models. This value of effective porosity is somewhat lower than that
generally assumed for dolomitic aquifers.
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FIG. 7. A comparison between the actual recharge derived from an interpretation of the sink-hole hydrograph
(Fig. 2), and the best daily and monthly simulations by means of hydrological recharge models.

5. CONCLUSIONS

The degree of agreement between the recharge value obtained from
the tritium profiles — only 13 in number — and those derived from the
hydrological recharge models, substantiates the value of the tritium method
which provides a relatively simple and straightforward means of assessing
recharge.

However, in selecting the sampling points, care should be taken to
ensure that they adequately represent the different soil types and other
conditions in the area studied. The reliability of the estimates depends
also on the accuracy of the resolution of the profile, and hence on the
vertical spacing of the samples.

The subjective interpretation referred to in Section 3.4.1 arises from
the fact that each of the soil samples analysed represents a mixed sample
over a vertical interval. The independent interpretations were deliberately
recorded to indicate that, as a field method, the technique is reasonably
reliable. This is so in spite of the low resolution of the profiles (which
introduces a subjective factor), as can be seen from the good agreement
between the independent interpretations.
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Another factor influencing the accuracy of the recharge estimates is
the time span between the infiltration of precipitation and its recovery in
a sample. The longer this period, the more closely will the calculated
recharge approach the long-term average recharge.

In some profiles the 1958 tritium could not be discerned as it had
already penetrated beyond the soil mantle. This could be a serious
restriction, even for the 1962-63 reference, in areas of shallow soil.
The opportunity of applying this technique to its full capacity should
therefore be taken without delay.

ACKNOWLEDGEMENTS

Special thanks are due to J.C. Vogel and his collaborators at the
Natural Isotope Division of the Council for Scientific and Industrial Research
for the excellent service provided in analysing the tritium samples, and for
useful discussions. The authors are also indebted to the staff of the
Hydrological Research Institute of the Department of Water Affairs for
assistance in the compilation of the paper. The co-operation of the Atomic
Energy Board in effecting liaison with the IAEA and transmitting this paper
is also appreciated. Thanks are also due to the Secretary for Water Affairs
for permission to publish this paper.

REFERENCES

[1] HELY-HUTCHINSON, J. R., Initial simulation of the Grootfontein aquifer, Special Report Elek 19,
(CSIR) Pretoria (1972).

[2] VOGEL, J. C. , "Investigation of groundwater now with radiocarbon", Isotopes in Hydrology (Proc. Symp.
Vienna, 1966), IAEA, Vienna (1967) 355.

[3] BREDENKAMP, D. B., VOGEL, J. C. , "Study of a dolomitic aquifer with carbon-14 and tritium", Isotope
Hydrology 1970 (Proc. Symp. Vienna, 1970), IAEA, Vienna (1970) 349.

[4] Z1MMERMANN, U. , KREUTZ, W., SCHUBACH, K., SIEGEL, O. , Tracers determine movement of
soil moisture and evapotranspiration, Science 152 (1966) 346.

[5] ZMMERMANN, U. , MÜNNICH, K.O. , ROETHER, W., "Downward movement of soil moisture traced
by means of hydrogen isotopes", Isotope Techniques in the Hydrological Cycle, Geophysical Monograph II
(1967) 28.

[6] ZIMMERMANN, U. , EHHALT, D. , MÜNNICH, К. О., "Soil-water movement and evapotranspiration:
Changes in the isotopic composition of the water", Isotopes in Hydrology (Proc. Symp. Vienna, 1966),
IAEA, Vienna (1967) 567.

[7] SMITH, D.B., WEARN, P.L., RICHARDS, H.J. . ROWE, P . C . . "Water movement in the unsaturated
zone of high and low permeability strata by measuring natural tritium", Isotope Hydrology 1970 (Proc.
Symp. Vienna, 1970), IAEA, Vienna (1970) 73.

[8] VOGEL, J. C., VAN DIJKEN, M . , "Determination of groundwater recharge with tritium", Proc. Symp.

Atomic Energy Board, Pelindaba, Pretoria (1972); VOGEL, J . C . , THILO, L., VAN DIJKEN, M.,
Determination of groundwater recharge with tritium, J. Hydrol. (1974) (in press).

[9] MULDER, M . P . , Die geohidrologie van die Grootfonteingebied, Technical Note 27, S.A. Dept. of
Water Affairs (1972).

[10] MÜNNICH, K.O. , ROETHER, W., THILO, L., "Dating of groundwater with tritium and UC", Isotopes
in Hydrology (Proc. Symp. Vienna, 1966), IAEA, Vienna (1967) 305.

[11] SCHULZE, B. R., The climate of South Africa according to Thornthwaite's rational classification, The
S. A. Geographical Journal 40_ (1958) 31.



IAEA-SM-182/5 95

DISCUSSION

J.W. HOLMES: In Subsection 3.4.2 of your paper you refer to an
effective porosity of 0.025. This is a very low value for a dolomitic aquifer.
Have you made any independent, direct porosity measurements for purposes
of comparison?

J .M. SCHUTTE: Several studies (including isotope and water balance
studies based on recharge models and an analog model) indicate that the
effective porosity of this dolomitic aquifer is relatively low. Individual
measurements point to higher values, but since they were made in boreholes
with a rather high yield, the results are believed not to be representative
of the compartment.

G.B. ALLISON: How is the land used in the area studied by you?
J .M. SCHUTTE: The land is either used as pasture or cultivated.
G.B. ALLISON» Were losses of water (and tritium) from beneath the

soil surface considered before determination of the tritium concentrations
at different levels in the soil?

J .M. SCHUTTE: The main factor is a change in the tritium concentration
in the soil. From the sink-hole hydrograph it is evident that in certain seasons
virtually no recharge occurred, which means that all the water and tritium
were lost. The actual annual tritium input into the soil was therefore also
taken into account in determining the change in the tritium concentration
(see Subsection 3.4.2).

When one is using the total tritium content of the soil this should be taken
into account, and it is probably the reason why the recharge values derived
from the total tritium content of the soil are in general lower.

M.R. HENZEN: The Grootfontein dolomitic compartment constitutes
a single compartment within a succession of compartments which are isolated
from one another by numerous almost vertical syenite dykes. The leakage
through these dykes is normally very low, so that the main discharge of
groundwater takes place in the lowest section of the dykes in the form of
fountains or "eyes". There should therefore be a considerable amount of
lateral movement of water, which would affect the vertical distribution of
tritium in the profiles investigated. Has attention been given to this?

J .M. SCHUTTE: Our method is based on the layer-by-layer downward
movement of the water in the unsaturated zone, and the lateral movement
of the groundwater is of no importance.

M.R. HENZEN: In your presentation you said that the determination of
tritium concentrations in soil profiles was a convenient way of measuring
groundwater recharge but that, because of tritium decay, we do not have
much time left to carry out such determinations. How much time do we in
fact have left? '

J .M. SCHUTTE: Although the concentration of tritium in the soil water
is fairly low, we still have several years in which to follow the 1962 transition.
However, this transition will eventually have penetrated too deeply for con-
venient sample collection; in the sandy area where profile 13 was sampled,
it has already penetrated to a depth of more than 4 m.
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Abstract

SOIL-MOISTURE TRANSPORT IN ARID SITE VADOSE ZONES.
Soil-moisture transport processes in the arid soils of the United States Atomic Energy Commission's

Hanford site are being evaluated. The depth of penetration of meteoric precipitation has been determined
by profiling fall-out tritium at two locations where the water table is about 90 m below ground surface. In situ
temperatures and water potentials were measured with temperature transducers and thermocouple psychrometers
at the same location to obtain thermodynamic data for identifying the factors influencing soil-moisture transport.
Neutron probes are being used to monitor soil-moisture changes in two lysimeters, three metres in diameter
by 20 metres deep. The lysimeters are also equipped to measure pressure, temperature and relative humidity
as a function of depth and time. Theoretical models based on conservation of momentum expressions are
being developed to analyse non-isothermal soil-moisture transport processes. Future work will be concerned
with combining the theoretical and experimental work and determining the amount of rainfall required to
cause migration of soil-moisture to the water table.

INTRODUCTION

Waste management practices at the United States Atomic Energy
Commission Hanford site near Richland, Washington, have included burial
of solid radioactive wastes in backfilled trenches and discharge of low-level
aqueous wastes into sub-surface facilities where radionuclides, including
actinides, have been sorbed on the sediments. These waste disposal
practices have successfully isolated the radionuclides in the relatively dry
sediments, high above the regional water table. Several papers have been
presented on these disposal practices [1, 2].

The amount and rate of precipitation necessary to establish percolation
to the water table in various types and thicknesses of soil and rock continues
to be of concern to reviewers. The Committee on Geologic Aspects of
Radioactive Waste Disposal of the National Academy of Sciences-National
Research Council stated in their report in 1966 [3] that "The Committee is
dubious about the concept that in arid and semiarid lands meteoric water
does not percolate downward as far as the water table but instead is lost

On leave from the University of Michigan.
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entirely by evaporation and plant transpiration". The Committee recom-
mended that "The movement of water, both upward and downward, under
varying conditions of wetting in the zone of aeration at NRTS and HAPO
(Hanford) should be thoroughly studied, particularly with reference to
questions about percolation of rain water and snow melt to the water table".
This report discusses the findings of ongoing research which is concerned
with an analysis of the physical processes that affect the rate and direction
of moisture movement in the vadose zone of the dry soils at Hanford.

BACKGROUND

Several attempts have been made to measure drainage and water
retention properties of the Hanford sediments using tensiometers or suction
plates [4]. Whereas these techniques are suitable for establishing irrigation
and drainage practices for agricultural purposes, the techniques did not
provide sufficient sensitivity for measuring moisture transport in sediments
that contained about 1. 5 to 3.0% water, by weight. Initial studies raised
perplexing questions about the physical processes that affect moisture
movement in these arid sediments. For example, analyses of measurements
using a suction plate apparatus in the laboratory predicted that perhaps as
much as 20 to 25 mm of water percolated to the water table. Such quantities
appeared to be unrealistic and a more extensive understanding of moisture
movement appeared warranted. Minor soil-moisture transport mechanisms
such as vapour phase transport influenced by gravity, capillarity, thermal
gradients, temperature-induced buoyancy, evapotranspiration and barometric
compression and expansion become the primary mechanisms in arid and
semi-arid regions. Transport caused by electrical gradients should be
considered [ 5]. Freezing at the ground surface is a special case of transport
caused by thermal gradients [ 6]. Several investigators including Zimmermann
and his co-workers at the University of Heidelberg [ 7], Smith and his co-
workers in England [ 8], Schmaltz and Polzer at Idaho Falls [9] and Richards
of the Commonwealth Scientific and Industrial Research Organization,
Melbourne, Australia [ 10] have studied the movement of moisture in the
zone of aeration. The geologic and climatic settings of these studies differ
significantly from those on the Hanford reservation, thus limiting their
applicability in characterizing moisture movement in the Hanford soils.

Average annual precipitation at Hanford is about 16 cm annually [ 11].
The total annual rainfall ranges from about 8 cm to about 28 cm, of which
about 70% occurs during the autumn and winter months. Residual moisture
in the Hanford sediments below a depth of 10 m ranges from about 1. 5 to'
about 4% with a mean value of about 2% by weight. Water content retained
by capillarity ranges from 8 to 10% by weight. Based on these data, a full
year of precipitation of 16 cm would satisfy the soil-moisture deficiency
to a depth of less than 3.0 m if no loss to the atmosphere or redistribution
other than capillary transport occurred. Soil drainage predictions would
give a somewhat greater depth of penetration. Because of the complexities
of soil-moisture movement in the vadose zone of arid sites, in-depth soil-
moisture transport studies were initiated at Hanford in 1969.

The release of artificial tritium to the atmosphere by the testing of
nuclear fusion weapons provided an opportunity to explore a number of
hydrological and meteorological phenomena using the hydrogen isotope
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technique. The presence of natural tritium and tritium from nuclear weapons
testing has been discussed in a number of papers [ 12 - 14]. An excellent
bibliography is available on tritium studies related to hydrology [ 12].
In 1969 the decision was made to measure fall-out tritium concentrations
in soil moisture as a function of depth to determine the depth to which
precipitation had penetrated subsequent to testing of thermonuclear devices.

TRITIUM PROFILES IN HANFORD SEDIMENTS

On the Hanford reservation, virgin underground water from slow-
moving aquifers and water collected from deep underground soil, uncontami-
nated by artificial tritium, has been found to have tritium concentrations of
less than 10 tritium units (TU). As a result, neither liquid scintillation nor
gas counting techniques alone are satisfactory to study the tritium profile.
Electrolytic enrichment plus gas counting can provide tritium analyses as
low as three to five TU (the limit of detectability) with an accuracy of
± 0. 5 TU [ 13], and was the method of analysis used in these studies. The
analyses were performed by Isotopes, Inc., a division of Teledyne in
Westwood, New Jersey.

Special sampling techniques were necessary to prevent contamination
of the soil samples in which the tritium concentration was less than 10 TU.
In preliminary sampling tests, soil samples were collected and handled in
plastic bags. Contamination during sampling was indicated by tritium
concentrations of 100 TU ± 30 TU in soil-moisture extracted from virgin
samples of soil. This problem was solved by using 5-litre glass bottles
with ground glass joints as soil sample containers. To remove moisture
adsorbed on the inside glass surface of the container, the bottles were
rinsed with dry acetone and dried by flushing with dry-pumped argon or
nitrogen gas. Containers were prepared in this manner at the well site
at the time of sampling. Added precautions involved rapid transfer of the
soil sample to the container after its removal from the well bore, use of
surgical rubber gloves to prevent contamination of soil by moisture from
the hands, and storage of the samples in the shade until they were trans-
ferred to the laboratory.

Four wells were drilled at the Hanford co-ordinates 32-49 [ 15]. The
wells were numbered 32 - 49 А, В, С and D. The wells are within about
15 m of each other and are located in a region where a relatively uniform
silty sand extends from the ground surface to the water table. The pre-
dominant vegetative cover is sagebrush (Artemisia tridentata) and cheatgrass
(Bromus tectorum L. ). The water table is about 92 m below ground surface.

The initial measurements of soil samples from well 32 - 49 A indicated
that the soil is a slightly stratified, silty sand (moisture content about
2-3 wt%) to a depth of about 76 m. The tritium assay results are listed
in Table I for soil samples collected during the drilling of wells 32- 49 B,
32 - 49 D, and 19-47 В (about four kilometres south of the 32-49 co-
ordinates). The data for these wells may be considered to be representative
of the vertical tritium distribution in virgin vadose zones of the Hanford
soils. A plot of the data for the top 70 m of each well is shown in Fig. 1.

The surface value of 1490 ± 50 TU for well 19-47 В is considered to
have been influenced by the tritium concentration in the last atmospheric
precipitation before sampling. As shown in Fig. 1, the tritium concentration
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TABLE I. TRITIUM ASSAY VALUES FOR WELLS 19 - 47 B, 32 - 49 В
AND 32-49 D

Well 19-47 В а

drilled
October 1969

Depth
(m)

0

2.3

3.4

4.6

6

9

12

18

27

41

46

53

53

59

64

Tritium
units

1490 ± 50

222 t 10

112 ± 5

17.1 ± 0.9

4.9 ± 0.3

5.5 ± 0.3

3.7 ± 0 . 3

4.4 t 0.3

4.5 ± 0.3

6.3 ± 0.4

9.5 ± 0.5

9110 ± 300 c

20 ± 6

9.4 ± 0 . 5

4.5 ± 0.3

Well 32-49 Ва

drilled
December 1969

Depth

(m)

0

6.4

9.5

12.5

29

72

87

91

94

94

Tritium
units

236 ± 12

5.3 ± 0.4

4.0 ± 0.3

5.5 ± 0.4

6.9 t 0.4

7.4 i 0.4

8.6 ± 0.5

2 6 ± 9 d

20 d

2 0 d

Well 32 - 49 D b

drilled
June 1970

Depth

(m)

0

3.0

4.6

5.5

6

8.1

12

15

26

34

43

61

70

79

94

Tritium
units

481 ± 15

142 ± 7

13 000 ± 1000c

24.9 ± 1.0

17.9 ± 0.9

8.2 ± 0.5

14.9 ± 0.9

8.9 ± 0.6

6.6 ± 0.4

7.9 ± 0.5

5.5 ± 0.4

11.4± 0.6

8.4 ± 0.5

12.9 ± 0.7

28.7 ± 1.4 е

a Sample flasks flushed with argon.
Sample flasks flushed with nitrogen.

c Excessively high values probably result from contamination from the drill rig cable or from a clump

of contaminated soil from the inside of the drive barrel. A check was made with a second sample
(stored in plastic bag) from 53 m depth from well 19 - 47 B. A gas count of the second sample gave
a tritium assay of 20 ± 6 TU.

d Gas count without electrolytic enrichment of sample.
e Liquid water from water table.

decreases logarithmically from the surface to a depth of 4. 5 m where it
has dropped to a value of 17.1 ± 0. 9 TU. The tritium concentration for
well 19-47 В from a 6-m depth to the water table is shown in Table I to
be less than 10 TU for all measurements and 5. 5 TU or less for two-thirds
of the measurements in this zone. These low values are consistent with
water isolated from atmospheric contamination for the past 25 or more
years.

The tritium assay values for samples from well 32 - 49 В generally
parallel those from well 19-47 B. Exceptions are a lower tritium assay
value at the surface (236 ± 12 TU) and higher values at or near the water
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FIG. 1. Tritium distribution in soil-moisture at Hanford co-ordinates 32 - 49 and 19 -47 (after Ref. [ 15]).

table (approximately 20 TU). The value of 26 ± 9 TU at the 91-m depth
indicates that the tritium concentration is greater in the groundwater and
directly above the water table for well 32-49 В than for well 19-47 В in
which the tritium assay for the groundwater was only 4. 5 ± 0. 3 TU. This
difference indicates probable contamination of the groundwater at the 32 - 49
co-ordinates from waste disposal facilities up-gradient from the well site
as indicated by the groundwater now paths shown in Fig. 2.

The sample from below the top of the water table (94 m) for well 32 - 49 D
was a liquid water sample. The tritium assay of 28. 7 ± 1.4 TU is considered
to be essentially free from error . This value supports the earlier values
of 21 and 26 ± 9 TU determined by gas counting without enrichment for
well 32-49 B. Although the tritium measurements successfully define the
limits of migration of recent precipitation, the physical processes that
affect moisture movement could not be identified and are still under
investigation.

SUPPLEMENTAL STUDIES

The tritium profile measurements have been supplemented by a number
of other studies. Numerous factors influence soil-moisture movement in
semi-arid areas. Water is added to the surface by meteoric precipitation
and is removed by gravity flow, evapotranspiration, evaporation, advection
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-121 —

BASALT OUTCROP ABOVE
WATER TABLE

WATERTABLE CONTOURS IN
METRES ABOVE MEAN SEA
LEVEL

YAKIMA
RIVER

i i i i i i
0 5 km

WELL LOCATIONS

FIG. 2. Groundwater elevations and flow paths on Hanford reservation (courtesy of Pacific Northwest Laboratories,
Battelle-Northwest).

and by the influence of annual and diurnal cycling plus climatic oscillations
in temperature and barometric pressure at the ground surface. These
oscillations create thermal and pressure pumps that remove moisture by
small flow mechanisms. A number of questions must be resolved to
determine which mechanisms are additive, which are opposing, which water
transport mechanisms experience reversals, what are the relative magni-
tudes, and whether the net redistribution of moisture is upward or downward.

THERMOCOUPLE PSYCHROMETER STUDIES

Thermocouple psychrometers measure the water potential from the
humidity of the water vapour in the soil [ 16 - 20]. Measurements of the
rate and direction of soil-moisture transport on the 200 areas plateau of
the Hanford reservation included the use of these instruments at the 32 - 49
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FIG. 3. Average in-situ water potential profile for well 32 - 49 D (after Ref. [ 17]).

co-ordinates discussed above. In order to establish the water potential
and temperature profiles from ground surface to the water table, a series
of thermocouple psychrometers and temperature transducers were installed
in 1970 using dry core barrel techniques and multiple concentric casings.
The concentric casings were used to reduce the skin frictional forces which
would be encountered in subsequent withdrawal of the casings. The material
which was removed during the drilling process was labelled for depth, stored
in PVC bags and sealed in metal cans to prevent the loss of soil moisture.
Gravimetric values of moisture content in the soil samples were determined
in the laboratory. Note was made that the minimum moisture content
occurred in a partially desiccated zone at 10 to 17 m below ground surface.
To protect the instruments during the backfilling process, a PVC pipe was
lowered into the 10-cm steel pipe. The instrument cable with soil thermo-
couple psychrometers and diode temperature transducers was lowered inside
the plastic pipe. As the well was backfilled the plastic pipe and well casing
were gradually removed, leaving the instruments in place.
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The thermocouple psychrometers have approached equilibrium more
slowly than the temperature sensors. The profile for the average monthly
values of in situ water potential for the months of May 1971, October 1971
and March 1972 is shown in Fig. 3. The upper 5 m have water potential
values that show seasonal variation. There is a continuous change, however,
for values in the depth range from 6 to 36 m. In the depth range of 6 to 24 m
the in situ water potential values are becoming more negative indicating
that the soil is becoming drier. The zone from 24 to 38 m is becoming
slightly wetter, but there is little change in the zone between 42 m and the
water table where the water potential is about -1.6 bars.

GEOTHERMAL GRADIENT AND SEASONAL TEMPERATURE CYCLES

After installation of the transducers at site 2D the sensors were read
periodically to determine when the soil reached equilibrium with the undis-
turbed soil [ 17]. The temperature of the soil has reached essential equi-
librium from a depth of 6 m to the water table at about 92 m. The approxi-
mate temperature gradient from 6 to 92 m is 17.4°C + 0. 035D where D is
the depth below the surface in metres. Above 6 m the temperature at
different depths cycles sinusoidally during the year. The seasonal tempera-
ture response is unique for the particular depth and time of the year.

LOCUS OF MAXIMA

LOCUS OF THERMAL
DRIVING FORCE

REVERSALS
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1972

ШШ UPWARD H DOWNWARD

FIG.4. Temperature oscillations versus time for successive soil depths at the 32 - 49 Hanford co-ordinates.
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Soil temperatures versus time at different depths are shown in Fig. 4
for one annual cycle. Curves are shown in pairs for successive depths.
The bottom pair is for a depth of 6. 1 and 30. 5 m. Because of the geothermal
gradient the average temperature (18.4°C) is slightly higher at 30.5 m below
ground surface. The curve for a depth of 6. 1 m has an obvious sinusoidal
shape with a mean of 17. 6°C. The maximum temperature at the 6 . 1 m
depth occurs during December, indicating that it is about one-half year
out of phase with the maximum surface temperature.

The second pair of curves (from the bottom) in Fig. 4 are for the 6.1-m
depth again but paired with the 4. 0-m depth. The mean temperature of
the latter is 17. 5°C. During summer and autumn, from mid June to mid
December, the temperature is greater at the 4. 0-m depth than at the 6.1-m
depth. The higher temperature gives a higher water vapour pressure and
creates a driving force downward. During the winter and spring, from
January to July, the thermal driving force reverses and is upward from the
6.1-m depth to the 4. 0-m depth. With successive horizons upward the
reversal occurs earlier in the year. The locus of autumn and winter thermal
driving force reversals is shown in Fig. 4 as well as a locus for the tempera-
ture maxima at the different soil horizons. The maximum temperature
occurs earlier closer to the surface and, at the surface, coincides with
the July atmospheric maximum.

SEASONAL VAPOUR PRESSURE FLUCTUATIONS

Transport in the vapour phase occurs from a zone of high vapour
pressure to a zone of lower vapour pressure. The sinusoidal temperature
curves can be expressed as the corresponding saturated vapour pressure
curves as shown in Fig. 5 for the 4. 0 and 2.7 m depths. The driving force
is downward from July to November and is upward from December through
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FIG.5. Vapour pressure oscillations versus time for 2.7 and 4.0 m depths at the 32 - 49 Hanford co-ordinates.
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June. An important point not shown in Fig. 5 is that in the upper horizons
the soil is deficient in moisture during July, August and September as a
result of the summer heat; hence, actual vapour pressure will be less than
that corresponding to saturation. The resultant effect on vapour transport
remains to be quantified.

THE LYSIMETER EXPERIMENT

The difficulties encountered with installing thermocouple psychrometers
using cored or drilled holes indicated the need for a better technique. A
lysimeter experiment was designed to improve measurement capability
and to provide flexibility for a variety of experiments [ 21].

The lysimeters may be visualized as cylinders of vadose zone soil,
3 m in diameter by 20 m deep, isolated by the lysimeter walls from the
complexing influences of possible horizontal moisture transport. The
lysimeters are equipped with redundant soil-moisture measuring devices
instead of an actual weighing balance in order to circumvent the difficulties
of weighing. Each of the lysimeters has three aluminium tubes for neutron
probe access for soil-moisture content measurements, and three instru-
mented cables with "dry-bulb" thermocouples and "wet-bulb" thermocouple
psychrometers. In addition, a bundle of small-diameter stainless-steel
tubing was installed for measuring atmospheric pressure at various soil
depths.

The soil removed during excavation was mixed several times in a batch
plant and was carefully returned to the lysimeters to avoid differential
layering. In order to have meaningful information it was essential to
excavate the caisson down to a depth of about 20 m so as to include the
driest zone, which occurs from about 10 to 17 m below ground surface.

If the input of annual meteoric water to soil is continually greater
than the outgoing evaporation and evapotranspiration, then there is a net
accumulation of water in the soil. No matter how small the amount of this
annual excess, in time water will eventually percolate downward. A closed-
bottom lysimeter was provided to trap and measure accumulation if it occurs.
If the outgoing water exceeds the input of annual meteoric water, a net
desiccation will develop in the upper soil horizons below the climatic seasonal
zone. The second lysimeter has an open bottom so that communication
and/or exchange of soil-moisture can take place with the soil below. If
percolation to a depth of 15 m or more occurs, the moisture content in the
soil above the bottom of the closed lysimeter would be greater than in the
open bottom lysimeter. On the other hand, if the water removed by evapo-
ration exceeds the annual precipitation, the zone above the closure will
become drier. In that case percolation to the water table from the surface
could not occur.

The moisture profiles in the closed-bottom lysimeter for September
1973 and for November 1972 and 1973 are shown in Fig. 6. Note may be
made of the development of a partially desiccated zone above 3 m in
September as a result of the hot, dry summer of 1973. The effect of a
very heavy precipitation in the autumn of 1973 is shown in the November 1973
profile. The effect so far is limited to the upper 1.5 m. The moisture
content in the upper 3 m was greater in November 1972 than in November
1973. This has been ascribed to the higher rainfall during the summer
of 1972.
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FIG. 6. Closed lysimeter moisture profile for 6 Sep. 1973 and for November 1972 and 1973.

THEORETICAL STUDY OF MOISTURE TRANSPORT MECHANISMS IN
POROUS MATERIALS

Concurrently with the experimental studies, theoretical studies are being
conducted. The theoretical studies are based on the premise that in arid
soils several distinct flow mechanisms are interacting in the relatively-
dry porous material between the water table and the land surface. All of
the liquid, vapour, gas and temperature-induced flow mechanisms in porous
materials are involved. Sometimes one or two of the flow mechanisms
dominate so most of the minor flow mechanisms can be ignored; however,
at Hanford the inter-relationship and relative magnitudes of these small effects
determine the overall redistribution of contaminants in the profile.

The approach has been to begin from the conceptual field theory position
that there are two immiscible fluids in the porous material. The first fluid
is water which preferentially wets the porous material but is immiscible
with the second fluid, which is a mixture of dry air and water vapour.
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Detailed conservation of m a s s , energy and momentum express ions were
sought to descr ibe the system of soil-moisture and moist a i r with the moist
air formally described as a mixture of a dry a ir component and a water
vapour component [ 22 - 2 4 ] .

CONSERVATION OF MASS

The conservation of mass expressions for the wetting fluid or water
phase denoted by a subscript n = 1 and the mixture phase (dry air and vapour
denoted by the subscript n = 2) are conveniently written together. Specifically,
in the z-co-ordinate direction:

(-D n + 1 PS 1 P 1 G 1 . n-1 or 2 (1)

where

Pi = Pi С*") * s ^ n e m a s s density of water
qi is the water specific discharge velocity in the z-direct ion
P is the effective uniform porosity of the porous m a t e r i a l
51 S1 (Pc) is the liquid water saturat ion in the porous m a t e r i a l
G-L is the r a t e of vapour generation per unit m a s s of liquid water
¿*1 = ¡л1 (Т) is the dynamic viscosity of the liquid water
Р х = Px (z,t) is the p r e s s u r e in the liquid water phase
Pc = Pc ( T , p l J p 2 ) is the capil lary p r e s s u r e o r p r e s s u r e difference

between the liquid and moist a i r phases
T = T(z, t) is the tempera ture
p 2 = p 2 (T, p 2 ) is the m a s s density of the moist a i r mixture
q 2 is the specific discharge velocity of moist a i r in the z-direct ion
5 2 = ( 1 - S i ) is the effective moist a i r saturat ion of the porous m a t e r i a l
k-, = k., (Pc ) is the capil lary conductivity of the liquid water phase
p 2 = p 2 (z, t) is the p r e s s u r e of the a i r vapour mixture
k 2 = k 2 ( P c ) is the capil lary conductivity of the gaseous phase
/u2 = ц2 (

T) * s the dynamic viscosity of the gaseous mixture
z is the vertical co-ordinate
t is time

The conservation of mass expression for the vapour component of the
dry air-vapour mixture is:

where

q3 is the vapour flux rate in the z-co-ordinate direction
k3 = k3 (pc, p 3 ) is the vapour capillary conductivity
Мз = Мз (Т) is the effective dynamic viscosity of the vapour
p 3 = p 3 (p2 , T) is the vapour partial pressure
p 3 = p3 (p3,p2) is the effective mass density of the vapour in the mixture

The three equations in 1 and 2 are the interdependent equations which make
up a complete statement of conservation of mass [ 25].
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CONSERVATION OF ENERGY FOR TOTAL SYSTEM

The overall energy balance equation for the entire system is:

It ( 3 )

L 4 L

where

hs is the heat conductivity of the porous solid material
h f = h f (S1, рг, p2 , p 3 , T) is the effective heat conductivity of all the

fluids in the porous material
p = p(Pi, p2 > P3>&i > P2 > P3) * s the effective mass density of the combined

fluids in the porous material
p is the specific mass density of the solid porous material
С is the effective specific heat of all the fluids
Cs is the effective heat capacity for the solid part of the porous

material
Equation (3) has been purposely reduced to as simple a form as possible
by combining the many individual effects into the rather involved coefficients
defined above. Results so far indicate this single overall expression may
be quite effective since the energy associated with vaporization is involved
in the dynamic equations as described in the next section.

DYNAMIC EQUATIONS OBTAINED FROM CONSERVATION OF MOMENTUM

The needed dynamical relationships for the several flow mechanisms
are complicated by interactions and the coupling of several of the mechanisms
is poorly understood. Conservation of momentum expressions provide a
linking of mechanisms not available in other approaches [26]. The three
coupled dynamic equations coming from the reduction of the momentum
equations will each be presented and discussed briefly.

MOVEMENT OF THE LIQUID WATER PHASE

The movement in the liquid phase with vaporization occurring is found
to be of the same form as the traditional isothermal case but with
temperature-related dependency incorporated. That is, the liquid flux
rate of water, q1, is

where g is the gravitational constant and the other terms are as already
defined. Equation (4) is recognized as Darcy's Law extended to describe
multiphase flow where the liqid water properties are denoted by the sub-
script 1 and the water is the fluid that wets the porous material.
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MOVEMENT OF THE COMPRESSIBLE MOIST AIR PHASE

The movement of the compressible moist air phase is coupled in a
more complicated way than in the traditional isothermal multiphase dynamic
equations. In particular, the reduced momentum equation with constitutive
relationships yields for the flux rate, q9, of the moist air mixture

Equation (5) is the dynamic expression for the moist air. The additional
terms involve the vapour generation rate, Gi, and a dependence upon the
liquid flux rate, q1.

MOVEMENT OF MOISTURE VAPOUR

The compressible moist air phase is made up of a mixture of the dry
air component and the water vapour component. The dynamic equation for
the water vapour component, q3, in the gas phase

(6)

where D3 is the diffusion rate of vapour in dry air.
The equation for the vapour flux rate (Eq. (6)) is the most complex

dynamic relationship. Again, there is coupling through the vapour gener-
ation rate Gj to the liquid water flux rate, q±. The other added complexities
are in the coefficient term where the diffusional rate of vapour, D3, and
again the vaporization rate, Glt occur. These are the results obtained for
dynamic equations and provide the mechanism coupling needed.

FUTURE WORK

The studies are to be augmented with measurements of water potential
of the soil in both lysimeters and the barometric pressure as a function of
depth and time. Comparison with the atmospheric pressure will determine
the extent of moisture removal by barometric pressure pumping.

Additional new sensors and instrumentation will be required to permit
measurement of solar input radiation, annual precipitation at the site,
evaporation and advection losses at the lysimeters. Knowledge of these
values should permit the computation of a complete heat and water balance
at the lysimeter site. This will permit a check to be made on the disposition
of the annual meteoric precipitation.

If the annual precipitation increases, there is some critical value, Pc,
of precipitation above which percolation to the underground water table will
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occur. Artificial rainfall experiments are needed to determine the value
of Pc to cause percolation to the water table. In addition to the physical
measurements, the theory of soil-water phenomena must be studied further
with particular reference to the influence of temperature on water potential
and water transport.

Continuing theoretical work will incorporate boundary conditions for
the basic equations (1) through (6) to provide the completed description or
well-posed boundary value statement of this highly interrelated flow system.
Numerical solution of the simultaneous system of equations, though certainly
not simple, is believed possible. As the appropriate physical parameters
can be measured [27, 28] for input to the numerical solution, the predictive
results can be tested with the lysimeter and field data results described
above. If the predictive results are found realistic, then significant insight
into the complicated aspects of moisture redistribution in arid soils will
have been gained. From such understanding and insight come the answers
to questions regarding the effectiveness of isolating radionuclides in the
dry sediments high above a regional water table.

SUMMARY AND CONCLUSIONS

Soil-moisture relationships are being studied for selected soils on the
Hanford reservation to determine the rate and direction of soil-moisture
movement in the vadose zone high above the deep water tables. The purpose
is to establish with greater certainty the fate of radionuclides stored in
the sediments on the Hanford reservation. Observations to date indicate
that the annual precipitation of meteoric water does not percolate to the
water table but apparently moves downward only a few metres during the
autumn and winter months and is removed by evaporation and evapotrans-
piration during the summer.

Tritium analyses of soil-moisture were used to determine the depth
of penetration of meteoric precipitation by evaluating tritium distribution
from atmospheric fall-out versus soil depth. Special sample handling
techniques were used to avoid contamination of soil samples with tritium
from the atmosphere. Water was recovered from the soil samples by
distillation and the very low tritium concentration in some samples was
electrolytically increased by a factor of about 100 to permit more accurate
gas counting. The results demonstrate that archaic water exists in virgin
soil at depths from 7 m to the water table. The tritium profiles are con-
sidered to be representative of uncontaminated areas of Hanford soils.
The tritium concentration decreased exponentially from the surface to a
depth of 5 m and from a depth of 7 m to the water table, the tritium units
being in the range of values associated with archaic water and water isolated
from atmospheric contamination for the past 25 or more years. To investi-
gate these phenomena further other parameters of the soil-moisture profile
were studied.

The movement of soil-water downward is influenced by the soil tempera-
ture. A decrease in temperature during autumn and winter increases the
surface tension of water in the capillaries of the soil thus providing a holding
system that prevents transport of water downward. Lower temperatures
increase the radius of curvature and, therefore, the volume of the meniscuses
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of water held at the points of soil-particle contact. This is one reason
for the increase in soil-moisture as temperature decreases.

Temperature gradients in autumn and winter tend to move water from
depths toward the surface except for a short period during February and
possibly March. During late spring and summer the temperature gradients
in the soil near the surface reverses, but upward transport of water by
surface evaporation, evapotranspiration and diffusion negates the mecha-
nisms for downward percolation.

Measurements on the Hanford reservation have shown that the upward
transport zone penetrated to a depth of 3 m as early as March 5. This
front for upward migration moves rapidly downward with the approach of
summer, overtaking the descending front for downward transport. The
upward transport of water is considered to be the principal reason for the
drier zone at depths of 10 to 17 m at the site of the test well. Other factors
such as soil breathing as a result of changes in atmospheric pressure are
considered to be involved but are believed to exert a minor influence.

Temperature and water potential from the surface to the water table
over a depth of 90 m and changes in soil moisture over a depth of 20 m
in two large lysimeters, 3 m in diameter by 20 m deep, are being measured.
One lysimeter is open at the bottom and the other is closed. About two
years after installation of the lysimeters, slow loss of moisture developed
in the lower zones from 3 m to 20 m depths, and a partially desiccated
zone developed below the seasonal zone.

Work has shown that there is a critical rainfall that is required to
cause moisture to migrate to the water table. Further studies show that
commonly accepted equations in hydrology that assume isothermal conditions
are not generally applicable in arid or semi-arid regions having a deep
water table, and conservation of momentum expressions must be developed
and evaluated. It has become apparent that temperature, not gravity, is
the primary driving force for moisture transport in the more arid soils.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the assistance of W.E. Ogren,
J.C. Hanson, J.M. Harter and A. Horton of the Physical and Life Science
Technology Section, Atlantic Richfield Hanford Company, in preparing this
paper. Appreciation is also extended to J. W. Crigler of Automation Indus-
tries, Inc., Vitro Engineering Division, for his special efforts in preparing
the figures. Experimental measurements and contributions by A.E.
Reisenauer of Battelle-Northwest, and J. J.C. Hsieh and C.G. Enfield,
formerly with BNW, contributed significantly to the effort. B.G. Richards,
of the Commonwealth Scientific and Industrial Research Organization,
Melbourne, Australia, contributed suggestions by correspondence.

REFERENCES

[ 1] BROWN, D.J . , "Migration characteristics of radionuclides through sediments underlying the Hanford
reservation", Disposal of Radioactive Wastes into the Ground (Proc. Symp. Vienna, 1967), IAEA,
Vienna (1967) 215.

[ 2] BEARD, S. J . , GODFREY, W. L., "Waste disposal into the ground at Hanford", Disposal of Radioactive
Wastes into the Ground (Proc. Symp. Vienna, 1967), IAEA, Vienna (1967) 123.



IAEA-SM-182/6 1 1 3

[ 3] GALLEY, J .E . , et a l . , Report of Committee on Geologic Aspects of Radioactive Waste Disposal, Nat.
Acad. Sci.-Nat. Res. Council, Washington, D.C. (1966).

[ 4] RICHARDS, L. A. , FIREMAN, M . , Pressure plate apparatus for measuring moisture sorption and trans-
mission by soils, Soil Sci. 5£ (1943) 395.

[ 5] KEMPER, W. D. , Water and ion movement in thin films as influenced by electrostatic charge and
diffuse layer of cations associated with clay mineral surfaces, Soil Sci. Soc. Am. , Proc. 24 (1960) 10.

[ 6] HARLAN, R. L., Analysis of coupled heat-fluid transport in partly frozen soil, Water Resour. Res.
£(1973) 1314.

[7] ZIMMERMANN.U., EHHALT, O. , MÜNNICH, K.O. , "Soil-water movement and evapotranspiration:
changes in the isotopic composition of the water", Isotopes in Hydrology (Proc. Symp. Vienna, 1966),
IAEA, Vienna (1967) 567.

[8] SMITH, D.B., WEARN, P.L., RICHARDS, H.J. , ROWE, P .C . , "Water movement in the unsaturated
zone of high and low permeability strata by measuring natural tritium", Isotope Hydrology 1970 (Proc.
Symp. Vienna, 1970), IAEA, Vienna (1970) 73.

[9] SCHMALZ, B.L., POLZER, W.L., Tritiated water distribution in unsaturated soil, Soil Sci. 108Д1969) 43.
[10] RICHARDS, B.G., Moisture Equilibria and Moisture Change in Soils (Proc. Symp.), Butterworths

Chatswood, NSW, Australia (1965) 39.
[11] JENNE, D.E., STONE, W.A., THORPE, J . M . , Climatography of the Hanford Area, USAEC Rep.

BNWL-1605(1972).
[ 12] RHODEHAMEL, E.C., et a l . , Bibliography of Tritium Studies related to Hydrology through 1966, Geo.

Sur. Water-Supply Paper 1900, US Gov. Print. Washington, D.C. (1971).
[ 13] SCHULTZ, H., Tritium Measurement Services at Isotopes, A brochure of Isotopes, Teledyne Co.,

Westwood, N.J. (1969).
[ 14] RABINOWITZ, D. D . , GROSS, G. W., Environmental tritium as a hydrometeorologic tool in the Roswell

Basin, New Mexico, WRRI Report 016, New Mexico Water Research Institute, New Mexico State University,
Las Cruces, N. Мех. (1972).

[ 15] BROWNELL, L. E., Soil Moisture Studies based on Wells at 32 - 49 Coordinates, USAEC Rep.
ARH-1888(1971).

[16] ENFIELD, C.G., HSIEH, J . J . C . , WARRICK, A.W., Evaluation of Water Flux Components above a
Deep Water Table using Thermocouple Psychrometers, USAEC Rep. BNWL-SA-394 (1970).

[17] HSIEH, J . J . C . , REISENAUER, A.E., BROWNELL, L.E., A Study of Soil Water Potential and Temperature
in Hanford Soils. USAEC Rep. BNWL-1712 (in preparation).

[18] RICHARDS, B. G., Psychrometric Techniques for measuring Soil Water Potential, Technical Report No. 9,
Division of Soil Mechanics, CSIRO, Melbourne (1969).

[19] NIELSEN, D.R.,et al . (Eds), Soil Water, West. Reg. Res. Tech. Comm, W-68 On Water Movement
in Soils (1970).

[20] BROWN, R.W., VAN HAVERLEN, B.P. (Eds), Psychrometry in Water Relations Research, Utah State
University, Logan, Utah (1972).

[21] HSIEH, J . J . C . , BROWNELL, L.E., REISENAUER, A.E., Lysimeter Experiment Description and Progress
Report on Neutron Measurements, USAEC Rep. BNWL-1711 (in preparation).

[22] TRUESDELL, С , TOUPIN, R., "The classical field theories", Handbuch der Physik III 1, Springer,
Berlin (1960).

[23] GURTIN, M.E., On the thermodynamics of chemically reacting fluid mixtures, Arch. Ration. Mech.
Anal. 43(1971) 200.

[24] GREEN, A.E., NAGHDI, P .M., On basic equations for mixtures, Q. J. Mech. Appl. Math. 2^(1969) 427.
[25] ROETMAN, E.L., Hydrodynamic and Thermodynamic Field Equations for Flow through Porous Media,

Northwest College and University Association for Science Faculty Appointee Report, Computer Sciences
Corp., Richland (1972).

[26] FULKS, W., GUENTHER, R.B., ROETMAN, E.L., Equations of motion and continuity for fluid flow
in a porous medium, Acta Mech. 1£(1971) 121.

[27] HARIDASAN, M. , JENSEN, R.D., Effect of temperature on pressure headwater content relationship
and conductivity of two soils, Soil. Sci. Soc. Am., Proc. 3_6(1972) 703.

[28] LUIKOV, A. V., Heat and Mass Transfer in Capillary-Porous Bodies, Pergamon, New York (1966).



1 1 4 ISAACSON et al .

D I S C U S S I O N

В. Т. VERHAGEN: The tritium profile in Fig. 1 indicates a rapid
concentration decrease in the first 10 m or so and then an almost constant
value of about 7 TU down to 70 m. As the deep values all clearly relate
to post-bomb tritium, could they be caused by contamination? I ask this
because it is very important to know to what depth measurable tritium will
penetrate if one wishes to make meaningful extrapolations to the water
table.

R.E. ISAACSON: Sampling of the sediments in such a way as to avoid
contamination was very difficult. The minimum tritium values following
our first sampling attempts were reported to be 60- 140 TU; they were
recognized as coming from contamination caused by improper collection
and handling. Another difficulty was the dryness of the sediments (1 .5-2. 5%
moisture by weight). Using vacuum distillation and gas enrichment we
achieved a detection limit of about 5 TU for the sample size in question.
During evaluation of the data we noted that the highest tritium values tended
to coincide with the driest sediments — the relationship was approximately
linear and not connected with depth.

A.L. BENTZ: With reference to Fig.3 of your paper, how is it possible
to have a water potential of -1.6 bars at the groundwater level?

R.E. ISAACSON: The curve ends above the water table and does not
show the capillary fringe or the saturated zone. The point is that there is
a negative potential just above the water table.

A.L. BENTZ: Figure 6 shows more or less constant moisture profiles
between 4.5 m and 17. 5 m. Can you give us some idea of the water potential
in the lysimeters between those two levels?

R.E. ISAACSON: Measurements of water potential have not been
started on a routine basis. Instrumentation for reading wet- and dry-bulb
temperatures will be installed this year. Then, with the soil moisture
psychrometers, water potential will be measured on a routine and continuing
basis.
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Abstract

USE OF ENVIRONMENTAL ISOTOPES AND ARTIFICIAL TRACERS TO STUDY RECHARGE TO GROUNDWATER
IN THE BURDEKIN DELTA, QUEENSLAND.

Nuclear techniques have been applied to the study of the groundwater hydrology of the Burdekin River
Delta of Queensland. Recharge occurs from the river, from the artificial recharge facilities and from preci-
pitation. The approximate boundary between the aquifer sands and the overlying alluvium has been determined
from the natural gamma logs of available bores. Portions of the aquifer which are confined, or partly confined,
were delineated by comparison with available standing water level contours. An extensive survey of tritium levels has
been made. The results have been interpreted on the basis that the underground water is stored in a single
homogeneous aquifer and moves from defined recharge areas along the maximum piezometric gradient at about
0.4 m-d"1. The decrease in the tritium levels with sampling depth is discussed. Tracer techniques are being
developed to study the clogging of recharge pits with river sediments. A new seepage meter has been developed
to facilitate the rapid, quantitative measure of seepage rates at specific points.

INTRODUCTION

The Australian Atomic Energy Commission is participating in a study
of artificial recharge to the groundwater of the Burdekin River Delta which
is being co-ordinated by the Australian Water Resources Council and the
Irrigation and Water Supply Commission of Queensland (IWSC). The Burdekin
rises in the Great Dividing Range and flows into the Pacific Ocean about
80 km southeast of Townsville (Fig. 1). The climate is tropical monsoonal
with the KCppen classification Am.

The principal crops, sugar cane, rice and beans, are irrigated during
the dry winter months with groundwater. The aquifer consists largely of
unconsolidated quartzose sands on granite bed rock, overlain by alluvial
deposits. Increased demands have been made on the groundwater resources
over the years . For instance, in the case of sugar cane the area under
cultivation has increased from about 1500 ha in 1900 to 31 000 ha in 1970
and the annual yield per hectare from 3.2 to 11.2 t [1] . By 1962-63, the
net usage of underground water exceeded the long-term safe yield of the
basin [2 ] . Aquifer water levels well below sea level were frequently observed
and seawater intrusion became a problem. As a result, a programme of
artificial recharge was begun and has expanded ever since. Water is pumped
from the river into a network of natural and artificial channels and excavated
pits (Fig. 2).
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FIG. 1. The tritium survey of the Burdekin Delta. The Burdekin River is located in the insert. The tritium levels (TU) and the depth (m)
relative to mean sea level are indicated in parentheses. The Irrigation and Water Supply Commission bores are identified by the local
code. The Section AB is illustrated in Fig. 3. The arrow XY indicates the general direction of groundwater flow in the area.
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FIG.2. The Burdekin Delta artificial recharge facilities. 1. Sheepstation Creek Diversion; 2. The Rocks;
3. Plantation Creek Diversion; 4. Ulesmere Diversion; 5. Malepontes Diversion; 6. Iyah Macdonald
Diversion; 7. Hansen Macdonald Diversion; 8. Iyah Creek Diversion; 9. Warren's Gully; 10. Lagoon
Diversion; 11. Sandy Creek Diversion; 12. Alma Creek; 13. Munro's Lagoons; M. Malapontes Pits; 1С.
Iyah Creek Trenches; O. Oates Pits.

This report discusses the application of isotope techniques to the recharge
study. Three aspects of the current investigations will be outlined:

1. Tritium levels have been surveyed over a wide area, and provide
information on the movement of groundwater and the principal areas
of recharge.

2. Natural gamma logs of boreholes have been taken over the whole
area. When used in conjunction with the standing water level contours
determined by the IWSC, confined, or partly confined, portions of
the aquifer can be delineated.
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3. Laboratory studies of the penetration of labelled colloids into aquifer
sands have begun in order to identify the processes which lead to
the decrease with time of the efficiency of the artificial recharge
pits. A seepage meter has been developed to measure the rate of
infiltration of water at specific points.

APPLICATION OF THE ENVIRONMENTAL TRITIUM SURVEY TO THE
RECHARGE STUDY

Experimental

Because of low tritium levels in Southern Hemisphere environments,
special care was needed during assaying. Groundwater was sampled in
clean, dry glass bottles which were sealed immediately. Before sampling,
sufficient water was removed from the bore to ensure that the two litres
collected were as far as possible representative of the aquifer at the screen
level. The tritium levels were determined by the liquid scintillation counting
[3,4] of samples following a single stage thirty-fold electrolytic enrichment
[5] . To enhance the precision of the determinations, the tritium background
in the laboratory atmosphere was reduced by an efficient decontamination
unit [ 6 ] . An analysis of the total er rors , and of the repeatability of multiple
determinations, indicates that the limit of significance is 0.5 ±0 .5 tritium
units (TU).

Rainfall

The weighted mean values of the tritium levels in the rainfall at Brisbane
and Claredale (Burdekin region) are listed in Table I. Where comparison
is possible, a ratio of 1.5 ± 0.1 is observed between corresponding values.
The parenthesized entries for Claredale were calculated assuming the same
proportionality over the previous decade. The level of pre-bomb tritium
is taken as 7 TU, the global average for atmospheric water calculated by
Craig and Lai [8] .

Of particular importance is the tritium level of the Burdekin River,
which is ultimately the principal source of recharge to the Delta. Since
water flows in the lower reaches of the river for only a short period following
rain, it will be assumed that the tritium level at recharge is the average
value for precipitation at Claredale. The 1972 weighted mean of 6.8 is in
satisfactory agreement with the average level in the river (8.0 ± 0.5) for
the same year.

Groundwater

Tritium levels have been measured in the groundwater samples taken
from the IWSC bores identified in Fig. 1. The results are given in paren-
theses. The first number is the tritium level in TU; the second is the depth,
relative to sea level, at which the sample was taken.

The results can be interpreted on the basis that groundwater is stored
in a single homogeneous aquifer to which recharge occurs from the river,
from the artificial recharge facilities and, to a lesser extent, directly from
precipitation. The tritium levels tend to fall off with distance from defined
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TABLE I. TRITIUM LEVELS IN THE RAINFALL AT BRISBANE AND
СLAREDALE

Year

1972

1971

1970

1967

1966

1965

1964

1963

1962

1955

1949

1944

Brisbane

10.8

13.8

21.7

15.6

20.3

26.3

25.3

28.3

87.7

(7)

(?)

(7)

Claredale

(Burdekin region)

at precipitation

6.8

10.2

14.6

(10.4)

аз. 8)

(17.5)

(23.5)

(18.9)

(58.5)

(7)

(7)

(7)

1974 equivalent

6.3

9.0

12.2

(7.0)

(8.9)

(10.5)

(13. 3)

(10.4)

(29.6)

(2.4)

(1.7)

(1.2)

Ratio

1.6

1.4

1.6

Reference

AAECa

AAECa

AAECa

[7c]

[7c]

[7b]

[7b]

[7a]

[7a]

[8]

[8]

[8]

Measurements performed in the Australian Atomic Energy Commission's Tritium Laboratory.

recharge areas and with increasing depth. The effect of depth can be seen
most readily from samples taken at different depths from multiple bores.
For instance, in bores F4.5 and F4.5A the tritium levels are 6.5 and 2.2 TU
at depths 5. 6 and 9.3 m below sea level; in bores F5B and F5A the tritium
levels are 10.6 and 0 TU at 6.1 and 21.6 m below sea level. Similar obser-
vations were made by Verhagen et al. [9], who regarded vertical stratifi-
cation as evidence for local recharge. In the Burdekin, the small vertical
distances over which stratification of older waters was observed lends
support to this interpretation. If water moved regularly through the aquifer,
minimum mixing distances of the order of the molecular diffusion distances
would be expected. In the absence of significant mixing, tritium levels less
than 2 TU imply residence times greater than twenty years (Table I) and
molecular diffusion distances of up to 50 m. However, the results for
bores F4.5 and F4.5A, F5B and F5A, and AHÍ show that vertical stratifi-
cation of older waters occurs over much smaller distances. In the absence
of corresponding lithographic stratification, it is likely that the close prox-
imity of groundwaters of different tritium levels is due to the cumulative
effect of pumping and recharge replacing older waters with younger.
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FIG. 3. The section along the line AB of Fig. 1. XY is the granite bedrock contour and PQ the boundary between the aquifer and the
overlying alluvium. The position of the boreholes and the sampling depths are to scale.
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Even though insufficient information is available to interpret the tritium
results in terms of the groundwater flow pattern, certain features have
become clear. Consider the section AB of Fig. 1 which is illustrated in
Fig .3 . The line PQ approximates the boundary between the aquifer sands
and the overlying alluvium; it has been obtained from the results of a survey
of the natural gamma logs of a large number of bores in the area (see below).
Bed rock contours (Line XY) over the Delta have been developed by Hopley [10]
from studies of available borehole logs and seismic data. Standing water
levels indicate that the general flow of groundwater in this area is east of
southeast (arrow XY, Fig. 1) during the summer monsoonal period and in
winter. The residence times have been calculated assuming that major
recharge occurs from the Burdekin River. The tritium levels in the river
are assumed to be close to the weighted mean average for the rainfall at
Claredale (Table I). The residence times are: bore G5, 16 yr (16); GH5A,
19yr(19); H6, >30yr(25). The ages in parentheses have been normalized
to the mean depth of the bores from the partial correlation between the
residence times and the screen depths for 12 bores in the vicinity. The
residence times imply that groundwater moves in the direction of the maximum
piezometric gradient at a rate of 400 ± 200 mm-d"1. Since the gradient along
the arrow (Fig. 1) is 1 in 1800 (June 1973), the tritium results indicate an
average permeability of 700 ± 400 m-d"1 per unit gradient. Under the
circumstances, this is an acceptable agreement with the value of 240 m-d"1

per unit gradient which is the median of 28 conventional hydrological deter-
minations [2 ] . It also agrees with the value of 580 ± 450 m-d"1 obtained
from the study of the transport of 131I and T from an injection bore to a
neighbouring pumped bore at a site north of the river [11].

That the major part of the recharge is from the river is in agreement
with the work of Volker and Stark [ 12] but is contrary to earlier beliefs.
Volker and Stark concluded from their numerical model of the Delta that
to optimise agreement between observed and calculated water levels, it
was necessary to assume that river recharge accounted for over 60% of the
total, before the construction of the artificial recharge facilities.

The fall off in tritium levels with distance from the river along the
line CD can be interpreted similarly. High tritium levels are found in bores
close to artificial recharge facilities. The bores ME6, ME5 and H5, which
are in close proximity to the Malapontes recharge pits, had tritium levels
of 8.3 TU, 7.6 TU and 9.0 TU respectively.

Clearly only a preliminary discussion of the data is available to date.
The 14C levels and the D/H ratios are currently being measured. Eventually
it is hoped to include the 18O/16O ratios, and to interpret all the isotope
results in conjunction with a unified hydrological model of the area.

AQUIFER CHARACTERISTICS FROM SYSTEMATIC GAMMA LOGGING OF
THE DELTA

Natural gamma logs have recently been taken of the bores mapped in
Fig. 4. The response of the probe, which contained a sodium iodide crystal
1.2 cm in diameter and 2.5 cm long, varied from 1200 counts/min for clear
sands to 3000 counts/min for heavy clays. The low activity of the aquifer
sands is consistent with the hypothesis that the aquifer was formed by over-
lying the coastal sands, which are predominantly quartzose, with alluvial
deposits.
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FIG.4. The boundary between the water table (open) and confined (cross-hatched) regions of the aquifer,
deduced from the IWSC standing water levels and natural gamma logs of the boreholes indicated. The contours
indicate the height (m) above mean sea level of the boundary between the aquifer sands and the overlying
alluvium. As in Fig. 1, the section AB is illustrated in Figure 3.

The boundary between the aquifer sands and the overlying alluvium is
taken to be at 2000 counts/min. This objective criterion has some advan-
tages over the generalized description of the dri l lers ' logs, from which
it is frequently impossible to assess the quality of the aquifer. The 2000
counts/min contours drawn in Fig. 4 are calibrated in metres above sea
level. They approximate the upper limit of the aquifer sands. A more
complete picture of the aquifer can be obtained by comparing Fig. 4 with
the bed rock contours developed by Hopley [10]. As mentioned above, a
section of the aquifer is illustrated in Fig. 3.

Water table conditions were originally considered to exist over the
whole of the aquifer. However, Volker and Stark [12] concluded from stand-
ing water levels and available drillers1 logs that regions of the aquifer south
of the river were confined or partly confined. The extent of the confined
aquifer was assessed by comparing the 2000 counts/min contours of Fig. 4
with the standing water levels measured by the IWSC. This comparison
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indicates that the confined portion of the aquifer extends both north and south
of the river. Since the effective storage coefficient of the overlying clay-
is much less than that of the aquifer sands, the average storage coefficient
of the aquifer, which is currently taken to be 0.16 [2], will be replaced
by a slightly higher value when water table conditions exist, and a much
lower value when the aquifer is confined.

LABORATORY STUDIES OF SEDIMENT PENETRATION AND WATER
INFILTRATION TO AQUIFER SANDS

Sediment penetration

The efficiency of the artificial recharge pits is found to fall off with
time even though the river water is pumped only when the sediment load
is small. Since over 60% of the suspended clay particles are less than
2 /um in diameter, deep penetration into the unconsolidated aquifer sands
may occur.

Tracer techniques are being developed to study the infiltration of
colloidal bentonite of selected particle size into porous sands. Indium, and
the dyestuff méthylène blue, are being used as labels. Adsorption of the
labels on sodium, calcium and hydrogen bentonite occurs by ion exchange,
evidence of which is obtained from the adsorption isotherms. Not only does
the limit adsorption correspond to the maximum number of exchangeable
sites (80-100 meq/100 g) [13] but, in the case of méthylène blue on sodium
bentonite, the amount of adsorbed dyestuff corresponds experimentally to
the amount of desorbed sodium. The indium isotherm was determined at
pH 3 to suppress hydrolysis. However, it also adsorbs efficiently on ben-
tonites and other colloidal river sediments at natural pH, presumably by
the physicochemical mechanism described by de Groot et al. [14].

Indium can either be used as an activatable tracer or as the gamma-
emitter 114In (T| = 50 d). Extensive tests have been made of the integrity
of the label. Provided the amount of adsorbed indium does not exceed 1 g
per kg of clay, the concentration of indium in solution in equilibrium with
the clay is less than 10"7 M. At this loading, flocculation is not found to
be a problem ['15 ] . Laboratory studies of the penetration of labelled colloids
through sands of various porosities are under way.

Seepage meter

A seepage meter (Fig. 5) has been developed to facilitate studies of the
infiltration of water from recharge pits. It consists of a large cylinder
which is implanted into the bed of the pit, and which is connected by a plastio
tube to the standard bore of a flow meter. Calibration curves relate the
position of the float to the seepage rate. By varying the mass of the float,
seepage rates in the range 0.01 to 10 cni-h"1 can be measured. The meter
is similar in principle to that of Zuber [16] but, because the flow through
the narrow bore is measured directly, is probably more convenient in
operation.

The flow pattern through the river bed may be perturbed by the small
negative pressure induced by the hydrodynamic drag of water flowing through
the meter. The pressure difference has been shown experimentally to
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FIG.5. The seepage meter and implanted cylinder. T, thermometer; F, float; FM, flowmeter; R, reservoir;
C, cylinder ; I, inlet.

amount to less than 2 mm water pressure when the flow rate is 1 cm-h"1

and 10 m plastic tubing connects the flow meter to the cylinder.
On the basis of an electrical analogue model, Zuber [16] has established

a correlation between the ratio of the seepage meter reading to the true
seepage rate, and the dimensionless numbers dl/R and F. The fraction
dl/R is the ratio of the medium thickness, which approximates the depth
of implantation of the cylinder (~6 cm), to the radius of the cylinder (17 cm).
F is the ratio of the hydrodynamic drag dh (~0.1 cm) to the pressure drop across
the medium layer, Ah. Zuber has shown that Ah = V sdl/kwhere vs is the
seepage velocity and К the filtration coefficient. Assuming avalué of 10~2 cm-s"1

for K, and a seepage rate Vs of 10'3 cm-s'1 , F = dh/ДЬ. = 0.1 (Vsdl/K) =
0. l/(10"3 X 6/10"2) =0.16 and dl/r = 0.3. From Zuber» s correlation (Fig. 3,
Ref. [16]), the measured seepage rate is within 90% of the true value.
Since the hydrodynamic drag dh is proportional to the flow velocity through
the meter, F is essentially independent of the seepage rate.

The advantages of the present meter are that the readings are rapid
and direct. The meter is very sensitive. Repeatability under turbid con-
ditions is enhanced by prefilling the flow meter and reservoir with clean
water. The meter is found to work very satisfactorily in the field.
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DISCUSSION

P. KIRKOVt How do you determine the direction of underground water
flow?

W.T. SPRAGG: There are a fairly large number of experimental bore-
holes in the area and standing water levels are recorded each month, the
direction of groundwater flow being determined from the piezometric surface.
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В. M. LUMU: Is the measurement of indium on bentonite not hampered
by the presence of sodium when one is employing neutron activation?

W.T. SPRAGG: We are trying to trace small particles penetrating an
aquifer, so that one must ensure that the indium is absorbed. You may be
confusing our work with the tracing of liquid movement using chelation to
avoid absorption. After activation, the indium can be extracted quickly and
quantitatively by means of acid and tracer indium.

C.B. TAYLOR: New Zealand investigators have been measuring tritium
fall-out in rainwater at a number of stations in the South Pacific for continuous
periods of up to 14 years. In this way there has been built up a record which
has proved to be completely consistent in terms of year-to-year variations,
seasonal variations and inter-station relationships, and which is considered
to be generally representative of the mid-latitude regions of the Southern
Hemisphere (20°-55° S). Now, however, mean tritium fall-out values are
being reported which give a very different year-to-year picture and may
lead to some confusion. How were the mean tritium values in Table I of
your paper obtained, and what do you think is the reason for the discrepancy
between your values and ours? In this connection I would mention that it is
now the general practice to average southern hemisphere tritium concentrations
from mid-year to mid-year.

W.T. SPRAGG: The last four years 1 values are for samples obtained
by the Australian Atomic Energy Commission from a zone of monsoonal rain
which lies further north than the New Zealand observation areas, and it has
been noted that tritium values decrease markedly with decreasing latitude
(this applies to Claredale and to areas as far north as Papua and Manus Island).
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Abstract

NEW INSIGHTS INTO THE RUN-OFF MECHANISM BY ENVIRONMENTAL ISOTOPES.
Subsurface flow and groundwater recharge have been studied in the alpine watershed of Dischma in

Switzerland using variations of tritium and 18O content. Snowmelt discharge dominates the yearly run-off
pattern. Day-to-day computations are based on the assumption that one part of meltwater reaches the outlet
of the basin immediately while the other part follows as a recession flow. Independently, tritium measure-
ments reveal that the greater part of the meltwater production infiltrates and contributes to the recharge of
groundwater reserves. This build-up of subsurface storage increases the discharge of water stored hitherto in
the subsurface reservoir, thus maintaining the quantitative run-off balance. The exponential model and a mathe-
matically derived dispersion model of age distribution give the best agreement with tritium data indicating an
average residence time of groundwater of 4. 5 and 4.8 years respectively. Variations of 18O in the run-off are
small in comparison with precipitation, probably caused by fractionation effects. The 18O composition of the
discharge water is very close to the long-term average of the isotopically lighter precipitation in the winter
and the heavier values in the summer.

INTRODUCTION

In order to verify and extend the validity of results from typical water-
sheds it is necessary to compare basins of different size and character. To
this effect, the isotopic investigation in the Modry Dul basin is being followed
up by a joint study of the Dischma alpine valley in Switzerland. Tritium and
18O are being measured in samples taken from the precipitation, snow cover
and run-off. Simultaneously, hydrological measurements are carried out
to determine the water balance and to calculate the snowmelt run-off. Results
obtained so far since the start of the project in 1969 are presented in this
study.

CHARACTERISTICS OF THE BASIN

The Dischma basin has a surface area of 43.3 km2 and a considerable
elevation range from 1668 m to 3146 m above sea level. The catchment area
is composed of rocks, unconsolidated glacial and avalanche deposits and
mountain meadows. Forests represent about 3% of the total area and glaciers
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FIG. 1. The annual distribution of run-off in Dischma.

TABLE I. PRECIPITATION AT WEISSFLUHJOCH AND RUN-OFF IN
DISCHMA

Hydrological
year

(XI-X)

1964

1965

1966

1967

1968

1969

1970

1971

1972

Precipitation at Weissfluhjoch

Heated pluviograph

(mm)

1021

1359

1299

1291

1292

897

1453

876

813

Corrected by
snow cover

(mm)

1289

1649

1814

1683

1463

1070

2033

1179

981

Run-off
depth

Dischma
(mm)

847

1478

1324

1481

1345

1143

1505

960

883

Run-off

coefficient

0,66

0.90

0.73

0,88

0,92

1.07

0.74

0,81

0 f90

less than 3%. Dischma differs from the Modry Dul basin not only by its greater
size but also by the prolonged form. These factors must be expected to affect
the shape of the hydrograph [1] and the transit time of water in the watershed.

As shown in Fig.l, the yearly run-off pattern is characterized by a strong
and regular effect of snowmelt which is extended into the summer. In the
autumn and winter the discharge from groundwater reserves gradually recedes.
The minimum is usually reached as late as March. The average discharge
for the period 1964-72 is 1.67 m3/s, the maximum peak discharge on record
is 15.55 m3/s.



IAEA-SM-182/9 131

While the precipitation gauging in Dischma is being built up with the aim
of establishing the water balance, only a general assessment is possible for
the past period with the aid of the nearby precipitation gauging station at
Weissfluhjoch (2540 m above sea level).

In mountain watersheds with a large proportion of snow in the yearly
precipitation, measurements by standard rain gauges are considerably affec-
ted by the loss of catch [2]. In order to eliminate this error, winter precipi-
tation was determined from the daily water equivalents of the newly fallen
snow. The results are compared with the run-off [3] in Table I.

The great variability of the run-off coefficient, especially the 1969 value,
must be attributed not only to different run-off conditions but also to inaccura-
cies in the precipitation data. However, the average value of this run-off
coefficient may be of use for assessing the run-off in the years when no direct
measurements are available.

SNOWMELT RUN-OFF

Because of retention in the basin, the meltwater produced on the first
day of snowmelt does not completely pass the outlet on the same day but
continues to flow off as a gradually receding discharge series. The rate of
decrease is characterized by the recession coefficient k:

, _ m+l
k = R (1)

m

where R is the daily run-off depth and the index m refers to the requence
of days during the recession flow.

In the long run, the meltwater production on the first day of snowmelt
Mj equals the total runoff Rt which is the sum of the receding discharge series:

Mx = Rt = R1\ k* = R-L r—j (2)

i=0

Since к < 1, Eq. (2) becomes

and

R ^ M j C l - k ) (4)

On the n-th day during the snowmelt period, the preceding day will also
contribute to the daily run-off, so that (recalling Eq.l) the total run-off will be

Rn = M n(l-k) +Rn_!-k (5)

Of course a real case is more complicated because of the losses by
evaporation and in particular because of the variability of k. But at any rate,
Eq.(5) indicates that on each day the discharge is composed essentially of
two parts :(
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(1) The immediate (direct) run-off from snowmelt
(2) The recession flow from the subsurface water storage.
In Dischma, Eq.(5) had to be adapted to the varying snowmelt conditions

in the different elevation zones [4]:

R n = (1-k) + R n . 1 - к (6)

where the indexes А, В, С refer to the respective elevation bands.
The values of к in Dischma varied between 0.6 and 0.95 [4].
The division of the basin into these partial areas is illustrated in Fig.2.

Taking into account the different melting factors in each elevation band, Eq.(6)
becomes

= i (aATdASAAA + a C T d C S C A c ) Í 1 " k ) +

where
Rn is the daily run-off depth in cm
A is the area of the basin
AA, AB, Ac are the areas of elevation bands in equal units as A
a is the degree-day factor in cm» "C"1- d"1

Td is the number of degree-days in °C -d
S is the snow coverage (1.0 for a complete coverage)

^ STREAM GAUGE,
ISOTOPE SAMPLING OF DISCHARGE

® SNOW CORE SAMPLING

"„« MEADOW

ROCKS

1668m a.s

3146 m above sea level

3131 m above sea level
О I 2 3 km

FIG. 2. Location of the Dischma basin.
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In other cases, the number of subdivisions will depend on the variability
of conditions in the basin under investigation, in particular on the elevation
range. In addition, it might be necessary to adjust computed values by a
run-off coefficient in order to account for the losses.

SUBSURFACE RUN-OFF FROM TRITIUM MEASUREMENTS

Environmental tritium provides a possibility of separating the run-off
components. In particular, snowmelt as a dominant factor in Dischma can
be distinguished since its tritium concentration differs from that of the
base flow.

The location of the isotope sampling is indicated in Fig.2. Tritium ana-
lyses were performed at the Physical Institute of the University of Bern.
The accuracy is typically ± 5 TU and ± 8 TU (1 a) for samples of 100 TU and
400 TU respectively.

[TU]
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200
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+ TEUFI

x DÜRRBODEN

Tritium in discharge

Tritium in snow cover
+ x

i - +

и ш iv v vi vnWix x и MI I II HI IV V V l V n W l X X XI ХП ivuvurix xxiw rn'm'iv'v viWvni'ixx'xrxD
19721969 1970 1971

FIG. 3. Tritium in the snow cover and in the discharge.

d;c° r Í
| Discharge 1,Ct

FIG. 4. Simplified tritium balance. Brook discharge =1 , d,s = relative proportions of direct and subsurface
flow, cd , cs, c t = the respective tritium concentrations.



134 MARTINEC et al.

Figure 3 shows tritium concentrations in the snow cover and in the run-
off in the years 1969 to 1972. Each time there is a decrease of tritium values
in the discharge during the snowmelt season. However, the low tritium values
of the snow cover are never reached although, from a quantitative comparison,
an overwhelming proportion of meltwater should appear in the discharge.
These results confirm the hypothesis reached in Modry Dul, another moun-
tain basin of Central Europe [5]: A substantial part of meltwater infiltrates
into the soil and does not reach the outlet of the basin during the snowmelt
season. The resulting massive groundwater recharge stimulates the outflow
of water stored hitherto in the subsurface reservoir so that the quantitative
balance between the snowmelt and run-off is maintained.

Neglecting the minor effect of precipitation and evaporation during the
snowmelt, the tritium balance (Fig.4) can be used for a quantitative assess-
ment of run-off components:

ct = d cd + s cs = d cd + (1 -d) cs (8)

where
d is the relative contribution of the direct meltwater run-off to the total
run-off.
s is the relative contribution of the subsurface run-off (d + s = 1)
c t ,cd ,Cj are tritium concentrations in the total run-off, meltwater run-

off and subsurface run-off.
Re-arranging Eq.(8),

d = cd~cs
(9)

Values of d were computed by using the average tritium concentration of the
snow cover, cd , and the tritium concentration of the winter baseflow inter-
polated linearly from 1 January to 1 January in the following year, cs.
Results are given in Table II.

The representativeness of these data may have been affected by the fre-
quency of sampling and by a possible interference of rain. However, the
graphical example in Fig.5 shows that generally the subsurface flow is more
strongly represented in the hydrograph than would be expected from a con-
ventional separation of run-off components.

TABLE II. PERCENTAGE OF THE DIRECT MELTWATER RUN-OFF
IN THE TOTAL FLOW CALCULATED FROM TRITIUM DATA

1969

30 April

23 May

11 June

24 June

15 July

41

35

37

36

14

1970

7 May

22 May

9 June

18 June

24 June

11

15

47

43

52

1971

15 April

7 May

21 May

3 July

18 July

29 July

26

39

63

29

43

35

1972

4 June

5 June

5 July

32

48

35



IAEA-SM-182/9 135

j-^400
ш
e>
cr
I 350
о
со
о

| 300

\
\

\
\

\
\

• SUBSURFACE (INDIRECT) FLOW

V-

IV V VI Vil VIII IX X

1969
XI XII

FIG. 5. Separation of direct and indirect (subsurface) flow by tritium data.

The proportion of direct and indirect run-off (Eq.8) actually corresponds
to Eq.(5) derived for the snowmelt run-off computation. A complete coinci-
dence (d = 1-k) depends on the fulfilment of the assumption that the direct
part of the snowmelt run-off (surface flow and quick-return subsurface flow)
reaches the basin outlet within 24 h and that the second part follows as indirect
flow.

The concept of run-off mechanism described is not necessarily valid
in general. On the other hand, indications are [6, 7, 8] that it may be also
applicable to the rainfall run-off.

RESIDENCE TIME OF G ROUND WATER

Models

We shall consider a groundwater reservoir of volume V(t), inflow I(t)
and outflow Q(t). For a steady hydraulic state, the output concentration of
a conservative tracer is given by

where
t is the sampling time
T is the age in years

(10)
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The age distribution g(r) gives the fraction of inflow of the year (t-т) appear-
ing in the outflow at time t. A correction for non-steady state (variable annual
run-off) consists in weighing g(r) with Q(t-r) [5]:

- Eg(T)Q(t-T)cT(t-T)
Eg(T)Q(t-T) (11)

However, this procedure violates the mass conservation. An improved
treatment [9] assumes that the volume of the reservoir is constant, and that
the mixing depends only on the volume of flow through the reservoir rather
than on the elapsed time. Introducing the integral run-off R(t) as the indepen-
dent variable, the output concentration becomes

cQ(R[t]) =J dpcï(R-p)g(p)

о
where

p = R(t) - R(t-T) is the "run-off age"
g(p) is the run-off age distribution not depending on R(t)

In a discrete formulation

with

(12)

cQ(R[t]) = У \ (t-T)G(t,r)

4
G(t,r) =J dpg(p)

P,

(13)

(14)

p = R(t)-R(t-r), = R(t)-R(t-r-l)

14 16 18
RELATIVE RUN-OFF

FIG. 6. Illustration of the runroff-age concept. Horizontal axis: relative run-off in units of mean annual
run-off (since 1 Nov. 1953) and time in hydrological years. Vertical axis: exponential age distributions,
pr = 4.5yr, for t = 1970 and 1972. Hatched areas: G(t, 0)= age fractions with т = 0.
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Figure 6 explains Eq.(14) for tj = 1970 and t2 = 1972. Since
calendar years have different lengths on the run-off scale.

Three different forms of g(T) are used:

1. The exponential distribution

, т) f G(t2, т)

(15)

where тг is the mean age or mean residence time.
This age distribution does not necessarily imply a well-mixed reservoir [10].

2. The dispersive model represents the solution of the one-dimensional
diffusion equation with a bulk velocity v for a semi-infinite aquifer and a
given tracer flux as a boundary condition [11]:

2 exp (4T0 /d)
erf с (16)

_ x oIt depends on two parameters: TQ =—- (т0 f the mean age) and d =
where x0 = co-ordinate of the sampling point, D = dispersivity.
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FIG. 7. Models of age distribution.
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4000

1000

FIG. 8. Tritium in precipitation derived for the Davos area, winter and summer halves of the hydrological
year.

3. Symmetrical binomial age distribution

S(r) =^{r), т = 0, 1, 2 ...

with one parameter N (N = 0, 1, 2 . . .) . The mean age is given by тг =

(17)

N + l

The types of age distribution functions described are plotted in Fig.7.
The parameters have been chosen with the aim of reaching agreement with
tritium values from the Dischma basin.

Experimental results

The tritium input into the Dischma basin is represented in Fig.8 by half-
yearly values of precipitation for a hydrological year starting on 1 November.
Tritium data in Davos are available for 1966 and 1967 [12]. In later years,
measurements in Bern by the Physical Institute, in Vienna and Ottawa [13]
were used with correction coefficients. Values for the winter and summer
half of the hydrological year (Fig.8) were obtained by weighting the monthly
tritium data with precipitation amounts.
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TABLE III. TRITIUM CONCENTRATIONS IN THE WINTER BASEFLOW
COMPARED WITH COMPUTED VALUES FOR VARIOUS MODELS OF AGE
DISTRIBUTION

Date:

31 Dec»

1968

1969

1970

1971

1972

\ (yr)

Measured

(TU)

390

326

287

253

217

Exponential model

Weighted

392

334

277

253

224

4.0

Run-off
age

380

327

274

251

224

4.5

Steady
state

435

362

303

270

231

4.0

Dispersive
ro= 3yr
d = 10 yr

410

342

290

256

233

4.8

Binomial

432

266

182

140

125

3.0

О WINTER BASEFLOW MEASURED

EXPONENTIAL MODEL, r. = 4.0 yr

DISPERSION MODEL, r r = 4.8 yr

EXR,"RUN-OFF AGE", тг = 4.5 yr

BINOMIAL MODEL, т. = 3.0 yr

i i i i i I I I I l i i i i i i i i i i i i i i i i i i i i i i
I III V VI IX XI I II V VH IX XII

IOO -

FIG. 9. Measured tritium content of the winter baseflow in Dischma compared with theoretical tritium output
curves for various models of age distribution.
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Since there are big differences in the tritium concentrations of the winter
and summer precipitation, their relative importance for the groundwater
recharge must be taken into account in determining the tritium input. In
Modry Dul [5] only the winter precipitation was considered effective. In
Dischma, ratios 1:1, 1:2 and 0 (winter only) of summer-to-winter recharge
were tried for various models. Results are given in Table III. Winter
recharge only was assumed with the binomial model while 2/3 of winter
recharge and 1/3 of summer recharge were found suitable in all other cases.

Figure 9 shows that the exponential and dispersive model produce a good
agreement with direct measurements whereas the binomial model, in contrast
to Modry Dul [5], is unsuitable. Mean residence times of groundwater are
nearly twice as long as in Modry Dul, in accordance with the larger size of
the Dischma basin.

Assuming that 60% or about 710 mm of the mean yearly run-off is ground-
water, the average subsurface residence time тг = 4.5 yr corresponds to
the mean depth of groundwater reserves of 3.2 m or to a volume of the sub-
surface water reservoir of 130 • 106 m3.

18O IN THE WATER CYCLE

Parallel with tritium, the 18O content has been measured by the University
of Pisa. Results obtained so far are presented in Fig.10. Additional data
on precipitation have been taken over from a simultaneous investigation of the
isotope altitude effect in Davos (1560 m above sea level) and at Weissfluhjoch
(2670 m above sea level).

• RAIN 1

-20

-25

PRECIPITATION
A SNOW COVER

DISCHARGE

FIG. 10. О in precipitation, snow cover and discharge.
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As expected, there is a strong seasonal fluctuation of 18O in precipitation
with values ranging between -3%o in the summer and -25%o in the winter. The
snow cover in the winter before the snowmelt starts shows similar values to
those of the daily samples of winter precipitation. Similarly, as in earlier
studies [14], seasonal fluctuations of the 18O content are to a great extent
suppressed in the discharge from the basin. The effect of the isotopically
lighter meltwater on discharge values is less distinct and of shorter duration
in comparison with tritium (Fig.3). In contrast to tritium, there is no long-
term downward trend since there is no cause for 18O concentrations being
substantially changed from year to year as in the case of tritium. A s confirmed also
by other observations [15, 16], the snow cover becomes enriched in 18O during
the snowmelt season. Consequently, the effect of the originally lighter melt-
water noticeable in the discharge is gradually diminishing.

The small fluctuations of 18O in the discharge show that both in the case
of snowmelt and rainfalls the contributions of the surface run-off represent
only a relatively small amount with respect to water flowing out from sub-
surface reserves. Similar indications have been obtained from deuterium
data [17]. Although the hydrograph rises sharply after every greater rain-
fall, the 18O conten,t of rain is reflected in the discharge only in exceptional
cases when the sample from the brook has been taken during a rainstorm
or heavy rainfall.

On the whole, Fig. 10 shows that the isotopic composition of the discharge
is very close to the long-term average of the isotopically lighter values of
winter precipitation and of the isotopically heavier values of summer
precipitation.

CONCLUSIONS

Application of environmental isotope methods accompanied by systematic
hydrological measurements gives a better insight into the interaction of sur-
face and subsurface flow systems.

Experimental evidence from two mountain basins indicates that the role
of subsurface flow and volumes of the subsurface storage are likely to be
underestimated by classical methods.

The concept of snowmelt-run-off computation is confirmed by isotope
data.
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D I S C U S S I O N

I. SAINZ ORTIZ: Perhaps you should analyse the hydrographs obtained
from the hydrometric station at the outlet of the basin so as to separate out
the base flow. In this way one would gain some knowledge of the annual ground-
water discharge and the corresponding recharge.

J. MARTINEC: I agree. One way of analysing the hydrograph would be
to cut off the peaks by extrapolating the baseflow line. By doing so, however,
we would in our case substantially overestimate the proportion of direct run-
off in the discharge. It is the merit of environmental isotope techniques that
one can determine the origin and relative quantities of run-off components
which do not appear to conform to seemingly reasonable assumptions.

Another way of analysing the hydrograph, aimed at determination of the
recession coefficient, is referred to in our paper. In this case, results indi-
cating the importance of sub-surface flow have been confirmed by independent
isotope data.
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T. M. DINÇER: The groundwater reservoir volumes estimated by the
tritium method and by conventional methods (the analysis of streamflow
recession) are essentially different. Using environmental tritium, one can
estimate the total groundwater reservoir volume, whereas estimates based
on streamflow recession analysis relate to the active groundwater reservoir
volume — that is to say, the volume above a certain level. In karstic ground-
water reservoirs, the two volumes may differ by several orders of magnitude.
In the catchment area studied by you, however, deep-lying groundwater reser-
voirs are unlikely, and the two volumes should therefore not differ very much.
Would you care to comment on this point?

J. MARTINEC: In the absence of direct measurements we are never
sure that the extrapolation procedures employed in analysing hydrographs
lead to correct results. Environmental isotope studies can show whether or
not such procedures should be discarded and sometimes reveal unexpected
hydrological phenomena, thereby contributing to the development of theory.

A. ZUBER: What parameters — apart from the mean residence (transit)
time and the dispersion constant — are you using for matching purposes?

J. MARTINEC: Perhaps Mr. Siegenthaler, one of the co-authors, would
care to answer this question.

U. SIEGENTHALER: We are also using the ratio of summer recharge
to winter recharge, so that we have in total three model parameters in the
case of the dispersive model and two in the case of the exponential model.

J. Ch. FONTES: At the end of spring and in summer, the river carries
water with relatively low tritium concentrations; this indicates that the water
is from melted snow and reflects clearly the seasonal variation in the isotopic
composition of precipitation which one would expect to encounter in the case
of 18O. You refer in your presentation to isotopic fractionation preferentially
affecting stable isotopes and give this as an explanation. Could you say how
this phenomenon operates?

J. MARTINEC: In the case both of tritium and of stable isotopes, the
effect of meltwater is suppressed by the limited appearance of direct run-off
in the total discharge. I can imagine additional factors that might reduce
the effect of the isotopically lighter meltwater still further in the case of 18O:
different concentrations of 18O in the snow cover and precipitation in various
elevations of the basin caused by the altitude effect, with isotopically heavier
lower zones involved at the start of the melting season; the gradual enrich-
ment of the snow cover by the isotopically lighter meltwater preferentially
leaving the snowpack (and possibly also by evaporation).

S. GAONA VIZCAYNO: How did you integrate so as to take into account
differences in transit times between recharge in zones near the discharge
and in more distant zones?

J. MARTINEC: Even with an appropriate model of age distribution it
is possible to determine only the average transit time of groundwater for
the whole basin. The model allows for different transit times from different
parts of the basin.

S. GAONA VIZCAYNO: Does the use of mean values only not lead to
errors in evaluation of the storage capacity?

J. MARTINEC: The average transit time and the recharge volume enable
the sub-surface storage capacity to be estimated in terms of an average depth
over the whole basin or as a total storage volume. Local storage zone differ-
ences cannot be evaluated.
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Abstract

ANALYSIS OF A RUN-OFF HYDROGRAPH BY MEANS OF NATURAL 1 8 O,
A deviation of the oxygen isotopic composition in precipitation from the average 18O/l6O in groundwater

can be considered to indicate the presence of some 1 8 О tracer. In this way the precipitation component in the
discharge of a catchment area can be established. In a small drainage basin (650 ha) the direct peak run-off
in the stream channels from a rain storm is shown to consist of rainwater above a slowly increasing base flow.
The fast run-off contains two components: (1) overland flow with a time constant of 1 h¡ (2) a moderately
declining component (time constant of 12 h) probably caused by the release of bank storage. From a complex
storm it is shown that 87<7o infiltrates into the soil and the remaining 13% is drained within a few days.

INTRODUCTION

The total discharge of a catchment area from precipitation can roughly
be divided into two components: (i) the baseflow consisting of groundwater,
and (ii) the direct run-off caused by rainfall. The total run-off hydrograph
thus consists of a superposition of relatively short peak flows due to a fast
response to precipitation upon a slowly changing groundwater discharge.

Classical hydrology [1,2] provides procedures to estimate the separa-
tion line between the slow and fast component. This, however, requires a
large number of rainfall and run-off data on the particular catchment. More-
over, the fast component is not necessarily equivalent with direct run-off of
precipitation.

A catchment area is well characterized by the unit hydrograph, the res -
ponse of the basin to a unit storm. The construction of the unit hydrograph
from a complex storm is an elaborate procedure.

A further analysis of the fast component into surface run-off, interflow,
channel precipitation and possibly some other component can only be approxi-
mate since it is based on estimated hydrogeological conditions of the area.

The naturally abundant isotope of oxygen in water, 18O, acting as a t racer ,
provides a means to identify precipitation and run-off components which can
otherwise not be distinguished directly.

The isotopic composition of the run-off fed by phreatic groundwater in
a catchment generally reflects that of the yearly average precipitation.
Depending on the size of the basin and the depth of the aquifer, small seasonal
variations in б18 as observed in rain might occur [3] .

The isotopic composition of individual rain showers, however, can vary
widely. The precipitation thus labelled can be pursued along its path into
the channels.
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During recent years the Groningen isotope laboratory has carried out
some series of 18O analyses on rain and run-off samples collected in a small
hydrological research area in co-operation with the Dutch State Public Works
(Rijkswaterstaat). The project is financially supported by the International
Atomic Energy Agency, Vienna.

This study primarily presents data on one particular sampling period
during November 1972. Although the frequency of sampling appeared to be
inadequate, some preliminary conclusions will clearly demonstrate the use
of a simple isotope technique.

Watershed main river
River, brook
Precipitation gauge
Recording precipitation gauge
Evaporation pan
Weir
Measuring flume

500 1000 m

FIG.l . Map of the hydrological research area of the Hupsel brook (Hupsele Beek) in the central-eastern
part of the Netherlands. The surface area is 650 ha. The channel density is 95 m per hectare, covering
about l°lt> of the catchment surface.
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THE CATCHMENT AREA

The drainage basin of the Hupsel brook (Hupselse Beek) is situated in
the central-eastern part of the Netherlands (Fig. 1 ), The slightly decreasing
elevation (mean slope about 7%o)towards the central stream channel con-
fines the drainage to an area of 650 ha. The outflow point of the basin is at
flume 10A. The drainage density is 95 m per hectare covering about 1% of
the total surface. The shallow phreatic aquifer (average depth about 2 m)
is underlain by an impervious clay.

COLLECTION AND ANALYSES OF THE SAMPLES

To obtain some insight into the isotopic variations actually occurring
and into the rainfall-run-off relation, a first sampling programme was carried
out with an 8-h frequency. During November 1972 precipitation was generally
collected as 8-h samples, and the run-off was sampled at 8-h intervals.

To establish the uniformity of the isotopic pattern over the area, rain-
water was collected and analysed at three stations (A, H and Z in Fig.l).
Run-off samples were taken at stations 19, 23 and 10A.

All samples were analysed for 1 8O/1 6O according to our standard proce-
dure [3]. Although some interesting samples were also analysed for their
3H content, at this stage of the project most weight was attached to the oxygen
isotopic composition. All 1 8O results are reported as %0 deviations from SMOW.

RESULTS AND DISCUSSION

The automatically recorded rainfall at A and run-off at 10A are presen-
ted in Fig.2. The run-?off is given in millimetres per hour which simply
results from the flowrate divided by the total surface of the catchment. In
the run-off hydrograph a slowly reacting baseflow and some faster changes
caused by the precipitation can be clearly recognized. The first storm
during this period, on 10 November, resulted in a relatively small
discharge. Almost all precipitation was taken up by interception and
replenishment of the low moisture content of the soil after the drought. The
second rainy period(12 - 13 November) was more representative and will be
discussed in detail. This fast run-off peak, actually containing one large and
two smaller peaks, is also considered to be superimposed on a base flow.
From Table I it is clear that the 1 8O variations observed in the precipitation
are distributed uniformly over the area. Consequently, in the further stages
of the project, the collection sites H and Z would be abolished. The 18O results
at weir 23 and flume 19 turned out to be very similar so that only the rain
at A and run-off at flume 10A will be compared (Fig.3).

During dry periods the б18 of run-off, is about -7%o, a value which is more
or less representative for yearly average precipitation and for groundwater
in the Netherlands. During the storm on 12-13 November, the area received
a water input, fortunately, having 18O contents significantly deviating from the
groundwater level. A strong correlation is observed between the 18O in pre-
cipitation and run-off. Obviously the response of the area to rain is so fast
that more frequent sampling is required. In the conclusions we are able to
be more specific about this sampling frequency.
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FIG. 2. Automatically recorded (1-h intervals) precipitation at A and run-off at flume 10A during November 1972. The dashed line
represents the estimated separation line between direct run-off and baseflow.
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TABLE I. THE AMOUNT AND б18 OF PRECIPITATION AS DAY TOTAL
AT THREE LOCATIONS (A = ASSINK, H= HENGEVELD, Z = ZWOLLE)
DURING NOVEMBER 1972; THE LOCATIONS REFER TO FIG. 1

Locatior

Date

72-11-11

72-11-13

72-11-14

72-11-21

Time

8 h 00

8 h 15

8 h 00

8 h 00

mm

13.1

14.9

8.2

11.1

A

ó18 (%)

-11.27

-14.13

-9.49

-11.02

mm

12.1

14.2

8.4

10.6

H

s18 (U

-11.43

-14. 60

-9.01

-11.09

mm

12.8

15.7

8.5

11.1

Z

Ó 1 8

-11

-13

-9

-10

№«)

.34

.97

.15

.98

As a consequence of the too large sampling intervals, the first 1 8O run-off
peak is missed. It is possible, however, to make a fair estimate of the peak
height. The fact is that at the time when the run-off hardly increased, 518of
the run-off was already -9.4%o. Apparently the base flow is already strongly
diluted by rain at a very early stage of the increase in run-off. Thus we feel
certain that during maximum run-off the stream largely (90%) consists of
precipitation water. Until more precise data are available we assume that
the first run-off peak above an almost constant base flow of 0.024 mm/h is
completely due to direct run-off of rainwater. The exponential rise (time
constant of one hour) is followed by a less rapidly declining tail.

A close inspection of the further 18O variations in run-off will reveal the
fair correlation with those in precipitation.

To be able to analyse the hydrograph quantitatively we introduced the
concept of the tracer. The 18O concentration is given by

( H 2

H 2
18,

Ho l 6 О SMOW

We only consider the presence of tracer as long as. its concentration
deviates from that of the base flow (618of phreatic groundwater denoted by
618(g)). By neglecting the constant factor (H 2

1 8 O/H 2

1 6 O) S M 0 w , the tracer con-
centration (difference) can be represented by

Д. = 518(sample i) - <518(g)

The "amount of t racer" in any single rain and run-off sample can now be
calculated as amount of precipitation P or run-off Q. multiplied by the con-
centration Aj.

The results of PJAJ and QjA¿ are given in Fig.4. The tracer input com-
putation is only valid if the evaporation is negligibly small. This process
would alter the 518 to higher values (less negative) by isotope fractionation.
Classical measurements (evaporation pan, water balance) have indicated
that the evaporation is negligibly small during this season. This is confir-
med by deuterium measurements on some samples which revealed that 6D
and ô18 answered the relation for meteoric waters [4]: <5D = 8<518 +10%o.
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Groundwater

The greater part of precipitation will be shown to infiltrate. The depth
of the water-bearing layer (about 2 m) is such that б18 of the phreatic water
reasonably well represents that of the yearly average precipitation. On the
other hand, small variations in б18 of the groundwater and thus of the base
flow component in the run-off can be expected (Fig.3). Next to each 1 8O peak
in run-off a small shift in 618 seems to be observed. Consequently the season-
al variation im б1^ of precipitation [3] might be reflected in the base flow,
showing higher (less negative) values during summer, lower (more negative)
during winter. As a zero-tracer during the period 12 - 15 November we have
chosen а б18 value of -7.O%o(Fig.3).

Precipitation

We were fortunate to find a loe б18 value in the heavy rain preceding
the run-off peak. There might, however, be a correlation between the inten-
sity of rainfall and б18 with low 1 8O content during heavy rain. This possible
effect, however, needs further evidence. In Fig.4 the tracer input by pre-
cipitation is presented.

Run- off

Unfortunately, since the response of б18 in run-off is very fast, the QA
peak was not sampled adequately. However, adopting a value of -13.6%O

during maximum run-off, as explained earlier, the QA peak can be construc-
ted (Fig.4).. As a consequence of our assumption that the first peak above
base flow essentially consists of rainwater, the sharp rise must show the
same time constant of one hour as observed for the run-off peak. Also the
decrease is very fast in the first instance. This leads us to suppose that
this sharp symmetrical QA peak is caused by the direct surface run-off
from overland flow which reacts similarly at the beginning and the end of
the t racer input. Thereafter QA decreases more slowly, with a time con-
stant of about 12 h. This recession is faster than that of the Q peak. Con-
sequently the groundwater component contributes to the total discharge. A
separation of the three detailed QA peaks within the period 12 - 14 November
is almost impossible. Considering the total complex peak, the amount of
tracer drained is 17 mm%o (units of QA). The tracer input, on the other hand,
during the same period is about 129 mm%o. This means that 13% of the pre-
cipitation has been drained directly by the streams, so that 87% is intercepted
or infiltrated to replenish the phreatic aquifer.

If we make the conventional assumption that the base flow during the
run-off peak increases according to the dashed line in Fig.2, the total direct
run-off is calculated to be 4.3 mm. This represents 17% of the total preci-
pitation input of 25.4 mm. The base flow during this period is estimated to
be about 2.5 mm. Considering the inaccuracy in assuming the separation line
between direct run-off and base flow, we may conclude from the fact that
these percentages are very close that the direct run-off peak (above the sepa-
ration line) is entirely caused by precipitation.

The first storm contains the largest (negative) quantity of tracer. An
appreciable amount (~ 9%) is drained vey rapidly. This includes a channel
precipitation of about 1% of the total rainfall.
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The remaining part of the tracer run-off (4% of the precipitation), how-
ever, appears to arrive at 10A with some delay. This cannot be a slow
surface run-off (interflow) component since this would have been washed away
by the second and third storm of the complex. The time constant of this slow
direct QA run-off (about 12 h) appears to be equal to that of the fast com-
ponent in Q above the separation line. We feel confident that this component
is caused by washing away the precipitation tracer out of the stream channels
and by the release of bank storage. This presumption is justified by estima-
tes of the watermasses involved and of the degree of bank infiltration.

CONCLUSIONS

The 18O tracer in precipitation is observed in the run-off almost moment-
arily. The sampling frequency thus has to be adjusted to the rise time of the
discharge. In our case a sampling interval of 1 - 2 h appears to be required.

In the response of the run-off hydrograph to a storm three components
can be distinguished:
(1) A very fast response (time constant of 1 h in increase as well as in

recession) causing a sharp peak run-off from overland flow;
(2) A moderate recession due to release of bank storage to the stream

during which the rivulets empty;
(3) A slowly increasing base flow because of a rise of the phreatic ground-

water level. After the direct run-off peak has ended, a recession of the
base flow is observed having a time constant of about 75 h.
Since we have identified the direct run-off peak above the separation

line as discharge of precipitation and since individual storms can vary widely
in tracer concentration, the 18O provides a relatively simple means of estab-
lishing a unit hydrograph. In our case, however, the sampling frequency
has not been adequate.
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DISCUSSION

D. B. SMITH: I have two questions. First, what evidence do you have
to justify the extrapolation of the 18O value to -14%,(see Fig. 3 ), which is
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approaching the value for rain? Second, does the water table rise up level
with the ground surface during storms in the case of the aquifer studied by
you?

The reason for my questions is that we have found a different relation-
ship between the run-off and the rainfall tritium content of a small stream
fed from chalk springs and running through alluvial gravels. Over a period
of about five years, during which we have carried out monthly sampling, the
flow has varied by a factor of 10 to 20. However, all tritium values are bet-
ween 12 TU and 30 TU, in spite of rainfall exceeding 250 TU during this period.
Even at high flow rates, the tritium concentration in the river does not app-
roach that of the rain. The flow increase appears to be caused almost
entirely by displacement of the alluvial gravel water by the incoming rain.

W. G. MOOK: If the drainage basin to which you refer has the same area
as the one which we have been studying, once-monthly sampling will not be
sufficient for detection of the effects reported in our study. If your basin
is much larger, so that your sampling frequency is adequate, you will arrive
at different conclusions — for example, you will undoubtedly conclude that
the groundwater contribution to total run-off is much greater. Of course,
the permeability of the upper soil layer is also very important.

B. T. VERHAGEN: Is it possible that the sample collected at the beginn-
ing of the run-off peak, the value for which was used in the extrapolation
referred to by Mr. Smith, contained a significant proportion of rainwater
falling directly on to the surface of the water in the ditch? In other words,
could the sample have been taken from imperfectly mixed water?

W. G. MOOK: I do not think so. The samples were taken below the weir
or flume, where the water is well mixed by very vigorous turbulence.

P. FRITZ: I have a comment regarding two storm run-off studies which
we carried out in two contrasting areas — one at a small watershed on the
Canadian Shield and the other in an area with elevation differences of several
hundred feet. In both areas, sampling was carried out at half-hour or one-
hour intervals. The 18O data for both areas indicated significant groundwater
contributions; sub-surface water accounted for about 50% of the run-off during
the discharge peak in the Canadian Shield study area and about 60% in the
other area. The 18O peaks were inboth cases non-symmetrical, contrary to
the suggestion made in your presentation.

W. G. MOOK: The relative contributions to total run-off of the overland
flow of precipitation on one hand and groundwater flow on the other depend
essentially on the soil characeristics and the extent of the drainage area.
I have observed the same phenomena as you with some large and small rivers
in the Netherlands (see Ref. [3] in our paper). In the case reported in the
present study, however, the total water content of the stream channels is
small and overland flow can quickly wash this water out of the channels.
Moreover, the peak symmetry of the fastest component is probably observed
only in a very restricted drainage area, like the one we have in the study on
which I have just reported.

J. Ch. FONTES: In your presentation, you emphasized the need for very
frequent sampling at the start of a rainstorm. Perhaps one should sample
frequently throughout the storm, for we have found that the concentration
of 18O in rain can vary considerably in the course of a single downpour.

W. G. MOOK: I agree. We have measured variations of up to 5% in
18O concentration during a single rainstorm.
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E. BRADLEY: With regard to Fig. 3, are 618O values related to the
intensity of precipitation?

W. G. MOOK: Yes, they are. Lower <518O values are obtained during
heavy and — what is perhaps more important — prolonged rainfall. How-
ever, when one plots rainfall intensity against 618O values, one obtains a
considerable spread, which is to be expected, for 618O values are also influen-
ced by other factors.

G. B. ALLISON: The process you have described is a transport process,
so that the amount of isotope which moves is determined by the volume of
water moving from the catchment. You said in your presentation that you
would in future sample more frequently on a time basis. Would it not be
better to take samples corresponding to equal volumes of water lost from the
catchment rather than sample at equal intervals of time?

W. G. MOOK: You are right in the sense that sampling should be more
frequent during peak run-off. However, sampling at equal time intervals
is more appropriate when one is trying to determine accurately the time
constants of increasing and decreasing run-off.

T. M. DINÇER: Did you carry out any chemical analyses of the
rainwater?

W. G. MOOK: No we did not, although they might have yielded some
information.

T. M. DINÇER: Would not chloride or other ions give the same or simi-
lar results as 18O? Alternatively, one could measure the electrical
conductivity of the run- off.

W. G. MOOK: The disadvantage of studying only the chemical dilution
of run-off is that there is no way of distinguishing between different
rainstorms.

P. FRITZ: With regard to Mr. Dinçer1 s question, I should like to men-
tion that in one of the two storm run-off studies carried out by us we analysed
for all major ions and measured pH and conductivity. Generally, the same
pattern was obtained with the chemical constituents as with 18O. However,
much of the rainwater contribution to total run-off may have been sub-surface
storm run-off, so that the chemistry of the rainwater may have been altered
by relatively fast chemical reactions between soil minerals and the rainwater.
This might explain some of the anomalies which we observed in the pattern of
chemical changes.

J . P . A. MOLINARI: In connection with Mr. Mook1 s presentation, I
should like to mention work we have done under somewhat similar conditions
in a representative test area where surface run-off and drainage have been
observed simultaneously. We simulated rainfall by sprinkling water labelled
with artificial t racers. To our surprise we found that water transfer in this
test area, which is located in an alluvial plain in the north of France and has
argillaceous soil reputed to be of low permeability, was mainly by drainage —
even when sprinkling was very intense. Moreover, contrary to our expecta-
tions, we found that the water reaching the outlets from the system contained
the artificial t racers , indicating that it bypassed the water already in the
ground rather than forced it towards the outlets. The results of 18O measure-
ments carried out systematically each time there was rain by Mr. Blavoux
(Laboratoire de Géologie Dynamique, Faculty of Sciences, University of
Paris) are in agreement with our results and very similar to those reported
by Mr. Mook.
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Abstract

USE OF ENVIRONMENTAL ISOTOPES TO INVESTIGATE THE CONNECTION BETWEEN SURFACE AND SUB-
SURFACE WATERS IN THE NAGYKUNSÁG REGION, HUNGARY.

The replenishment and flow conditions of the subsurface waters of the Great Hungarian Plain have been
investigated with environmental isotopes as part of a research programme lasting several years. On the basis
of the age data of two water samples, a flow velocity of 0.6 m yearly can be estimated for the Upper
Pannonian layers with a flow direction from the Mátra mountain towards the Great Plain. This value can
also be considered possible on the basis of hydrologie data. It has been stated that in the Nagykunság region subsurface
waters flow upwards. The primary purpose of our investigation was to decide whether these waters would mix
with the shallow ground water of the area, or whether their collecting basis is the Tisza river. 3H and 2H analyses
have established that, in the area investigated, shallow ground water is not supplied at a significant rate from
artesian water. A suitable relationship has been found between the tritium concentration of shallow groundwater
and the quality of the top layer» This concentration decreases from the sand through the loess and the clayey
loess to the clay. The quantity of deep subsurface water mixing with the water of the Tisza river has been
determined by means of the reduction of the 4î concentration in the river. On the300-km long section of the
river, between the villages of Polgár and Algyô, the yield of artesian water mixed with the river water was
found to be 17 ± 11 m 3 / s . More accurate results are expected on the basis of samples to be taken in the period
when yield in the Tisza river is considerably smaller.

INTRODUCTION

The results are described of research planned for several years, or
more exactly, a few initial results are presented of investigation carried
out with environmental isotopes on the origin, replenishment and flow
conditions.

In the plain areas of Hungary, subsurface deep waters are settled in
enormous incompact blocks of sedimentary rock having at some places a
depth of more than 1000 m (see Fig. 1). The demand for drinking water in
the towns of the Great Plain, extending over 60% of Hungary1 s total area,
comes mostly from artesian wells with depths of 50 - 500 m. For the
efficient operation of these wells, knowledge of the replenishment conditions
of Pleistocene artesian waters is of importance. This problem has been
examined by the Hungarian hydrogeologists for more than a century, and
a number of theories — often contradictory — have been worked out in con-
nection with the origin of artesian waters in the Great Plain. One of the
most thorough elaborations of the problem has been performed by Erdélyi
[ 1] who, on the basis of piezometric pressure levels and hydrochemical
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FIG. 2. Hydrodynamic map of the Great Hungarian Plain [ 1 ] .



IAEA-SM-182/11 159

Q= Quaternary
Pl= Pliocene

FIG. 3. The flow system of subsurface waters in the Great Hungarian Plain [1].

investigations, marked out the areas of replenishment and exhaustion
respectively (Fig. 2) and the most likely directions of subsurface flow (Fig. 3).
Thus the main area of replenishment is a strip more or less parallel with
the piedmont of the Northern Central Mountains and the higher sand plateaus
of the Great Plain.

DEMONSTRATION OF SUBSURFACE FLOW FROM THE PIEDMONT OF THE
MÁTRA MOUNTAIN TOWARDS THE GREAT PLAIN

In such a replenishment area, i . e . the piedmont of the Matra mountain,
the hydro-isohypsograms constructed from the piezometric pressure levels
of the Upper Pannonian artesian waters (Fig. 4) show the potential possibility
of flow towards the Great Plain.

An attempt was made to demonstrate this flow by the radiocarbon dating
of the samples taken from the wells Nagyfüged B8 and Boconád B12 respec-
tively (upper Pannonian artesian water being withdrawn from both wells).
The primary purpose was not merely to demonstrate flow but to verify the
applicability of the 14C method. The measurements were performed in the
Institute of the NiedersSchsisches Landesamt für Bodenforschung, Hanover,
under the direction of Professor M.A. Geyh. On the basis of age data the
subsurface flow tending towards the Great Plain can be assumed also since
the age (19 580 ± 560 years) of the water in the Nagyfiiged well situated closer
to the Mátra mountain is less than that at Boconád (31 890 ± 925 years). For
a distance of about 7 km between these two sites a flow velocity of 0. 6 m
yearly canbe obtained with which (using Darcy1 s law) a factor1 к of 3 X 10"6 m/s
can be calculated. On the basis of the grain size characteristics, the factor

Permeability coefficient.
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FIG. 4. Hydro-isohypsograms at the foot of the Mátra mountain, constructed on the basis of the static level
of the Upper Pannonian artesian waters [4].

к falls into a range of 10"4 - 10"6 m/s so that the flow velocity derived from
the radiocarbon data of age can be ascertained. The good agreement in the
data obtained by two different methods, on the one hand, confirms the possi-
bility of subsurface flow from the piedmont of the Matra mountain towards
the Great Plain and, on the other hand, is one of the evidences for the appli-
cability of radiocarbon dating in research on subsurface waters.

On the basis of the natural level 1 4C analyses (which will start in 1974
in Hungary, and eventually use a few hundred data relating to age), consi-
derably more information will be obtained on the flow conditions prevailing
in the replenishment areas of subsurface waters of the Plain.

INVESTIGATION OF THE CONNECTION BETWEEN SHALLOW GROUND-
WATER AND ARTESIAN WATER IN THE NAGYKUNSÁG AREA

In the Great Plain the exploitation of artesian waters has a history of
50 to 100 years. The age of the wells at Boconád and Nagyfüged — several
ten thousand years — shows unambiguously that the subsurface flow towards
the central deep-lying areas of the Great Plain does not come from human
intervention. As this flow has been in existence for a few ten thousand years,
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exploiting the water in the wells cannot be the reason for this flow. According
to Erdelyi1 s assumption (Fig. 3), in the Nagykunság area the Pleistocene
artesian waters flow upwards and mix with the shallow groundwaters of the
area. It must be pointed out that according to the terminology used in Hun-
gary only the topmost stage of water stored under the soil surface is called
groundwater. The feature of these shallow groundwaters is that they are
exposed first of all to the force of gravity and in their reserve the effect of
surface-influencing factors can be perceptible directly. The mixing with
shallow groundwaters could not be proved by means of classical hydrological
tests .

One of the main tasks of this research was to decide, with the use of 3H
and 2H isotopes, whether artesian water, which eventually flows upwards,
will mix with the shallow groundwater of the area, i . e . whether the presence
of components originating from artesian water can be demonstrated in the
shallow groundwater.

The tritium concentration of the samples taken from the Pleistocene
artesian wells of the area, with their filters at a maximum depth of 100 m,
was a value under the lower sensitivity limit of 12 TU (tritium units) of the
liquid-scintillation spectrometer system type Model 3375 Tri-Carb Packard
operating in our Institute so that this value can be considered zero. Thus
in those areas where artesian water is mixed with shallow groundwater, the
latter will have a smaller concentration of 3H. In the 3H concentration of
the samples taken from the same shallow groundwater wells, at different
dates, change int ime occurs only occasionally. However, the change in
space of the average tritium concentrations was extremely high with a range
from the background up to 300 TU ("background" stands for lower than the
sensitivity limit — 12 TU ~ of the instrument). At the same time, however,
any continuous area of low tritium content, where mixing with a considerable
amount of artesian water could be assumed, cannot be delineated.

Close interrelation could be determined between the quality of the top
layer and the 3H concentration of shallow groundwater (Fig. 5). The tritium
content decreases from the sand through the loess and the clayey loess to
the clay. This conclusion, drawn on the basis of about 20 data, was con-
firmed by the tritium data of samples taken on two additional occasions (Fig. 6).
The high tritium concentration (100- 200 TU) in areas with a sandy top layer
and a low one (0- 30 TU) in areas with a clayey top layer (Fig. 7) can be
explained with the aid of the classical infiltration theory. Precipitation water
falling on sandy soils can quickly reach the body of shallow groundwater so

Average tritium concentration [Til]

Quality of top layer 100 200 300

sand

ioess

clayey loess

clay

• • • •

• •
• • • • •

• •

• • •

FIG. 5. The average tritium concentration of groundwater as a function of the quality of the top layer.
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FIG. 6. Tritium concentration-in groundwaters under different top layers in the area investigated (Nagykunsá
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FIG. 7. Relationship between the quality of the top layer and the tritium concentration of groundwater, based
on all samples taken so far.
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that this body is supplied with a considerable amount of fresh precipitation
water which has a high content of 3H. Clayey soils, which are practically imper-
vious, hamper to a large extent the rapid infiltration of fresh precipitation water
and thus the greater part of the mass of shallow groundwater situated below
the clayey top layer consists of old water which is inactive from the point
of view of tritium. In this area the lateral flow is very small, having a
magnitude of metres yearly, and so water of high tritium content also cannot
penetrate below the clayey soil from the neighbouring areas with sandy top
layer. In those areas where there are thick and continuous layers of clay,
a 3H activity of background magnitude can be found. To demonstrate this,
a sample taken from the well on one of the farms of this district showed a
tritium content of background order although within a distance of only
20-30 m there are rice fields with flood irrigation (irrigation water used
for inundation has a tritium concentration of 186 TU).

In those areas where there is no continuous clay layer but only a series
of clay lenses, the tritium concentration in shallow groundwater can amount
even to 40-50 TU since fresh precipitation water can infiltrate downwards
through the "windows" between the lenses.

The relatively low tritium concentration measured in the case of a
loessy top layer cannot be explained by the use of the classical infiltration
theory, since according to this theory — similarly as in sands — high tritium
content ought to have been obtained. The tritium concentration amounting
to 40-60 TU in the shallow groundwater of loessy areas can be explained by
the aid of the capillary storage theory elaborated by Major [2] . The sub-
stance of this theory is that freshly fallen precipitation water can cause a rise
in the shallow groundwater level even without actual replenishing infiltration.
This can happen in such a way that water filling up the capillary zone of the
soil is pressed down and the groundwater level is raised by this water. Fresh
precipitation will remain in the capillary zone and through evapotranspiration
a great part of it will evaporate. Thus the capillary pores will be filled up
again from the groundwater body of relatively low tritium content. The
probable reason for not just a tritium content of background magnitude being
found in the loessy top layer areas is that during heavy rainfalls or spring
melting a part of the fresh precipitation can be added to the groundwater body.

In brief, it has been stated that in the Nagykunság area the tritium con-
centration of groundwater is determined by the quality of the top layer through
its influence on the volume of precipitation water mixed with the groundwater.
Also the tritium concentration of groundwater samples taken in other parts
of the country changes in the same range, i . e . from background magnitude
to 300 TU. On the basis of all these facts the statement can be made that
groundwaters in the Nagykunság area are replenished mainly by precipitation
water, and the quantity of artesian waters mixing with them is negligible.

The connection between artesian water and groundwater has been examined
also on the basis of the deuterium concentration of samples taken from artesian
wells of different depths and from groundwater in the Nagykunság.area.

The 5D data2 show an interesting picture in the area examined (Fig. 8);
the deuterium concentration of artesian waters is increasing at a low rate

'samplep
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FIG. 8. Deuterium concentration in groundwaters and artesian waters as a function of the depth in the Nagykunság
area.

with the depth while that of groundwaters is somewhat higher than that in
the multi- annual mean of precipitation. Because of the great difference in
the average value of op (-86 %0) in the Upper Pleistocene ar tes ian waters
and the average deuterium concentration (-63 %0) of groundwater, the
replenishment of groundwater by a considerable amount of a r tes ian water is
greatly precluded.

EXAMINATION OF THE VOLUME OF DEEP SUBSURFACE WATER MIXED
WITH THE TISZA RIVER

On the basis of our tr i t ium and deuterium examination the fact could be
proved that in the Nagykunság area groundwaters are not supplied by a grea ter
quantity of ar tes ian waters so that groundwater cannot form the basis for the
discharge of ar tes ian waters flowing upwards. Erdélyi [1] attr ibutes great
importance to the draining effect of surface waters , the Tisza r iver being
the most important. By undercutting the r iver bed the large mass of aqui-
ferous "blue sand" is reached. It is probable that ar tes ian waters flowing
upwards are collected and then discharged into the Tisza r iver in the vicinity
of this blue sand located nearly horizontally at depths between 30 and 100 m.
This assumption is supported also by the fact that the yield of the Tisza r iver
(also after correct ions from tr ibutaries) increases steadily towards the
mouth. The replenishment and yield data, because of their inaccuracy
(± 20%), are not suitable for the s tr ict evaluation of the increase of yield,
so the volume of deep subsurface water being mixed with the water of the
Tisza r iver has been determined on the basis of tr i t ium data.

The start ing point was the trit ium balance of a r iver section between
points A and В s

QA * Q a Q
L i

= QB • TB (1)

where Q = yield ( m 3 yearly) '
T = tr i t ium concentration (TU)

А; В = starting and finishing points of investigation
a = ar tes ian water
g = shallow groundwater

1; 2. . . . n = t r ibutar ies
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Székely [3] demonstrated by means of hydrodynamic investigation that
along the stretch of river downstream from the village of Polgár — a section
we examined also — the quantity of shallow groundwater mixing with the Tisza
river is negligible. From our measurements obtained so far, the tritium
concentration in the artesian waters (Ta) is zero.

From this, and applying the following:

= QA + Q, (2)

we obtained the following equation for the yield of artesian water mixing with
the Tisza river:

n

(3)

where surface flow is represented by the correction factor ) Qi
LL_¡

It was reasonable to carry out samplings in the periods when yield is
low since, assuming that artesian water replenishment has a constant rate
in time, this is the period when the relative yield of inflowing artesian water
is highest.

On 1 and 2 Feb. 1973, in the low-water period (110 m 3 / s at Polgár)
samples were taken and the results showed a steady decrease in tritium
concentration (Fig. 9). The straight line fitting the points was adjusted by
the least-squares method, and the deviation related to this line is 3 TU.
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FIG. 9. Tritium concentration in the Tisza river between the villages of Polgár and Algyo.
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There are two considerable tributaries within the section examined:
the Zagyva and the Harmas-Кбгбэ rivers. Using their yields (3.5 and
15.0 m 3 /s respectively) and their tritium concentration (76 TU and 130 TU
respectively), the yield of deep subsurface water mixed with the Tisza river
has been calculated:

Qa = 17 ± 11 m3/s

On the basis of our results obtained so far by means of isotopes we could
successfully prove that in the Nagykunság region the primary draining basis
for artesian waters flowing upwards is the Tisza river, and the quantity of
artesian water mixed with shallow groundwater is negligible.
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DISCUSSION

J. DOWGIAL,-LO: To what do you attribute the increase in deuterium
concentration with increasing depth?

J. DEAK: In my opinion, the water in the deeper aquifers, which —
according to a theory of Prof. Stegena — originates from the Pannonian sea,
is forced upwards by high pressure and temperature. The deuterium concen-
tration increases with depth because the H2O molecules move more rapidly
than the HDO molecules.

P. KIRKOV: How do you know that the tritium concentration in the river
Tisza decreases only as a result of artesian water inflow? What about other
inputs such as shallow groundwater and surface flow?

J. DEAK: As indicated in my paper, Székely has shown, on the basis
of hydrodynamic data, that the amount of shallow groundwater — represented
by g in the basic equation (1) — entering the Tisza river over the 300-km
section investigated by us is negligible.

On the other hand, on the basis of tritium data and using the expression
(3) one finds that the amount of artesian water entering the river Tisza (only
at times when the flow yield of the river is low) is considerable.

J.W. HOLMES; With regard to Mr. Kirkov's question, if there are
unknown inputs to a river besides the base flow of artesian waters, an error
is inevitably introduced. However, careful selection of sampling times can
minimize such difficulties, as some results from Southern Australia (see
Fig.A) may demonstrate.

The tritium content of water sampled from the Glenelg river decreased
in a very regular manner from its headwaters downstream as a result of
the base-flow accession of groundwater with a tritium content of about 1 TU.
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It was easy to interpret these results and to derive the amount of base flow
in various reaches of the river. Subsequent samples, taken two years later,
were not easy to interpret because of tributary inflows containing storm
run-off water.
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FIG. A. Tritium content of water in the Glenelg river, Australia, sampled June 1966 in 10"1 8atom/atom
hydrogen (TU).
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Abstract

GEOHYDROLOGY OF THE KAIKOURA PLAIN, MARLBOROUGH, NEW ZEALAND.
Geological, hydrological and isotopic evidence are combined to aid the interpretation of the ground-

water hydrology and post-glacial geology of the Kaikoura Plain, a small alluvial plain (about 150 km2), depo-
sited in Quaternary time by the Kowhai and Hapuku Rivers and by minor local streams, and located in Marl-
borough Province on the north-east coast of New Zealand's South Island. Three distinct gravel aquifers (water
table, non-flowing artesian and flowing artesian) are shown to occur beneath Kaikoura Plain, the groundwater
being derived in varying proportions from Kowhai River (by bed infiltration), from the minor streams emerging
from the adjacent mountain slopes (by infiltration through the stream fans where they emerge over the Plain),
and by direct infiltration of precipitation on and between the stream fans in the higher parts of the Plain.

INTRODUCTION

Investigations were begun in 1968 in an attempt to assess the effect on
the groundwater resources of the Kaikoura Plain of a drainage scheme pro-
posed by the Marlborough Catchment Board. The scheme had two main
objects:

1. To reduce erosion of the Mt. Fyffe slopes of the Seaward Kaikoura
Range (Fig. 1 ) and the subsequent building by rivers and streams of gravel
fans over fertile soils.

2. To alleviate flooding on the Kaikoura Plain caused by heavy rain on
the Mt. Fyffe slopes and subsequent overflow of the rivers and streams from
the normally dry courses perched on the gravel fans.

The scheme envisaged restriction of gravel movement in the stream
courses by creating collection, or storage, areas on the stream fans, by
planting belts of trees along the contours and the collection of surface flood
water in a floodway constructed around the foot of Mt. Fyffe and discharging
into Kowhai River.

Present address: International Atomic Energy Agency, Vienna.
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The present work discusses the geological and groundwater investigations,
and uses tritium, 18O and deuterium analyses as the principal aid in inter-
preting the groundwater hydrology.

PHYSIOGRAPHY

The population of the Kaikoura district is about 2500. The district ser-
vices the southern Marlborough farming community and is also important as
a transport (rail and road) centre and as a holiday resort, Kaikoura town-
ship is located on the north side of the Kaikoura Peninsula and extends para-
llel to the main highway along a beach ridge for about 3 km north of the
peninsula.

The dominating physiographic feature of the Kaikoura area is the Sea-
ward Kaikoura Range with summit altitudes of over 1500 m at a distance of only
15 km from the coast (Fig. 1 ). Between the Seaward Kaikoura Range and the
coast a plain (here referred to as the Kaikoura Plain), about 150 km2 in area,
has been formed by coalescing fans from rivers and streams draining the
south-east slopes of the Seaward Kaikoura Range (Mt. Fyffe slopes), and by
deposition of material by the Hapuku and Kowhai Rivers. The Kaikoura Penin-
sula, originally an offshore island, has been joined to the mainland by allu-
vial, estuarine and swamp deposits.

Five streams — Floodgate Creek, Middle Creek, Luke Creek, Waiman-
garara River and Harnetts Creek (Fig. 4 ) rise on the south-east slopes of
Mt. Fyffe. Their courses are relatively steep (40 m-km"1). Floods in these
streams are exceptional, but when they occur are responsible for the trans-
port of large quantities of materials derived from erosion of the rock of the
Seaward Kaikoura Range and reworking of the fan surfaces.

The Kaikoura Plain is characterised by its steep gradient from the foot
of the Seaward Kaikoura Range (Mt. Fyffe slopes) at approximately 175 m
above sea level to the coast. Approximately half the area of the plain lies
above 50 m altitude and has a slope of about 45 m. km"1; below the 50 m con-
tour the slope of the plain is more gentle (14 m« km"1). The change in slope
marks the limit of deposition of coarser material (boulders, gravel, etc. ) by
the alluvial fans of streams originating on the slopes of Mt. Fyffe. Below
this zone, the surface deposits on the gentler slopes appear to be formed by
the outwash of finer material (silt, clay, etc.), and by deposition by the
Kowhai River.

The catchment area of the Kowhai River is almost twice that of the total
catchment of the Seaward Mt. Fyffe streams, and is located on the inland
side of Mt. Fyffe. Surface flow in the Kowhai River is generally visible
throughout the entire course, but losses in visible flow do occur where the
river is aggrading as it flows across the Kaikoura Plain (from 10 km up-
stream to the coast). This part of the Kowhai River course flows on the
crest of its fan. Two former channels of the Kowhai River can be recognized
crossing the Kaikoura Plain (see Fig. 2), one northwards of the present river
course and Kaikoura Peninsula, and another southwards of the present course.

Hapuku River differs from the other rivers flowing across the Kaikoura
Plain in that it has eroded the original (? Otiran) aggradational fan surface
to produce several surfaces and terraces on both banks of the river. An
explanation for this contrast is suggested by the tilting of the higher surface
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on the Kaikoura Peninsula slightly to the west, tilting of pre-Otiran high-
level fan deposits adjacent to the Upper Floodgate Creek, and the post-Otiran
movement of the Hope Fault. Tectonic activity with possible tilting to the
south-west could have raised the fan surface of the Hapuku River and lowered
the fan produced by the Kowhai River, so that it was buried by subsequent
deposition. Also the establishment of the present Kowhai course between two
Tertiary mounds on the south-west side of the Kaikoura Peninsula could have
been caused by tectonic movement. As a result, the Hapuku River degraded
the original aggradational fan surface to produce several terraces, while the
Kowhai River continued to aggrade. However, no evidence of tilting has been
found in the Hapuku River aggradational fan to support this postulation.
Whatever the explanation for the contrast between the two major rivers may
be, the net result is that the Hapuku River has entrenched in its course since
the Otira Glaciation. In contrast, several relatively recent flood channels
and former channels of the Kowhai River can be recognized, both north and
south of the present course.

Beach ridges occur parallel to the present shore line from the mouth
of the Kahutara River north to the Kaikoura Peninsula, except in the vicinity
of the Kowhai River and the Ewelme Stream (Stoney Creek), where deposi-
tion of alluvium has prevented their formation. North of Kaikoura Peninsula,
a former marine barrier spit extends from the mouth of Lyell Creek to just
south of Harnetts Creek. Inland from the barrier spit, in the vicinity of the
Kaikoura Peninsula, the Kaikoura Plain is relatively low-lying, and was
swamp before drains were constructed. From Harnetts Creek north to the
Hapuku River mouth, marine erosion has produced cliffing of the Hapuku
River fan, followed by the formation of a narrow coastal plain and beach
ridges between the cliff and the present beach.

GEOLOGY

Most geological studies of the Kaikoura district have been concerned
with regional studies, and have not dealt with the detailed geology of the area.
An exception is Chandra [1] who examined the surface geology in detail from
a geomorphological point of view. For the present study some modifications
have been made to Chandra' s interpretation of the surface geology. Logs
of water wells have been examined to attempt a correlation between the sur-
face and the subsurface sequence of deposits underlying the Kaikoura Plain.

The basement rocks are the Jurassic-Lower Cretaceous greywackes of
the Seaward Kaikoura Range and the hills south of the Kowhai River. Upper
Cretaceous and Tertiary sedimentary rocks — sandstones, siltstones, mud-
stones, limestones, conglomerates and flint beds — form the Kaikoura
Peninsula, and protrude through the Kaikoura Plain to form low hills north
of Harnetts Stream (Kincaid Hills) and adjacent to the Kowhai River near the
western edge of the Kaikoura Peninsula (Ludstone Hills).

Uplift of the Seaward Kaikoura Range occurred during the Kaikoura
Orogeny (Pliocene- early Pleistocene). Kaikoura Peninsula was also sub-
jected to uplift, and was an island a few kilometres offshore from the main-
land. The preservation of four distinct surfaces on the Kaikoura Peninsula
up to a height of 110 m (the upper two sloping gently westwards and the lower
two apparently horizontal), could indicate comparatively little net uplift of
the Peninsula during the late Pleistocene. The probable tilting of the higher
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surfaces, but not of the lower, may indicate a change in the position of the
axis of warping [2] .

The Hope Fault [3] forms the eastern boundary of the Seaward Kaikoura
Range. Fault traces and crush zones can be recognized along the foot of
Mt. Fyffe. A fault scarp at the mouth of the Waimangarara River gorge displaces
an Otiran fan surface [4] . Chandra [1] found fan deposits adjacent to the
Upper Floodgate Creek on the seaward side of the Hope Fault, which show
tilting of up to 15° towards the south. Thus it is reasonable to assume that
tectonic movement has occurred in the Kaikoura district in relatively recent
times.

Since the publication of the regional geological map [5] , Suggate [6]
revised the nomenclature of last glacial and postglacial deposits. His revision
has been adopted in Fig. 2, where the surface deposits of the Kaikoura Plain
have been mapped as Burnham Formation (Otira Glaciation), as Springston
Formation (post-glacial fluvatile), and as post-glacial marine. Various
surfaces have been recognized and mapped within these units on the basis
of the lithology and physiography.

Burnham Formation deposits survive as the highest surfaces on the
Hapuku River fan, and as the high level surfaces between the Mt. Fyffe stream
fans. The more weathered high-level fan deposits adjacent to the mouths
of the gorges of Waimangarara and Kowhai Rivers and Floodgate Creek could
possibly be remnants of older glacial or inter-glacial fans. It is also possible
that the highest surface on the Hapuku River fan represents deposition that
occurred before the Otira Glaciation.

Suggate [2] comments that all the important ranges east of the main
divide of the Southern Alps and the Spencer Mountains nourished important
glaciers, except in the north-east where the Seaward Kaikoura Range may
have carried no large glaciers, because of insufficient precipitation rather
than because of higher temperatures. As a result, the Seaward Kaikoura
Range may have suffered a severe periglacial climate during the glaciations,
causing gross overloading of minor rivers and streams.

Apart from the Hapuku River fan deposits, where dissection of the Burn-
ham Formation probably occurred in the post-glacial time, the boundary
between glacial and post-glacial deposits is generally difficult to recognize,
due to lateral gradation of the surface deposits and possible overlapping
by post-glacial alluvial silt deposits.

Between the Kowhai and Hapuku Rivers, the Mt. Fyffe streams (Flood-
gate, Middle, Luke and Harnetts Creeks and the Waimangarara River), in
conjuction with the Kowhai River, have built out an alluvial plain from the
slopes of Mt. Fyffe as a series of fans joined together at their lateral edges
(Fig. 2 ). The main fan areas are separated by broad, ill-defined shallow
ridges. Below about 60 m altitude, the slopes of the alluvial fans become
less pronounced, and it is difficult to distinguish between fan and'interfan
areas. Re-worked fan sediments and alluvial silts have been deposited
between the fan apices and the coastal marine deposits.

Chandra [4] suggests that cliffing of the Hapuku River fan began in the
post-glacial time, when the equilibrium established during the Otira Glacia-
tion between the Hapuku delta-fan edge progradation and the removal of material
by sea transport was changed by the rising post-glacial sea level. Tectonic

•movement may also have affected the equilibrium. The general effect was
of rétrogradation to produce cliffing of the fan from Hapuku River mouth
to that of Harnetts Creek. The cliffing of the Hapuku fan provided material
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which was re-sorted and transported southwards by the sea to form a gravel
bar from near the mouth of Harrietts Creek to the Kaikoura Peninsula [7] .
Kowhai River, Lyell Creek, Middle Creek, Luke Creek and the Waimangarara
River flowed into an estuary or lagoon blocked off on the seaward side by
the gravel bar.

South of the Kaikoura Peninsula, progradation of the coast in post-
glacial times has produced a series of beach ridges from the Kahutara River
mouth north to South Bay, except at the mouths of the Ewelme Stream and the
Kowhai River, as already mentioned. Post-glacial cliffing has also occurred
in this area in the vicinity of the Kahutara River mouth, suggesting that retro-
gradation preceded the post-glacial progradation. Changes in the position
of the course of the Kowhai River may be responsible for the change from
rétrogradation to progradation.

To the north of Kaikoura Peninsula, the estuary or lagoon was gradually
filled in by material deposited by the Mt. Fyffe streams and the Kowhai
River, and by locally derived estuarine and swamp material. Ultimately
the gap between the gravel bar and the mainland was filled in to form the
present alluvial plain, bordered by a narrow belt of beach gravels parallel
to the present co.astline.

Investigations of the subsurface geology of the Kaikoura Plain are limited
by a sparsity of well logs and the complete absence of samples for radio-
carbon dating, pollen analyses, micropaleontological examination, etc.

Well logs have been used to construct two subsurface cross-sections
(Fig. 3). These sections suggest the occurrence of swamp or damp conditions
represented by the considerable thickness of peat, wood and blue clay pene-
trated by most wells at depths about 6-8 m below ground level. The swamp
environment deposits lie on top of gravel, and in turn are overlain by gravel.
It is considered that the underlying gravel could have been deposited during
the Otiran Glaciation, and therefore represents Burnham Formation, that the
peat, wood and blue clay deposits represent an accumulation of deposits in a
swampy, or possibly estuarine, environment in post-glacial time, and that
the overlying gravel represents the advance of alluvial deposits over the top
of the swamp deposits.

Only one well appears to have penetrated deposits underlying the ? Burn-
ham Formation. Well S49/w5 (non-flowing artesian, Fig. 3) at the Kaikoura
Co-op Dairy factory is recorded as penetrating a continuous sequence of
gravel underlying peat and wood deposits. Underlying this gravel, 15 m of
blue mud and hard "papa" (? clay ? Tertiary) are recorded on top of argillite
(? basement).

GROUNDWATER

Wells drilled on the Kaikoura Plain tap groundwater in gravel aquifers
underlying the plain. Records of over 100 wells are held by the Marlborough
Catchment Board, the Regional Water Board for the area. Unfortunately,
only a small proportion of these records contain well log, water-level and test
pumping data.

Figure 4 shows water levels in wells tapping the various aquifers, and
plotted in relation to mean sea level. In the vicinity of the Kowhai River,
the groundwater level contours are curved downstream in relation to the
river, suggesting that the Kowhai River contributes some water to the water
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FIG.3. Well log cross-sections, Kaikoura Plain. The lines AB and CD are shown on Fig. 5.
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table aquifer. A slight downstream curvature is also apparent in the vicinity
of the Waimangarara River, again suggesting river flow influence. The
Waimangarara River and the other streams originating on the slopes of
Mt. Fyffe generally have visible surface flow only in that part of their course
immediately adjacent to the mountain range. Where the streams flow over
the fan surfaces, the surface flows seep into the alluvial debris. Only after
heavy local rain does the visible flow of the streams extend down the river
bed on the fan surfaces. The flow of these streams undoubtedly contributes
to the local groundwater. This contribution is dependent on precipitation on
the slopes of Mt. Fyffe. The water in the Kowhai River is derived from rain-
fall in the catchment behind Mt. Fyffe. The Kowhai River usually has a
visible surface flow over most of its course, although this appears to diminish
in volume downstream of the gorge. No river gauging data is available.

In the vicinity of the Hapuku River, the groundwater level contours are
curved upstream relative to the river, suggesting that groundwater contri-
butes to the flow of the river. Springs occur at the foot of the terraces on
the surfaces adjacent to the Hapuku River, but above river level, supporting
the evidence for a groundwater flow direction towards the Hapuku River.

On the coastal part of the Kaikoura Plain numerous springs occur, which
provide the water source for Lyell Creek and the drains and small streams
that occur from Lyell Creek in the south to Harnetts Creek in the north. The
highest flows in these creeks and drains occur after heavy local rain, but even
in periods of prolonged drought, the springs show no signs of markedly
diminishing in flow.

Examination of the well data and isotopic values of water samples shows
that three distinct aquifers underlie the Kaikoura Plain, a water table aquifer,
a deep or non-flowing artesian aquifer and a flowing artesian aquifer.

The "shallow" or water table aquifer underlies the whole of the plain,
from the Kahutara River in the south to the Hapuku River in the north; it
occurs at depths ranging from almost ground level in the vicinity of the
Kaikoura Peninsula to about 20 m on the uppermost surface of the Hapuku
River fan. From the available well logs it appears that the aquifer material
is alluvial gravel and sand deposits. The depth of downward seepage of the
groundwater is governed by the depth of impermeable layers within the gravel,
or by the base of the gravel comprising the aquifer at about 10-25 m depth.

Water levels in water table wells fluctuate depending on local rainfall.
No test pumping data is available, but yields from 50-mm diameter wells
are sufficient for stock and domestic requirements.

The numerous springs on the coastal part of the plain derive from the
intersection of the water table with the descending plains surface.

Chemical analyses of samples from water table wells (Table I) show
that the groundwater is acidic from high carbon dioxide content. This may
be caused by the presence of estuarine or swamp deposits in the subsurface
deposits below the gravels of the aquifer.

Two confined aquifers of restricted areal extent underlie the water table
aquifer at a depth of 20- 30.m from the ground surface. Well logs indicate
that the aquifer material is gravel, containing varying quantities of sand and
clay. In several wells, the aquifers underlie swamp or estuarine deposits
of blue clay and peat. Only one well is known where the base of a confined
aquifer was penetrated — well S49/w5 (Fig. 3).

A group of wells tapping a non-flowing artesian aquifer is situated bet-
ween region AD (Fig. 5) and the coast, roughly along the line AB and at right
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FIG. 4. Generalized groundwater contours, Kaikoura Plain. These contours were constructed from very sparse
information, being useful mainly to indicate river influence.
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TABLE I. KAIKOURA GROUNDWATER CHEMICAL ANALYSES

Well number

Well depth

(before aeration)
(after aeration)

Colour (APHA)

Turbidity (Silica scale)

Sodium

Potassium

Calcium

Magnesium

Chloride

Sulphate

Free carbon dioxide

Bicarbonate alkalinity

Alkalinity (to pH 8.3 as CO3)

Total silica (asSiO2)

Total solids

Total hardness (as CaCO3)

Nitrate nitrogen

Nitrite nitrogen

Ammoniacal nitrogen

Albuminoid nitrogen
, /lOO'C \

Permanganate value „„6 I 30 mini
iron V '

Manganese

Fluoride

Water table

S49/wl21

12 m

6.3
8.0

Nil

Nil

8.0

1.2

14.0

3.8

6

7

50

61

Nil

20

90

51

0.55

< 0.001

< 0. 005

< 0.005

0.05

0.04

< 0.1

0.15

Non-flowing
artesian

S49/wll5

7.0

Trace

Cloudy

grams/cubic metre

8.7

1.1

23

6

4

1

19

117

Nil

32

150

82

< 0.05

< 0.001

0.60

< 0.005

1.7

2.4

0.3

0.15

Flowing
artesian

S49/w85

28 m

7.4

Nil

Slightly cloudy

23

5

1

6

7

102

Nil

20

145

78

0.4

0.048

0.026

< 0.005

< 0.05

0.40

< 0.1

angles to the land surface contours. At AD, the water levels are about 6 m
below ground surface, or 30 m above mean sea level.

A flowing artesian aquifer is encountered in an area extending south-
wards of non-flowing artesian wells S49/w5 and S49/w55 (Fig. 5) to the
Kowhai River and the Ludstone Hills. Water levels up to 2 m above the ground
surface have been noted, but insufficient well data is available to establish
any relationship of the water level from well to well, or to correlate fluctua-
tions in levels with river flow or tides. No obvious increase of artesian head
in relation to ground surface occurs with decreasing altitude, suggesting that
the aquifer has an outlet beyond the coast.
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No obvious lithological distinction is apparent between the material of
the flowing and the non-flowing artesian aquifers, but other evidence suggests
that they are separate aquifers. Firstly, there is a contrast in the water
levels of wells tapping the flowing artesian aquifer compared with those in the
non-flowing aquifer for wells at similar ground-level altitude, although the
aquifers lie at similar depths: this is shown by the boundary between the
flowing and non-flowing artesian aquifers being at right angles to the land
surface contours, and implies a hydraulic discontinuity between the two aqui-
fers along the boundary line parallel to AB (Fig. 5). Secondly, the relative
quantities of water pumped from the two aquifers indicate much greater per-
meability in the non-flowing aquifer (Well S49/wlO8 has been test-pumped to
yield 50 l itres ' inin" 1 , compared with Well S49/w85 yielding 5 litres- min"1).
Thirdly, there are distinct differences in the chemical analyses (Table I).

Isotopic data confirm that these two confined aquifers are quite separate.

ISOTOPIC CHARACTERISTICS OF RIVERS AND GROUNDWATERS:
IDENTIFICATION OF GROUNDWATER SOURCES

Measurements of tritium, deuterium and 18O have been performed on a
number of r ivers and groundwaters from the Kaikoura region sampled during
the period 1970-73. Full details of the samples, isotopic values and comments
are presented in Table II.

Deuterium and 18O measurements are expressed as б-values, represent-
ing parts per thousand difference between D/H and 18O/16O ratios and those
of Standard Mean Ocean Water, SMOW, [8] . Tritium concentrations are
reported in the conventional Tritium Units (1 TU s T/H = 10"18). The labora-
tory blank is not known. Recently, measurements as low as 0. 1 TU have
been achieved, but interpretation of low tritium values must take into account
the possibility of a variable unknown blank, which may amount to a few tenths
of 1 TU. All er rors quoted in Table II represent one standard error of
measurement.

The fall-out of thermonuclear НТО over New Zealand is characterized
by Fig. 6, which shows yearly mean tritium concentrations (arithmetic mean
of 12 monthly samples July-June) recorded at Kaitoke (41.1°S, 175.17°E)
near Wellington. The Seaward Kaikoura Range represents an impermeable
massif with a minimum of surface cover. The bulk of drainage to streams
and rivers, therefore, occurs relatively fast (within days or at most weeks).
Consequently, the rivers, which deliver most of the groundwater, must have
followed the tritium histogram (Fig. 6 ) very closely, a conclusion supported
by river data from other similar regions of New Zealand. Interpretation of
the tritium data needs, therefore, only to take Fig. 6 and the radioactive
decay rate of tritium (T^ = 12.26 yr) into consideration. Direct precipita-
tion recharge on the stream fans is not likely to be significantly delayed before
reaching the water table.

All parts of the Kaikoura region receive precipitation from essentially
the same sources, mainly southerly and^easterly disturbances. Differences
in 6-values (18O and deuterium (D)) recorded for the rivers and streams are
imposed by the altitudes of their catchments, those at higher altitude receiv-
ing isotopically lighter precipitation (more negative 6-values) caused by the
preferential rain-out of 18O and D as the precipitating air masses are raised
over the mountains. A regular relationship of the meteoric type [9] was



TABLE II. FULL SAMPLE DETAILS, ISOTOPIC DATA WITH COMMENT

RIVER SAMPLES

River

Kowhai R.

-

Hapuku R.

-

-

Puhi Puhi R.

Hapuku-Puhi Puhi R.

-

Clarence R.

Kahutara R.

Iron Gate Creek

Grid reference

S49/881957

S49/883958

S49/868968

S49/882957

S49/868968

S49/998024

S49/997024

S49/998026

S49/001023

S49/999023

S42/176205

**

"

S49/878878

S49/051064

Collection date
(River stage)

18.12.72

12.4.73

21.6.73

18.9.73

22.10.73

18.12.72

27.9.73

23.10.73

27.9.73

23.10.73

11.4.73

18.9.73

11.4.73
(very low)

18.9.73
(moderate flood)

24.10.73

18.6.73

18.9.73
(moderate flood)

23.10.73

18.9.73

23.10.73

6("O) ± o
(«(D) ± o)

-9.11 * 0.10
(-60.6 i 1.0)

-8.73 ±0.08
(-55.9 ± 1.0)

-8.80 ± 0.09

-9.29 ±0.16

-9.25 ± 0.09

-9.19 ± 0.10
(-58.2 ± 1.0)

-9.23 ± 0.13

-9.80 ±0.09

-7.91 ±0.13

-8.17 ± 0.17

-8.01 ± 0.04

-8.69 ± 0.16

-8.90 ± 0.12

-10.67 ±0.16

-9.53* 0.08

-7.94 ± 0.13

-8.51 ± 0.16

-7.98 ±0.07

-5.78 ±0.16

-6.47 ± 0.06

TU± o

21.6 ± 1.3

22.4 ± 1.3

Tritium concentration matches recent precipitation, as expected for catchment
of thin cover over impermeable basement (same applies for Hapuku R. below).
6(u О) is relatively constant. River is only source of the flowing artesian aquifer,
and supplies bulk of water at least to the non-flowing artesian aquifer.

6("O) of Hapuku R. matches that of Kowhai R. Puhi Puhi R. joins Hapuku R. from
north about 2 km from mouth. 6(UO) of Puhi Puni R. reflects lower catchment
altitude.

Clarence R. drains inland slopes of Seaward Kaikoura Range and the Inland
Kairoura Range (Fig. 1).

Kahutara R. has lower altitude catchment than Kowhai R, and Hapuku R.

Coastal hillside drainage stream sampled at mouth. ô(uO) value to be compared
with Young's Spring and water table wells receiving direct precipitation recharge.



WATER-TABLE WELLS AND SPRINGS REPRESENTING DRAINAGE FROM SEAWARD MT. FYFFE SLOPES

Grid reference sampling date
Well/spring identification (Well depth/water level * c °s.

(Location) from ground/water level condition)from ground/water level
above mean sea level m)

á("O) * o
(6(D) ± o)

Dobson1 s Spring

Floodgate Creek Spring

Hapuku Spring

WeU S49/wll6
(Smith, LudstoneRd.)

WeU S49/wl
(Electricity Dept., MainRd.)

Well S49/wllO
(Ford, Postman's Rd.)

Well S49/W104
(Hapuku School, Main Rd.)

Well S49/wl21
(Hockey, MainRd.)

S49/871968

S49/889983

S49/963970
(12:-1:22)

21.6.73

22.10.73

21.6.73

22.10.73

-7.60*0.09

-7.18* 0.20

-8.05± 0.09

-8.04* 0.06

S49/00S004

S49/932924
(7:-2:24)

S49/963918
(8:-3:2)

S49/943972
(9:-5:42)

S49/987996
(14:-ll:40)

11.4.73

12.4.73
(Good)

12.4.73
(Good)

30.8.72
(Poor)

30.8.72
(Good)

-7.54*0.13
(-50.1 *1.0)

-8.18 * 0.11
(-53.3 * 1.0)

-7.37*0.08
(-46.9 * 1.0)

-7.11*0.09
(-42.8 * 1.0)

-6.66* 0.17
(-41.5 * 1.0

17.4* 1.1

18.7* 1.2

18.4* 1.1

18.6.73
(Perforated

whole length)

Spring at 148 m altitude, close to and draining to Kowhai R.

Spring emerges from greywacke-argillite in vicinity of Hope
Fault at about 270 m altitude. Both Dobson's Spring and
Floodgate Creek Spring should be typical of Mt. Fyffe drai-
nage, which is tentatively assigned 6 (" /) = -8.0. See also
well S 49/wll4.

Emerges from river terrace at boundary between glacial river
fan deposits and present flood channel (Fig. 3). 6(18 O) suggests
mainly Mt. Fyffe drainage with little contribution from plains
precipitation.

Below river outwash silt deposits. 6 (WO) again suggests only
Mt. Fyffe drainage (compare Floodgate Creek Spring).

Well is situated below beach ridge sands. 6 (I8O) shows con-
tribution from plains precipitation, probably through beach
ridge. Tritium value close to modern.

Water level in flood deposits of Waimangatara R. with con-
tributions from Mt. Fyffe drainage and recent precipitation
on flood channel.

Same likely sources as Hapuku Spring. 6 (UO) discrepancy
between the two samples is reasonably to be expected, since
this sample was taken in winter (large contribution from plains
precipitation) and Hapuku Spring was sampled at the end of
an exceptional summer drought (spring drawing only on reser-
voir of Mt. Fyffe drainage).

Well close to point of emergence of water table in creeks. At
this location, Mt. Fyffe contribution is from Waimangarara R.
Therefore, this sample is to be compared with S49/wllO,
which has equal 6(18 O), both sampled in winter.



TABLE П. (cont. )

Well/spring identification
(Location)

Grid reference
(Well depth/water level
from ground/water level
above mean sea level m)

Sampling date
(Well casing

condition)

6("O) i a
(6(D) ± o)

Unnumbered well
(Brown, MainRd.)

Well S49/wll3
(Boyd, Postman's Rd. )

Well S49/wU4
(Boyd, Schoolhouse Rd.)

Well S49/wll2
(Rundle, MainRd.)

S49/9S9972

(14: : )

S49/897961
( 8 : : )

S49/9249S8
(15:-15:34)

S49/968983

26.10.73
(Good)

12.4. 73
(Good)

19.9.73
(Good)

12.4.73
(Good)

23.10.73
(Good)

-7.23 i 0.10

-8.53 ± 0.10
(-53.6 ± 1.0)

-5.92 ± 0.08
(-37.1 i 1.0)

This well also likely to receive water from Waimangarara R.
(see also S49/wl21 and S49/V110).

Well is below recent flood channel of Kowhai R. (Fig. 3),
in outwash deposits of Floodgate Creek. 6 (1 8 O) suggests
that Kowhai R. contributes some water.

Well lies clear of, and higher than, recent flood channel
of Kowhai R. Water derives from outwash deposits of Middle
Creek, and contains apparently little contribution of plains
precipitation.

Location of well is just west of terraces of Harrietts Creek
and cannot, therefore, be influenced by that component of
Mt. Fyffe drainage. Location is also about 1 km east of
Waimangarara outwash deposits. 6 (18O) value, therefore,
tends much closer to plains precipitation than other wells,
and is very close to 6 (UO) values obtained for other water
table wells in Marlborough which can only have derived
from low-level precipitation (Wairau Plains and Tuamarina
Valley).

SPRING DERIVING FROM LOW-ALTITUDE PLAINS PRECIPITATION

Young's Spring, S49/924920
Ludstone Hills

21.6.73

19.9.73

23.10.73

-5.20 i 0.

-4.54 i 0.

0.00 i 0.

09

16

10

Spring at 50 m altitude represents drainage from small catch-
ment on inland extension of Tertiary Kaikoura Peninsula.
Flow responds to recent precipitation, so 6 (" O) is expected
to show some variation with time. Sample 23.10.73 was
taken immediately after heavy rain shower. A large number
of results would be required.to establish a reliable mean. The
6("O) values obtained for well S49/wll2 are the best indica-
tion so far of mean direct precipitation recharge on the plain.



Well/spring identification
(Location)

Grid reference
(Well depth/water level
from ground/water level
above mean sea level m)

Sampling date
(Well casing

condition)

6 ( " 0 ) ± о
(5(D) ± o)

NON-FLOWING ARTESIAN WELLS

Well S49/W37
(Kennedy, Postman1 s Rd.)

Well S49/W97
(Red Swamp Rd.)

Well S49/w36
(Adair, Red Swamp Rd. )

Well S49/wlO9
(Lilley, Schcolhouse Rd. )

Well S49/w53
(Suburban School)

S49/898962
(17: : )

S49/917951
(24: : )

S49/919949
(24: : )

S49/923946
(27:-6:33)

S49/927959
(29: : )

23.10.73
(Good)

18.9.73
(Good)

18.9.73
(Good)

29.8.72
(Good)

12.4.73
(Good)

-8.10 ± 0.15

-8.73 ± 0 . 1 0

-9.08 ± 0.10

-8.81 ± 0.11
(-55.4 ± 1.0)

-9.01 ± 0 . 1 0

14.8 ± 0.9

21.3± 0.8

Wells are situated in region of recent flood channel extend-
ing eastwards from Kowhai R., and tap gravels below swamp
and estuary/lagoon deposits (Fig. 4). Tritium values indicate
fast recharge of this aquifer. At S49/wl09 the water level,
at 33 m above msl, contrasts with the flowing artesian wells
S49/w86, S49/w58 and S49/w91 where the gravels are at
similar depth, but the water levels lie at 40 - 50 m above msl.
Speed of recharge also indicates that system must be discharg-
ing naturally to sea. Well S49/w37 probably does not belong
to this aquifer. It is more likely to represent a confined region
of the water table aquifer.

FLOWING ARTESIAN WELLS

Well S49/w86
(Mackle, Kowhai Ford Rd.)

WeU S49/w58
(Mackle, Kowhai Ford Rd. )

WeU S49/w91
(Keenan, Red Swamp Rd.)

Well S49/w85
(Mackle, MillRd.)

WeU S49/w90
(Lament, Hawthorne Rd.)

WeU S49/w4
(Morgan, Hawthorne Rd.)

S49/916937
(25:0.3:48)

S49/924922
(26:0.1:49)

S49/922936
(22:0.6:40)

S49/935939
(28:1.0:34)

S49/957931
(25:0.1:5)

S49/957930
(24: : )

12.4.73
(Good)

19.9.73
(Good)

24.6.71
(Good)

12.4.73
(Good)

30.8.72
(Unknown)
11.4.73

(Unknown)
23.10.73

(Unknown)

-9.37 ± 0.07
(-63.0 ± 1 . 0 )

-9.48 ± 0 . 1 6

-9.36 ± 0.14

-9.49 ± 0.12
(-62.1 ± 1.0)

-9.45 ± 0.08
(-59.9 ± 1.0)

-9.82± 0.15

0.43 ± 0.04

0.93± 0.08

1.6 ± 0 . 1

0.27 ± 0.04

0.31 ± 0.04

0.10 ± 0.03

These wells are at 22-28 m depth within altitude range 5-49 m
above msl. Since water levels do not rise with decreasing altitude,
this system must be flowing away to the sea. This flowing arte-
sian aquifer has consistently more negative 5 ( u O) than the non-
flowing wells, and the tritium concentrations are very low, indi-
cating water of predominantly pre-thermonuclear origin (pre-1955).
The permeability contrast between the two aquifers is supported
by pumping tests. (See text. )

ANOMALOUS ARTESIAN WELL

S49/w3
(Broadhurst, Beach Rd. )

S49/966946
(24?:0.1:9)

19.6.70
(Suspect cond. )

18.9.73
(Suspect cond.)

23.10.73
(Suspect cond. )

-8.31 ± 0.13
(-54.7 ±1.0)

-7.44 ± 0.16

-8.37 ± 0.10

3.8 * 0.2 Although this well is artesian, the first sample is consistent with
admixture of water table water to about 2&fr. Second sample
indicates even greater influence of shaUow water. The weU is
located below beach sand, just seaward of WeU S49/115 (Fig. 4)
which shows several metres thickness of confining swamp and lagoon/

2.2 ± 0 . 1 estuary deposits. The most likely explanation of the anomalous
isotopic values is that the casing of this weU is not effective.
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FIG. 6. Mean annual (July-June) tritium fall-out concentrations at Kaitoke, near Wellington. Spread indicates
mean ±2 standard error. The mean values are the average of 12 monthly precipitation samples. A: pre-
thermonuclear value deduced from groundwater data and thought to be accurate to ± 0.5 TU. B: first fall-out
of thermonuclear НТО deduced to have occurred in 1955-56. C: deduced from tritium concentrations recorded
elsewhere in New Zealand.

found to exist between 18O and D: 6(D) = (7. 08± 0. 80) б ( 1 8 O)+(5. 3± 6. 7 ),
errors are two standard errors, correlation coefficient 0.975, for 18 samples.
Later measurements and the ensuing discussion were, therefore, restricted
to 18O.

6(18O) values for the rivers range from -5. 8 for Iron Gate Creek (drain-
ing coastal hills) to -10. 7 for the Clarence River in moderate flood. The
Kowhai River shows remarkably constant 6(18O) at about -9. 0. Single tritium
values for the Kowhai River and the Hapuku River confirm that they follow
recent precipitation.

The isotopic analyses support the existence of the three separate aquifers
deduced from the other evidence. 6(18O) values for the water table wells
range from -5.9 to -8. 5. Well S49/wll2 is considered on grounds of its
situation to represent the best approximation to plains precipitation (two
measurements 6(18O) = -5.9 and -6. 4 ), and the б -values found for the other
water table wells represent varying mixtures of direct precipitation recharge with
fan drainage from the Mt. Fyffe streams of 6(18O) about -8. 0. One exception,
well S29/wll3, had 6(18O) = -8. 5, being situated in a region likely to be
recharged in part by the Kowhai River. Tritium values for three of the water
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table wells gave values very close to 20 TU (1972-73), corresponding to
water of very recent origin. The water therefore flows from the various
source areas in directions more or less perpendicular to the land contours,
and within a short time (not more than two years), to the region of emergence.

The flowing aquifer has ô(18O) of -9.4, constantly about 1.4%o more
negative than the Mt. Fyffe drainage. The Kowhai River is the only source
whose <5(18O) matches this value reasonably closely. Tritium concentrations
indicate that the bulk of this water is at least several decades old. ô(18O)
values for the four non-flowing artesian wells are consistently slightly less
negative (at -8. 9 ) than those for the artesian system, and tritium values
indicate fast recharge. The bulk contribution to the non-flowing artesian
aquifer obviously derives also from the Kowhai River. This small 18O differ-
ence between the two confined aquifers may derive from two possible sets
of circumstances:

1. Both aquifers derive entirely from the Kowhai River, but the 6(18O)
of the Kowhai River is now more negative than it was several decades ago.
This could be attributed to climatic change, or else to the removal within
the last century of bush from the lower-lying parts of the catchment, which
would have resulted in more run-off into the Kowhai River deriving from
lower altitudes, the change having been transmitted so far only to the non-
flowing artesian aquifer.

2. The ó(18O) of the flowing artesian aquifer does represent the present-
day mean for the Kowhai River, in which case the 6(18O) of the non-flowing
aquifer would imply the addition of a small component of water from the Mt.
Fyffe drainage in the region of the Floodgate Creek fan before the gravels
move under the capping beds of the non-flowing aquifer.

A choice between these two interpretations may be made possible by
further measurements which would establish a more reliable present-day
mean <5(18O) value for the Kowhai River.

CONCLUSIONS

The results of these investigations suggest that the Marlborough Catch-
ment Board1 s drainage scheme for the Kaikoura Plain would not have any
adverse affect on the groundwater underlying the Kaikoura Plain. The main
effect is likely to be beneficial to the district in that the high water table
conditions and surface flooding that occur after heavy rain and flooding in
the Mt. Fyffe streams should be avoided. Groundwater recharge from the
Mt. Fyffe streams and the Kowhai River will be relatively unaffected by the
scheme. One feature of the aquifers underlying the Kaikoura Plain not fully
explained by these investigations is the reason for the occurrence of the
distinct non-flowing and flowing artesian or confined aquifers. Detailed
examination (geologically and isotopically) of samples from future wells
drilled on the Kaikoura Plain and isotope sampling of the Kowhai River at
various stages is required to establish stratigraphie control of the sub-surface
deposits and aquifers of the Kaikoura Plain.
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DISCUSSION

T. FLORKOWSKI: I am greatly impressed by the analytical sensitivity
and accuracy reflected in the data presented in Table II of your paper. Would
you please give us details of your analytical technique?

C. B. TAYLOR: We subject each water sample to three stages of batch
hydrolysis and achieve tritium enrichment by a^-factor of up to 2000, which
corresponds to about 14 counts/min per TU in the 1 ml of sample remaining.
Our Geiger- counting sensitivity, on the other hand, is relatively low, for we
introduce only a small fraction of this total sample (in the form of hydrogen)
into the counter; our counting sensitivity for the enriched sample is about
1. 5 counts/min per TU of original sample. We prefer to use only about a
quarter of the enriched sample for each counting, to allow the possibility of
repeating gas preparation and counting twice in the event of difficulties. With
original tritium concentrations of less than 1 TU, the statistical counting
error is at least as important as the approximately 5% standard error of the
enrichment process. The samples are generally counted for about 4000 min,
and the counter background is about 3 counts/min.

T. FLORKOWSKI: How great is the possibility of contamination of
samples with such a low tritium concentration during analysis?
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С. В. TAYLOR: The low values quoted in this paper are those actually-
measured by us. However, we recognize that the blank could account for a
significant portion of the quoted value when one is dealing with tenths of a
tritium unit. At one time we were working in a laboratory atmosphere con-
taminated to about ten times the atmospheric level, and we now know that
this introduced an error of a few tenths of a tritium unit into our final results.
Since we are now able to keep laboratory vapour at a satisfactory level rela-
tive to the outside atmosphere, however, we believe (also on the basis of
approximate theoretical calculations) that contamination of a routine blank
cannot exceed 0.1 TU as long as the tritium level of the laboratory atmosphere
is about 20 TU. We are also achieving reasonable repeatability at tenths of
a tritium unit.
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Abstract

ENVIRONMENTAL ISOTOPES AS A HYDROGEOLOGICAL TOOL IN NICARAGUA.
Variations in the environmental isotopic composition of precipitation and groundwater have been used

to determine the relative importance of recharge from precipitation on the Chinandega Plain with respect to
precipitation on the higher slopes of the Cordillera de Marrabios. The variation of the <518O content of precipi-
tation with altitude was found to be -0.26<7oo/100 m. The best estimate of the long-term 6I8O value for
recharge from precipitation at a given altitude was obtained from the isotopic composition of a spring at 800 m
and groundwater which was deemed to represent recharge on the plain on the basis of isotope and hydrogeological
information. It was concluded that recharge to the deep aquifer from elevations higher than 280 m is more
significant than recharge by precipitation on the plain.

INTRODUCTION

Variations in the environmental isotopic composition of waters can be
used as an additional hydrogeological tool to solve specific problems arising
in the appraisal of the water resources of an area. The most commonly
used environmental isotopes are deuterium, 18O, 13C (for adjustment of 14C
ages), tritium and 14C. The first two stable isotopes are mainly used for
problems concerning origin of waters, and the radioactive isotopes are used
for questions concerning the dynamics of a groundwater system.

The hydrologist is often confronted with the question concerning the
origin of a particular water resource. Resolution of the problem is impor-
tant in arriving at a water balance and development of a realistic model for
the system. The scale, in terms of both time and area, normally excludes
tracing methods using non-radioactive and radioactive tracers. On the
other hand, the tracing of waters of the hydrological cycle by variations
in their environmental isotopic content can often be applied to such problems
where the size of the area may extend to hundreds or even thousands of
square kilometres. The enrichment of the stable isotope content of lake
waters has been used to study problems of connections with groundwater
[1,2]. However, frequently the use of stable isotope variations for studying
the origin of waters depends upon the altitude effect, where, in the case of
orographie rainfall, the cooling of the water vapour results in increased
depletion in heavy isotopic content of precipitation with increase in altitude.
A study is here described where the isotope approach depends primarily
on this effect.
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THE PROBLEM

The area under investigation was the Chinandega Plain (~1100 km2)
between the Pacific Ocean and the drainage divide of the volcanic chain of
the Cordillera de Marrabios in Nicaragua (Fig. 1). From the coast, the
land surface rises gradually and, after about 20 km, the elevation is approxi-
mately 200 m above sea level; then it rises abruptly towards the crest of
the Cordillera at an altitude of 1745 m.

As part of a project to evaluate the groundwater potential of the plain,
environmental isotopes were used to determine the relative importance of
recharge from precipitation on the plain with respect to precipitation on
the higher slopes of the Cordillera. Samples of precipitation and ground-
water were collected at different elevations in a transverse strip extending
inland from the coast line. Tables I and II give the data for the samples.

KEY:

• DRILLED WELL

© DUG WELL

• PRECIPITATION STATION

P SPRING

• RIVER SAMPLING POINT

SELECTED TOPOGRAPHIC
)

CONTOUR LINES

FIG.l . Project area and location of sampling points.



TABLE I. ISOTOPE COMPOSITION OF PRECIPITATION

Station

El Polvon

Posoltega

Santa
Narcisa

Bellavista

Volcan
Casita

San Cristóbal
Volcan Telica

Date of
sampling

23.09. -22.10.69
22.10. -20.11.69
20.06. -20.07.70

-19.08.70
22.09. -22.10.70

19.09.-22.10.69
22.10. -20.11.69
20.06. -20.07.70

-19.08.70
22.09. -22.10.70

19.09. -22.10.69
22.10.-20.11.69
20.06. -20.07.70

-19.08.70
25.09. -22.10.70

19.09. -22.10.69
22.10. -20.11.69
20.06. -20.07.70

-19.08.70
25.09. -23.10.70

22.09. -22.10.69
22.10. -20.11.69
20.06. -20.08.70
24.09. -23.10.70

29.04. -13.11.70
16.06. -15.11.70

Altitude
(m)

25

83

345

730

1 олл
XO\J\J

1700
760

Precipitation
(mm)

470
190
213
292
500*

676
184
151
156
330

960
168
264

381
250

947

174
182
349
307

675
170
440
250

1800

1370

SAMPLEE

ÓD
%

-52.4
-35.5

-58.9
-31.0

-60.0
-46.7

-61.3
-47.7

-58.9
-50.0

) IN NICARAGUA

618O
%

-7.8
-6.0
-5.4
-7.5
-6.9

-8.8
-5.3
-6.5
-4.5
-4.7

-9.8
-7.1
-7.8

-7.2
-6.9

-10.0
-7.4
-8.1
-8.2
-5.5

-12.5
-8.4
-9.0
-7.8

-9.6
-8.1

TU

13.1± 1.1

12.7±0.8
25.2± 1.2
22.6± 1.1

23.7± 6.2

17.3± 5.0
13.7± 1.0

26. 8 ± 6.0
23. 6 ± 6.2
11.2± 1.1

13.7±0.8

16.5± 1.3

Remarks

* It is believed that
the value is too high

Recording pluviometer
at 5 m distance from the
drilled well PP-26/TL

Recording pluviometer

Seasonal collector
Seasonal collector

SO



TABLE II. ISOTOPIC COMPOSITION OF GROUNDWATER IN CHINA NDEGA PLAIN

Sample No.

PP-4/TL

PP-12/TL

PP-26/TL

PP-37/TL

PP-43AL

PP-27/TL

PC-19/TN

Rio Atoya

Bellavista

Elevation
(m)

85

280

83

< 50

800

Total
depth
(m)

60

190

25

60

45?

43

Depth of
perforation

(m)

below 30

below 170

below 18

below 12

below 9?

Static
level

(m)

15

153

14

6

4

Date of
sampling

15.10.69
12.11.69
12.05.70
17.08.70
22.10.70

17.10.69
25.11.69
12.05.70
19.08.70
22.10.70

15.10.69
12.11.69
12.05.70
19.08.70
22.10.70

03.12.69
12.05.70
21.12.70

03.12.69
21.12.70

12.05.70

23.02.71

23.02.71

19.08.70

ÓD
%

-47.0
-43.4
-45.7

-46.0
-49.4
-45.1

-42.5
-44.9
-41.4

-48.5
-47.9

-46.1

-42.3

-31.5

-45.0

618O
%

-6.8
-6.7
-6.9
-6.8
-7.0

-7.3
-7.1
-7.0
-7.2
-7.3

-6.2

-6.0
-5.7
-6.0
-5.5

-7.0
-7.0
-7.0

-6.8
-7.0

-6.4

-5.8

-5.9

-8.5

TU

3.5 ±0.5
5.6± 0.5
2.7± 0.3
3.3± 0.3

0.6 ± 0.3
5.7 ± 0.5a

1.4 ± 0.3

21.3 ± 2.4
25.3± 1.1
21.9± 1.0

5.0 ± 0.5
4.7± 0.4

6.8± 0.5

7.5± 0.6

10.9± 0.6

Remarks

Drilled well

Drilled well

Drilled well

Drilled well

Drilled well

Drilled well

Dug well

River

Spring

Value believed to result from contamination during sampling and/or analysis, as it is unlikely that the tritium concentration of water at this depth changes so abruptly
over a short period.
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INTERPRETATION OF ISOTOPE DATA

The interpretation was based mainly on the 1 8O analyses, but deuterium
analyses were also made to confirm that there was no major evaporation
effect on the stable isotopic composition of the water samples. Tritium
analyses were made as a qualitative indicator of age. The average 618O
content of precipitation, weighted for the amount, is plotted against the
altitude of each collection site in Fig. 2. Samples collected in 1969 which
did not cover the whole rainy season are indicated by line A, and the samples
collected during the complete rainy season of 1970 are represented by line B.
In both cases the lines are determined by the method of least squares. Line С
defines the relation for the entire period of sampling. It is evident from
the data shown in Fig. 2 that the 6 l8O value at any given altitude did not remain
uniform during the sampling period from 1969 to 1970. The best estimate
of the long-term representative value of this relationship was obtained in
the following way.

Bellavista spring has a <518O value defining the isotopic composition of
precipitation occurring above its point of discharge at 800 m. Similarly,
the 618O value of water from well PP-12/TL defines the isotopic composition
of recharge upgradient from its location at an altitude of 280 m. However,
in both cases the mean altitude of recharge will be governed by differences
in the amount of precipitation occurring at different altitudes and also by
differences in land surface area at different elevations. Available data
indicate no significant variation of precipitation with elevation above 300 m.
Thus only the weighting factor for the different surface areas at different
elevations was used to derive a mean altitude of 1000 m for the area of
recharge to the spring and 62 5 m for the mean altitude of recharge area
supplying well PP-12/TL.

The drilled well PP-26/TL located in the plain at an elevation of 83 m
is quite distinct from other drilled wells in that it has a tritium concentration
comparable with that of current precipitation and also that it is the most
enriched in 618O. Furthermore, the variation in time of 618O values is more
than in other drilled wells. Bearing in mind these observations and the fact
that this is the shallowest of the drilled wells, it seems very probable that
the water from this well originates as local recharge on the plain.

The 618O values for these three points are plotted in Fig. 3 against their
mean altitudes of recharge. The line of best fit with a slope of -0.26%o/100 m,
already determined from Fig. 2, therefore represents the best estimate of
the long-term relation between 618O and the mean altitude from which the
water is recharged. Furthermore, added confidence in the values of the
indices is provided by the proximity of the points to the line.

From the relation developed and illustrated in Fig. 3, an attempt is
made to define the relative importance of recharge to the deep wells by
recharge from precipitation on the plain compared with recharge from pre-
cipitation occurring at an altitude in excess of 280 m. The isotope index
for direct recharge on the plain is -5.88%o, as indicated by the mean value
for PP-26/TL. Added confidence in this value is provided by the 618O content
in a dug well (PC-19/TN) in the northwest part of the project area where
groundwater is free from the influence of recharge from the Cordillera.
Also a river sample in the same general area had a 618O content of -5.9%o.
Since it was sampled during a period of base flow, it is assumed that the
value is also a good index of recharge by precipitation falling on the plain.
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L E A S T - S Q U A R E F I T :

LINE A -* WEIGHTED MEAN VALUES FOR 1969

S1 8Ou=-7.663 -0.0031 E

LINE В —WEIGHTED MEAN VALUES FOR 1970

У 1 8 0 ш = -S.977 - 0.0020E

1 8 0 0 ••

1600 •

uoo

1200

1000 •

800 •

600 •

400 •

2 0 0 ••

SAN CHRIS1OBAL

©

LINE С -^WEIGHTED MEAN VALUES FOR THE
ENTIRE SAMPLING PERIOD (COVERING
BOTH 1969 AND 1970 )

О,., = -6.940 - 0.0026 E

-11.0 -10.0 -9.0 -7.0 -6.0 -5.0 weighted 5I8O

FIG.2. Weighted mean 618o versus elevation relation for precipitation.
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1800 •

1600 •

U00 •

1200 ••

1000 •

8 0 0 ••

600 ••

4 0 0 ••

200 -•

LEAST-SOUARE LINE WITH A SLOPE OF
-0.2 6%» per 100 m

5 1 80 = -6.653 -0.0026E

POINT REPRESENTING RECHARGE FROM

AREAS HIGHER THAN 6 0 0 m , AS DERIVED

FROM THE BELLAVISTA SPRING

(ELEVATION WEIGHTED FOR SURFACE AREA )

POINT REPRESENTING RECHARGE
FROM AREAS HIGHER THAN 860 m,
AS DERIVED FROM THE WELL PP- 12/ TL
(ELEVATION WEIGHTED FOR SURFACE
AREA )

WELL PP - 2 6 / TL
I (INDICATING PLAIN
\ RECHARGE)

-11.0 -10.0 -9.0 -8.0 -7.0 -6.0 -5.0

FIG.3. Relation between 6UO content of recharge and elevation.

S 1 8 0

These two samples also support the representativity of the area from which
most of the samples were collected.

The <518O index for recharge originating above 280 m is provided by the
samples from well PP-12/TL, which has a mean value of -7.18%o. The
mean 61Ю value of all the samples from the drilled wells, with the exception
of PL-26/TL and PP-12/TL, is -6.86%o. Thus it is concluded that recharge
from an elevation higher than 280 m is more significant than recharge origi-
nating from precipitation on the plain. On the basis of the above interpretation,
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isotope data from deep wells suggest that 75% of the recharge to deep aquifers
originate from recharge on the higner slopes. However, bearing in mind
the analytical error (ст = 0. 15%o) and the assumptions made, this figure is
of course subject to error and should be viewed as only a rough approxima-
tion of the relative proportion of recharge originating from above 280 m.

The tritium data also support this conclusion. Water from well PP-12/TL
has a concentration of about 1 TU. We may therefore assume that, by the
time groundwater originating from recharge from precipitation occurring
above 280 m reaches the plain, the tritium concentration has been reduced
to less than 1 TU. Shallow groundwater has a tritium concentration com-
parable with that of precipitation. Furthermore, data from the IAEA/WMO
Isotopes in Precipitation Survey [ 3, 4] for San Juan indicate a relatively
constant tritium concentration since 1966. If it is assumed that infiltration
of recharge to the deep aquifer is less than four or five years and that the
tritium content of the recharge is the same as that of precipitation, the
average tritium concentration of water in the drilled wells of 4.9 TU suggests
that 80% of the water in the deep wells originates from recharge occurring
above an altitude of 280 m.

The study described illustrates the utility of environmental isotopes
as an additional hydrogeological tool. Although the application depends
primarily on the change of stable isotope content of precipitation with altitude,
tritium data are a valuable qualitative indicator of age in choosing a source
of water for providing an index of the stable isotope content for recharge
from a given altitude.

If the tritium concentration is comparable with that of precipitation, it
is quite probable that the stable isotope content may vary with time, so that
a single sample may not necessarily represent a long-term average value.
This point is illustrated by the data for the drilled wells in Nicaragua. For
the wells PP-4/TL and PP-12/TL, there is no significant variation in stable
isotope content with time and their tritium concentrations are significantly,
lower than that of precipitation. On the other hand, samples from well
PP-26/TL have a tritium concentration comparable with that of precipitation,
thus indicating recent recharge. In this case it will be noted that there
is a larger spread in the stable isotope values.
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D I S C U S S I O N

W.G. MOOK: For the Andes in Argentina we have obtained a 618O
altitude effect of - 0. 3%o/100 m. Have you any idea of the general validity
of this figure?

B.R. PAYNE: Values for this parameter obtained in studies by the
IAEA have ranged from - 0. 13%o/100 m to - 0. 3%0/100 m.

J. DOWGIALLO: The fact that the altitude effect obtained for Nicaragua
(- 0. 26%o/l00 m) is very close to that for Central Europe is, in my opinion,
very important.

Could you give us details of the geology of the plain where you carried
out your study?

B.R. PAYNE: The plain is covered by Quaternary tuffs and ashes and
the stratigraphie sequence of the Tertiary.

T. FLORKOWSKI: With regard to Fig. 3 of your paper, how did you
obtain elevation values corresponding to the well PP-12/TL and the Bella-
vista spring?

B.R. PAYNE: As stated in the paper, the mean altitudes of recharge
for well PP-12/TL, located at 280 m, and the Bellavista spring, located at
800 m, were obtained by weighting factors computed from the differences
in land surface area at different altitudes obtained from a detailed topographic
map of the region. The slope of the line in Fig. 3 was fixed according to the
value obtained from line С in Fig. 2.

J. P. A. MOLINARI: From your tables I see that you did not carry out any
systematic deuterium measurements. The information yielded by such
measurements is redundant, but is obtained cheaply and is useful. Would
it not have been a good idea to carry out such measurements?

B.R. PAYNE: In my opinion, analysis of both deuterium and 1 8 О in a
problem of this type is not necessary for all samples if, on the basis of the
results where both analyses are available, one can judge that further analyses
of both isotopes will not lead to additional information.

A. ZUBER: Is line С in Fig. 2 the weighted mean of data represented
by lines A and B, or is it based on some other data as well?

B.R. PAYNE: Line С is obtained from the weighted mean of all data
represented by lines A and B.

A. ZUBER: I notice that the slope of the line in Fig. 3 is the same as
that of line С in Fig. 2, but the position of the points corresponds to line В
in Fig. 2. Could you comment on this inconsistency?

B.R. PAYNE:. The intercept of the line in Fig. 3 is obtained from the
line of best fit having the slope of line С in Fig. 2 and the isotope data for
the three points indicated. The fact that this line is very similar to line В
in Fig. 2 simply means that the weighted mean values for the isotopic content
of precipitation in 19 70 were close to the long-term estimated values.

I. SAINZ ORTIZ: The method described in this paper is of great value
to the hydrologist, for it enables him to determine fairly easily the relative
altitudes of the recharge zones — a matter of considerable importance,
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especially in arid regions. It has been used successfully in Mexico in the
Monterrey area, where water is obtained from wells going down to 2000 m
in limestone; the independence of certain groups of wells from other groups
was ascertained, so that it was possible to plan separate exploitation.

The method will also be very useful in determining the origin of submarine
springs along the coast of Lower California, with a view to exploiting their
waters inland where water is very scarce; this determination is extremely
difficult to perform by conventional hydrogeological methods.
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Abstract

KALAHARI GROUNDWATERS: THEIR HYDROGEN, CARBON AND OXYGEN ISOTOPES.
Tritium and 14C measurements have revealed several cases of post-nuclear bomb-test rain recharge of

local groundwaters, along with values indicating recharge over larger, yet hydrologie ally active, time scales.
In general, recharge seems to follow rain distribution in being more intense in the northern rather than in the
southern Kalahari. Initial 613C values vary over a wide range and reveal some correlation to pH and chemical
composition of the water. They cannot be used to correct for fossil carbon dilution in 14C-age calculations.
Radiocarbon-deduced ages range from recent to 30 000 years. Stable hydrogen and oxygen isotopes indicate
recharge from direct rain infiltration.

1. INTRODUCTION

The Kalahari is an area of Southern Africa bounded roughly by latitudes
19°S - 28°S and longitudes 18°E - 27°E. It is characterized by a flat topography,
is generally sand-covered with a vegetation consisting of grassland, scrub-
land and trees. The area amounts to about 600 000 km2.

The rainfall is highly variable from year to year, average annual values
[1 ] varying from 600 mm in the north to 400 mm in the Central Kalahari,
and to 250 mm in the south-west.

The only sustained surface water is found in the Okavango delta in the
north, fed by rains falling in Angola. The delta and the Makgadigadi pans
serve as an internal drainage basin. Because of the lack of other significant
surface waters, the Kalahari has been described as a desert.

Most of the area, mainly belonging to the Republic of Botswana, is
dependent on groundwater for human subsistence, cattle ranching and indust-
rial development. This water is exploited through hand-dug and drilled wells,
but their number and yields (2 - 10m3/h) are small, particularly in relation
to increasing demands. The groundwater quality varies from fresh to saline.

The present report is limited to the data of the isotopic composition of
Kalahari groundwater. Sampling points are shown in Fig. 1. The data form,

* On leave of absence during 1972 from the Isotope Department, Weizmann Institute of Science,
Rehovot, Israel.

(Textcont. p. 210)
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IAEA-SM-182/18 205

о so юо 150 200 km
scale

CAVE SANDSTONE STAGE

sandstone, shale, marl,

mudstone

F.CCA and DWYKA SERIES

shale, sandstone, grit,

limestone,tillite.coal,

mudstone

MATSAP BEDS

sands tone,quartz 1tic

sands tone,shale con-

glomerate

GHANZ1 BEDS

quartzite, shale,

limestone, lava

TRANSVAAL SYSTEM

conglomerate,limestone

dolomite,arkose

DOMINION REEF SYSTEM

Felsite

FIG. 2. Geological map. The extent of the Kalahari beds is shown in the upper left corner, the geology
below the Kalahari beds cover has been compiled in the main map by M. Bielsky after Refs [ 6,14] and Table I.
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TABLE I. BOREHOLE AND CHEMICAL DATA

Sample Well
No.
i

2

3

4

5

6

7

g

9

10

11

12

13

14

IS

16

17

18

19

20

, No.
well 1

well 2

well 3

2182

2198

2199

2206

2175

Dam

168

1717

2048

144

130

1425

Z85O

Location Dominant Water
salt struck (m)

level Y i e l d Geology (depth in metres, inferred aquifer is underlined)

Makgaba

Makgaba

Makgaba

Orapa

Orapa

Orapa

Orapa

Steinberg

Orapa

Mopipi

Makoba

Mashoro

Mahata

Rakops

Xhumo

Letlhakane

Tshepe

Bosupswe

Letlhakane

Serowe

NaHCO,

NaCl 27,90 16 23

NaCl

NaHCO
3

NaCl

NaHCO
3

NaCl

NaCl

Mg(HCO
3
)

2

NaHC0
3

NaCl

Mg(HCO
3
)

2

Ca(HCO
3
)

2

NaCl

NaHC0
3

NaHCO

NaCl

Mg(HC0,)
o

27

12,99

23,108

117,119,124

11,16

19

43,107

33

9

21

13

9

7

15

7

8

21

6

21

14

16

33

9

2

sa

8

3

5

some Kalahari beds, calcrete and silcrete

doleritic intrusion (probably in the Cave ss.)

limestone and basalt (11,), Drakensberg basalt (87),

Cave ss (123+)

limestone (5), Drakensberg basalt (60), Cave ss (99+)

basalt, decomposed to 15m (85), Cave ss (132+)

Drakensb. basalt (40), Cave ss (124+)

Kalahari beds

Drakensb. basalt (114) Cave ss. (126+)

Kalahari beds (30), Drakensberg basalt (100), Cave ss

Kalahari beds (17+)

Kalahari beds (19+)

Drakensberg basalt (108), Cave ss. (194+)

Kalahari beds (29), Drakensb. basalt (63+)

Drakensberg basalt (61), Cave ss. (82+)

Drakensberg basalt (18+)

Drakensberg basalt (46+), nearby Cave ss. outcrop,

a fault and dolerite.



Sample Well
No. No.

Location Dominant Water
salt struck (m)

Rest
level Y i e l d Geology (depth in metres, inferred aquifer is underlined)

m
3
 /h

(m) _ _ _ _

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

40

41

42

43

44

2162

1049

1378,1373

521

2038

spring

P212

2278

665

1429

2270

1010

1379

1331

2254

738

1867

1768

1616

849

Serowe

Serowe

Serowe

Serowe

Serowe

Serowe

Serowe

near Serowe

Lobatse

Lobatse

Lobatse

Lobaсse

Lobatse

Lobatse

NaHCO3

NaHCC

Mg(HCO3)2

Mg(HCO3)2

Mg(HCO3)2

Ca(HCO 3) 2

Ca(HCO 3) 2

Ca(HCO 3) 2

Ca(HCO 3) 2

Mg(HCO3)2

Mg(HCO3)2

48

78

47,53

37

18

67

36

38,45

41,58,120

73

Lobatse

Lobatse

Lobatse

Lekotsane

Kala e tswago

Polompswe

Kgorwe Pan

Me С ok we

Mg(HCO
3
)

2

Ca(HCO
3
)

2

Mg(HCO
3
)

2

Ca(HCO
3
)

2

NaHCO
3

NaCl

NaHCO
3

NaHCO,

40,115

46

104

60

107

52

65

114,134

31 8

31 8

27 9

6 14

4-9

58

27

34

27

13

27

37

53

49

51

43

51

114

6

20

14

22

18

32

21

20

68

11

4

4

11

8

Drakensberg basalt (48), Cave ss. (92+)

Drakensberg basalt (76), Cave ss. (111+)

Drakensberg basalt (47), Cave ss. (61+)

Drakensberg basalt (19), Cave ss. (67+)

Cave ss. (401)

Top of Cave ss.

Cave ss. dolerite dyke.

Transvaal syst., dolomite

Transvaal syst ., chert gravel wad (34), dolomite (61

Transvaal syst., gravel (46), dolomite shale (90+).

Transvaal syst., shale (31), shaly siltst. (55)
quartzite (154+).

Transvaal syst., ss., mudst. and shale (31), quartzite
(79+)

Transvaal syst., shale (96), shale and slialy siltst.
(153+)

Transvaal syst., shale, silst. and quartzite (155+)

Transvaal syst., sand (3), shale and quartzite (133+)

Transvaal syst.» quartzite, shale and sandst. (110+)

Kalahari beds cale, and sandst. (46), Ecca siltst.
and shale (89+).

Kalahari beds (27), Ecca shale and mudst. (145+)

Kalahari beds (cale, and silcj (31), Ecca sandst. an¿
gritst. (82+)

Kalahari beds (37), Ecca ss. (76+).

Kalahari beds (62), Mid-Ecca ss. (139+).
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TABLE I. BOREHOLE AND CHEMICAL DATA (cont.)

Sample Well
No. No.

Location

Rest
Dominant Water , , Yield

salt struck (m) m3 /h G e o l o g y (depth in metres, inferred aquifer is underlined)

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

1221

858

786

1028

Veterenary

Tribal

Z1164

546

1572

Z1231

Z1183

487

1406

1270

1320

1242

river

Boitumelo

Morwamosu

Lone Tree Pan

Phuduhudu

Kang

Kang

Kang

Takatshwane

Hanahai

Ghanzi Farms

Ghanzi Farms

Kuke

Sehitwa

Tsau

Toteng

Toteng Score

n.d.

NaCl

NaCl

NaCl

NaHCO

NaCl

NaCl

NaCl

N a

2

S O
4

N a

2

S O
4

NaHCO,

NaHCO,

NaHCO

Ca(HCO.)

104,120

108,119

125,140

139

265

111

53,57,61,75,80

21

12

31

16

50

26

23

102

107

120

133

7

38

4

3

107

79

48

7

9

21

14

37

24

15

Kalahari b.(ss. and cale.) (73), Mid-Ecca gritst. (126-*

Kalahari b. (76), Cave ss. (104), Ecca grit and mud

(153+).

Kalahari b. (76), Cave ss. (144+).

Kalahari b. (137), Cave ss., Ecca grit (143), sandst.

(144+)

Kalahari b. (119) Ecca shale (273+)

Kalahari b. (25), Cave ss (67), Ecca shale and quartzite

quartzite. (128+)

Kalahari b. (24), Ghanzi b. quartzite, some shate (92-$

Ghanzi b. (24+)

Ghanzi b. (21+)

Kalahari b. (9), Ghanzi b. (46+).

Recent fluviatile sands (22+)

Recent fluviatile sands (55+)

Recent fluviatile sands (31+)

Recent fluviatile sands (29+)

3'2



Sample Well

Ne

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

90

91

92

93

к No.

1748

Z896

1606

river

1688

river

911

1273

1102

1341

473

1838

1180

2308

2222

671

1827

D.C. N'o.l

7.388

U79

2 302

Location

Bushman Pits

Gweta

Nata Road

Nata River

Dukwe

Tati River

Lehoko

Moleleme

Mabutsane

Phuduhudu

Tsane

Tsane

Ko j ane

W. of Nojane

Nojane Road

Ma Phuduhudu

T.-iwanc

Tsabong

Lebaleng

Werda

Khakhea

Lobatse

l.obatse Kstates

I.obatsc Estates

l.obatso Kstates

Dominant

salt

Mg(HCO
3
)

2

NaHCO-

Mg(HCO
3
)

2

Ca(HCO
3
)

2

NaHCO
3

Mg(HCO
3
)

2

Mg(HCO
3
)

2

Ca(HCO
3
)

2

Mg(HCO
3
)

2

NaHC0
3

NaHC0
3

NaHC0
3

Ca(HCO
3
)

2

NaHCO

NaHCO

NaHCO

NaCl

NaCl

Mg(HCO
3
)

2

Mg(HCO
3
)

2

Ca(HCO
3
)

2

Water

struck (m)

27,28

8

4

9

40

100,104

158,159

24,35

21

47

140

83,97

40,115

Rest
level
(m)

Yield
m3 /h Geology (depth in metres, inferred aquifer is underlined)

40

93

88

23

15

29

3

3

2

3

3

3

6

131 4

81 0.5

27 21

Kalahari b. (28+)

Recent sand and silcrete (22+)

Recent sand and silcrete (17+)

Kalahari b. (20+)

Soil (3), Waterberg syst. (73+)

Transvaal syst. (113+)

Kalahari b. (61), Cave ss. (156), Ecca dark shale

Kalahari Ьла1с & silc.(5) Ecca ss. (37)dolerite (26-25 )

Kalahari b. (71+) shale(102+)

Kalahari b. (9), dolerite (38). Ecca ss. (37+)

Kalahari b.

Kalahari b.

Kalahari b. (70), Cave ss. (149+)

boulders (1), Matsap b., quartzite, shale and siltst.

Molopo River bed

Molopo River bed, Transvaal syst. (102+)

Transvaal syst.

Transvaal syst.

Transvaal syst.

Transvaal syst. . shale, siltst. and qu.irtzite (155*)

Transvaal syst.



210 MAZORetal.

however, part of a more general survey that included hydrological and geo-
logical observations and chemical analyses. Because of space limitations
these topics will be reported elsewhere.

2. GEOLOGY

The most important geological formations for the hydrology of the Kala-
hari are (Fig. 2 ):

Kalahari beds

Aeolian sand, mostly consolidated by vegetation, underlain by calcrete
and some silcrete, covers 90% of Kalahari (Insert, Pig. 2). Thickness: 20m
in north, 10-20 m in the Orapa area, up to 120 m in the south-west (Table I).

Karroo system

Includes Drakensberg basalt, thickness up to 100 m; underlain by Cave
sandstone, thickness up to 80 m; underlain by Ecca series: shales, grits,
silt stone.

Matsap beds

(Waterberg system): Sandstone and quartzitic sandstone.

Ghanzi beds

Quartzite, graywacke, shale, acid and base lavas.

Transvaal system

Dolomite limestone, quartzite, grit and conglomerate.

Dominion Reef system

Felsites, acid lavas and tuffs.
The occurrence of the various formations has often to be inferred below

the sand cover; the resulting compilation is shown in the map (Fig. 2 ) along
with some of the prevailing north-south faulting.

Geological and hydrological data of the sampled wells are given in Table I.
The inferred aquifer in each case is indicated in addition to the hydrological
nature, i. e. phreatic or confined.

3. RAIN RECHARGE

Since the beginning of this century investigators have concluded that
groundwater recharge by rain does not take place in the Kalahari under the
present climatic regime [2-6] .
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The basic premise was that a sand cover exceeding 6 m will absorb the
yearly rain which is then lost by evapotranspiration mainly over the dry season.

The tritium and 14C results of the present study, however, revealed
evidence of recent rain recharges (the last 20 years) in the northern Kalahari,
but also in some cases in the southern Kalahari. These results, as well as
supporting stable isotope data, are the main topic of the present report. To these
may be added a number of other observations that indicate active rain recharge
in the Kalahari, These include observations at various boreholes that have
yielded water for the last few decades without significant lowering of the
water table; the uneven rain distribution with occasional above-average seasons
(up to 700 mm) during which recharge is most efficient; fluctuation of sali-
nity observed in various wells and explained as seasonal dilution by rainwater.

4. TRITIUM

Average tritium content in the southern hemisphere rains before nuclear
bomb tests (i. e. before 1952) is estimated to have been 5-6 TU. After 1952
the content rose to about 30 TU in 1972 [7] . The content in three rivers
and one dam in Botswana analysed during the present study was 24-32 TU
and is taken to represent the 1971-72 rains.

The groundwaters studied (Table II, Fig.3) may be divided into the
following three groups, according to their tritium content:
(a) Waters with more than 2 TU. These include most of the first 21 samples
of Table II and they contain post-bomb rain in various proportions, a feature
evident also from, the accompanying high 14C values.

These cases indicate active rain recharge over the last two decades, and
include most phreatic groundwaters in the northern Kalahari as well as a few
in the south (Fig. 3).
(b) Waters with measurable tritium but not more than 1. 5 TU which is the
maximum tritium remaining after radioactive decay in pre-19 52 waters.
These are borderline cases and they may indicate either (i) 20-30-year-old
waters, or (ii) mixtures of older water with small amounts of post-bomb
rains; The last possibility seems to be more common as many of these
waters are accompanied by low 14C contents (Table II) indicating high ages.
The little tritium present must, therefore, be due to intermixing with some
recent waters, bringing with it recently formed bicarbonates.
(c) Cases with no measurable tritium. These include cases of phreatic
water in the south, indicating no active rain recharge and producing ages
greater than 20 years.

In summary, most phreatic waters in the northern Kalahari contain
2-17 TU and indicate fast rain recharge. In the southern Kalahari figures
are more modest, but values of 2-4 TU are not uncommon, indicating slower
but still active recharge in parts of this region.

The rain recharge pattern as indicated by the tritium survey correlates
with two factors. Firstly, the rain distribution, 450 mm being the annual
average in the northern part of the area studied and only 250 mm in the
southern; secondly, the increasing Kalahari beds thickness from north to
south (Section 2 ). The rain distribution seems to us to be the more important
parameter of the two.



TABLE II. ISOTOPIC AND HYDROLOGICAL DATA

to

Sample
No.

Source Date Inferred
aquifer

Aquifer Uç
type pmc

б " С Age I *C Tritium 6D
61 3C/-25 TU

2 Makgaba well 2

33 2270 Lobatse

27 Agrie. Coran. Serowe

14 Kakops

25 Swaneng Hill Serowe

28 Le itho Spring Serowe

20 Z85O, Hotel, Serowe

54 1231, Bercon's Ghanzi

60 Toteng, 1242

55 1183, Ghanzi Farms

63 896, Cweta

62 Bushman Pits

21 2162, Serowe

1 Makgaba well 1

70 1102, Mabutsane

64 1606, Zoroya P.W.D.

82 Khakhea Tribal Bh.

80 Lebaleng (Molopo R.)

68 911, Lehoko

11.10.71

16.10.71

16.10.71

13.10.71

16.10.71

16.10.71

15.10.71

3.3.72

4.3.72

3.3.72

6.3.72

5.3.72

15.10.71

11.10.71

28.6.72

6.3.72

4.7.72

4.7.72

27.6.72

Cave ss. and dolerite

Transvaal syst.

Cave ss.

Kalahari beds

Cave ss.

Cave ss. & dolerite

Basalt

Ghanzi beds

Kalahari beds

Ghanzi beds

Kalahari beds

Kalahari beds

Basalt & Cave ss.

Cave ss. & dolerite

Transvaal syst.

Kalahari beds

Transvaal syst.

Matsap beds

Matsap beds

Phre.

Phre.

Phre.

Conf.

Phre.

Phre.

Phre.

Phre

Phre.

Phre.

Phre.

Conf.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

120.2*2.6

115.1+1.7

108.9+2.2

106.1+4.5

103.0+2.5

100.2+2.6

99.1+1.2

99.1+2.2

98.7+1.8

97.7+2.1

97.6+1.5

97.4+2.2

94.8+2.3

93.7+1.7

92.1+1.4

91.9+2.2

90.6+1.4

89.5+1.8

89.0+2.3

-11.67+0.15

-10.60+0.17

-11.4+0.12

-11.3+0.20

-11.04+0.27

-10.14+0.15

-1O.2O+O.3O

- 6. 1+0.15

- 8.20+0.15

-10.72+0.15

-10. 0+0.5

- 7.65+0.15

P.1952 257

255

226

222

224

245

240

400

297

221

234

300

3+0.

2+0,

4+1,

4+1,

8+0

4+0.

5+0,

1+0,

9+1

,8+1

,2+0

,0+1

7+0

,0+0

8+1

,3+1

0+0

,2+0

9+0

-25.9+1.6

-29.7+1.2

-29.5+1.4

+20.2+1.5

-30.5+1.4

-10.9+1.4

-25.1+0.9

-54.4+1.2

+ 3.3+1.2

-45.5+1.2

-39.7+1.2

-42.8+1.2

-33.5+1.8

-37.2+1.6

-2.65+0.08

-4.85+0.0

-4.67+0.09

+5.9 +0.08

-4.03+0.09

-3.OO+O.O9

-4.98+0.1

-8.46+0.09

+1.83+0.09

-6.95+0.09

-6.03+0.1

-7.73+0.1

-4.56+0.09

-5.53+0.08

-34.6+1.6 -5.42*0.1



Sample Source
No.

8

91

72

73

81

17

11

40

13

58

49

56

79

30

32

47

59

77

37

35

57

11

Ste inberg 's Bh. Orapa

388, Lobatse

473, Tsane

1838, Tsane

Werda

Tshepe

Makoba

738, Lekotsane

Mahata

Tsau

Kang, Veterinary

Kuke (Entrance)

Tsabong, Pol ice

2278, Lobatse

1429, Lobatse

786, Lone Tree

132U, Kyuma Tshisane

671 , Hai t lo a Phuduhudu

2254, Lobatse

1379, Lobatse

Sohitw.i Tribal Bh.

665, Lobatse

Date

13.10.71

16.2.73

23.5.72

28.6.72

4.7.72

14.10.71

14.10.71

26.2.72

14.10.71

4.3.72

29.2.72

3.3.72

3.7.72

16.10.71

16.10.71

28.2.72

4.3.72

1.7.72

16.10.72

16.10.71

4.3.72

16.10.71

Inferred

aquifer

Kalahari beds

Transvaal syst.

Ecca syst.

Kalahari beds

Kalahari beds

Kalahari beds &

Kalahari beds

Ecca syst.

Kalahari beds

Kalahari beds

Ecca

Ghanzi beds

Matsap beds

Transvaal syst.

Transvaal syst.

Cave ss .

Kalahari beds

Cave ss .

Transvaal syst.

Transvaal syst.

Kalahari beds

Transvaal syst.

Aquifer

type

Phre.

Phre.

Phre.

Phre.

Phre.

basalt Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

14C
pmc

86.2+1.6

85.9+1.8

80.4+1.4

79.6+1.7

79.3+1.4

78.4+1.3

78.0+1.4

75.6+1.5

69.1+1.3

68.3+1.3

67.7+1.2

66.8+1.7

66.0+2.3

63.9+2.0

61.6+0.5

61.4+1.5

59.4+1.0

57.2+1.1

55.3+2.1

54.9+1.5

54.3+1.2

54.0+1.5

Ô 1 3 C
%

-10.99+1.8

-10.20

-10.81+0.12

-12.72+0.15
-11.0 +0.2

-12.5 +0.2

- 9.19+0.15

-13.58+0.15

-11.39+0.15

- 5.88+0.15

-11.67+0.15

- 5.30+0.15

-11.52+0.4

Age I
о

»

430

530

550

650

700

950

1650

1750

1830

1930

2030

2290

2580

2620

2950

3200

3500

3550

3600

3700

1 4 C Tritium
61 3C/-25 TU

196

195

181

153

172

138

182

118

135

253

118

256

117

2.8+0.4

3.9+0.4

i;6+0.3

1.6+0.3

0.5+0.2

0.7+0.3

0.9+0.2

0.0+0.2

0.6+0.6

15.7+0.8

0.6+0.2

1.9+0.4

0.2+0.2

2.2+0.4

2.6+0.2

0.3+0.2

1.2+0.3

1.1+0.2

6D
%

-45.5+1.5

-39.4+1.8

-40.2+1.5

-36.4+0.9

-17.1+1.2

-41.9+1.2

-54 ¿1.2

-34.7+1.8

-42.2+1.8

-35.2+1.2

- 8.3+1.2

-38.5+1.2

- 4.8+1.2

618O
%

-6.43+0.09

-5.47+0.1

-5.97+0.08

-5.76+0.08

-2.92+0.09

-6.34+0.09

-8.9 +0.09

-5.99+0.09

-7.11+0.09

-6.02+0.09

-0.52+0.09

-6.46+0.09

-0.56+0,u9

-j.56+0.09



TABLE II. ISOTOPIC AND HYDROLOGICAL DATA (cont. )

Sample
No.

29

69

36

93

92

53

42

50

43

90

44

66

78

46

34

45

12

7

75

P212,

1243,

1331,

2302,

1379,

1572,

1768,

Kang.

1616,

DC1,

849,

Dukve

1827,

Source

Lobatse

Mol el eme

Lobatse

Lobatse

Lobatse

Hanahai

Polompswe

Tribal Bh.

Kgorwe Pan

Lobatse

Metokwe

Quarantine

Tsvane

Morwamosu

1010,

1221,

Lobatse

Khekwe

Mashoro

2206,

2308,

Orapa

14 km W. Nojane

Date

16.10.71

28. 6 .72

16.10.71

16. 2.73

16. 2.73

2 . 3.72

27. 2.72

1. 3.72

27. 2.72

16. 2.73

27. 2.72

6. 3.72

2. 7.72

28. 2.72

16.10.71

27. 2.72

14.10.71

12.10.71

1. 7.72

Inferred
aquifer

Transvaal syst.
Transvaal syst.
Transvaal syst.
Transvaal syst.
Transvaal syst.
Ghanzi beds
Ecca series
Ecca series
Ecca series

Transvaal syst.
Cave ss.
Kalahari beds
Cave ss .

Ecca series
Transvaal syst.
Ecca series

Cave ss . & basalt
Cave ss . & basalt
Ecca series

Aquifer
type

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Phre.

Conf.

Conf.

Phre.

14C
pmc

52.6+1.4
52.3+1.6
52.0+2.3
51.6+2.3
51.5+1.2
48.3+1.7
48.0+1.2
47.3+1.1
47.0+1.1

46.5+1.1
44.4+1.1

36.9 + 1.1
34.9+1.1
32.6+1.0

29.7+1.0
28.9+1.2
20.6+0.8
20.3+0.5

15.2+0.5

Ó 1 3 C

%o

- 9.79+0.15

- 9.79+0.15
-11.53+0.15
- 9. 0+0.1

- 7.35+0.15

-12.5 +0.22
- 7.80+0.15
-11.89+0.15
- 6.33+0.20
- 7.63+0.32

-11.2 +0.15

- 7.63+0.15
-12.17+0.15
- 9.30+0.15

Age I
Ô

3900
3950
4000
4050
4050
4550
4600
4750

4750
4850
5250
6700
7200

7700
8500

8700
11500
11500
13850

Mc
13C/-25

134

132

112

134

161

93

142

77

138

107

66

95

42

55

Tritium
TU

0.3+0.2

1.4+0.4

1.2+0.3
0.1+0.2

1.2+0.5

0.2+0.2

0.2+0.1

0.7+0.3
4.5+0.6

1.4+0.3
1.0+0.3
1.5+0.3

ÔD

-32.0+0.9

-40.0+1.2

-43.7+1.2

-46.4+1.2

-35.1+0.9
-28.2+0.9

-36.6+1.8

-38.5+1.5

51 8O

-4.84+0.09

-7.2 +0.09

-6.6 +0.09

-7.07+0.1

-5.94+0.09
-5.92+0.09

-5.45+0.09
-6.35+0.09

S
N
О

о

г-
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No.

4

23

5

48

9

6

41

52

18

71

51

76

3

15

16

19

22

24

26

74

61

65

67

10

Le Source

2182, Orapa

1378 + 1373 Serowe

2198, Orapa

Phuduhudu (near Kang)

2175, Orapa

2199, Orapa

1857, Kala e Tswago

546 (538), Takatshwane

Bosupswe

1344, Phuduhudu

Bruwer's Bh. Kang

2222, Nojane

Hakgaba well 3

Xhurau

DK1, well 1

1425, Letlhakane

1049, Serowe

521, Ratshasha, Serowe

Swaneng H i l l , Serowe

1180, Nojane

Nghabe River

Nata River a t Causeway

Mopipi Dam

Date

12.10.71

15.10.71

12.10.71

28. 2.72

18.10.71

12.10.71

27. 2.72

2. 3.72

14.10.71

28. 6.72

1. 3.72

1. 7.72

11.10.71

13.10.71

14.10.71

15.10.71

15.10.71

16.10.71

16.10.71

29. 6.72

5. 3.72

6. 3.72

6. 3.72

13.10.71

Inferred
aquifer

Cave s s .

Cave s s .

Cave s s . & basalt

Cave s s .

Cave s s .

Cave s s . & basa l t

Ecca ser ies

Ecca ser ies

Cave s s .

Cave ss .

Ecca ser ies

Ecca & cave s s .

Cave s s . & doler i te

Kalahari beds

Cave s s . & basa l t

Cave s s .

Cave s s .

Cave s s .

Aquifer

type

Conf.

Conf.

Conf.

Phre.

Conf.

Conf.

Phre.

Conf.

Phre.

Phre.

Conf.

Conf.

Phre

Phre

Conf.

Conf.

Conf.

Conf.

1 4 C

pmc

15.0+0.4

13.2+0.7

12.9+0.5

10.2+0.7

9.3+0.5

9.1+0.5

8.5+0.4

5.5+0.4

5.0+0.6

4.8+0.5

3.1+0.2

1.3+0.5

Ô 1 3 C

%

- 6.71+0.15

- 8.7 +0.3

- 7.8 +0.2

- 8.7 +0.3

- 8.83+0.15

- 9.40+0.15

-10.08+0.15

-11.3 +0.2

-13.3 +0.25

-11.08+0.15

- 1.5

Age I
6

14050

15200

15300

17100

17800

18000

18500

22400

22800

23200

26730

33700

14c
13C/-25

56

37

30

26

24

13

12

Tritium
TU

0.6+0.2

1.0+0.3

0.3+0.3

2.6+0.4

1.5+0.4

0.0+0.3

0.7+0.2

0.7+0.2

0.2+0.2

2.2+0.2

2.3+0.3

13.3+0.5

0.9+0.3

0.6+0.2

1.7+0.4

1.3+0.3

2.1+0.3

28.0+2.2

28.5+2.3

23.7+2 0

32.4+3.5

6D
%o

-42.4+1.6

-30.7+1.4

-38.5+1.5

-34.8+1.2

-38.1+1.5

-40.6+1.2

-37.6+1.9

-41.3+1.2

-38.9+1.6

-38.9+0.9

-43.6+1.8

-33.8+1.8

-29.1+1.4

-30.8+1.4

-29.7+1.2

-26.2+1.2

4 5 2+1 2

+38.1+1.5

-6

-6

-6

-5

- 5

-7

-7

- 5

-5

-6

-6

-6

-4

-4

-2

-3

-6

+8

Ô18O

%o

.64+0.08

.68+0.1

.25+0.08

.77+0.09

.71+0.08

.03+0.09

.32+0.1

.61+0.09

.10+0.08

.25+0.08

.6 +0.09

.85+0.09

.47+0.09

.92+0.09

.25+0.1

.34+0.1

. 33+0.1

.97+0.08

>
>
C/)

s
w
h-*0 0
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ANGOLA

FIG. 3. Tritium results in TU. The values in the northern Kalahari are higher than those in the south, indicating
more active rain recharge. • — phreatic water, i — confined water source.
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5. CARBON ISOTOPES

5.1. 1 3 C

The 613C values of the dissolved carbon species in the waters studied
range from -13.1% to -5. 3% (Table II). We can observe the following
characteristics:

A certain correlation seems to exist between the 613C values and the
chemical composition of the water. The full scope of chemical composition
could not be accomodated in the present report, but in Table I the dominant
salt species has been entered in column 3. It is seen that bicarbonate is the
dominant anion and sodium is the common cation in most cases, Ca and Mg
in the others. The Ca and Mg waters occur in a range of 150 to 700 mg/litre
HCO3, whereas the Na waters range up to 1300 mg/litre. The difference is
most probably due to the higher solubility of the sodium-carbon salt species.
The <513C values are seen to be positively correlated with the HCO3 concentra-
tion, reflecting a higher portion of fossil carbon in the higher bicarbonate
waters.

A positive correlation is also seen between the 613C and pH values (Fig. 4).
The pH was measured in the laboratory, about two weeks after collection
and some changes might have occurred. If that happened, then the indigenous
<513C-pH correlation in the samples studied is even better than the one observed
in Fig. 4. The Na waters reach higher pH values than the Ca-Mg waters,
probably indicating higher neutralization by rock carbon and, hence, also
greater influence by isotopically heavy rock carbon, resulting in more posi-
tive 613 values.

In the histogram of Fig. 5 two distributional sets are seen, one around
-ll%o and a second, less pronounced one, around -1%. The former is mainly
populated by Ca-Mg waters and the latter by Na waters. This seems to reflect
the more extreme extent to which the dilution by rock carbon took place in
the Na waters.

-5

-7

-9

OQ>

-13

I Г

X X

о
о ох

I L
6.8 7.2 7.6 8.0 8.4 8.8

pH

FIG. 4. 1 3 С content as a function of pH. x = Na water, O = Ca and Mg water. A positive correlation is seen,
the Na waters reaching higher amounts of dissolved carbonate and with this more significant contributions of
rock carbon of high 1 3 C content (the transition from Na-dominated waters to Ca- and Mg-dominated ones is
gradual).
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П П

Ca.Mg
waters

п п п
Na
waters

-12 -10 -8 -6
S l 3c %o

FIG. 5. l 3 C histogram. The Ca-, Mg-dominated waters group around ô13C= -11%», whereas the Na-dominated
waters reveal a broader spectrum that goes up to more positive values, probably due to more extreme dilution
by rock carbon.

It is of particular interest to know whether the 613C values in the ground-
water are fixed shortly after reaching the aquifer or whether values continue
to change as a result of continuous neutralization and mixing with rock carbon.
The problem is important in connection with suggested uses of 613C in the
correction of 14C ages. An answer may be obtained by looking at the first
21 samples in Table II. They contain post-bomb tritium and are, therefore,
very young on the radiocarbon time scale, yet higher б13С values of -8 and
-7%o are common among them. This indicates that the neutralization and
dilution by rock carbon can take place before reaching the aquifer or shortly
thereafter. The wide range of 613C values observed in the reported Kalahari
groundwaters could therefore have been formed by fast reactions under differ-
ing environmental conditions of infiltration and kept more or less unchanged
in the aquifers.

A question left open in the present study is the composition of the stable
carbon isotopes in the Kalahari vegetation and soil on the one hand, and of the
prevailing rocks on the other. Four б13С measurements of calcretes from
Ghanzi revealed values of -5 to -6%o .

5.2. Radiocarbon

The 1 4 C values observed range from 120 to 1 pmc (percentage modern
carbon) and show the following features (Table II and Fig. 6):

The first sample in Table II, one of the Makgaba wells, contained 12 0 pmc.
From this post-bomb well we might gain insight into the degree of dilution
with fossil carbon and the value of 13C reached by the local water on its way
to the aquifer. The bomb tests caused an increase in the atmospheric 14C
content in the southern hemisphere from 100 pmc in 1955 to 165 pmc in 1963,
and this value decreased to 145 pmc in 1972 [8, 9] . The average 1 4 C content
in the atmosphere over the last decade was about 155 pmc. The 120 pmc
observed in the Makgába well represents, therefore, a dilution by fossil car-
bon to about 85% of the initial atmospheric value, in good agreement with
values observed by others [10] . The radiocarbon dilution in the Makgaba
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FIG. 7. Tritium and accompanying 1 4 C values. The samples of 1 4 C of more than 85 pmc are those that
contain more than 3 TU. These are clearly post-nuclear bomb waters and indicate rain recharge during the
last 20 years. The samples below 85 pmc contain less than 2 TU which is explained as being brought in by
small additions of very recent water with waters that are a few hundreds to a few thousands years old.

well was accompanied by a 613C value of -11. 7%o . This is a typical value
for many of the Kalahari waters studied, and might well indicate typical 14C
dilution to 85%.

Adopting an initial value of 85 pmc for young but pre-bom'b groundwater,
the first 21 samples of Table II must be post-bomb or contain a post-bomb
component. In good agreement with this are the accompanying tritium con-
tents (Fig. 7 ) that are post- bomb, as has been discussed above.

These 21 samples are a most direct proof of recent rain recharge taking
place in the Kalahari. In Fig. 6 one can see that the values of greater than
85 pmc are mainly phreatic waters in the northern Kalahari, but such cases
are also found in the southern Kalahari (Table II).

For these post-bomb cases an age zero (on the radiocarbon time scale)
is assumed.

The cases below 85 pmc are seen in Table II to contain no measurable
tritium, or small quantities. By definition these waters are pre-bomb and
conventional 14C ages may be calculated for them. In those cases in which
slight tritium is observed, it is explained as intermixing with recent shallow
groundwater. The amount of 14C brought with them is about 4 pmc per each
1 TU of recent water. Compared with other uncertainties, the possible error
in age calculation introduced in these few cases is minor except for very low
14C values.

Radiocarbon ages have been calculated in Table II, assuming an initial
value of 85 pmc [10] . The values (Table II) show young ages in the phreatic
groundwaters of the northern Kalahari but greater ages in the southern Kala-
hari. This agrees with the respective annual rainfalls.
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Water pumped from the confined semi-artesian Cave sandstone aquifer
at Orapa was found to contain 9-20 pmc and 0. 4 -1 . 8 TU. This combination
of low 14C and low tritium is explicable by admixture of shallow, tritium-
containing water to the Cave sandstone water pumped at depth. To assess
the true 14C content of the confined water the amount of radiocarbon that was .
brought in along with the tritium of the recent water component has to be
substracted from the measured 14C value. If the 0. 4 -1 . 8 TU came in with
post-bomb rainwater, the accompanying radiocarbon would be 2-10 pmc. If
this recent water component was, however, actually stored in the ground
for a decade or two, the original tritium value would have been higher by a
factor of two or more with a corresponding value of about twice the radio-
carbon, covering fully the concentrations measured. The Cave sandstone
water therefore appears to be devoid of tritium and devoid of, or poor in, !4C.
Their ages are therefore probably in excess of 15 000 years, which indicates
that these waters are more or less trapped. The hydrological consequences
of this high age are discussed in detail in a paper specifically dealing with the
Orapa region (in preparation).

The mode by which groundwater ages have to be calculated from their 14C
content is still under debate. Several authors suggested that the dilution
by fossil carbon may be corrected by using the accompanying 613C value.
This is based on the assumption that infiltrating water becomes charged in the
soil by biogenic carbon dioxide with 613C values around -25%o and a 14C value
of 100 pmc. This is then neutralized by fossil rock carbonate of 613C values
around 0%o and 0 pmc radiocarbon. Accordingly the measured 14C value is
divided by <513C/-25 and this value is used in the age equation [11J . Others
suggested a value of -18%o for the 613C of the organic carbon [12] . The
measured 14C values have been divided by 613C/-25 and the results are given
in the 9th column of Table II. Values far exceeding 100 pmc are obtained
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-8 -6 -4 -2 0 2 4

8 ieO%

10

FIG. 8. Stable hydrogen and oxygen isotopes. The Mopipi and Rakops waters are evaporated and most probably
those of the vicinity of the Ngami Lake also, indicating recharge from the lake. The other groundwaters are
isotopically light and originate from direct rain infiltration. Average annual rain values from Ref. [7].



222 MAZORetal.

and thus show that the 613C age correction method is generally inapplicable
in the Kalahari. A different value for biogenic carbon, say 18%, will not
solve the problem in most cases.

One is thus left with the ages calculated above, assuming an initial con-
tent of 85 pmc 14C (Table II). It might be questioned whether these ages are
realistic at all, i. e. whether contents of 50 pmc or so are not, after all, a
mere result of extensive carbon dilution. At this point, the discussion may
be reversed and the question asked whether the present set of data from the
Kalahari can contribute to the 14C age technique in groundwaters. A partial
positive answer may be found in the following:

(a) High 14C contents are accompanied by high tritium. This reveals
some internal consistency and shows that initial dilution does not go below
85 pmc or near values. The low 14C values resulted, therefore, from radio-
active decay and hence reflect the age.

(b) The fact that the phreatic groundwaters in the northern Kalahari
are younger than those in the south may be explained by the decrease in rains,
which, in turn, results in less turnover and therefore higher ages in the
south. In the vicinity of the Molopo River bed a few young groundwater cases
may be explained by flood recharge.

The hydrological data of the region studied agree, therefore, with the trend
of the deduced 14C ages.

6. STABLE HYDROGEN AND OXYGEN ISOTOPES

The ôD and 618O values are given in Table II and are plotted in Fig. 8.
The following features are observed:

The Mopipi Dam water is well evaporated, as one would expect. The
water sampled in the closed water reservoir of the Rakops Hospital seems
to be fed by water that passed evaporation as well. Wells bordering the
Ngami Lake reveal relatively high values and seem, therefore, to be rechar-
ged by the lake water.

The rest of the samples, both of phreatic and confined waters, group
in a range of 6D - 55%o and 518O- 8. b% to 6D - 25%O and 618O- 3. 5%o. No
correlation in this range is seen with the type of aquifer, i. e. phreatic or
confined. From a study of Table II, no correlation is seen with 14C content
or age. Isotopically light waters include young and old waters and the same
is true for isotopically heavy water.

The range of annual average rain values in stations spread over the
southern part of Africa are enclosed in the broken line in Fig. 8 (paper con-
cerning the Orapa groundwaters, in preparation; data being collected from
the IAEA [7]). The Kalahari rains are slightly lighter than the average rain,
perhaps because of preferential intake of individual rains with light isotopic
composition, as suggested by Vogel et al. [13] . A second explanation could
be an origin in a previous climatic regime with rain of a different isotopic
composition, but this is ruled out by the accompanying 14C ages that show
no correlation with the ôD and б18О values.

The Kalahari groundwaters have an isotopic composition falling in the
range of individual rains but lighter than the annual average. They seem
to originate by direct infiltration of rain with minimum halt up in the surface,
i. e. with minimal evaporation losses.
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DISCUSSION

P. FRITZ: From Fig. 8 of your paper it appears that the evaporated
Rakops and Mopipi Dam waters lie on the same line as the groundwaters
and the precipitation waters. Can you explain this?

E. MAZOR: The scale used in Fig. 8 gives that impression. However,
if one now adds, retrospectively, the rain line based on weighted average
monthly rain values obtained from a number of stations surrounding the area
(see Ref. [7]) and the Okavango Swamps surface water line (in a report which
is to be published), it becomes evident that the evaporated Rakops and Mopipi
Dam waters lie on the latter (evaporation) line.

R. E. ISAACSON: Does your conclusion that contemporary precipitation
recharges the water table in the Kalahari apply also in the southern area,
with its generally deep sand cover and lower average annual rainfall? Per-
haps the wells which were sampled are being recharged from nearby streams
rather than from precipitation, for it is difficult to understand how so little
rainfall can recharge a water table at a depth of 20-100 m.

E. MAZOR: Yes, even in the southern area the water table is being
recharged from contemporary precipitation. The high 14C values for sampling
points 70, 80, 81 and 82 (see Figs 1 and 6), however, are probably come
from bank recharge from dry river beds,

L. G. QUIST: What information have you obtained about groundwater
flows?

E. MAZOR: We have not been able to demonstrate the existence of
groundwater flow with the techniques we used.

G. CHAPOND: How does the present rate of exploitation of Kalahari
groundwater compare with the potential recharge?

E. MAZOR: It is low.
G. CHAPOND: If the present rate of extraction is low and if, as you

have indicated, there is little or no horizontal underground circulation, and
furthermore if there is recharge through contemporary precipitation, the
water tables should rise and become subject to evapotranspiration. How
then do you explain the fact that the waters contain so little deuterium and 18O?

E. MAZOR: We have found that both the active and the less active aqui-
fers have overlapping isotopically light values. They have therefore not been
subjected to fractionation effects. We would expect transpiration to account
for the major part of the losses.

P. KIRKOV: If there is no underground flow and.consequently no mixing,
the ages, and hence the isotopic composition, of water at different levels
could be different. Have you observed such a phenomenon?

E. MAZOR: Yes, we know of a case in the northern Kalahari where
two aquifers, isotopically different, lie one above the other.

J. C. LE RM AN: I should like to comment on the statement which you
made in your presentation concerning the inapplicability to research in the
Kalahari of the method for correcting the 14C ages of groundwater on the basis
of the 613C values of the dissolved carbon.

When one wants to correct the radiocarbon ages of groundwater, one is
faced with two questions. First , which formula should one use? Second,
what parameter values should one feed into the formulas? One of the required
values is the 613C value of the soil CO2, and here I would stress that this
value may be very different from the frequently assumed -25%oversus PDB
(see, for example, Isotope Hydrology 1970, IAEA, Vienna (1970) p. 256).
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We know that the 613C values of land plants range from -9%o to -38%o versus
PDB, and this whole range is observed on the African continent, in savannas
and in the undergrowth of dense forests respectively if one takes the extremes.
This large range is due to the existence of three different photo synthetic types
(called C3, C4 and CAM) and to atmospheres locally depleted in l 3 C. Besides
such local variations, large temporal variations have been observed, correlat-
ing with climatic changes (Lerman, j / C . , Proc. 8th Int. Conf. Radiocarbon
Dating, Royal Society, Wellington, New Zealand (1972) H-16; Lerman, J. C.,
Colloques Int. Cent. Natn. Rech. Scient. No. 219 (in press); Lerman, J. C.,
Queiroz, Science (in press)). Different 613C values of soil CO2 may produce
the same б13С value in dissolved carbon species. Consequently, we need an
independent method to estimate the original value of the soil CO2. The 13C
analysis of the present isotopic composition of soil CO2, the 13C analysis of
fossil organic matter, and paleophytogeographic studies (Lerman, J. C. , Proc.
8th Int. Conf. Radiocarbon Dating, Royal Society, Wellington, New Zealand
(1972) D-93) might be of help.
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Abstract-Résumé

ISOTOPIC STUDY OF THE CONTINENTAL INTERCALAIRE AQUIFER AND ITS RELATIONSHIP WITH OTHER
AQUIFERS OF THE NORTHERN SAHARA.

The Northern Sahara contains several aquifers, the largest of which is that of the Continental Intercalaire
formations. In its eastern part the aquifer is confined and presents a very homogeneous isotopic composition.
The )4C activity is low or zero except in the outcrop zones of the north (Saharan Atlas), the east (Dahar)
and the south (Tinrhert), all of which are recharge zones. In these areas the isotopic composition does not
differ appreciably from that of the old water in the confined part of the aquifer.

In the western part, where the reservoir outcrops widely, the 14C activities show the extent of the local
recharge. The heavy isotope content indicates the overflow of the surface aquifer of the western Grand Erg
into the Continental Intercalaire over the whole Gourara front. The mixtures thus formed pass under the
Tademait and drain towards the Touat.

In the resurgence zone of the Gulf of G abes in Tunisia the heavy-isotope content confirms the recharging
of the aquifer of the Complex terminal by drainage of water from the Continental Intercalaire through the
El-Hamma fault system. The water then runs eastwards, mixing with local contributions. The marine
Miocene confined aquifer of Zarzis-Djerba in the Gulf of Gabes receives no contribution from the Continental
Intercalaire.

The water in the aquifer of the western Grand Erg indicates an evaporation mechanism, probably
peculiar to the dune systems, which gives rise to heavy-isotope enrichment compared with the recharge of
other types of formations.

ETUDE ISOTOPIQUE DE LA NAPPE DU CONTINENTAL INTERCALAIRE ET DE SES RELATIONS AVEC LES
AUTRES NAPPES DU SAHARA SEPTENTRIONAL.

Le Sahara septentrional contient plusieurs nappes d'eaux souterraines dont la plus importante est celle
des terrains du Continental intercalaire. Dans sa partie orientale la nappe est captive et présente une
composition isotopique très homogène. L'activité en 14C est faible ou nulle à l'exception des zones
d'affleurement du Nord (Atlas saharien), de l'Est (Dahar) et du Sud (Tinrhert) qui sont autant de zones de
recharge. Dans ces aires la composition isotopique ne diffère pas sensiblement de celle des eaux anciennes
de la partie captive de l'aquifère.

Dans la partie occidentale où le réservoir affleure largement, les activités en 14C montrent l'importance
de la recharge locale. Les teneurs en isotopes lourds mettent en évidence le déversement de la nappe
superficielle du Grand erg occidental dans le Continental intercalaire sur tout le front du Gourara. Les
mélanges ainsi constitués passent sous le Tademáit et sont drainés vers le Touat.

Dans la zone d'exsurgence du golfe de Gabès, en Tunisie, les teneurs en isotopes lourds confirment
l'alimentation de la nappe du Complexe terminal par drainance des eaux du Continental intercalaire à
travers le système de failles d'El-Hamma. Les eaux s'écoulent ensuite vers l'Est en se mêlant â des apports
locaux. La nappe captive du Miocène marin de Zarzis-Djerba dans le golfe de Gabès est exempte de toute
contribution du Continental intercalaire.

* Agence internationale de l'énergie atomique, Vienne
** Laboratoire de géologie, Université de Rouen, Mont-Saint-Aignan, et Centre de recherches sur

les zones arides, CNRS, Paris, France
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Les eaux de la nappe du Grand erg occidental témoignent d'un mécanisme d'évaporation, probablement
propre aux systèmes dunaires, qui détermine un enrichissement en isotopes lourds par rapport a4 la recharge
des autres types de terrain.

INTRODUCTION

La nappe du Continental intercalaire, la plus grande réserve d'eau
souterraine du Sahara, s'étend sur la majeure partie du Sahara septentrional,
en Algérie, Tunisie, Libye.

L'étude porte sur l'aire algéro-tunisienne de cette nappe et sur les
relations avec les autres systèmes aquifères de la région. Les premières
applications des isotopes du milieu aux problèmes de la zone aride saharienne
datent d'une douzaine d'années [1]; elles ont connu un développement à
l'ensemble de la zone étudiée à l'occasion du projet REG 100 du PNUD-FS[2].

Les premiers résultats avaient montré l'existence de larges variations
isotopiques entre les différentes masses d'eau [3-5] et donc la possibilité
de les utiliser pour préciser les rapports éventuels entre les nappes. Avec
l'introduction de ce nouvel outil dans l'étude hydrogéologique du Sahara,
certaines hypothèses antérieures ont été confirmées et des interprétations
originales ont vu le jour.

Cette note consigne les résultats obtenus à l'issue d'une étude concertée
entre l'Agence internationale de l'énergie atomique, le Centre de recherches
sur les zones arides du CNRS, et le Laboratoire de géologie dynamique de
l'Université de Paris VI.

1. DONNEES GEOLOGIQUES ET HYDROGEOLOGIQUES SUR LE
RESERVOIR PRINCIPAL: LE CONTINENTAL INTERCALAIRE

La nappe du Continental intercalaire circule dans un très grand réservoir
constitué par des sédiments détritiques, perméables, d'âge mésozo'ique,
s'étendant en assises discordantes, subhorizontales, sur environ 600 000 km2

de plate-forme africaine. Le réservoir est continu du Nord au Sud, depuis
l'Atlas saharien jusqu'aux Tassilis du Hoggar, et d'Ouest en Est depuis
la vallée du Guir-Saoura jusqu'au désert libyque (fig. 1). La dorsale
méridienne du Mzab, pont structural entre l'Atlas saharien et le plateau
du Tademaït, permet de diviser l'aire d'extension du réservoir en deux
sous-ensembles, occidental et oriental. Le prolongement de cette dorsale
du Mzab représente également, au niveau du Tademaït, une ligne de partage
des eaux entre divers bassins endoréiques.

En 1956 le débit de la nappe aux exutoires naturels et artificiels a été
évalué à 8, 5 m3/s en régime permanent [6].

1.1. L'aire occidentale du réservoir

A l'Ouest de la dorsale, la puissance du réservoir est de 200 à 400 m.
Le mur est constitué par la surface érodée des séries primaires et le
toit par les argiles de la base du Crétacé supérieur (Cénomanien). Cet
écran est souvent érodé et le réservoir affleure ou n'est recouvert que de
dépôts continentaux tertiaires, relativement perméables, et d'étendues
sableuses quaternaires. La situation hydrogéologique est donc rendue
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complexe par les variations dans la géométrie du réservoir et dans ses
rapports avec les autres formations.

— En direction du Nord-Ouest, vers l'oued Saoura, le toit cénomanien
du réservoir est érodé, puis le Continental intercalaire lui-même
s'amenuise progressivement entre le Paléozoïque et les recouvrements
plus récents (Néogène, Quaternaire ancien) ou dunes du Quaternaire récent,
constituées en ergs massifs. Cette situation particulière fait qu'il y a
continuité entre la nappe contenue dans le plus vaste de ces ergs, le Grand
erg occidental, et celle du Continental intercalaire dans le Gourara.

— En direction de l'Ouest et du Sud, en dehors des termes marins du
Crétacé supérieur, en structure légèrement synclinale et formant le
Tademaït, le réservoir du Continental intercalaire affleure largement dans
le Gourara, le Touat et le Tidikelt.

— La nature lithologique des terrains du réservoir est assez uniforme:
grès et argiles gréseuses; leur âge est crétacé inférieur.

Au niveau de la dorsale du Mzab, la nappe est captive, artésienne ou
ascendante; elle devient libre et plus superficielle vers l'Ouest et le
Sud-Ouest. Dans le Gourara, les données piézométriques suggèrent
l'existence d'un déversement de la nappe du Grand erg occidental dans
celle du Continental intercalaire [7, 8]. Dans le Touat et le Tidikelt, en
revanche, la nappe du Continental intercalaire est drainée par les lignes
de dépressions qui cernent les zones d'affleurement du réservoir.

Dans toute cette aire, les eaux sont en général relativement peu chargées
en sels (moins de 2 g/1).

La faible épaisseur du réservoir, ses rapports avec les autres
formations du mur et du toit, le fait qu'il affleure sans aucun recouvre-
ment en une large auréole, laissent prévoir des variations dans les
caractéristiques des eaux d'un site à l'autre.

D'après les données piézométriques, les parties hautes de la nappe
sont situées dans la zone atlasique qui constitue une zone de recharge [9].

1.2. L'aire orientale du réservoir

Au Nord-Est de la dorsale du Mzab, le toit du réservoir cénomanien
ou albien, ou cénomanien argileux, est toujours conservé. La nappe est
en forte charge par suite du plongement progressif du Crétacé inférieur.
Le mur du réservoir n'est plus le Paléozoique mais le Néocomien argileux
ou le Jurassique.

Du Sud-Ouest au Nord-Est, les assises constituant le réservoir passent
latéralement des faciès purement continentaux des bordures à des faciès
lagunaires puis marins. La puissance de l'ensemble s'accroît considérable-
ment, dépassant 1000 m. De plus, les séries se différencient et des assises
jurassiques qui n'existaient pas à l'Ouest apparaissent au-dessous du
Crétacé inférieur, ce qui entraîne une diversification des niveaux aquifères.
Les grands accidents méridiens du Hoggar se prolongent vers le Nord dans
la couverture et déterminent un compartimentage méridien du réservoir.
Cependant les communications subsistent et assurent la continuité hydraulique
dans l'aquifère. D'après la piézométrie, l'écoulement de la nappe se fait
vers le Nord-Est en direction du Golfe de Gabès.

On distingue une nappe d'eau relativement peu chargée en sels (1 à 2 g/1)
dans les grès (albo-barrémiens), superposée aux nappes salées de la base
du Crétacé inférieur (Néocomien) et du Jurassique [9].



FIG. 1. Carte géologique schématique du Sahara septentrional.
1: Eigs 3: Continental intercalaire 5: Socle et Paléozoïque
2: Tertiaire et Quaternaire 4: Crétacé supérieur - Eocène 6: Failles et flexures.

Les principales directions d'écoulement de la nappe du Continental intercalaire, déduites de la piézométrie, ont été figurées par des fleches.
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Les zones de recharge potentielles sont ici limitées aux zones d'affleure-
ment du réservoir: l'Atlas saharien au Nord, le Tidikelt oriental et le
plateau du Tinrhert au Sud, la région du Dahar à l'Est.

Nous étudions ici les caractéristiques isotopiques de cette nappe et
ses relations avec les autres systèmes aquifères régionaux pour lesquels
les notions hydrogéologiques essentielles seront rappelées au cours de
l'exposé.

2. DISCUSSION DES DONNEES ISOTOPIQUES

2. 1. La nappe du Continental intercalaire (tableau I)

Les teneurs en isotopes stables liées à l'origine des eaux permettent
de distinguer deux ensembles. Cette subdivision isotopique correspond
dans une large mesure à la répartition hydrogéologique de la nappe du
Continental intercalaire en deux domaines de part et d'autre de la dorsale
du Mzab, ainsi qu'elle a été précédemment définie.

2. 1. 1. Partie orientale de l'aquifère du Continental intercalaire

La nappe est ici captive sur sa plus grande partie. Les teneurs en
isotopes lourds sont très homogènes (fig. 2) et centrées sur 618O = -8,4± 0,4
et ôD = 61 ± 3 %o. Ces valeurs, propres à l'aquifère protégé, semblent
être caractéristiques des eaux du Continental intercalaire, exemptes de
toute contribution à partir d'autres nappes. Dans le Tinrhert seulement
on observe quelques teneurs légèrement plus hautes en 18O. Les eaux ont
en général une activité faible ou nulle en 14C. Ce n'est que dans les zones
de recharge ou à proximité de celles-ci que l'on relève des teneurs en
carbone-14 assez élevées: 54, 7% de carbone moderne à Laghouat sur le
revers Sud de l'Atlas saharien, et 53, 3% à Ouled-Ouni dans le Dahar. Les
activités des eaux de Fort-Flatters (22,8%), Tin-Fouyé (17,3%) et Tabankort
(9, 9%) dans le Tinrhert, décroissent depuis les zones de recharge sous la
hamada du Tinrhert et rendent compte des temps de parcours.

2. 1.2. Partie occidentale de l'aquifère

A l'exception de la région du plateau du Tadema'it, la nappe est libre
ou recouverte par la formation perméable du Grand erg occidental. Les
zones d'affleurement du Continental intercalaire sont des exutoires. Ici,
les teneurs en isotopes lourds sont extrêmement variables (fig. 2): (618O
compris entre -9, 6 et 4,1%).

La zone du Tidikelt (618O moyen = 8,4%o) présente des valeurs très
proches de celles de la partie orientale de l'aquifère, c'est-à-dire des eaux
du Continental intercalaire exemptes d'autres apports. Cependant on
relève une distinction fondamentale: les eaux du Tidikelt ont une activité
en 14C de 4 à 40% de carbone moderne qui prouve une contribution locale
à l'alimentation. Ces apports locaux, qui ne peuvent être distingués sur
la base des teneurs en isotopes stables, participent à des mélanges incluant
des eaux anciennes âgées de plusieurs périodes de 14C, qui proviennent
probablement d'autres zones de recharge.
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TABLEAU I. NAPPE DU CONTINENTAL INTERCALAIRE

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Localité

Oued-Nakla

CF 1, 5664

CF 3. 8429

Source Seftlmi, 1948

Seftlmi 2, 7305

Seftimi 3, 7309

SP4

Bordj-Bourguiba, 5654

Bir-Zobbas, BZ A 1

El-Borma, A 4

Zemlet-el-Tayara, A 1

Om-Zab, EZ A 1

Ech-Chouech, ECH A 1

SP 3 Tiaret

Oued-Lorzot, 6511

Oued-Ouni, 6855

Laghouat, 130 H 7

Tamerna, 408 H 11

Berniane, 119 18

Guerrara 2, 17 19

Sidi-Mahdi, 436 I 11

Melika 3, 112 I 8

Zelfana 2, 13 J 9

Ouargla 1, 447 J 10

Ouargla 2, 431 J 10

Daïet-Remt, 4 К 9

Hassi-Messaoud

Rhourde-el-Baguel,
AB 7, 7 К 12

Tin-Fouyé

Ohanec

Tabankort

Fort-Flatters

Hassi-Fahl

El-Golea

Hassi-Maroket, 66 L 7

Hassi-Enfin

Timimoun, Foggara-
Amghaier

Date

01-70

02-69

01-70

02-69

02-69

02-69

01-70

02-69

12-70

11-70

11-70

11-70

11-70

11-70

11-70

11-70

11-70

11-70

03-71

04-71

03-71

03-71

04-71

03-71

11-69

03-71

02-69

11-69

02-69

03-71

04-71

04-71

12-73

12-73

12-73

12-73

02-71

12-70

03-69

03-69

04-71

03-69

Ó18O/SMOW

CM

Zone orientale

-8,6

-7,9

-8.2

-8,3

-8,4

-8,3

-8.4

-8,8

-9,1

-9.1

-8,7

-8,8

-8,3

"8, 2

-8,3

-7,9

-8,0

-8,3

-8,2

-8,6

-8,1

-8,5

-8,5

-8,8

-8,8

-8,4

-8,6

-8,5

-8,0

-8,0

-7,0

-7,5

-6,7

-4,7

-5,0

-6,0

-7,9

6D/SMOW

C7oo)

de la nappe

-62

-62

-60

-62

-60

-61

-63

-66

-64

-66

-64

-62

-61

-61

-61

-59

-56

-59

-62

-62

-56

-61

-61

-62

-63

-63

-61

-60

-56

-50

-58

-64

14 С

(<#> mod)

0, 2 ± 0, 6

0,9 ± 2,1

6, 6 ± 1,5

0,4 ± 0 , 6

2, 9 ± 9,2

6, 0 ± 3,5

0, 0 ± 3,0

53,3 ± 4 , 5

54. 7 ± 1, 3

1.1 ± 0, 8

1,3 ± 0 , 4

1,7 ± 0 , 4

2,1 ± 0,6

2, 5 ± 0, 5

0, 0 ± 0, 8

1,4 ± 1,8

5,2 ± 0 , 4

4 , 1 ± 0,6

2,4 ± 0 , 6

17,3 ± 0,7

9.9 ± 1,5

22,8 ± 0, 8

0,9 ± 0.5

32,0 ± 0 , 3

1,0 ± 0,7

59,6 ±4,4

#3C/PDB

CM

-8.5

-8,6

-10,7

-6,4

-9,9

-10,4

-8,7

-8,4

-7,4

-8,8

-8,3

-9,4

-9,9

-8,0

-9.5

-11.5

-10,6

-10,3

-11,1

-10,5

-10,9

-7,2

-7,6

-7,0

-5,6

-5,0

рн

7,3

7.8

6.9

7 . 5

7,3

7,5

8,1

6,8

7.5

7,3

7,4

7,3

7 . 4

7,0

7,4

7,8

7,2

7,5

7,4

7,1

7,0

7,2

7 , 2

7.6

7.4

7,6

7,3

7.8

7,8

7,5

COjH"

(mg/1)

102

136

134

140

164

58

200

102

126

146

102

168

185

183

178

163

159

189

175

187

165

138

135

95

100

120

210

80

130
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TABLEAU I. (suite)

No.

38

39

40

41

42

43

44

45

46

47

48

49

50

52

53

54

55

56

57

58

Localité

TImimoun, Puits

Timimoun, Foggara-
Ouled-Saîd

Oulad-Mahmoud

Charouine

Adiar, Puits Sonatrach

Adrar, Foggara

Adrar, Puits ferme exp.

Bouda

Bou-Ali

Sbaa

Reggane

Aoulef-el-Arab

In-Salah

In-Salah, puits
hydraulique

Foggaret-et-Zoua

Tit-101, forage

In-Rhar

Garet-Louazouaza

Timeldjane

Ш-Hassène

Date

12-70

03-69

12-72

12-72

12-70

03-69

03-69

03-69

12-70

12-72

11-71

11-71

12-72

12-70

03-66

12-71

12-71

12-72

12-72

12-72

ÔWO/SMOW
CM

6D/SMOW

(%)

Zone occidentale de la

-8,3

-4,4

-5,5

-4,9

-6,5

-7,0

-6,1

-7,1

-8,7

-6,6

-8,0

-7,4

-8,9

-8,4

-9,6

-8,0

-8,5

-4,1

-6,8

-9,1

-49

-54

-60

-52

-61

-58

-60

"c
(°h mod)

nappe

30,9 ±0,5

54, 0 ± 2,5

24,4 ±0,3

22, 3 ± 0,4

46, 5 ± 1, 3

33, 5 ± 1, 0

38,8 ±1,6

5, 6 ±0,7

21,2 ±1,0

36, 0 ± 1, 0

10,0 ± 1, 0

10, 2 i 4, 6

17,0 ±4,0

¿13C/PDB

ем

-6,5

-6,2

-8,7

-8,6

-7,3

-7,4

-6,4

-10,2

-10,5

-8,7

-5,7

-7,0

-7,6

pH

7,7

8,2

7,9

7,8

8,0

8,2

7,4

7,9

7,1

7,6

7,7

8,1

7.8

СО3Н"
(mg/1)

136

120

130

190

197

130

76

163

188

166

173

90

100

Dans le Touat et le Gourara, ce sont les teneurs en isotopes lourds
variables et en général plus élevées que dans le Tidikelt qui témoignent
d'autres apports. Ici encore, les teneurs en 14C souvent élevées (jusqu'à
60% de carbone moderne) indiquent clairement l'importance de la recharge
locale. A l'Est et au Sud du Grand erg occidental, les eaux du Continental
intercalaire tendent à montrer les mêmes compositions isotopiques que
celles, très caractéristiques, des eaux de la nappe de l'erg (cf. 2. 3; fig. 3).
Cette région correspond à un vaste front de déversement des eaux du Grand
erg dans la nappe du Continental intercalaire. Les hypothèses relatives à
cette alimentation se trouvent confirmées et généralisées à tout le Gourara.

Sous le plateau du Tadema'it, les eaux montrent des teneurs en18O de
plus en plus basses, du Nord vers le Sud, qui suggèrent une participation
décroissante mais effective des eaux du Grand erg. Cette contribution est
compatible avec le tracé régional des courbes piézométriques et l'alimentation
massive du Continental intercalaire par le Grand erg au niveau du Gourara.
Les eaux qui proviennent du Grand erg sont alors prises en charge par la
circulation générale Nord-Est — Sud-Ouest de la nappe du Continental
intercalaire sous le Tademaît et véhiculées vers les émergences du Touat.
L'influence des eaux du Grand erg ne dépasse guère l'axe de cette circulation:
en effet, plus au Sud, mais toujours sous le Tademaît, on retrouve des
eaux aux caractéristiques proches de celles du Tidikelt. Les teneurs en



34°

32°

30°

28°

~ {

;
•

s

/

/ '

\

0

/

/

-%'

45

0°

i

700

./

. / '

/

37 _o
-7,9 j 3 8

-44
.40

• 4 7

f
46

0°

1

/
/

49
44

1

200 Km

/

36
'6.0

55

54'5

2"

2-

1

-'

M
51

-8.9

I

& L A G

—.-«.

-34
-4.7

.35
-50

.•s

.=» /
-#i/ /

#53 |
1*50 ' i
-8.5 \

i
l

1 \

<

HOUAT

19
•8,2

.22
8.5

~ ^
4

33
!6,7

1

i
/

<°

1

.20
-8fi

23
-•̂ 5

24 ;

\
\ 26\-*«4

!
i

.'

/
/

V

1

!

18
•-8.3-

.21

25
l8 27

1

HASSI
• | ¿ MESSAOUD

28

0

t>°

'8.5

\

.31

-fs

8°
\ )

\
\

29
'8.0

l

5
-?4

Г

I*

1

•
6 с

-80 *

и

1

N / 5
7

'

\? -•'.-£}3

' i в Т

? .те/-' _
-739

.15.*
-8,3

14 _ _

, > '

\
\(

\

30 i
•-8Р \

!
?0°
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FIG. 3. Corrélation entre les teneurs en oxygène-18 et en deuterium des eaux du Continental intercalaire
dans le Touat et le Gourara. Dans le Gourara la nappe du Grand erg occidental se déverse dans le Continental
intercalaire. A = valeur moyenne dans l'aire orientale du Continental intercalaire.

14C, de l'ordre de 10% de carbone moderne, enregistrées pour les eaux
prélevées sous le Tademaït proviennent d'une contribution locale récente
à partir de la nappe libre du Sénonien.1 Ceci est conforme aux hypothèses
tirées des relevés géologiques [10] et selon lesquelles, en certains points
du synclinorium du Tademaït, la couverture très amincie du Crétacé
supérieur ne joue plus un rôle d'écran vis-à-vis de la nappe du Continental
intercalaire qui n'est d'ailleurs pas artésienne aux points d'eau considérés.

2.2. Rapport du réservoir du Continental intercalaire avec d'autres
réservoirs

2. 2. 1. Nappe du Complexe terminal dans la région de Gabès (Tunisie)
(tableau II)

A travers le système de failles de El-Hamma et de Médenine (fig. 4),
la nappe du Continental intercalaire alimente la nappe artésienne de la zone
côtière du golfe de Gabès contenue dans les niveaux sénoniens et mio-
pliocènes. Cette drainance est clairement suggérée par la différence des
niveaux piézométriques des deux nappes et la nature lithologique des terrains.
Elle se trouve confirmée par les teneurs en isotopes stables: dans ce
secteur, l'eau du Complexe terminal a la même composition isotopique
que celle du Continental intercalaire sous-jacent. On constate cependant
que l'apport du Continental intercalaire, très concentré dans la zone de
passage préférentiel des accidents d'El-Hamma, diminue ensuite vers
l'Est selon la direction d'écoulement: les teneurs en isotopes lourds
augmentent. Ces variations de composition isotopique impliquent la
participation d'une eau d'origine différente à la recharge. La présence
dans la région d'affleurements du Complexe terminal laisse supposer une

1 Un point d'eau dans le Sénonien de Tademaït (Aïn e l Hadjaj, fig. 1) a livré une eau aux
caractéristiques suivantes:

6lft> = -8, 9/oo; 14C = 87, 0 ± 1, 3<7o; Ô13C = -12, 7.
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TABLEAU II. NAPPE DE LA ZONE COTIERE DU GOLFE DE GABES

L o c a m é
61SO/SMOW 6D/SMOW M C 6I3C/PDB CO,H~

е м ( f e ) t»™*) {%) P" (mg'/D

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Oued-el-Hamma, 5312

Puits el-Hamma, 7946

Source el-Hamma, 1731

El-Hamma 1, 5604

Chenchou 1, 6870

Sources Akarit, 5504

Sources Akarit, 5504

Oudref3. 9454

Oudref2, 8902

Methouia 8, 9633

Methouia 4 bis, 8734 b

Methouia 4, 8734

Methouia, 9621

ICM 3. 9251

ICM 2, 8979

Ghannouche, 5515

Riquet-el-Hamma, 9160

Source Gabès

Nouvelle Matmata I,
9348

El-M'Dou, 8750

Kettana 4, 5547

Zerkine 2, 5336

Mareth 6, 8738

02-69

02-69

02-69

01-70
11-70

02-69
01-70

02-69

02-69

01-70
11-70

02-69

02-69

02-69

02-69

02-69

01-70
11-70

02-69

02-69

02-69

02-69

12-70

11-70

11-70

11-70

12-70

-8,4

-8,0

-8,3

-8,5

-8,4

-7,0

-6,6

-8,0

-7.8

-7,9

-7,7

-8,1

-7,5

-7,8

-7,3

-7,3

-7,2

-7,5

-7,0

-6,8

-6,6

-7.0

-7,1

-61

-62

-60

1,2 ±1 ,0 -9,1 7.0
-58

-61

0, 0 ± 0, 5 -8,1

-54

-48

1,6 ± 1,6 -5.8

-57

-60

-58

-57

-61

-56

6,4 ±1 ,3 -4,8 7,4

-53

-55

-54

-52

-55

-50

-46

-48

-50

-48 4, 5 ± 2,4 -4,4

7 ,5

7 , 6

7 ,7

7 , 0

96

75

156

156

168

contribution due aux précipitations locales. Dans un diagramme ô18O-6D
(fig. 5)-les valeurs se répartissent sur une droite de mélange, parallèle
à celle des eaux météoriques, dont les pôles seraient constitués par les
eaux du Continental intercalaire d'une part, et celles de la recharge régionale
d'autre part, toutes deux affectées par I1 evaporation. Corrélativement
les eaux les plus riches en contribution du Continental intercalaire n'ont
pas de 14C tandis que les eaux d'origine régionale en contiennent de faibles
teneurs.

2.2.2. Nappe du Miocène marin de Zarzis-Djerba (Tunisie) (tableau III)

II s'agit d'un aquifère constitué par des dépôts localisés à la région
littorale. Les eaux artésiennes de cette nappe ont des teneurs en isotopes
lourds remarquablement homogènes et parmi les plus élevées de la région.
Dans le diagramme 618O-6D, le point représentatif de la valeur moyenne
se place au-dessous de la droite des eaux météoriques dans un domaine
qui correspond généralement aux eaux évaporées. Cependant, ce point
se situe également sur la droite précédemment définie pour le mélange
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FIG. 5. Droite de mélange entre les eaux du Continental intercalaire et la recharge régionale dans la nappe
du Complexe terminal de la région de Gabès. A = valeur moyenne dans l'aire orientale du Continental
intercalaire. В = valeur moyenne de la nappe de Zarzis-Djerba.

entre les eaux du Continental intercalaire et les eaux de la recharge régio-
nale. Sa position en pôle supérieur sur cette droite indique que ces eaux sont
représentatives de la recharge régionale et n'ont point subi d'evaporation.
La seule zone d'alimentation qui puisse alors convenir à cette recharge,
qui plus au Nord se mélange aux eaux du Continental intercalaire, est le
revers oriental du Dahar entre El-Hamma et le Sud de Médenine. Dans
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TABLEAU III. NAPPE DU MIOCENE MARIN DE ZARZIS-DJERBA

No.

82

83

84

85

86

87

88

89

Localité

Oued-Zeuss 1, 7301

Djorfl, 10196

Guellala 1, 9963

Stddi-Baccour, 9622

Erkou. 8751

Ras-el-Khessime, 9637

Hassi-Djerbi 2. 8944

H'Madi-Zarzis, 7187

Date

11-70

11-70

11-70

11-70

11-70

11-70

11-70

11-70

¿«O/SMOW

cw

-6,2

-6,0

-6.0

-6,0

-6,2

-6,3

-6,3

-6,0

6D/SMOW

-41

-48

-46

-41

-45

-45

-42

-44

0, 2 ± 0, 6

3,6 * 2,9

Ô"C/PDB
CM

-5,6

-9,3

pH

7,4

7,6

7,4

7,4

7,2

7,2

7,3

7.5

CO 3 H"

(mg/1)

228

156

162

146

168

168

200

94

la région Medenine — Zarzis-Djerba, il n'y a pas d'apports à partir du
Continental intercalaire et la nappe est strictement alimentée par la
recharge régionale. Notons que nous parvenons à cette hypothèse sur la
base de données structurales et isotopiques, en l'absence d'indications
piézométriques.

2. 2. 3. Nappe du Complexe terminal dans la région de Ouargla (Algérie)

Dans cette région, les données sont trop peu nombreuses pour
caractériser la nappe du Complexe terminal. A Ouargla, cependant, deux
sondages artésiens dans le Complexe terminal ont livré des eaux de
compositions isotopiques similaires à celles du Continental intercalaire
sous-jacent, et dépourvues de14C. Le problème se trouve posé d'une
alimentation par une drainance à partir du Continental intercalaire, apport
qui serait compatible avec les compositions chimiques respectives [9].
Toutefois, au stade actuel de l'étude, il ne peut s'agir que d'une hypothèse
de travail, étant donné le peu de données isotopiques à opposer ici aux
arguments stratigraphiques et géophysiques. En effet le Complexe terminal
se trouve ici séparé des niveaux aquifères du Continental intercalaire par
plusieurs centaines de mètres de terrains à forte proportion argileuse.
Notons toutefois que le site de Ouargla est situé au droit des grands accidents
méridiens du Hoggar dont le prolongement septentrional pourrait jouer le
rôle de drain vertical.

2. 3. Le problème de la composition isotopique des eaux des ergs

La nappe du Grand erg occidental est la mieux connue. L'eau circule
dans la dalle fissurée de calcaire dolomitique qui supporte l'erg. Les
faibles résidus secs (300 à 700 mg/1), l'accès facile à la surface piézo-
métrique, ainsi que les nombreuses exsurgences des marges ouest et sud
du Grand erg, confèrent à cette nappe une importance économique
traditionnelle. Les teneurs en isotopes lourds témoignent d'un enrichisse-
ment dû à l'évaporation et mis en évidence dans un diagramme 618O-5D
(fig. 6). Les valeurs correspondant à la nappe du Grand erg s'inscrivent
sur une droite d'évaporation de pente 5, 3 ± 0, 5.
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FIG. 6. Corrélation entre les teneurs en oxygène-18 et en deuterium dans les eaux de la région du Grand erg
occidental.
1: Eaux de la nappe du Grand erg occidental
2; Eaux des nappes libres des terrains situés au Nord du Grand erg
3: Eau du Grand erg oriental.
Les eaux de la nappe de l'erg s'inscrivent sur une droite d'evaporation qui passe par la valeur moyenne
(ellipse) des eaux de la recharge équivalente non évaporée infiltrée dans les terrains autres que les ergs.

Deux mécanismes peuvent rendre compte de l'enrichissement en
isotopes lourds de ces eaux. Ou bien les sables dunaires absorbent très
largement les précipitations sans intervention d'un seuil efficace d'infiltration
[4]. Si l'on se réfère par exemple aux conditions actuelles, cela signifierait
que les sables du Grand erg piègent la totalité des précipitations, y compris
les plus faibles, pour donner lieu à une nappe de composition isotopique
voisine de la moyenne pondérée des précipitations de ces huit dernières
années à Béni-Abbès2, station située à la latitude moyenne de l'erg et sur
ses confins occidentaux. Ou bien les sables dunaires représentent un
dispositif propice à une evaporation de la recharge.

Une série d'échantillons prélevés au Nord du Grand erg, dans les eaux
superficielles dont la piézométrie indique qu'elles passent ensuite sous
l'erg, montre une valeur moyenne de -9,1% en oxygène-18 et de -67%o
en deuterium. Ces valeurs s'inscrivent sur la droite des eaux de l'erg
(fig. 6) et correspondent à la composition initiale des eaux de l'erg avant
evaporation. Il s'avère donc que les eaux de l'erg s' enrichissent en

2 Moyenne pondérée des précipitations à Béni-Abbés: 618O = -4, 6.
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isotopes lourds par suite d'un mécanisme d'évaporation qui apparaît propre
à la texture des sables dunaires. Des valeurs isolées obtenues sur les
nappes du Grand erg oriental (618O = -3,0%o; 6D = -34%o) et de l'erg Issaouane
au Sud du Tinrhert (ô18O = 4, 3%o) plaident en faveur de la généralité d'un
mécanisme interne aux dunes. Comme pour les autres types de terrains,
seules les fortes pluies s'infiltreraient mais une fraction importante de cet
apport se trouverait éliminée par evaporation. Il est difficile d'évaluer
les conditions de variations de composition isotopique par evaporation en
milieu poreux, mais à titre indicatif, on peut rappeler qu'un enrichissement
de 4 à 5%o, différence entre la nappe du Grand erg occidental et son
alimentation, exigerait sous ces climats et à partir d'une surface libre [11],
une evaporation du tiers environ de la fraction liquide initiale.
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DISCUSSION

J. DOWGIAULO: Is it possible that marine connate waters are present
in the marine Miocene aquifer?

G. CONRAD: I doubt it, for the water table is under pressure, as
indicated by the existence of artesian wells at Djerba.

J. DOWGIALL-O: At what depths do the waters of this aquifer collect?
G. CONRAD: At depths between 50 m and 300 m.
G. H. DAVIS: With regard to Fig. 5, the shift of the D-18O line to the

right of the normal rainfall trend is similar to cases noted in the southern
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desert of Jordan and in Imperial Valley, California. Do you have an
explanation for this shift?

G. CONRAD: Perhaps Mr. Gonfiantini, one of the co-authors, would
care to answer this question.

R. GONFIANTINI: The groundwaters in the eastern part of the area
investigated have mean deuterium excesses unmistakably lower than lO%o,
(the values are 6%o for the eastern Continental Intercalaire and for the
Complex terminal of Gabès and 5%0 for the marine Miocene aquifer of
Zarzis-Djerba). Rains in Tunis exhibited a mean deuterium excess of 9%o
during the two years 1968-69, Apart from a possible change in climatic
conditions, we do not at present have an explanation for such differences
in the deuterium excess.

T. M. DINÇER: I think the isotopic enrichment observed in groundwater
in the Grand Erg is probably due to the evaporation of water from the sand
dune regions when the grain size of the sand is large enough to ensure the
deep penetration of rain. In Saudi Arabia we usually find moisture down to
7 m in sand dunes with a grain size of 0. 25-0. 30 mm (the moisture has an
18O content of about +5%o); in sand dunes with a grain size of 0. 15 mm,
on the other hand, no moisture is found.

J. Ch. FONTES: As one of the co-authors I should like to make a
comment.

The high concentration of heavy isotopes in the water of dune aquifers
can be explained in terms of two different hypotheses: first, the ergs, which
have no vegetation and are very porous, collect and permit the infiltration
of all precipitation (including very slight precipitation, which evaporates
to a great extent before reaching the ground) — in this connection, I would
mention that the weighted average isotopic composition for the past eight
years of rain at Beni-Abbès (618O = -4. 6%o) is similar to the concentration
measured in erg waters (-4%0 to -6%o); second, the ergs permit the
infiltration only of very strong precipitation, and infiltration is reduced
relative to that occurring in other types of soil thanks to an evaporation
mechanism peculiar to sandy media.

Results obtained by us in the northern Sahara suggest that it is the latter
process which is at work and that ergs are not so much water-storage areas
as areas where discharge into the atmosphere is favoured. The reduction
in the amount of water infiltrating is not accompanied by an increase in the
concentration of dissolved salts, for the Saharan dunes are of very pure
quartz sand.

However, we cannot be certain that this process takes place in all
dune-like media. For example, the erg at Kanem, to the north-east of
Lake Chad, contains a phreatic aquifer fed by recent precipitation where
the isotopic composition of the water does not indicate the second process,
which depends not only on the texture of the sand but also on climatic
factors such as temperature and mean relative humidity.
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Abstract-Résumé

AN ENVIRONMENTAL ISOTOPE STUDY OF THE GROUND WATER REGIME IN LARGE AQUIFERS.
Environmental isotope geochemistry has been applied in numerous studies of the groundwater regime

in large aquifers. The value of isotopic methods in this work is borne out by three recent studies on the
aquifers of the Maestrichtian Sands and the Continental Terminal of Senegal, the aquifer of the Miocene
limestones of Cyrenaica and the aquifer of the Jurassic dolomitic limestones of Aïn Béni Mathar (Eastern
Morocco). Apparent-age groundwater charts drawn up on the basis of 14C data provide a means of determining
present and past aquifer charging conditions and the general characteristics of underground flow (direction
and velocity). Comparison of these data with piezometric charts serves to confirm or modify the conclusions
reached. The contributions of drainage, which can be responsible for the transfer of large volumes of ground-
water through the semi-permeable intercalations, can be detected or confirmed by environmental isotopes.
In certain cases isotopic geochemistry provides a means of checking the homogeneity or heterogeneity of the
aquifer reservoir. Data on the 18O contained in precipitation water and groundwater have been gathered and
interpreted, and the results compared with those obtained with other isotopes.

ETUDE PAR LES ISOTOPES DU MILIEU DU REGIME DES EAUX SOUTERRAINES DANS LES AQUIFERES DE
GRANDES DIMENSIONS.

La géochimie des isotopes du milieu a été appliquée à de nombreuses études du régime des eaux sou-
terraines dans les aquifères de grandes dimensions. L1 apport des méthodes isotopiques dans ces travaux est
dégagé d'-apres trois études récentes: les nappes des Sables «maestrichtiens» et du Continental terminal du
Sénégal, la nappe des calcaires miocènes de Cyrénai'que et la nappe des calcaires dolomitiques jurassiques
d1 Ain Béni Mathar (Maroc oriental). Des cartes des âges apparents de l'eau souterraine, dressées avec le
carbone-14, permettent de préciser les conditions d' alimentation actuelles et anciennes des aquifères et les
caractéristiques générales de l'écoulement souterrain (direction et vitesse de terrain). Leur confrontation avec
la carte piézométrique confirme ou modifie les interprétations obtenues. Les apports par drainance, causes
de transferts de volumes d'eau souterraine importants, à travers les intercalations semi-perméables, peuvent
être mis en évidence, ou confirmés, par les isotopes du milieu. Dans certains cas, la géochimie isotopique
permet le contrôle de l'homogénéité, ou de l'hétérogénéité, du réservoir aquifère. La cohérence des données
sur les teneurs en tritium, notamment la détection d'apports ponctuels d'eaux récentes, avec celles du
carbone-14, permet un contrôle. Des données sur Г oxygène-18, contenu dans Г eau des précipitations et
dans les eaux souterraines, ont été recueillies et interprétées. Les résultats sont confrontés avec ceux obtenus
par les autres isotopes.

1 . INTRODUCTION

La géochimie des isotopes du milieu et plus particulièrement
le carbone 14, le carbone 13, le tritium et l'oxygène 18 permet, avec l'ap-
pui d'études hydrogéologiques détaillées, de préciser certaines données du
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régime des eaux souterraines. En particulier leur alimentation, le renouvel-
lement des réserves, les caractéristiques de l'écoulement souterrain et les
conditions aux limites des systèmes aquifères.

Parmi de nombreuses applications, quatre études, réalisées
dans des conditions climatiques et hydrogéologiques différentes, ont permis
de confirmer la fiabilité des techniques isotopiques et d'en préciser les
conditions générales d'emploi. Les résultats concernant la nappe de l'Albien
du Bassin de Paris (ВО points de mesure], publiés antérieurement (4 et 5)
sont confirmés par trois études récentes : les nappes des Sables "maestrich-
tiens" et du Continental terminal du Sénégal (80 points par mesure), en col-
laboration avec l'A.I.E.A., la nappe des calcaires miocènes de Cyrénaïque
(Lybie) (19 points de mesure), et la nappe des calcaires dolomitiques ju-
rassiques d'Ain Béni Mathar (Maroc oriental) (10 points de mesure).

2 . CONDITIONS D'APPLICATION DE LA GEOCHINIE ISOTOPIQUE

Les applications de la géochimie isotopique aux études du
régime des eaux souterraines montrent, tout d'abord, la nécessité de l'appui
d'une connaissance hydrogéologique détaillée : lithologie et structure de
la roche réservoir (conditions d'homogénéité), conditions aux limites (épon-
tes semi-perméables en particulier), hydrodynamique (piézométrie détaillée)
et hydrogéochimique.

2.1 - Aperçu hydrogéologique des aquifères étudiés

L'aquifère profond du Sénégal, dit nappe des Sables "maestri-
chtiens", principale ressource en eaux souterraines du pays a fait l'objet
d'études hydrogéologiques détaillées, précises (1, 2 et 3). Il est constitué
principalement par une formation de sables et de grès tendres avec lits d'ar-
gile, d'âge maestrichtien, d'épaisseur relativement constante (moyenne de
200 m) et de profondeur moyenne à 200 m, couvrant la quasi-totalitê du bassin
sédimentaire, soit environ 150 000 km2 (fig. 1). Les eaux souterraines, cap-
tives, dont la réserve totale est de l'ordre de 3.1012 m3, sont exploitées
par une centaine de forages. Les zones d'alimentation directe actuelles sont
localisées aux affleurements, en bordure du socle et à l'Ouest dans la pres-
qu'île du Cap Vert. Une carte piézométrique montre un écoulement général des
eaux souterraines du SE vers le Ш, avec deux gouttières centrales, carac-
térisant une "nappe en creux". Le faible gradient hydraulique (1/10 000 à
1/25 000) traduit une faible vitesse de filtration, avec une alimentation
préférentielle par les affleurements du SE et un confinement de l'écoulement
sur le littoral. Des pompages d'essais ont permis de déterminer la trans-
missivité (1. 10~2 à 2.10"4 m2/s) et le coefficient de perméabilité moyen
de 1.10—lt m/s. La nappe des Sables "maestrichtiens" est surmontée, au-dessus
de formations de marnes et d'argiles constituant un toit semi-perméable
(Paléocène-Eocène inférieur), par la formation argilo-gréseuse du Continen-
tal terminal, d'épaisseur variable (quelques dizaines à 150 m) renfermant
une nappe libre exploitée au sud et à l'ouest sur le littoral atlantique.
Ailleurs, la surface libre profonde (jusqu'à 120 m) et les faibles débits
spécifiques en limitent l'intérêt économique.

La zone hydrogéologique de Cyrénaïque étudiée, d'une surface
de 14 000 km2, correspond approximativement au massif littoral du Jebel Al
Akhdar (fig. 2). Elle est constituée par un anticlinal faille, découpé mor-
phologiquement en trois plateaux qui s'étagent successivement de la côte
vers le Sud, à des altitudes de 0-200, 256-300 et 450-500 m. La formation
aquifère principale est essentiellement constituée par une puissante forma-
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FIG. 1. Nappe des Sables «maestrichtiens» du Sénégal. Teneurs en 13C.
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FIG.2. Nappe des calcaires miocènes de Cyrénaîque (Lybie).

tion de calcaires miocènes, Karstifiés. Les eaux souterraines sont souvent
captives. Les exutoires naturels sont d'importantes sources littorales :
Ayn Zeyanah dans la région de Banghasi (3 m3/s), Shahhat, Barradah, Dabus-
siyah dans le secteur oriental (fig. 2]. De nombreux forages profonds cap-
tent les eaux souterraines. Les réserves totales sont estimées à 13 000-
17 000 • 106 m3.
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Le bassin d'Ain Béni Mathar (Maroc oriental) montre un aqui-
fère dans des calcaires dolomitiques (avec gypse et anhydride) fracturés du
Jurassique inférieur et moyen, compartimentés par des failles. La nappe est
en majeure partie captive. Les deux exutoires principaux sont les sources
de Rass el Aïn (500 1/s) et Guefait (150 à 900 1/s).

2.2 - Géochimie des eaux souterraines. Importance de la perturbation de
la teneur à l'origine en carbone 14.

L'étude hydrogéochimique précise a un double but : correc-
tion des données sur l'activité du carbone 14, perturbées par la présence
de carbonates dans la roche réservoir et vérification des hypothèses géolo-
giques et hydrodynamiques concernant l'alimentation naturelle, le renouvel-
lement et l'écoulement des eaux souterraines. Les données isotopiques doivent
toujours être intégrées dans leur contexte hydrogéochimique dont elles ne
peuvent être dissociées.

Hydrogéochimie des carbonates et carbone 13.

Nous attirons l'attention sur la géochimie des carbonates,
base indispensable de l'interprétation des résultats concernant les isotopes
du carbone. Elle devient encore plus nécessaire en présence de réservoirs de
roches carbonatées car des échanges entre la matrice poreuse et l'eau sont
possibles ; dans ce cas intervient le contrôle indispensable, bien qu'impar-
fait, par le carbone 13, indicateur d'éventuels échanges isotopiques dont la
conséquence est le vieillissement apparent de l'eau.

Pour la nappe des Sables "maestrichtiens" du Sénégal, cer-
tains résultats montrent des teneurs anormales en carbone 13 décelant une
probabilité d'échanges. Une carte des teneurs en carbone 13 (fig. 1) montre
des valeurs normales dans le secteur centre-Nord et en deux points au SW et
au NE. A la périphérie est et nord et dans toute la région méridionale, la
teneur indique des échanges isotopiques avec la roche réservoir.

De même, en Cyrénaïque, les teneurs en ^ C montrent des échan-
ges entre les calcaires du réservoir et l'eau (quatre échantillons sont per-
turbés à 100 % ) .

Pour la nappe des calcaires dolomitiques d'Aïn Béni Mathar,
si ces échanges isotopiques semblent négligeables (homogénéité des teneurs
en 1 3 C ) , un vieillissement apparent par solubilité partielle des carbona-
tes se manifeste.

Ces études sont complétées pour la nappe des Sables "maes-
trichtiens" du Sénégal par deux cartes, l'une des isoteneurs en bicarbonates
et l'autre du degré de saturation de l'eau par rapport à la calcite. Cette
dernière est réalisée pour tenir compte des perturbations éventuelles du
rapport isotopique 1£tC/12C entraînées par dissolution des carbonates dont
l'activité en ll*C peut être considérée comme nulle.

Hydrogéochimie.

Des représentations synthétiques des données physico-chimi-
ques dégageant l'évolution hydrogéochimique globale sont utiles. Ce sont des
cartes hydrogéochimiques (concentration tptale, rapports caractéristiques,
indice d'échanges de bases, isothermes) et des diagrammes représentatifs des
éléments majeurs (diagrammes logarithmiques de SCHOELLER-BERKALOFF et trili-
néaires de PIPER).
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La concentration totale Cet la teneur en sulfates) des eaux
de la nappe des Sables "maestrichtiens" du Sénégal augmente, d'Est en Ouest,
de 250 à 2 000 mg/1. L'étude géochimique montre d'une part que le remplissa-
ge de l'aquifère remonte à une période très ancienne et d'autre part confir-
me l'existence de pertes à travers son toit. Le faciès géochimique est sul-
faté sodique carbonaté avec enrichissement en chlorures vers le littoral.
Cette évolution confirme un confinement de l'écoulement vers l'Ouest.

Les eaux des calcaires de Cyrénaîque sont bicarbonatées cal-
ciques évoluant vers le type bicarbonaté sodique. Vers le littoral, la concen-
tration augmente avec un type chloruré calcique décelant une invasion des
eaux marines.

Le faciès des eaux du bassin de l'Aïn Béni Mathar est sulfaté
calcique bicarbonaté.

Les conditions requises pour les connaissances de base hydrogéologiques et
hydrogéochimiques étant remplies, l'étude des isotopes du milieu apporte,
outre un contrôle précieux des connaissances acquises, ou des hypothèses
formulables, des données nouvelles pour la gestion des ressources en eaux.

3. INTERPRETATION DES DONNEES DU CARBONE 14

C'est surtout le carbone 14 qui est un bon traceur naturel
de l'écoulement souterrain dans les aquifères de grandes dimensions. Nous
citerons deux méthodes d'interprétation : les variations de la teneur en
11+C de l'eau avec sa profondeur de gisement et les cartes des "âges" appa-
rents de l'eau souterraine.

3.1 - Variations de la-teneur en 1[*C de l'eau avec sa profondeur de gise-
ment .

Globalement, dans les nappes étudiées, 1' "âge" apparent de
l'eau s'accroît avec la profondeur. Mais, dans le détail, des anomalies appa-
raissent dues à l'hétérogénéité de la roche réservoir et à des échanges iso-
topiques avec les carbonates de la formation géologique.

3.2 - Cartes de 1' "âge" apparent de l'eau souterraine.

Des cartes des "âges" apparents Cou d'isoradioactivité du
de l'eau souterraine sont dressées. Ces documents permettent de dres-

ser une synthèse des résultats, ne signifiant nullement que le processus
d'alimentation est demeuré constant au cours de la période considérée, mais
commode pour les interprétations spatio-temporelles. Avec une répartition
favorable des points de mesure, ces cartes permettent de préciser les condi-
tions d'alimentation des aquifères (localisation des zones d'alimentation
actuelle et évolution de la recharge dans le temps) et les caractéristiques
générales de l'écoulement souterrain (direction et vitesse de terrain).

Ainsi, pour la nappe des Sables "maestrichtiens" du Sénégal,
cette cartographie (fig. 3) a confirmé l'existence d'une alimentation prin-
cipale actuelle au SE du système malgré un recouvrement irrégulier de ter-
rains peu perméables et le long du fleuve Sénégal a l'Est. Par contre, des
apports récents, toutefois peu importants, ont été décelés au N-NW alors que
l'étude hydrogéologique concluait plutôt à une zone d'exutoire naturel. Ces
processus d'alimentation, étant donné la régularité du gradient d1 "âge"
apparent observé, n'ont pas été sensiblement modifiés pendant une durée
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FIG.3. Nappe des Sables «masstrichtiens» du Sénégal. Age apparent 14C.
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importante (10 000 à 20 000 ans au moins). Deux phases dans l'évolution de
l'alimentation dans le temps ont été mises en évidence, l'une principale
régulière et ancienne au SE, laquelle se poursuit actuellement, l'autre ré-
cente au N et à l'E en relation directe avec le fleuve Sénégal. Il semble
que le secteur nord a été influencé au cours de la dernière transgression
marine, cause probable de variations sensibles de niveau relatif mer-conti-
nent.

Pour la nappe du Continental terminal (fig. 4), la réparti-
tion des "âges" observée n'est pas celle déduite de la carte piézométri-
que actuelle. Un apport d'eau très récent au centre de la dépression pié-
zométrique de la nappe du Ferio ne se traduit pas par un bombement local
de la surface libre, laquelle est au contraire très déprimée (nappe en
creux). Cette dépression, ne correspondant donc pas à l'état actuel, résul-
terait de l'influence d'une période immédiatement antérieure au cours de
laquelle le climat a pu être beaucoup plus aride que l'actuel. Le reste
de la nappe, soit la majorité de sa surface, est constitué d'une eau très
ancienne.

A Aïn Béni Mathar, l'eau de la nappe provient des reliefs
jurassiques du Haut et (ou) du Moyen Atlas. Bien que d'origine ancienne,
elle a reçu une recharge relativement récente en plusieurs points de l'aqui-
fère.

Nous noterons l'intérêt de la confrontation de la carte
piézométrique avec celle des "âges" apparents. Les vitesses de terrain, dé-
terminées par les données isotopiques, sont en général après les correc-
tions nécessaires, en bonne concordance avec celles obtenues par les mé-
thodes hydrodynamiques : 8 à 30 m/an pour la nappe des Sables "maestrieh-
tiens" du Sénégal.

4 . ETUDE DES TRANSFERTS D'EAU PAR DRAINAIMCE

Une des caractéristiques importantes du régime des eaux
souterraines dans les grands bassins sédimentaires est la drainance, la-
quelle provoque, à travers les intercalations semi-perméables, des trans-
ferts d'eaux souterraines importants. Les conditions d'alimentation d'une
nappe déterminée sont ainsi modifiées. Ces apports peuvent être mis en évi-
dence par les isotopes naturels. Ainsi, la carte des "âges" apparents de

TABLEAU I. TENEURS MOYENNES ANNUELLES EN 18O DE L'EAU DES
PRECIPITATIONS ANNUELLES A BAMAKO (MALI). ZONE D'ALIMEN-
TATION ORIENTALE DE LA NAPPE DES SABLES "MAESTRICHTIENS"

année

1962

1963

1964

1965

1966

1967

1

1

1

1

P
(mm)

100

930

215

940

305

500

180

(°/oo SMOWD

- 4,4

- 6,5

- 6,7

- 4,0

- 2,6

- 5,0
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TABLEAU II. TENEURS EN ISOTOPES DE L'EAU DES PRECIPITATIONS
AU SENEGAL

stations

St Louis

Tambacounda

Kaolack

(%o SMOW)

- 3,9

- 5,4

- 5,8

eu

49

54

39

3H
.T . ]

± 5

± 5

í 5

TABLEAU III. TENEURS EN ISOTOPES DE L'EAU DES PRECIPITATIONS
EN CYRENAIQUE

n°

1

2

3

4

5

6

7

8

9

10

11

12

13

station

Shahhat

Banghasi

date

nov. 15-30.1971

déc. 01-15.1971

Jan. 01-15.1972

jan. 15-31.1972

fév. 01-15.1972

fév. 15-29.1972

mar. 01-15.1972

mar. 15-30.1972

nov. 15-30.1972

dec. 01-15.1972

dec. 15-31.1972

jan. 15-31.1972

fév. 01-29.1972

з н

C U . T . )

32 + 4

ЗБ + 4

70 í 4

45 + 5

38 + 4

37 + 4

55 + 5

35 + 4

27 + 3

36 + 4

30 + 4

5 9 + 5

35 + 4

2Н
( 7 , e SM0W3

- 18,1

- 45,8

- 27,2

- 34,9

- 14,7

- 2,4

- 19,9

+ 2,2

+ 1,4

- 5,4

+ 7,Б

- 40, Б

- 11,0

180

Г°/оо SI40W)

- 5,Б + 0,1

- 8,7 + 0,1

- 4,6 + 0,1

- 6,7 + 0,1

- 3,6 + 0,1

+ 0,5 t 0,1

- 4,0 t 0,1

- 0,5 t 0,1

- 1,7 + 0,1

- 3,2 + 0,1

+ 0,5 + 0,1

- 5,9 + 0,1

- 3,3 + 0,1

la nappe des Sables "maestrichtiens" du Sénégal a permis de confinner l'exis-
tence de transferts d'eau par drainance avec l'aquifère superposé du
Continental terminal : alimentation au sud et pertes au nord de la Gambie.
Au Maroc oriental, des phénomènes analogues sont reconnus. Les affleurements
des formations du Jurassique moyen de la chaîne des Trarit, superposés à
l'aquifère, constituent actuellement des zones d'alimentation appréciables.
Ce fait infirme l'une des hypothèses de l'étude hydrogéologique. Toutefois
cet apport ne représente qu'un faible renouvellement des réserves de l'aqui-
fère. Ces faits montrent l'unité hydrologique de deux aquifères superposés;
séparés par une assise semi-perméable (aquifère bicouche ou multicouche).



TABLEAU IV. TENEURS EN ISOTOPES DE L'EAU DE LA NAPPE DU
CONTINENTAL TERMINAL DU SENEGAL

№

С 1
С 2
С 3
С 4
С 5
С 6
С 7
С 8
С 9
С 10
С 11
С 12
С 13
С 14
С 15
С 16
С 17
С 18

С 19
С 20
С 21
С 22
С 23
С 24
С 25
С 26
С 27
С 28
С 29

L o c a l i s a t i o n

THILLE-BOUBACAR
DIAGLE
LOUMBEL-TIOCAM
VENDOU-BOULI-TIANE
KHOL-KHOL
KANEL
LOUMBOL-LANA
DAROU-NAÏM
SEMME
DAYANE-LAONIADI
TIONOK-SANGUE
LONGUE TEKODI
DAROU-MINAM
SILL-TIARENE
KOUPENTOUM
KOUTIAKOTO
MASSEMBE
TAMBACOUNDA: 2 .71

3.71
4.71
5.71
6.71

SARE-WOLON
MEDINA-YOROFOULA
FAFAK.OUROU
DIALACOUMBI
GOULOMBO
OURO-DEMBA-BINTA
TOUBERE-BAFAL
FETE-BOWE
LAMBANGO
BEEL
THILOGNE

profondeur
crépines

(m)

* 35
63.9
67,1
48,6

- 15
57,7
65.3

= 25
73,9
63,4
54,9
73,5
70,2
40,8
36.7
47.4
20,75

38,2
8,9

16,5
14,2
14,3
25,6
59,9
62,9
84,1
69,9

7.1

qual i té a

échant i l lon

4
3
2

4
3

3
4
4
4
4

3
3
1

3
3
4
3
4
3
4
3
3
3
3

i-c
(% NBS)

30.6 i 0.7
93.6 ± 1,2
64,5 ± 1,0

» 180.4 ± 4,5
90.1 ± 1,8

89.5 * 3,0
93,4 ± 0.9
93,6 ! 2,9
66,5 ± 0,9
84,1 1 1,1
92,9 t 1.1

116.0 * 3.5
97,2 i 1,6
95,3 ± 1,0

109,4 1
112,8 -
95,2 1

129.3 .
125.4 .
93,4 .

100,2 .
82,4 -
14,6 i
84,1 .

Ü 0,9
t 1.3
t 2,2
t 1,5
l 2,7
t 1,2
t 1,1
!: 2.3
t 0.9
t 1.7

123.1 t 2.0

Résultats isotopiques

[%o PDB)

- 10,03
- 16,89

non mesuré

- 14,09 ± 0,05
non mesuré

- 7,91
- 15.18

- 14.96 î 0.05
- 17,20
- 19.91
- 19,33

- 11,82 ± 0,05
- 20,65
- 20¿44

- 13.67 Í 0,05
- 15,91 ± 0,05

- 16,06
- 13,63

- 15,56 ± 0,05
- 17.33 i 0.05
- 15.05 i 0.05
- 12,64 1 0,05
- 3.35 ± 0.05
- 8,98 ± 0,05
- 10.37 t 0,05

18 0

c%o SMOW)

- 5,3
- 5,9
- 5.4
- 6.5
- 6,5
- 6,3
- 4.0
- 5,9

- 6,5
- 6,0
- 6,7
- 6,7
- 6,9
- 6,3
- 5,2
- 6,3
- 6,4

- 5.5
- 5.4
- 6,5
- 5.7

3H

C U . T . )

< 4

44 1 4
< 4

< 4

92 + 8

bd f
13 î 2

bd f
30 i
30 i
25 i
25 i
30 i

5 ¿

60 1
23 t
79 .
13 .

s ;

i 3
i 3
t 3
t 3
t 3
í 2
t 6
t 3
!: 6
i 2
t 2
0

< 2

1 = très bonne, 2 = bonne, 3 = moyenne, 4 médiocre



TABLEAU V. TENEURS EN ISOTOPES DES EAUX DE LA NAPPE DES
SABLES "MAESTRICHTIENS"

to
сл
со

№

M 1
M 2
M 3
M 4
M 5
M 6
M 7

M 8
M 9
M 10
M 11

M 12
M 1 3
M 14
M 15
M 16
M 17
M 18
M 19
M 20
M 21

Local isat ion

THILLE-B0U6ACAR
DIAGLE
TATQUI
ATCH-BALI
BOWDE-DOUDAL
M'BIDDI
PETE

YARE-LAO
КОТIEDA
LAGBAR
LOUMBI-SAOUDIARIA

OUROSSOGUI
N'DIAGNE
BOULEL
LINGUERE
YONOFERE
RANEROU
LOUMBOL
DENDOULI
KANEL
DAROU-MOUSTI

Profondeur
crépines

(m)

116 - 129
107 - 120

78 - 110
209 - 235
119 - 130
181 - 220
109 - 119

201 - 224
94

197 - 273
186 - 205

60 - 76
294 - 313
204 - 223
215 - 235
270 - 289
255 - 275
283 - 299
212 - 231
55 - 67

259-278

Qualité
échant i l lon

4
3
2
1
2
2
3

2
2
2
2

3
2
1
2
2
2
2
2
4
2

Résultats isotopiques

(% NBS)

51,7 Í 0,9
18,7 î 0,6
2,0 « 0,4

« 1,1
2,6 Í 0,6
2,0 Í 0,4
6,8 Í 0,7
5,5 ± 0,8
2,1 ± 0,5

4 2,0
4 3,2

29,3 ± 0,8
29,2 ± 0,7
84,2 ± 1,1
0,5 ± 0,4

-

0,8 ± 0,4
4 <2,0
<< 2, 3
<£ 2,0

2,4 ± 0,4
91,7 ± 2,2
0,7 ± 0,4

1 3C
(%o PDB)

- 6,9
- 9,71
- 8,78

- 11,99 ± 0,05
- 10,96
- 13,08
- 11,01
- 11,98
- 14,06

- 9,07 ± 0,05
- 4,54 + 0,05

- 14,34
- 6,99

- 8,40 ± 0,05
- 11,71

-
- 11,30
- 15,86
- 13,88
- 14,20
- 14,98
- 10,69
- 15,81

зн
(U.T.)

_

-
-
-
-
-

1 Í 0,5
-
-
-
-

-
-
-
-
-
-
-
-
-
-

180

C%o SMOW)

- 6 , 4
- 6 , 1

- 4 , 6

- 5 ,6
- 5 ,9
- 5 ,6
- 5 , 9
- 5 , 7

- 5 , 6
- 5 ,5

- 5 ,6
- 6,0
- 7,2
- 6,7
- 6,7
- 6,0

Saturation

%

calcite

16
200
119
105
185
140

150
310

150

11
73

245
22

160
35
59
26
42

6
120



M

M

M

M

M

M

M

M

M

M

M

M

M

M

M
M

M

M

M

M

M

M

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Sanghue

Ouapa

Semme

M'Bar

Diaga-Kelkome

Loumbi-sud

Ouro-Mamoud

Joal

Fatick

Guirnda

N'Doffane

Kaffrine

Guente-Pate

Caroline

Barbara

Michèle

Penelope

Germaine

Niassante

Gayekadar

Revane

Fourdou

230 -

265

113 -

236 -

245

443 -

401 -

180

120

313 -

280

307 -

345 -

183 -

110 -

247 -

166 -

118 -

110 -

200 -

231 -

269 -

254

136

252

464

414

317

337

361

189

112

251

170

121

126

219

249

283

1

2

-

2

2

2

3

2

2

2

2

2

2

4

4

4

4

4

2

2

2

2

0,9

<

18,6

2,0

2,2

39,0

48,5

84,8

28,1

+ 0,5

- 2,0

-

^ 2,5

< 2,0

< 1,5

i 0,7

+ 0,4

+ 0,6

< 1,8

« 2,0

« 2,0

^ 1,5

+ 1,4

ind.

+ 0,8

+ 1,7

ind.

+ 0,6

« 2,0

« 2,0

iÇ 2,0

- 11,13

- 11,60 + 0,05

-

- 6,33 + 0,05

- 8,75 + 0,05

- 10,97 + 0,05

- 11,00 + 0,05

- 7,97

- 0,95 + 0,05

- 13,86

- 5,59 + 0,05

- 6,23 + 0,05

- 8,58 + 0,05

+ 5,09

ind.

- 0,06

- 7,53 + 0,05

- 14,54

- 1,08 + 0,05

- 13,58 + 0,05

- 14,28 + 0,05

- 13,42 + 0,05

1,

1,

3,

1,

-

-

-

-

-

-

-

-

-

-

-

-

-

5 +

6 +

5 +

-

6 +

-

-

-

-

0,5

0,5

1

0,5

-

-

-

- 6,

- 6,

- 6,

- 6,

- 5,

- 5,

- 6,

- 5,

- 5,

- 5,

- 6,

- 7,

- 6,

-

- 6,

-

- 5,

- 5,

- 6

3

1

9

1

8

6

1

9

8

9

1

2

8

3

8

8

7

255

82

4

139

135

225

43

96

220

175

120

160

140

18

18

17

26

19

84

155

47

14

1 = très bonne, 2 = bonne, 3 = moyenne, 4 = médiocre



TABLEAU VI. TENEURS EN ISOTOPES DE L'EAU DE LA NAPPE DES
CALCAIRES MIOCENES DE CYRENAIQUE

№

14

15

16

17

18

19

20

21

22

23

24

25

26

59

27

28

A: sources

Dabussiyah

Zeyanah

Barradah

Apollo Shahhat

nov

dec

j a n

f é v

mar

mar

a v r

déc

déc

j a n

f é v

mar

a v r

mar

mar

mar

dates

. 22.1971

. 18.1971

. 01.1972

. 18.1972

. 14.1972

. 30.1972

. 16.1972

. 05.1971

. 19.1971

. 01.1972

. 24.1972

. 21.1972

. 19.1972

. 14.1972

. 29.1972

. 24.1972

[% N

62,2

38,8

94,3

14C

.B.SO

_

-

-

-

-

+ 1,24

-

-

-

-

-

-

-

+ 2,1

í 1»5

-

(Veo P.D.BO

_

-

-

-

-

- 9,68

-

-

-

-

-

-

- 8,25

- 28
-

CU.T

<

<

2 í
2 +

4 +

-

10 +

5 +

5 +

2 +

<

7 +

6 +

-

9 +

14 +

O

1

1

1

1

2

2

2

2

1

1

2

2

2

2

CVoo SMOWJ

- 26,4

- 26,6

- 23,7

- 26,2

- 26,4

-

-

- 16,0

- 13,0

- 12,8

- 13,0

- 12,4

-

-

- 22,8

- 27,4

180

(Voo SI40W)

- 5,8 +

- 5,8 t

- 5,3 í

- 5,5 ±

- 5,3 ±
-

- 5,1 t

- 3,1 t
- 2,8 +

- 1,5 +

- 2,3 +

- 2,4 +

- 2,5 i
-

- 5,0 +

- 5,7 +

0,1

0 ,1

0,1

0 ,1

0,1

0 ,1

0,1

0 ,1

0 ,1

0,1

0 ,1

0 ,1

0,1

0 ,1



№

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
60
61
62

В: F o r a g e s

MARAWAH
SALANTAH

AL HANIYAH
MILTANIYAH
AL ABYAR IMb2
S I D I RAHUMAH
FITAYAH № 7
G.E.F.LI.C2
G.E.F.LI.C5
G.E.F.LI.C7
G.E.F.LI.C9
G.E.F.LI.C10
G.E.F.LI.C10
G.E.F.LI.C12
G.E.F.LI.C12
G.E.F.LI.C13
G.E.F.LI.C13
FITAYAH № 4
BANINAH № 3

»
»

»

AL MARJ № 10
"

AL LABRAQ
DARNAH S2
G.E.F.LI.C14
G.E.F.LI.C1
G.E.F.LI.C3

Date

dec1.
dec.
avr.
dec.
jan.
dec.
Jan.

jun.
jui l.
fév.
jan.
dec.
juÍL.
dec.
fév.
dec.
mar.

dec.
dec.
Jan.
fév .
fév .
mar.
avr.
aou.
mar.
mar.
avr.
juin.
jun .
juin.

08.
07 .
18 .
06 .
22 .
17 .
15 .

25 .
3 1 .
09 .
2 1 .
15 .
0 1 .
12 .
13 .
08.
24.

04 .
20 .
22 .
12.
27 .
2 1 .
20 .
14 .
04.
28 .
0 1 .
25.
26 .
29 .

1971
1971
1972
1971
1972
1972
1972

1972
1972
1972
1972
1972
1972
1971
1972
1971
1972

1971
1971
1972
1972
1972
1972
1972
1971
1972
1972
1972
1972
1972
1972

(% IM.B.S.)

9,7 Î 0,7
35,5 ± 1

62,2 ± 1
4,6 ± 0,9
4,0 ± 0,6

37,8 í 0,8
2,5 ± 0,6
4,6 ± 0,6

26,6 ± 0,7
12,6 ± 0,8
11,9 Î 0,7

3,3 ± 0,4

5,1 ± 2

^ 2,3
18,7 ± 0,7

17,4 ± 0,6

43,21 ± 1 , 1

112,3 ± 1,5
61,23 i 2,1
27,6 t 0,8
12,0 ± 0,6
21,4 1 0,6

(%o P.D.B.)

- 6,79
- 6,97

- 9,04
- 0,99
- 5,92
- 9,36
- 10,61
- 4,2
- 4,5
- 1,55
- 5,05

- 1,9

- 3,06

- 0,92
- 6,90

- 7,04

- 8,06

- 12,49
- 7,32
— Q Д3 y O

- 4,2
- 5,1

3 H
CU.T.]

6 i 2
< 1

< 1
4 ± 2
2 i 1

0
2 í 1
< 1
< 1

< 1

2 í 1
4 ± 2

< 1

2 í 1
5 ± 2
3 í 2

5 ± 2
65 ± 5̂

4 ± 2

2H
(%o SMOW]

- 28,1

- 31,8
- 25,3
- 23,7

- 30,3

- 25,1

- 24,6
- 24,3
- 23,3

- 14,9
- 24,5

- 23,6
- 22,1
- 26,0

18 0

(%o SM0W)

- 5,8
- 5,4

- 4,4
- 5,0
- 4,9
- 3,6
- 5,3
- 5,3
- 5,0

- 4,3

- 4,9
- 5,0
- 4,5

- 4,4
- 4,7
- 4,4

- 4,6
- 4,3
- 4,9

±0,1
±0,1

±0,1
ÍO,1
±0,1
Í0,1
±0,1
±0,1
±0,1

¿0,1

±0,1
±0,1
±0,1

±0,1
±0,1
±0,1

±0,1
±0,1
±0,1
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5. CONTROLE DE LA STRUCTURE INTERNE DES RESERVOIRS AQUIFERES

Dans certaines conditions, la géochimie isotopique permet
le contrôle de l'homogénéité, ou de l'hétérogénéité, du réservoir aquifère,
par l'étude de la répartition des principaux isotopes (carbone 14 et oxygè-
ne 18]. Si la nappe des Sables "maestrichtiens" du Sénégal est homogène,
par contre celle du Continental terminal montre une certaine hétérogénéité,
laquelle avait d'ailleurs été décelée par 1'hydrogéochimie. A Aïn Béni
Mathar, la répartition composite dans la distribution des "âges" apparents
montre une structure profonde très compartimentée, résultat de nombreuses
fractures mises en évidence par les études de géologie structurale.

6 . APPORTS DES TENEURS EN TRITIUM.

Les données sur les teneurs en tritium permettent, dans le
contexte précédent, un contrôle par l'étude de leur cohérence avec celles
du Carbone 14. Elles détectent l'apport ponctuel d'eaux récentes. Des mé-
langes d'eaux d' "âges" différents ont été mis en évidence dans la nappe
de Cyrénaïque CSalantah, 5 450 ans pour llfC et après 1 958 pour le tritium)
et de Aïn Béni Mathar. Ces observations entraînent d'importantes conclusions
sur l'alimentation actuelle et le renouvellement des eaux souterraines.

7 . APPORTS DES TENEURS EN OXYGENE 18

Des données sur les teneurs en oxygène 18 ont été recueillies,
tant sur les eaux de pluies (tableaux I, II et III), que sur les eaux sou-
terraines (tableaux IV à VI). Pour la nappe des Sables » maestrichtiens"
du Sénégal, les valeurs de 1 80, homogènes (normales de - 5,5 à - 6-,5 %o SMOW)
confirment celles du carbone 14. Leur moyenne de - В %

0
 ± 5 %

o
 SMOW étant

sensiblement différente de celle interannuelle, calculée à Bamako - 4,8 %0

SMOW (tableau I), l'eau de pluie actuelle est sensiblement différente de
celle de la nappe. Par contre, dans la nappe du Continental terminal, deux
groupes apparaissent, l'un autour des valeurs - 5,5 %o, l'autre vers - 6,6 %o
SMOW traduisant une hétérogénénité provoquée soit par la lithologie du réser-
voir, soit par les variations interannuelles des teneurs en 18Q de l'eau
des précipitations mises en évidence à la station de Bamako (tableau I).

Dans la nappe des calcaires miocènes de Cyrénaïque, deux
groupes s'individualisent. L'un avec Ayn Zeyanah, à l'Ouest, est marqué par
une dilution de l'eau souterraine par celle des précipitations (composi-
tion isotopique en *80 correspondant à une altitude et des températures ana-
logues à celles de Banghasi), l'autre, localisé à la zone deShahhat, cor-
respondant à des conditions thermodynamiques analogues. Dansla nappe d'Aïn
Béni Mathar, les teneurs en 180 C- 8,5 ± 0,1 %o à 8,2 ± 0,1 %0 SMOW) mar-
quent une bonne corrélation avec celles du carbone 14. Elles confirment une
alimentation provenant de reliefs nettement plus élevés (1800 à 2500 m) que
celle du gisement actuel des eaux souterraines, sans qu'il soit possible de
préciser si cet apport s'effectue par le Haut Atlas et (ou) le Moyen Atlas.

8. CONCLUSIONS

En conclusion, nous soulignerons l'apport des méthodes
isotopiques dans les études hydrogéologiques à objectif pratique, tout
particulièrement dans le cas de grands aquifères, notamment pour contribuer
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à définir lé schéma hydraulique à simuler. Cet apport se situe actuellement
davantage au niveau d'une amélioration des connaissances hydrogéologiques
de base que dans la quantification des débits souterrains. Cette étape ne
pourrait être abordée qu'après une meilleure connaissance des processus
physico-chimiques et hydrauliques impliqués et une intégration de ces don-
nées dans un modèle physique.
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DISCUSSION

P. KIRKOV: Did you use other methods besides piezometry to determine
flow direction? I ask this because, as you know, piezometry is not sufficient
if the piezometers are separated by distances of some 20-100 km.

G. CASTANY: We used only piezometric and hydrodynamic methods.
The precision of the results obtained in our study was satisfactory, and
no difference was noted between these results and those obtained with 14C.

P . FRITZ: You mentioned in your oral presentation that the 13C data
for the Central Senegal soils have remained unaltered and that no exchange
between aquifer rocks and dissolved carbon has taken place. Could you
elaborate on this?

G. CASTANY: Figure 1 shows normal values in the Central Senegal
area, which indicates that there has been no significant isotopic exchange
with the reservoir rocks.

V.T. DUBINCHUK: How did you measure the groundwater flow rate?
G. CASTANY: We used 14C and hydrodynamic methods; the results

obtained with the two methods (8-30 m yearly) are in agreement.
V.T. DUBINCHUK: How did you measure vertical groundwater move-

ments between the Maestrichtian sand aquifer and the "Continental terminal"
in the hachured areas in Fig. 4?

G. CASTANY: We carried out hydraulic potential measurements, test
pumping and isotope studies. The velocity of the vertical percolation was
estimated at 0. 01-0. 02 m yearly on average using these hydrodynamic and
isotopic methods.
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J . C . LERMAN: I understand that you ascribe the 13C concentrations
which you call "abnormal" (Fig. 1) to larger-than-"normal" isotope exchange
with limestone. However, similar б1 С values can be obtained if the bio-
genic CO2 contributing to the dissolution of the limestone originates in
vegetation of the type known as C4 or Hatch-Slack, which gives rise to soil
CO2 with delta values ranging from -9%o to -16%o versus PDB. This soil
CO2, when contributing to the dissolution of soil limestone, would give rise
to bicarbonate with delta values ranging approximately from -3%oto 8%o versus
PDB (Lerman, J . C . , Proc. 8th int. Conf. Radiocarbon Dating, R. Soc.
N. Z . , Wellington (1972) D-93). This might well be the case in the region
described in your paper, for the present-day savannas in Senegal are popu-
lated almost exclusively by C4 types of grass and sedge (Raynal, J . ,
C.R. Acad. Sci., Paris, Ser. D 27J5 (1972) 2231). As the types of vegetation
have changed during the past following climatic variations, your more negative
delta values ("normal") for the dissolved bicarbonate might be due to the
existence of either forests or savannas with C3 or Calvin-type grasses
(Lerman, J. C., Colloques Int. Cent. Natn. Rech. Scient., No. 219 (in press)).
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Abstract

ENVIRONMENTAL ISOTOPES USED IN A HYDROGEOLOGICAL STUDY OF NORTHEASTERN BRAZIL.
With the exception of the coastal strip the Brazilian Northeastern region is notoriously characterized

by deficient water resources, as a consequence of a low and irregular precipitation, high evaporation and
evapotranspiration rates and soils with low infiltration capacity. For a better understanding of the hydrological
problems, isotope techniques have been used in this area since 1969. A report is made on the data on
environmental isotopes (D, 18O, T and 14C) obtained for the region so far, especially from the eastern part
comprising the states of Ceará, Rio Grande do Norte, Paraiba and Pernambuco, For the crystalline area,
the data available indicate that the conditions for recharge are such that the infiltrating water does not
undergo significant previous evaporation; the turnover times estimated from T concentration are between
10 and 100 years. For the Potiguar sedimentary basin, the water in the main aquifer, the Açu sandstone,
shows very low 14C content age of more than 30 000 years, and the deuterium concentration and 18O suggested
some changes in the climate in the region.

1. INTRODUCTION

The Brazilian Northeast is the region approximately between latitudes
Io and 17°S and longitudes 34°30T and 49°W. It comprises 10 Brazilian
states, covering an area of 1 600 000 km2, more than half of it being
characterized by semi-arid climatic conditions forming the "Drought
Polygon". The Drought Polygon occupies about 11% of the total area of
Brazil with approximately 22 million inhabitants. The region is notoriously
characterized by deficient water resources, as a consequence of low and
irregular precipitation, high evaporation and evapotranspiration rates,and
soils with poor infiltration capacity. The water available, besides being
insufficient to meet the needs of the region, often shows a high content of
salts restricting its utilization.

For the evaluation and exploitation of water resources in this area,
many different investigating techniques have been used including isotope
methods. A significant step towards the introduction of these methods in

259
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the Brazilian Northeast was achieved in 1968, when a mission of Israeli
technicians [1] carried out studies concerning the contribution and feasibility
of the use of isotope techniques to solve typical hydrogeological problems
in the region.

The first environmental isotope data from this region were published
by the IAEA [2] and later, during the visit of the Israeli group, 20 water
samples were analysed for stable isotopes and chemical composition at
the Weizmann Institute [3]. Based on these initial data, a co-operative
programme has been established between the Division of Hydrogeology of
the Superintendencia do Desenvolvimento do Nordeste (SUDENE), Recife,
PE, the Center for Nuclear Energy in Agriculture (CENA), Piracicaba,
SP, and the Institute for Radioactive Research (IPR), Belo Horizonte, MG,
to carry out a more detailed survey of environmental isotope contents in
waters of the region, in order to obtain the necessary background for
future specific projects. This programme was activated and further
developed by Irving Friedman's visits to Brazil, through IAEA programmes.
As a consequence, Salati and co-workers [4] reported data on the D and
18O concentrations in groundwaters and rainwaters, Campos [5] reported
tritium data for groundwaters and Santiago [6] studied the feasibility of
estimating evaporation rates for reservoirs in the region based on isotope
analysis.

The purpose of the present study is to report the data obtained for the
region to date, particularly from the eastern part comprising the States
of Ceará, Rio Grande do Norte, Paraiba and Pernambuco, including D,
18O, T and 14C concentrations in surface water, groundwater and rain-water
samples, as well as to discuss some specific hydrogeological problems.

2. EXPERIMENTAL METHODS

2.1. 18O analyses

The samples for 18O analyses (carried out at CENA) were prepared
by the method of isotope exchange between water and carbon dioxide [7].
As a rule, the measurements were made according to the technique used
by McKinney and co-workers [8] on a Varian-Mat mass spectrometer
model CH-4 with a specially adapted viscous inlet system. The analytical
error is of the order of la = ±0. 17%0. The water samples were analysed
without being previously distilled and the data were not corrected for the
cationic concentrations [9]; from the Ca, Mg and К concentrations found
in these samples it is estimated that the maximal corrections that would
be introduced would be of the order of magnitude of the experimental error
or smaller.

2.2. D analyses

The D analyses (carried out at CENA) were made according to the
method developed by Friedman [10] with slight modifications in the hydrogen
transfer system. A Varian-Mat mass spectrometer model GD-150 was
used to which a more convenient inlet system has been adapted. The
analytical error is of the order of 1er = ±2%o.
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2. 3. Tritium analyses

These analyses were carried out at IPR using internal gas counting
(C2H6) preceded by electrolytic enrichment. The laboratory was set up in
1969 under an IAEA Technical Assistance project. Sensitivity for enriched
samples is about 1 ± 0. 5 TU.

2.4. 14C analyses

Samples presented here were analysed at the IAEA laboratories in
Vienna.

3. CRYSTALLINE REGION

The "crystalline region", which covers most of the Brazilian Northeast
under study, is formed by exposed Precambrian rocks. The bedrock is
overlain at many places by soil with different degrees of decomposition
and by alluvium in the bottom of the valleys. The groundwater is stored
in cracks and faults as well as in alluvium which serve as the basis for
intermittent rivers draining the region. The geological map (Fig. 1)
indicates the crystalline area, the main sedimentary basins and some of
the places where groundwater samples were collected.

Except for the eastern coastal strip, where the predominant climate
is the type As' (Kôeppen classification), the predominant climate in this
crystalline area is the type BSh characterized by low rainfall, high
temperature (annual mean temperature from 22° to 28°C) and annual mean
insolation of about 2 600 hours.

The precipitation reaches minimum values of about 250 mm (at
Cabaceiras), in some places being higher than 1000 m yearly. Figure 2
is a rainfall map. Although the topographic relief of the region is moderate,
with maximum altitudes around 1000 m, a close correlation exists between
topography and precipitation. The precipitation distribution pattern is
very irregular with severe drought periods. Thus, in some years, pre-
cipitation either decreases or is delayed resulting in very serious problems
to agriculture and to the population living in this area, the most serious
droughts being recorded in the years of 1710, 1790, 1808, 1877, 1919,
1931 and 1951. The predominant rainfall patterns are indicated in Fig. 2 [11].

The potential evaporation, measured with class A evaporation pans
in the Drought Polygon, indicates values of about 2000 mm yearly, reaching
3000 mm in the most arid areas. There are no direct measurements of
evapotranspiration, whether actual or potential. Vegetation is a degraded
form of savannah, called "caatinga"; even in the driest areas plant species
representative of the Leguminosae, Anacardiaceae, Bignomiaceae, Cactaceae,
etc. , can be found.

The water balance in the region indicates loss through evaporation and
evapotranspiration of approximately 90%; loss through surface run-off
(through the intermittent rivers, which on an average run during five months
of the year) is about 9-10%. Water infiltration into the joints and faults
in the crystalline region has been estimated as being 0. 03 to 0. 08% of the
precipitation, a value corresponding to an infiltration of (0.8 to 0.5) XI03 m3/km2

yearly. Heavy rainfalls of non-torrential character are chiefly responsible
for the recharge [12].
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42°

36°

Sedimentary Basins

| I Crystalline formation

FIG. 1. Map of the Brazilian Northeast showing crystalline areas, main sedimentary basins and sites where
groundwater samples were collected. The numbers indicate the places where the samples in Table I were
collected.
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FIG. 2. Rainfall map of the Brazilian Northeast. The numbers (3, 5, 3-5,3-12, 3-5-12, 5-12) refer to the
months in which main and secondary maximum precipitations are recorded.



264 SALATI et al.
¿ 4

FIG. 3. Dissolved solids concentration in groundwaters in the Brazilian Northeast, measured in milligrams
per litre [ 14].
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The wells in the fractured region were drilled to a depth varying from
20 to 100 m, with a static level lower than 12 m in 80% of them. The average
discharge is around 4000 litres hourly. The waters from these wells show
salinity varying between 350 and 25 000 ppm of total dissolved solids (TDS).
Chemical analysis indicates that they contain predominantly sodium and
magnesium chlorides. Salt contents (TDS) are indicated in Fig. 3.

To explain the high salt content observed in most of the water samples
from wells in the crystalline region, different hypotheses have been suggested.
Schoff [13], studying the chemical analyses of 212 water samples from the
upper Paraiba basin, stated: "The water in the Precambrian rocks, at
least in the upper Paraiba basin, is sea-water that has been only partly
flushed out, " This sea-water is likely to be the residual portion of a marine
transgression that covered the total area of the Brazilian Northeast in the
Mid and Lower Cretaceous period. Schoff [13] based this conclusion on
three fundamental factors: (a) high sodium chloride content of these waters;
(b) Ca/Mg ratio less than 1 in 63% of the samples studied; (c) the static
level of most of the wells is higher than 3 m, thus eliminating the possibility
of evaporation operating as a relevant process in the mechanism of
salinization.

This conclusion has been questioned by Cruz e Ferreira de Meló [14]
who, after analysing 1200 water samples, came to the general conclusion
that the main factors determining the salination of groundwaters are, by
decreasing order of influence, the climate, the mode of occurrence (free
or confined aquifers), the conditions of groundwater circulation and the
geological nature of the aquifer.

Ferreira de Meló and co-workers [3] and Friedman [15] suggested that
the salination of these waters from the crystalline region might be the
result of a progressive concentration mainly due to evaporation. The main
origin of the salts would be marine, being carried into the continent via
the atmosphere. Salati and co-workers [4] tested this hypothesis based
on a few existing data for the area. On the basis of some geological and
hydrochemical evidence, Rebouças [12] came to the same conclusion.
Geyh and co-workers [16] have investigated the highly salty groundwaters
from the Petrolina crystalline region by means of tritium and 14C analyses,
and concluded that they were dealing with relatively young waters with
ages frequently less than 1000 years and most turnover times below
100 years. This implies that these waters could not be fossil connate brines.

Rebouças [12], having measured the K+, Na+, Ca2+, Mg2+, Cl", NOj
and NO¿ concentrations in rain-waters from three localities, concluded
that the total concentrations of salts in rain-waters from the region is
5. 1 ppm corresponding to a contribution of 0. 8 tons of salts per square
kilometre yearly. These values may be overestimated as they are based
on relatively few samples.

In an attempt to explain the mechanism of salination of these waters,
some water samples from wells, rivers, water-holes (very small wells
drilled in the alluvium of intermittent rivers) and rain were collected in
this area. D, 18O and T analyses were made. Some data obtained for
waters from wells are shown in Table I.

Although sampling is still insufficient, the rain-waters (monthly weighted
mean values) showed a broad dispersion of 6D and 618O values. No linear
regression is observed between D and 18O concentrations in rain-waters
for ô18O > -2. 5%o and 6D > -10%0 values. From the analyses of values for
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TABLE I. CRYSTALLINE AREAS

Sample No.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Station

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Betania

Floresta

Floresta

Floresta

Locality

Grupo Escolar

Olho D'Agua

Queimada

Brejinho

Faz. Católe

Poço do Pau

Sto. Amaro

Faz. Caraibas

Prensa

Jardim

Riacho da Cruz

Fazenda Nova

S. Caetano

Cacimbinha

Sertania

Cachoeira

Lages das Pombas

Jatobá

Date

02/73

02/73

02/73

03/73

02/73

06/73

05/72

11/72

02/73

11/72

02/73

11/72

02/73

11/72

-

02/73

02/73

02/73

Depth
(m)

30

41

25

32

34

30

20

30

38

20

27

17

-

-

-

51

-

-

Water-table
level

6

5

3

6

4

7

2

3

10

7

8

3

-

-

-

35

-

-

Ó18O

-1.5

-3.4

-2.4

-0.9

-1.7

-3.0

-2.6

-3.6

-3.5

-0.6

-3.0

-1.9

-1.8

-3.0

-3.3

-2.1

-1.7

-2.7

ÓD

-8

-22

-12

-5

-6

-20

-13

-18

-20

-44

-18

-12

-6

-18

-22

-11

-8

-16

Tritium
TU

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Dissolved solids
(ppm)

-

2659

485

546

379

1955

3421

7738

3704

2048

3354

2679

554

-

-

2902

4406

4222



Sample No.

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Station

Floresta

Floresta

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Petrolina

Arco Verde

Exu

Gravará

Limoeiro

Purícurí

Locality

Varjota

Airi

Faz. Boa Vista

Faz. Boa Vista

Caiçara

Capim

Capim

Tanquinho

Prensa

U más

Sitio Novo

Pitanga

Lagoa Grande

Res. doD.N.

Rua do Zé Lulu

Faz. C. Verde

Povoado Mendes

Povoado Sta. Rita

Date

02/73

02/73

07/69

09/69

03/70

03/70

03/70

03/70

03/70

03/70

03/70

03/70

03/70

12/69

12/69

12/69

12/69

12/69

Depth
(m)

-

-

90

90

100

82

82

58

82

63

57

-

41

102

70

-

-

-

Water-table
level

-

-

20

20

17

6

6

15

8

26

17

7,7

8

3.2

3,5

-

-

-

Ô1 8O

-2.3

-2.0

-3.4

-2.9

-3.5

-3.7

-4.1

-4.1

-2.3

-3.8

-3.7

-2.8

-4.0

-1.8

-2.9

-1.5

-1.8

-3.9

ÓD

-10

-15

-19

-17

-17

-15

-21

-21

-18

-25

-22

-18

-26

-8

-12

-3

-3

-24

Tritium
TU

-

-

6. 0 ± 1. 0

7. 0 ± 1. 0

15. 0 ± 1. 0

15.1 ± 0. 8

9. 1 ± 1. 0

<1

3. 0 ± 0.8

<1

4. 7 ± 0.8

3. 2 ± 0.4

4. 3 ± 0. 7

12, 5 ± 1, 0

4. 5 ± 0. 8

8. 0 ± 1. 0

6. 0 ± 0. 9

3. 0 ± 0. 6

Dissolved solids
(ppm)

582

-

4445

-

2385

13 558

-

9858

4570

1662

2836

-

2560

-

3070

8902

1980

1254

со
Oi
-a
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TABLE I.

Sample No.

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

(cont. )

Station

Paranamirim

Salgueiro

Salgueiro

Petrolandia

Mirandiba

Campiña Grande

Campiña Grande

Patos

Patos

Baturité

Jaguaribe

Morada Nova

Quixadá

Sobral

Lages

Jacobina

Locality

Sitio Mulungu

Fazenda U ri

Fazenda Uri

Moderna

Fazenda Ervanço

Posto Shell

Breno

Faz. Várzea da Jurema

Faz. Várzea da Jurema

Horto Florestal

Porto das Canoas

Povoado de Pedras

Horto Florestal

Sede Social do BNH

Baixa da Beleza

Fazenda Catuaba

Date

12/69

07/69

09/69

08/72

09/71

07/69

09/69

07/69

09/69

12/69

12/69

11/69

12/69

11/69

11/69

07/69

Depth
(m)

40

-

-

-

-

9

-

-

-

-

-

8.6

-

68

63.5

-

Water-table
level

3.5

-

-

-

-

2

-

-

-

-

-

6.3

-

15

1.6

-

6180

-3.7

-3.4

-2.0

-3.0

-4.7

-1.4

-1.2

-2.6

-2.2

-1.9

-3.6

-1.4

-2.7

-2.1

-1.8

-4.5

6D

-22

-20

-17

-19

-24

-6

-5

-13

-10

-3

-21

-9

-11

-16

-6

-25

Tritium
TU

8.0 i 1. 0

11. 0 à 0.1

5. 0 ± 0.8

-

-

5. 0 ± 1. 0

14. 0 ± 1. 0

<1

<1

7.8 ± 1.0

14. 0 ± 1. 0

2.4 ± 0. 6

2. 5 ± 0. 8

8. 0 i 0. 8

10. 0 ± 1. 0

8. 0 i 1. 0

Dissolved solids
(ppm)

636

-

-

2506

-

9485

-

-

-

109

210

654

1412

930

1650

-
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FIG. 4. Relation between 6D and 618O in water samples from wells in the crystalline region of the Brazilian

Northeast. The surface evaporation line was obtained through a study of the evaporation from a reservoir

in the region. Data from Table I.

rain-waters (annual weighted mean value) from some stations with the
highest number of monthly data, the following regression equation was
obtained: 6D = (10 ± 2) + (8. 2 ± 0. 8) 618O, which closely corresponds to
the meteoric line [17]. The regression line for evaporation, obtained
through a detailed study on the evaporation of the water of a 10 km2 reservoir
was 6D = 0.4 + 5 618O [6].

The water from wells showed <5D and ó18O values distributed along the
meteoric line (Fig. 4). Taking into account the experimental errors and
dispersion of 6D and 618O values in rain-waters, most of these data fit
the meteoric line. However, some of these values show signs of evaporation.
There is strong evidence that the deep waters corresponding to the major
volume of groundwater reserve in the crystalline region are not, on the
average, isotopically highly enriched compared with the precipitation waters.
On the hypothesis that the salts are carried from the ocean to the region
via the atmosphere, the mechanism of salination by progressive concentration
should be such that the final mean isotope fractionation remained small.
This fact was previously considered by Gat [18] when he commented that
in this region of Brazil, "mineralization occurs by water extraction from
the water table through transpiration. This mechanism leaves the salts
to accumulate in the groundwaters, but causes little isotope fractionation".

As mentioned above, the waters from these wells as a rule indicated
high salt content and are, in most cases, not used as potable water. The
water for human consumption comes from reservoirs and more often,
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from water-holes, using the water from alluvium underflow. The waters
obtained from water-holes of small rivers are of better quality than those
from larger rivers which integrate several different tributaries. This
underflow may disappear completely from the small rivers and from the
larger ones also under the rigour of the drought season. From the study
of the isotope composition of some water samples from the alluvium
corresponding to a 0. 4 - 1.5 m water-table, two distinct situations have
been found: (a) where there is a better underflow the 6D and 618O do not
indicate evaporation; thus, for example, for two water-holes of Betania
town, the following values were found: 6D = -7%0 and 618O = -2. 3%0
and 6D = -19%o and 618O = -3.4%oj (b) when there is an effect from a sub-
terraneous natural reservoir signs of evaporation were observed.

Highly evaporated waters were found in the water-holes of major
rivers, especially in the lower part of their courses where they are very
shallow and flow slowly; thus, for the Riacho do Navio at Floresta, 6D
values of about + 17%0 were noted. The evaporated waters from these
water-holes seem to originate from residual waters that underwent
evaporation during their surface flow. The water from the Pajeu River,
at Floresta, at the beginning of the drought season showed the following
values: 6D = +4%o and <518O = +1. 3%o, indicating an evaporation of
approximately 20-30% starting from mean isotope values for the waters
found in the upper part of this river. The Rio Moxotó, at Ibimirim, showed,
in August 1972, values of 618O = +5.1%oand ÔD = +31%o.

To study the evaporation effect on the isotope concentration in soil
waters, experiments were carried out in the laboratory with columns of
sandy soils (without water-table) [19]. For a 5-cm soil layer a variation
was observed of 6D from -48%o to -33%O, whereas the residual water
fraction varied from 0. 7 to 0. 2, corresponding to a variation in the soil
humidity from 0. 27 to 0. 07 g of water/cm3 of soil Taking as an average
a 15-cm soil column, the ôD variation for the same soil humidity variations
was from -48%o to -44%o. These data seem to indicate that, for the soil
types studied, evaporation does not significantly alter the isotope composition
of the residual water.

The data available indicate that the conditions for recharge are such
that the infiltrating water does not undergo significant previous evaporation.
The high salt content found must be derived from an enrichment through
transpiration or through a mechanism of total evaporation of waters that
do not contributé further to recharge. Both hypotheses seem practical,
considering that recharge in this type of formation occurs mainly during
the first period of rains. At the end of the rains a great loss through
transpiration takes place, followed by total evaporation of surface and
soil waters during the long drought season, thus causing the salts to con-
centrate in the formations.

Results of tritium analyses show the following general features: (a)
Groundwaters wells: levels between 0 and 15 TU; (b) Meteoric waters:
few data have been obtained for the months of 1969 and 1970. These show
a net decreasing trend.

Hydrogeological interpretation based on these tritium data seems
difficult. However, as pointed out by Verhagen and co-workers [20] and
Geyh and co-workers [16], a well-mixed model could fit the situation where
pumped samples are withdrawn from a phreatic aquifer. To estimate the
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FIG. 5. (a) Tritium input function assumed for the Brazilian Northeast based on some data available for
the southern hemisphere; (b) Turnover times for groundwaters from the crystalline area as a function of
the tritium content measured in 1969.

turnover times of the reservoir above the bottom of the well, a tritium
input function has to be assumed for recharge waters in the region.

Based on the few precipitation data available for the region and on data
for other southern hemisphere sites [20], the input function showed in
Fig. 5 is proposed. Turnover times can then be calculated for the several
tritium levels of samples collected during a specific year. Figure 5 shows
the calculated turnover time for tritium contents measured in 1969,
according to the exponential well-mixed model and the input function
assumed for the region. Correlation between turnover time and total salt
content for the well-water samples is not observed.



T A B L E  11. SEDIMENTARY BASINS 

Sample No. Station 

Recife 

Jo lo  Pessoa 

Naral 

Fonaleza 

Canguaretama 

souza 

Crato 

Crato 

PerrolPndia 

Petrol2ndia 

Petrolgndia 

Ina j i  

lbimirim 

1rec& 

Mirandiba 

Morro do chap& 

Localiry 

Centm d e  Abastecimento 

Hospital J. Moreira 

E. D. de Natal 

Praia de Pirambu 

Posto Esso - Av. Central 

Jardim Bela Visra 

Ind. Cincosa 

Bairro do Seminlrio 

Granja R q a d o  

Fazenda Quixabinha 

Campinhos 

Juazeiro dos Candidos 

Nazaro 

Irece* 

POGO Novo 

Fonte do Pb-Sb 

-- 

Dare 

12/69 

11/69 

12/69 

11/69 

12/69 

09/69 

12/69 

12/69 

09/72 

08/72 

10/71 

08/72 

07/69 

09/71 

07/69 

Depth 

(m) 
6D 

Tritium 1 
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4. SEDIMENTARY BASINS

The sedimentary basins in the region under study are indicated in
Fig. 1. The data referring to the well-water samples (except those for
the Potiguar Basin, which will be dealt with separately) are indicated in
Table II. Generally the T contents are smaller than those for the
crystalline areas, and 6D and 618O values are distributed along the meteoric
line as can be seen from Fig. 6. The set of lower values indicated in Fig. 6
with 6D < -25%oand б О < -4. 5%o refer to more continental southern basins
with summer rains. These rains seem to be derived from residual water
vapour of air masses coming from the southeast. The set of points within
the limits -1. 5%o > 618O > 3. 2%o and 2.5%o > 6D >-15%o represent aquifers
of either coastal zones or continental basins to the north. As these values
do not indicate intense evaporation, they can be assumed to reflect the
mean isotope composition of rain-waters.

The Potiguar Basin covers parts of the states of Rio Grande do Norte
and Ceara and is wholly contained in the "Drought Polygon". The sedi-
mentary basin itself is bordered south and west by crystalline bedrocks
and extends north and northeast as far as the sea coast and into the Atlantic.
Its continental part measures about 22 500 km2. The BSh climate (Kôeppen
classification) is dominant in the region, hot and dry, with annual pre-
cipitation lower than 400 mm in the driest area (Fig. 2).

8D

-7 -6 -5 -4 -3 -2

Coastal and Continental Basins s' / I
in the Northern part У* / /

/f? _„„
/ %/* / Southern part

( * yr -/^

/

-10

-20

-30

-40

FIG. 6. Relation between 6D and 618O in groundwaters from some sedimentary basins of the Brazilian
Northeast. Data from Table II.
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FIG. 7. Geological map of the Potiguar Basin. Section on the line 1,1. The numbers indicate the collecting
points of the samples in Tables III, IV and V [21].
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FIG. 8. Schematic water balance of the Potiguar Basin, the cubic metres per year and average of the
isotopic data [21].

The topography of this area rises smoothly from the north coast towards
inland, reaching a maximum of 200 m. The main rivers of the region
(Apodi, Piranhas, Açu, Ceará-Mirim and Potengi) have their sources in
the crystalline formation. They are intermittent and of torrential character.
In the sedimentary areas they are fed by groundwaters during the drought
seasons. The geologic formations of the Potiguar Basin are shown in
Fig. 7 [21].

The Açu sandstone is the most important aquifer of the Potiguar Basin,
with 70% of artesianism in its continental part. It is replenished by
meteoric waters, mainly those falling over an outcropping area. It is
estimated that the infiltration-to-precipitation ratio is about 0. 9 - 1. 2%.
Other contributions to feeding this aquifer include rain-waters derived
from the crystalline formation bordering the basin and infiltrations of the
Jandaira formation into non-artesian zones. Underground drainage usually
takes places towards the north with a hydraulic gradient of 1 to 7%0. The
main outflows are towards the sea and losses occur to the Jandaira lime-
stone in the artesian zone. Consumption through pumping the water from
the wells is still negligible. The water balance proposed by Rebouças and
co-workers [21] can be found in Fig. 8. The waters from this formation
usually show dissolved solids in quantities less than 1000 mg/litre with
a Cl" content of about 400 mg/litre.



TABLE III. POTIGUAR BASIN: WATERS FROM THE AÇU SANDSTONE

Sample No.

1

2

3

4

5

6

7

8

9

10

11

Station

Açu

U pan em a

Apodi

Apodi

Dix Sept

Mossoró

Mossoró

Areia Branca

Carnaubais

Macau

Baixa do Meio

Locality

Hospital

Poco CON ESP

Poco Alvorada

Maternidade

Cidade

Barrocas

Sâo Manoel

Cidade

Cidade

Cidade

-

Date

6/72

6/72

6/72

2/72

6/72

6/72

2/72

6/72

2/71

6/72

6/68

Depth
(m)

70

-

53

-

400

950

930

1015

600

1015

440

Aquifer type

Phreatic

Phreatic

Phreatic

Phreatic

Artesian

Artesian

Artesian

Artesian

Confined

Artesian

Artesian

Ó 1 8 O

-2.3

-3.8

-4.5

-4.5

-4.3

-4.9

-4.7

-4.5

-4.3

-4.4

-4.1

6D

-12

-22

-27

-27

-23

-27

-26

-26

-21

-25

-22

Tritium
TU

9.3 ± 1

-

<1

3.0 ± 1

<1

<1

<1

<1

<1

<1

<1

u<yjo Mod.

71 ± 3

-

13 ± 1

-

1.5 ± 1.4

0. 8 ± 0.7

-

0. 2 ± 0. 6

-

0 ± 0. 6

-

TABLE IV. POTIGUAR BASIN: WATERS FROM THE CRYSTALLINE SURROUNDING THE POTIGUAR BASIN

Sample No.

12

13

14

15

Station

Pau dos Ferros

Augusto Severo

Pau dos Ferros

Pau dos Ferros

Locality

Sitio Areias

Cidade

Faz. Velha

Sitio L. Redonda

Date

6/72

6/72

12/72

12/69

Depth
(m)

60

-

45

-

Aquifer type

Phreatic

Phreatic

Phreatic

Phreatic

618O

-2.7

-0.4

-

-2.8

ÔD

-15

-3

-10

-15

Tritium
TU

7.5

3.8

-

3.8

14 Olo Mod.

130 ± 3

123 ± 3

-

-



TABLE V. POTIGUAR BASIN: WATERS FROM THE JANDAIRA LIMESTONE

Sample No.

16

17

18

19

20

21

22

23

24

25

26

27

28

Station

Mossorô

Mossoró

Mossoró

Mossoró

Mossoró

Dix Sept

Dix Sept

Apodi

Apodi

Apodi

Apodi

Pureza

Ceará Mirim

Locality

Pedra Branca

Jucury

Barreira Verm.

Faz, Nogueíra

Moxotó

Prefeitura

Faz. Horizonte

Faz. Pau dos Ferros

Carrasco

Joá*o Pedro

Faz. Cruzeiro

-

-

Date

8/73

8/73

8/73

8/73

8/73

6/72

6/72

8/73

8/73

8/73

6/72

12/72

12/72

Depth
(m)

=200

250

108

~120

207

85

-

230

160

=90

85

Fonte

Fonte

Aquifer type

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Phreatic

Ó 1 8 O

-2.8

-3.3

-2,5

-3.0

-3.1

-3,5

-3.9

-3,0

-1,8

-2.6

-1.8

-3,0

-2,9

6D

-19

-17

-16

-18

-20

-19

-21

-16

-8

-14

-9

-15

-14
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The Jandaira limestone is the second most important aquifer. Measure
ments taken at various spots indicate a mean thickness of 320 m. Its total
surface is 18 000 km . This phreatic aquifer is fed mainly by rains falling
over the region. A scheme of the water balance is shown in Fig. 8. The
mineral content of these waters increases in the direction of the natural
groundwater flow. The dissolved solids for these waters range from 500
to 5000 mg/li tre.

A combined environmental isotope technique was tried in order to
ascertain (a) recharge mechanism,, (b) leakage through the clay-confining
stratum, and (c) flow velocities through 4C dating.

For this purpose several groundwater samples were collected in wells
penetrating both the phreatic aquifer and the confined sandstone aquifer.
A few rain-water samples as well as some surface waters have been
analysed for stable isotopes. The results for waters from wells are shown
in Tables III-V and from these some general features can be observed:

1. Waters from the confined sandstone aquifer appear to be very
old in view of the very low 14C content. This fact denotes very low
velocities. On the outcrop at Apodi the 14C level is still rather low (3% mod.
whereas at Açu it is quite normal for recent water (71% mod. ). Tritium
content was also negligible for the old waters.

For the two samples collected from the crystalline area surrounding
the Potiguar Basin the results show bomb 14C as well as relatively high
tritium contents implying very recent water.

2. The old waters from the sandstone aquifer show a quite uniform
stable isotope composition with an average given by 618O = -4. 5%o and
5D =25. 7%o. The points fit the normal precipitation line.

3. In the lime stone-free aquifer, stable isotope data from wells in
Mossoro region (depth from 100 to 250 m) showed values ranging from
-16%o to -2O%o for ÓD and from -2. 5%o to 3. 3%0 for 618O. In the eastern
portion of the basin these values range from -8%0 to -16%o for 6D and
from - 1 . 8%o to -3 . 0%o for 618O. There is a tendency for these values to
get lower with depth.

4. Rain-water samples show a marked variability in the monthly
data ranging from -39%O to +13%o for 6D and from -5. 4%o to +1. l%o for
618O. This variability is also reflected in river waters which still show
an evaporation effect.

5. A weighted mean including nine stations with a total precipitation
of 5445 mm in the Potiguar Basin has shown a value of 6D = -6. O%o and
618O = - 1 . 7%o. Sampling is, however, very limited both in time and space
and cannot be regarded as representative of the mean rainfall of the region.
More reliable data were obtained for Fortaleza covering a period of two
years which have given as weighted mean the values 6D = -6. O%o and
618O = -2.3%0 .

The general hydrological picture, as far as available environmental
isotope data are concerned, is the following:

Outside the outcrop all wells sampled in the Açu sandstone showed a
negligible 14C content, thus from the 14C data available it is not possible
to estimate flow velocities. The velocity in the Açu sandstone should
anyway be less than 1 m yearly. Significant 14C content could only occur
inside a strip up to 20 km from the recharge area. The hydrogeological
parameters given for the sandstone aquifer are consistent with such a low
velocity value.
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5D

• Açu sandstone - more than 30 000 years old
® Açu sandstone in the recharge area (sample no.1)
x Jandaira limestone wells
* Springs in the Jandaira limestone

-6 -5 •4

+10

+ 1
- • 6 1 8 O

=10

.20

•30

FIG. 9. The relation between deuterium and 18O in the Potiguar Basin. Data from Tables III, IV.

The old waters from the sandstone aquifer, besides being uniform in
the stable isotope composition, show the most depleted values for the
basin (see Fig. 9). Although some rain-waters show 618O values = -5. 4%o
and 6D = -39%o, the weighted mean precipitation in the recharge area has
higher values. Thus waters from sandstone wells in the recharge area
at Açu show mean 6D values = -ll%o and 618O = -2. 2%0. A correction taking
evaporation effects into account would give a 618O value = -3 . 0%0 and
6D = -18%o for the recharge water, which are much higher than -4. 5%o
for 618O and -26%o for <5D. Another possibility is for the main component
of the recharge to be derived from the highest parts of the crystalline
area surrounding the Potiguar Basin rather than from rainfalls over the
sandstone in the recharge area. This possibility seems to be questionable
when taking into consideration that in the whole recharge area the mean
composition should be -4. 5%o for ô18O and -25%0 for 5D, in contrast with
the values obtained.

This seems to imply that these old waters were recharged by meteoric
waters which were more depleted than the present local rain-waters.
This fact indicates that climatic modifications might have occurred in this
region between 20 000 and 100 000 years ago. To explain the erosion in
some valleys, which cannot be explained by the present precipitation, it
is suggested that precipitation in this region was formerly much higher.

Stable isotope composition from limestone water samples range from
values near the depleted sandstone waters up to values significantly higher.
Waters from the Mossoro region (on the artesian zone) are relatively
more depleted denoting a possible contribution from the sandstone aquifer,
as indicated in the water balance of Fig. 8. However, it is difficult to
explain the estimated 40% contribution from the Jandaira limestone to the
Açu sandstone; it seems to have been over-estimated in the water balance.
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DISCUSSION

A. PLATA BEDMAR: We have carried out a similar study in the
Maranhao basin, which is near the zone investigated by you. The average
deuterium concentration in the crystalline region was -18. 6%o, with a
mean deviation of ±4. 7%0. On the other hand, in the aquifers comprised
of sandstone formations the concentration was -32. 7%o, with a mean
deviation of ±1. 8%o. This means that the waters in the crystalline region
undergo considerable evaporation before infiltration, unlike what happens
in the case of the highly permeable sandstone formations, where infiltration
is very rapid.

Our 14C results indicate a groundflow velocity of 0. 5 m yearly in the
sandstone formations, which is similar to that reported by you for the
Potiguar Basin aquifers.

E. SALATI: Thank you for this information. I would mention in this
connection that we have also found groundwaters with 6D and 618O values
indicating evaporation before recharge.

A. ROZKOWSKI: Could you give us more information about the age
of brines in the Precambrian rocks? Do they derive from synsedimentary
brines of Cretaceous origin? Their stable isotope and 14C concentrations
suggest that they are rather mixed waters.

E. SALATI: The turnover times in the Precambrian rock aquifers are
50-200 years, whereas the 14C concentrations are sometimes higher than 100%
of modern, indicating very young waters. The values for stable isotopes
correspond to average rain-water values. When they are higher, the 618O
and 6D shifts show that enrichment is due to evaporation. In conclusion,
I think that the Precambrian waters have been completely eliminated from
the system.

J. W. HOLMES: You mentioned in your oral presentation that there is
uncertainty regarding the origin of the relatively large amount of dissolved
salts, predominantly sodium and magnesium chlorides. There are semi-
arid regions in Australia and, I think, the United States of America —
and also other continental areas bordering the ocean — where research
has established that there is a very significant accession of marine salts
in precipitation, which may contain 2-10 ppm. The salt is concentrated
in the soil solution by the evaporation and transpiration processes. Sub-
sequent redistribution by groundwater flow and further concentration in
playa lakes may occur. Have you considered the possibility that air-borne
salt is a significant contributor to the salt budget?

E. SALATI: The total concentration of salts in rain-water in the zone
investigated by us is about 5 ppm. My conclusion from our work is that
the salt found in the groundwaters was transported via the atmosphere.
From tritium and 14C data it appears that we are dealing with very young
waters.
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J. R. GAT: We have generally found that groundwaters in fractured
crystalline rocks are very variable as regards isotopic composition,
ranging from compositions like those of rain-water to compositions indicating
extreme evaporation effects. The waters are usually very young, for
the volumes concerned are much smaller than in porous aquifers. It would
appear that accidental conditions at the recharge point can determine the
characteristics of the water vein to which it is connected. It is very
difficult to generalize results, even as from one well to adjacent ones.
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Abstract- Аннотация

REGIONAL AND LOCAL MECHANISMS GOVERNING THE DISTRIBUTION OF DEUTERIUM AND 18O IN
GROUNDWATER OF THE USSR.

The origin of the water of a number of artesian basins and also of the Kurile-Kamchatka volcanic zone
is determined from the results of mass-spectrometric determination of D and 1 8O. The lowest deuterium
content is recorded in the case of infiltrational water (both fresh water and brine) of the Angara-Lena artesian
basin, and highest content in that of brines of the Jurassic complex in the South Mangyshlak peninsula.
Maximum values for isotopic oxygen displacement are found in the water of mud volcanoes. It is shown
that high concentration of 18O cannot serve as an indicator of the marine origin of groundwater. Study of
the Kara-Bogaz-Gol brines has confirmed the genetic role of deuterium as an indicator of the above-mentioned
type even in the case of strong brines.

РЕГИОНАЛЬНЫЕ И МЕСТНЫЕ ЗАКОНОМЕРНОСТИ РАСПРЕДЕЛЕНИЯ ДЕЙТЕРИЯ И
КИСЛОРОДА-18 В ПОДЗЕМНЫХ ВОДАХ СССР.

По результатам масс-спектрометрических определений дейтерия и 18О установлен
генезис вод ряда артезианских бассейнов, а также Курило-Камчатской вулканической
зоны. Минимальные содержания дейтерия отмечены для инфильтрационных вод (как
пресных, так и рассольных) Ангаро-Ленского артезианского бассейна, максимальные -
для рассолов юрского комплекса Южного Мангышлака. Макимальные величины изотоп-
ного кислородного сдвига зафиксированы в водах грязевых вулканов. Выявлено, что
высокие концентрации 18О не могут служить показателем морского происхождения под-
земных вод. Исследование рассолов Кара-Богаз-Гола подтвердило генетическую роль
дейтерия в качестве упомянутого показателя даже для условий крепких рассолов.

Излагаемые в настоящем докладе сведения по результатам масс-
спектрометрических определений концентраций дейтерия (больше 200
проб) и кислорода-18 (больше 200 проб) в природных (в основном подзем-
ных) водах оыли получены в период 1968-1971 гг. во Всесоюзном научно-
исследовательском институте гидрогеологии и инженерной геологии.
Основной целью исследований было решение конкретных задач по выяв-
лению условий формирования вод различных территорий для тех случаев,
когда сведения по солевому составу давали противоречивые результаты
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ТАБЛИЦА! . ОБЩЕЕ РАСПРЕДЕЛЕНИЕ ДЕЙТЕРИЯ И КИСЛОРОДА-18 В ИССЛЕДОВАННЫХ ВОДАХ
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в отношении генезиса этих вод. Однако имеющийся фактический ма-
териал в сумме дал сведения, по которым возможен общий сравнитель-
ный анализ полученной изотопной информации.

Для такого анализа нами составлен подсобный график, не претен-
дующий, разумеется, на роль классификационной схемы. Он играет
вспомогательную роль, графически представляя результаты всех про-
веденных анализов.

Как следует из табл.1, диапазон изменения как концентраций
дейтерия, так и концентраций 18О значителен. Однако, и в пределах
большой дисперсии полученных результатов можно выявить некоторые
закономерности.

В данной таблице-рисунке на координатных осях для концентраций
дейтерия и 18О нами нанесены линии, соответствующие SMOW fl] .
На оси концентраций дейтерия, кроме того, нанесен интервал наиболее
характерных колебаний концентраций дейтерия в поверхностных слоях
океанических вод и соответствующая средняя величина [2], а также
средняя величина для поверхностных вод суши [3] . На рисунке эти
линии обозначены нами соответственно ПОВ, СЛОВ и СПВС.

Основная масса проб, проанализированных на содержание дейтерия
и 1 8О, была отобрана в пределах нефтегазоносных провинций и районов
развития гидротерм.

Концентрация дейтерия в водах нефтегазоносных структур Южного
Мангышлака имеет наибольшую амплитуду (óDj ==-8,23 4--1,65%), в пре-
делы которой полностью "укладывается" амплитуда концентрации дей-
терия в аналогичных водах Западно-Туркменского артезианского бас-
сейна (<5DS = -7,664--3,73%). Кроме того, здесь вся амплитуда сдвину-
та в область больших значений. Это соответствует бо'лынему участию
в водах юрского комплекса Мангышлака вод морского генезиса, чем в
водах водоносных комплексов третичных отложений Западной Туркмении.
Об этом свидетельствует большой сдвиг амплитуды в область ПОВ.

Левая часть амплитуды концентраций дейтерия для вод Мангышла-
ка обязана учету данных по заведомо разбавленным искусственным
заводнением водам.

На фоне вод Западно-Туркменского бассейна и Мангышлака дан-
ные по содержаниям дейтерия вод межгорного Ферганского артезиан-
ского бассейна (6DS=-10,574--7,79%) выглядят некоторым диссонансом,
так как они значительно меньше по величине, что позволяет этим во-
дам четко идентифицироваться. Ни одно определение дейтерия не вошло
в область ПОВ, хотя все они находятся правее величины СПВС.

Относительно результатов исследований по Ангаро-Ленскому бас-
сейну можно заключить следующее. Диапазон концентраций дейтерия
в сверхкрепких хлоридно-кальциевых рассолах (6DS = -7,02 4--2,34%)
соответствует диапазонам для вод нефтегазоносных провинций Южного
Мангышлака и Западной Туркмении. Точки на рисунке, соответствую-
щие рассолам хлоридно-натриевого состава (6DS =-16,77 4--7,53%),
располагаются значительно левее, целиком переходя границу СПВС.
При этом концентрации дейтерия здесь уступают даже концентрациям
этого изотопа для межгорного артезианского бассейна. Этот факт,

1 Здесь и далее по тексту óDs и 618OS — отклонения в % от стандарта SMOW.
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по-видимому, находится в соответствии с неблагоприятными условия-
ми для сохранения залежной нефти и газа в пределах локализации хло-
ридно-натриевых рассолов.

Что касается концентраций кислорода-18 в водах рассмотренных
артезианских бассейнов, то и амплитуды их и средние значения для
Ферганского (б 18OS = -1,09 + +0,17%) и Западно-Туркменского
(б 1 8OS = -0,757-=- +0,336%) бассейнов, по-видимому, находятся
в соответствии с большим участием инфильтрационных вод в водах
первого и процессами изотопного обмена (для кислорода) для обоих
бассейнов. Здесь не наблюдается резкого диссонанса с амплиту-
дами колебаний концентраций дейтерия. Так, если в области малых
концентраций 18О на рисунке для Ферганского бассейна находится
большее число точек, чем для Западно-Туркменского, то в области бо-
лее высоких концентраций разница сглаживается. Из сравнений данных
по концентрациям дейтерия и 18О для вод этих бассейнов можно резюми-
ровать, что если для Западно-Туркменского бассейна область относи-
тельно высоких концентраций 18О в водах может являться следствием
как унаследованных "морских" концентраций 1 8О, так и изотопного ки-
слородного обмена, то для Ферганского — только следствием изотопного
обмена.

Для Ангаро-Ленского артезианского бассейна разброс точек, ха-
рактеризующих концентрации 18О (618OS = -1,70 -f +0,06%), находится в
соответствии с разбросом точек, соответствующих концентрациям дей-
терия .

На основании интерпретации полученных для артезианских бассей-
нов сведений можно констатировать, что сверхкрепкие хлоридно-каль-
циевые рассолы Ангаро-Ленского артезианского бассейна по изотопно-
му составу имеют явные отличительные особенности на фоне других вод
этого региона. В их составе — значительная доля вод морского генезиса,
в то время как рассолы хлоридно-натриевого состава не отличаются от
вод, имеющих заведомо метеорное происхождение. Фактический мате-
риал по концентрациям изотопов не может поддержать предположение,
что ресурсы первичных седиментационных вод полностью обновляются.

Изотопные исследования в пределах Западно-Туркменского арте-
зианского бассейна в свою очередь не могут поддержать целиком седи-
ментационное происхождение вод красноцветной толщи плиоцена в силу
относительно невысоких концентраций дейтерия. Кроме того, получен-
ные сведения противоречат предположению о наличии механизма дегаза-
ции' недр, приводящего к образованию высокоминерализованных вод.
Если бы такой механизм существовал, то высокоминерализованные во-
ды обладали бы более высокими концентрациями дейтерия, чем воды
"обычной" минерализации. Это предположение нашими результатами не
подтверждается.

Изотопные данные для вод альб-сеноманского (ôD^ -12,47 + -8,80%
и ó 18OS =-1,24+ -0,74%) и юрского (6DS= -8,232+ -1,65% и 61 8OS^ 0,978* +
+ -0,216%) комплексов Южного Мангышлака поддерживают гипотезу
седиментационного происхождения последних и находятся в явном про-
тиворечии с гипотезой однозначных гидродинамических схем комплек-
сов, поскольку воды альб-сеноманского комплекса — явно метеорного
происхождения.

Левая часть амплитуды - для заведомо разбавленных вод.
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Низкие содержания дейтерия в водах Ферганского артезианского
бассейна отражают существенную роль горного обрамления котловины
в питании всех без исключения комплексов бассейна инфильтрационны-
ми водами.

В отличие от вод рассмотренных артезианских бассейнов содержания
дейтерия и 18О для вод всех трех районов развития гидротерм изменяют-
ся параллельно (если эти районы рассматривать в целом) — меньшим
концентрациям дейтерия соответствуют и меньшие концентрации 1 8О.
При этом каждому району присущи индивидуальные черты в распреде-
лении изотопов.

Самыми высокими концентрациями обоих изотопов характеризуют-
ся гидротермы острова Кунашир. Концентрации дейтерия (<5DS = -8,04-г
-г-3,29%) здесь для вод, заведомо не седиментационных, в общем такие
же, как и для вод седиментационных бассейнов (например, Западно-
Туркменского). Такое явление вызвано, в основном, двумя причинами.
Первая (и главная, по нашему мнению) состоит в том, что атмосферные
осадки, выпадающие на остров, в основном являются результатом кон-
денсации испарившихся океанических и морских вод, а не поверхностных
вод суши. Вторая причина — проявление "широтного эффекта", так как
остров лакализован приблизительно на 8° южнее участков долины
р.Паратунки и кальдеры Узон.

Разница в содержании дейтерия между гидротермами долины
р.Паратунки (6DS = -12,34 4- -10,57%) и кальдеры Узон (6DS= -10,894-
4--6,84%), по-видимому, связана с формированием вод первой гидро-
термальной системы на более высоких отметках.

По поводу кислорода-18 в гидротермах можно предположить сле-
дующее. Относительно высокие содержания этого изотопа в водах
острова Кунашир (6 1 8OS = -1,119-4- -0,416%) объясняются его "океаничес-
кой" природой, а не результатом изотопного кислородного сдвига.
Об этом свидетельствует незначительная величина изотопного кислород-
ного сдвига в гидротермах острова. Концентрации же 18О в гидротер-
мах р .Паратунки (518OS= -1,694--1,26%) и кальдеры Узон (ô18Os = -1,3394-
4--0,522%), будучи по величине меньшими, являются итогом как перво-
начального изотопного состава метеорных вод, питающих гидротермы,
так и частично результатом обмена кислородом между водой и породой.
По результатам изотопного сдвига можно считать, что участие в форми-
ровании гидротерм вод глубинной циркуляции возрастает согласно ряду
остров Кунашир - долина р.Паратунки - кальдера Узон.

Таковы основные закономерности для глубоких соленых вод и рас-
солов артезианских бассейнов и гидротерм разного состава, развитых
в пределах современных вулканических областей.

Кроме глубоких вод были исследованы также и неглубоко залега-
ющие, а также поверхностные и атмосферные.

Так, полученные изотопные данные для Ясханской линзы пресных
вод указали на существенную разницу в природе растворителя пресных
вод (6DS = -7,404- -5,44%, 6 18OS = -1,244 4--0,246%) и вод диффузионной
зоны (6DS= -8,924—6,64%, б 1 8OS=-1,10 4--0,546%), являющейся результатом
взаимодействия соленых вод каракумского потока и непосредственно
линзы. Полученные результаты дали возможность констатировать,
что если воды непосредственно линзы сформировались в аридных усло-
виях, то воды каракумского потока были образованы в период похоло-
дания, имевшего место в четвертичное время.
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Для остальных исследованных вод можно отметить следующие черты.
Неглубокие подземные воды обладают значительной амплитудой как
по дейтерию, так и 18О, отражая, в основном, высотный и климатичес-
кий эффект для концентраций как дейтерия, так и 1 8О. "Центры тяжес-
ти" этих амплитуд явно сдвинуты в сторону инфильтрационных вод.
Если рассматривать территорию СССР в целом относительно изотопно-
го состава атмосферных осадков и подземных вод современного метеор-
ного происхождения, то он отражает локализацию исследуемого региона
в той или иной близости к океану и питание влагой воздушных масс мор-
ского либо континентального происхождения. Ярким примером здесь
могут служить воды острова Кунашир (высокие концентрации дейтерия
и 8О) и локализованного в центральной части Азии Иркутского амфи-
театра (низкие концентрации этих изотопов).

Наблюдения за изотопным составом атмосферных осадков и неглу-
боких грунтовых вод для условий центра Европейской территории СССР
показали наличие корреляции содержаний дейтерия и 16О со средней
температурой воздуха и возможность фиксирования питания через зо-
ну аэрации.

Поверхностные воды, как и неглубокие подземные, также отличают-
ся значительной амплитудой колебания. Однако, в отличие от послед-
них, "центр тяжести" их точек на графике сдвинут вправо за счет вклю-
чения в объект исследований океанических и морских вод, а также
вод залива Кара-Богаз-Гол (óDs = -4,24 -f+0,36%3 , б 18OS = -0,346-^+0,342%).
Концентрации дейтерия и 18О атмосферных осадков, а также антаркти-
ческих материкового снега и льда, отражают климатические условия
их формирования.

Что касается негравитационных вод, то они, как типы вод, изучены
пока еще недостаточно. Отметим лишь, что изучались воды жидких
включений вулканических стекол, конституционные воды серпентинита
и кристаллизационные воды гипсов. Отсутствие данных по содержанию
18О в водах жидких включений, конституционных и кристаллизационных
водах объясняется невозможностью получения в данном случае необхо-
димого количества воды для анализа.

При взгляде на сводный рисунок, обращает на себя внимание еще
один интересный факт. Если для дейтерия только одна проба превы-
шает величину SMOW, то для 18О — шестнадцать. В поверхностных
условиях, согласно "кривой Крейга", определенным содержаниям дей-
терия соответствуют и определенные концентрации О, отражая парал-
лельную связь между этими изотопами. В подземных условиях эта
связь нарушается за счет изотопного обмена кислородом между водой
и водовмещающими породами. Здесь мы хотим подчеркнуть не этот
общеизвестный факт, а его масштабы, влекущие за собой определенные
генетические выводы.

Масштабы этого процесса лучше всего иллюстрирует пример пробы
воды грязевого вулкана "Кипящий бугор" в Туркмении. Используя
формулу Крейга 6DS = 86 1 8OS + 10, получим, что при <5DS= -11,58%
соответствующее значение <518Озравнялось бы — 1,57%, а не зафиксирован-
ному +0,487%. Следовательно, за период глубинной циркуляции подзем-

3 Высокие концентрации дейтерия в рассолах Кара-Богаз-Гола опровергают предположения
о том, что при испарительном концентрировании морской воды до степени рассолов происхо-
дит снижение содержания этого изотопа до величин, соответствующих метеорным водам.



IAEA-SM-182/53 291

ных вод этого грязевого вулкана концентрация 18О в них увеличилась
приблизительно на 2,1%; то есть от концентрации, соответствующей
сугубо метеорным водам, до превышающей концентрации 18О воды
океанического происхождения. Хотя в данном случае мы рассмотрели
максимальную величину изотопного кислородного сдвига, во многих
случаях его результат производит кажущийся эффект перевода воды (по
концентрациям 18О) из ранга "метеорных" в ранг "морских" . Поэтому
ни в коем случае высокие концентрации О , не в пример концентраци-
ям дейтерия, не могут служить показателем морского происхождения
тех или иных подземных вод. В этом отношении это только контро-
лирующий (малые концентрации 18О не могут иметь места при больших
концентрациях дейтерия), но совсем не самостоятельный признак мор-
ского происхождения подземных вод.

В заключение следует отметить, что рассмотренные сведения,
более подробно изложенные в только что вышедшей работе [4] , ука-
зывают на колебания концентраций дейтерия и 18О в широком диапазо-
не. Для отдельных типов природных вод, выделенных в весьма общие
группы (которые в свою очередь могут быть позразделены на более
частные подгруппы), отмечаются "перекрытия" в содержаниях иссле-
дуемых изотопов. Поэтому необходимо еще раз акцентировать
внимание на том, что результаты исследований естественного изотоп-
ного состава природных вод должны рассматриваться только на основа-
нии всех природных характеристик исследуемых вод.
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Abstract

ENVIRONMENTAL ISOTOPE HYDROLOGY IN THE HODNA REGION, ALGERIA.
More than 100 dug and drilled wells have been sampled for isotopic studies in the Hodna plain, a region

about 200 km south-east of Algiers, the centre of which is occupied by the salt plain of the Chott-el-Hodna.
In the zones north and east of the Chott, which have similar hydrogeological characteristics, the shallow
ground water is enriched in heavy isotopes compared with the much older deep ground water. This may be
caused by a change of the isotopic composition of the recharge waters during the last 30 000 years or so, probably
as a consequence of a climatic change. Near M'Sila the shallow groundwater was reported to be recharged by
deep groundwater: stable isotopes demonstrate that this does not occur, and therefore the local low salinity of
shallow groundwater and the shape of the water table is probably caused by recharge from wadis (a conclusion
supported also by tritium results). 14C and stable isotopes (which are correlated) demonstrate also that recent
recharge of deep groundwater is rather limited. South of the Chott, the difference in isotopic composition
between shallow and deep groundwater also suggests a change in time of the isotopic composition of the recharge
waters. Samples of the shallow groundwater collected in the proximity of the Chott (water table depth ~ 1 m)
have significantly high heavy isotope content and salinity, as a consequence of evaporation. 14C and stable
isotopes are correlated in deep groundwater. The 14C is often relatively high, indicating a groundwater flow rate
higher than in the north, in agreement with the better permeability characteristics of the aquifer. It has been
possible to reach these conclusions only by means of isotope techniques, which have thus once more demonstrated
their validity and usefulness as a hydrogeological tool.

INTRODUCTION

The Hodna plain, about 200 km south-east of Algiers, is one of many-
depressions existing in the North-African high plateau extending from
Tunisia to Morocco. The Hodna catchment basin is about 26 000 km2 with
the Chott-el-Hodna in the centre — a salt plain of more than 1000 km2 at an
elevation of 400 m above sea level — where the run-off water conveyed by
wadis rapidly evaporates leaving a salt deposit (Fig. 1).

Precipitation is scarce — 200 to 300 mm/yr on the plain, higher on the
surrounding mountain ranges — and very unevenly distributed in space and
time. The wadis are, therefore, most of the time dry and supply water
to the Chott only in floods immediately following extensive rains. The
surface water inflow into the Chott has been evaluated to be 1.5 X 108 m3

annually on the average, with a lower limit of 0.5 X 108 m3 in dry years and
an upper limit of 4. 6 X 108 m3 in humid years [1].

* Present address : FA О Trust Fund Project, Riyadh, Saudi Arabia.
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FIG.l . Map of the Hodna region. The dotted line defines the area of artesian flow.
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The environmental isotope study of groundwater, carried out within the
framework of a FAO/UNDP project dealing with the agricultural development
of the Hodna plain, has been essentially limited to the areas between the
Chott-el-Hodna and the villages M'Sila in the north, Barika in the east and
Bou-Saada in the south. Isotope techniques were expected to give information
on the recharge mechanism and on the movement of groundwater.

HYDROGEOLOGY [2,3]

The water-bearing formations mainly exploited in the Hodna plain
consist of Tertiary and Quaternary continental deposits, which have a
thickness of about 200 m over the greatest part of the plain and may extend
several hundreds of metres below the Chott-el-Hodna (Fig. 2). The deeper
layers of the continental formations contain water under pressure, overflowing
on to a strip of land of variable width around the Chott (Fig. 1).

The shallow groundwater

The depth of shallow groundwater ranges between 20 m and 2 m or even
less in the vicinity of the Chott. North and east of the Chott the aquifers
consist of Quaternary alluvial deposits. South of the Chott, Tertiary
continental deposits as well as Cretaceous formations outcrop locally and,
together with the Quaternary deposits, here mostly of aeolian origin, these
units constitute the shallow groundwater aquifer.

The shallow groundwater is recharged by infiltration from precipitation
and from surface waters. In places, upward leakage from deeper aquifers
may occur. The discharges consist of exploitation (very limited, evaluated to
be 250 li tre/s) and evaporation where the water table is shallow. A first
attempt to evaluate the total amount of water flowing towards the Chott in the
shallow aquifer has given the result of 3 m s / s [3], which would correspond
almost entirely to the losses by evaporation.

The salinity of shallow groundwater increases more or less regularly
from 0. 5 g/litre to a few g/litre near the Chott, and may reach saturation
below the Chott.

The deep groundwater

North and east of the Chott-el-Hodna, the main water-bearing formation
is the Villafranchian conglomerate composed of relatively large gravels.
From outcrops in the foothills of the Hodna mountains, the conglomerate
dips beneath the plain, where it is confined by discontinuous layers of clay
and sand. Near the Chott, the permeable layers become lenticular and the
material is finer grained. The clay content increases. The bottom of the
deep aquifer is marked by a Miocene marl formation, which may reach a
thickness of several hundreds of metres and acts as a barr ier preventing
upward leakage from deeper aquifers.

South and west of the Chott, the underlying impermeable barr ier does
not exist: the Tertiary and Quaternary continental deposits lie directly
over a series of aquifers dating from the Upper Jurassic (Tithonian) to the
Middle Cretaceous (Albian), altogether constituting one groundwater system
with a thickness up to more than 1000 m.
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The deep groundwater is recharged by direct infiltration of precipitation
and surface water on the outcrops and by drainage from the shallow ground-
water along the margin of the depression. Discharge is by springs, flowing
wells (evaluated to be 0. 5 m3/s) and upward leakage to the shallow aquifer
(tentatively evaluated to 2 m 3 / s : this water is then lost by evaporation from
the shallow aquifer [3] ).

The salt content of the deep groundwater ranges between 0. 5 and 2 g/li tre ;
more often between 1. O'and 1. 5 g/litre, and is in general lower than that of
the shallow groundwater. The chemical characteristics of both deep and
shallow groundwaters are similar:

[Mg2+] ë [Ca2+] < [Na+] and [HCO¡] « [Cl"]

SAMPLE COLLECTION AND ISOTOPIC MEASUREMENTS

More than 100 dug and drilled wells in the Hodna plain were sampled for
the present isotopic investigation. Most of the sampling was performed in
two periods, the first one in January-February 1969 and the second in
December 1970. A few other samples were collected in 1971 and 1972.
A few sites that were sampled twice did not show significant variations in
isotope content, and therefore it is assumed that there was no variation in
isotopic composition of groundwater during the period of the investigation.

In sampling dug wells we took care to select those which were used daily,
in order to avoid as much as possible any isotopic variation introduced by
evaporation of water remaining in the wells for a long time.

18O/16O determinations were performed on all samples, and D/H, tritium,
1^C/12C and 14C measurements were made on only some of them.

The 18O/16O and D/H ratios are expressed in 6%0 versus SMOW, the
13C/12C ratios in 6%o versus PDB. The overall standard deviation of measure-
ments is 0.1% for 18O/16O, l%o for D/H and 0. 3%0 for 13C/12C. The tritium
data are expressed in Tritium Units (1 TU= 1 tritium atom per 1018 hydrogen
atoms). The 14C data are expressed in percentage of modern 14C content
(corresponding to the 14C content of plant carbon before 1890).

The 18O results are corrected for salt effect on equilibrated CO^t-i] for
samples with high salt content: however, the largest correction did not
exceed 0. 2%o (sample 57).

The isotopic results are listed in Tables I and II, together with some
other essential data concerning the sampled wells. Some of the drilled wells
are more than 100 years old: in these cases, no log of the well is available,
and the depth of screens is also unknown. The deuterium excess is defined as:

d = ÓD - 8618O

and has the value of lO%o for most meteoric waters. A value significantly
lower than 10%0 indicates, in most cases, evaporation.

In Table III the average stable isotope composition is given for each
group of samples. The location of the sampled sites is shown in Figs 3 and 4,
together with their 18O and tritium or 14C values.

We have not converted the 14C contents into water ages, because all the
samples most probably consist of mixtures of waters having a wide spectrum

(Text cont. p. 308)



TABLE I. ISOTOPIC RESULTS IN SHALLOW GROUNDWATER

1

Well
No.

(a) Sample

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

2

Project well
No.

3

Altitude
(m above sea level)

4

Depth
to water

(m)

north (Nos 1-24) and east (Nos 25-44) of the Chott-el-Hodna

6/168

7/168

4/168

47/168

13/168

46/168

12/168

14/168

52/168

20/168

19/168

16/168

18/168

41/168

43/168

1/196

9/196

509

493

505

451

463

437

440

453

463

482

469

445

452

457

442

427

422

8.5

14.0

9.8

21.5

15.3

6.0

2.1

5

Residue
at 110°C
(mg/litre)

2860

5220

2320

2860

2100

2950

2620

1030

890

1360

2270

979

2100

1860

1740

1810

6

Sampling
date

XII-70

XII-70

XII-70

XII-70

XII-70

11-69

XII-70

11-69

XII-70

XII-70

XII-70

ХП-70

XII-70

1-69

1-69

1-69

1-69

7

6180%o
(SMOW)

-7.32

-7.12

-6.72

-7.10

-7.91

-7.30

-7.35

-7.68

-7.58

-7.24

-6.97

-7.48

-7.45

-7.09

-6.24

-6.56

-6.06

8

6D%°
(SMOW)

-43.3

-44.2

-43.3

-47.6

-48.2

-51.0

-48.1

-46.9

-47.9

-44.7

-45.1

-43.4

-43.4

-44.1

9

D excess
floo)

15.3

12.8

10.5

15.7

10.2

10.4

9.8

8.9

11.9

14.9

11.6.

6.5

9.1

4.4

10

Tritium
(TU ± o)

10.0 ± 0.5

3.4± 0.3

1.5±0.7

28.8 ± 1.7

23.6 ±1.4

2.5± 0.7



10

(a) Samples north (Nos 1-24) and east (Nos. 25-44) of the Chott-el-Hodna

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

13/196

14/196

16/196

12/196

15/196

17/196

42/197

5/227

53/227

61/227

15/227

46/227

18/227

21/227

22/227

36/227

34/227

33/227

27/227

32/ 227

35/227

429

435

449

422

431

419

424

480

481

476

463

461

461

464

465

464

453

460

481

466

452

6.3

2.2

30.1

2160

2810

1260

1900

1700

3240

2690

2090

1440

3200

1840

1650

1070

2170

1900

1000

2010

1580

3010

2620

1180

11-69

XII-70

XII-70

XII-70

XII-70

ХП-70

11-69

11-69

XII-70

XII-70

XII-70

ХП-70

XII-70

XII-70

"XII-70

XII-70

XII-70

XII-70

XII-70

XII-70

XII-70

-7.77

-6.65

-6.96

-8.01

-6.83

-7.22

-7.32

-6.06

-6.84

-6.30

-6.65

-6.89

-6.25

-6.25

-7.59

-7.57

-7.37

-7.94

-6.03

-7.43

-7.59

-52.5

-43.0

-47.0

-51.3

-46.2

-48.4

-43.8

-41.3

-43.7

-44.2

-50.3

-45.0

-45.9

-41.9

9.7

10.2

8.7

12.8

8.4

10.2

4.7

9.1

9.5

5.8

10.4

14.0

17.6

6.3

4.0±0.4

8.5±0.4

11.0i0.5



TABLE I. (cont. )

1

Well
No.

39

40

41

42

43

44

2

Project well
No.

44/227

30/227

49/227

50/227

62/227

39/227

3

Altitude

(m above sea level )

443

447

449

442

440

435

4

Depth
to water

(m)

5

Residue
at 110°C
(mg/litre)

3070

3940

2420

1430

4980

6

Sampling
date

XII-70

XII-70

XII-70

XII-70

11-69

XII-70

7

618 O%>
(SMOW)

-7.64

-6.85

-6.56

-6.80

-7.03

-7.02

8

ÔD %

(SMOW)

-41.7

-43.5

-52.4

-39.6

9

D excess

10.8

10.9

3.8

16.6

10

Tritium
(TU ± o)

3.8±0.3

(b) Samples south of the Chott-el-Hodna

45

46

47

48

49

50

51

52

53

54

55

124/224

125/224

122/224

127/224

134/224

167/224

166/224

155/224

19/224

17/224

15/225

455

453

454

451

445

440

440

426

16.0

14.0

15.3

14.2

11.2

8.0

8.3

4260

5300

3350

4300

1260

1860

1390

6600

18600

6740

5680

ХП-70

XII-70

XII-70

XII-70

XII-70

XII-70

XII-70

1-69

VIII-72

IX-72

IX-72

-6.51

-6.23

-6.57

-5.81

-7.11

-7.17

-6.95

-6.50

-6.50

-6.49

-6.67

-40.3

-41.1

-40.1

-44.9

-45.6

-47.7

-47.8

-47.3

-45.6

-48.2

-45.1

11.8

8.7

12.5

1.6

11.3

9.7

7.8

4.7

6.4

3.7

8.3

1.1 ±0.4

8.6±0.6



10

(b) Samples south of the Chott-el-Hodna

56

57

58

59

60

61

62

23/224

22/224

21/224

18/224

14/225

13/225

12/225

64600

83600

94200

19400

8750

5940

VIII-72

VIII-72

VHI-72

VIII-72

IX-72

IX -72

IX-72

-4.62

-2.65

-4.55

-2.13

-6.54

-6.89

-7.33

-43.0

-35.6

-41.9

-34.1

-47.4

-48.4

-49.2

- 6.0

-14.4

- 5.5

-17.1

4.9

6.7

9.4



TABLE II. ISOTOPIC RESULTS IN DEEP GROUND WATER

1

Well
No.

2

Project
well
No.

3

Altitude
(m above
sea level)

4

Head above (+)
or below (-)
land surface

(m)

5

Total depth
or depth of

screened interval
(m)

6

Residue
at 110 ' c

(mg/litre)

7

Sampling
date

8

6180%o
(SMOW)

9

6D%
(SMOW)

10

D excess

11

uC°/o±o

12

óec5¡»
(PDB)

(a) Samples north (Nos 63-88) and east (Nos 89-94) of the Chott-el-Hodna

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

200/168

208/168

202/168

200/195

202/196

201/196

213/196

214/196

211/196

201/197

210/197

216/196

203/196

207/196

212/196

465

444

431

422

423

426

420

419

416

446

431

416

414

412

420

-19.0

-8.9

(-)

(+)

+ 7.2

(+)

+ 8.9

+ 10.8

+ 16.4

+ 6.4

+11.0

(+)

+7.7

+8.6

+6.6

94-142

34-136

6-65

104

56-142

46-150

80-215

104-146

27-75

47-64

57-112

130-139

103-166

60-110

810

880

1450

2350

920

960

820

500

420

2050

2140

620

640

2620

XII-70

VI-71

XII-70

XII-70

XII-70

1-69

ХП-70

11-69

11-69

11-69

XII-70

XII-70

1-69
ХП-70

XII-70

XII-70

-7.67

-7.91

-6.59

-7.98

-7.50

-7.60

-7.62

-8.40

-8.33

-9.45

-9.35

-9.31

-8.66

-9.23

-8.30

-50.4

-49.7

-46.4

-48.6

-51.2

-49.6

-49.4

-57.2

-62.5

-57.6

-54.8

-56.2

11.0

13.6

6.3

15.2

8.8

11.2

11.6

10.0

13.1

16.9

14.5

10.2

5.0 ±0.6

37.0 ±1.2

3 . 0 ± l . l

3.9±1.0

5.1±1.9

4 .2±0.7

2.2±1.0

0.9±0.6

0.0±0.6

0.5±0.6

l . l ± 0 . 6

0.2± 0.6

-7.45

-7.71

-5.23

-6.05

-6.30

-5.86

-6.30

-7.49

-6.57

-5.95

-5.65

-6.65



10 11 12

(a) Samples north (Nos 63-88)

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

203/195

218/196

217/196

204/196

205/196

206/196

208/196

209/196

207/197

202/197

206/197

204/227

203/227

206/226

200/227

202/227

201/227

411

402

407

402

401

405

406

403

439

405

405

468

429

406

413

417

406

and east (Nos 89-94) of the Chott-el-Hodna

(+)

+ 11.3

(+)

(+)

+ 10.8

+10.2

(+)

(+)

+0.7

(+)

(+)

-26

(+)

(+)

(+)

(+)

(+)

86

86-134

55-88

96

113-126

62-138

120

66-100

40-197

157

164-228

143

2020

1620

1320

1650

1480

960

800

1400

1740

1130

870

3140

930

1160

1090

890

1060

XII-70

XII-70

1-69

XII-70

11-69

XII-70

1-69

XII-70

XII-70

11-69

11-69

11-69

XII-70

11-69
XII-70

11-69

11-69

11-69

ХП-70

11-69
XII-70

-8.68

-8.17

-8.38

-8.62

-8.42

-8.83

-9.41

-9.02

-7.67

-8.18

-9.01

-7.68

-8.51

-8.56

-8.36

-9.15

-9.04

-57.1

-59.5

-60.9

-60.3

-57.6

-61.2

-61.6

-48.8

-53.4

-59.2

-51.5

-58.5

-59.0

-60.1

-59.6

-56.3

12.3

5.9

6.1

7.1

13.0

14.1

10.6

12.6

12.0

12.9

9.9

9.6

9.5

6.8

13.6

16.0

0 . 6 ± l . l

0 .3±0.8

1.0 ±0.8

1.0±2.2

0.6±0.6

1.5±0.5

6.0±1.2

45.1±1.1

10.9±0.7

4 . 8 ± 0 . 9

0.6±0.6

0.6±0.6

-5.51

-5.93

-6.83

-7.00

-5.96

-5.75

-6.90

-7.29

-7.50

-6.76

-5.64



TABLE П. (сont. )

ю i l 12

(b) Samples south of the Chott-el-Hodna

95

96

97

98

99

100

101

102

103

104

105

106

208/224

207/224

206/224

210/224

200/224

202/224

203/224

201/225

205/225

203/225

206/225

200/226

468

449

433

432

418

425

421

404

403

403

414

415

-24.2

-19.3

-6.7

-1.2

+ 7.6

(+)

(+)

+ 24

(+)

+ 9.6

(+)

(+)

41-99

18-71

38-180

58-130

43-134

66

58

80

70

53-142

106

1520

2040

1250

1080

1360

1250

1300

1130

1030

2230

1670

2230

X-71

X-71

IX-71

XII-71

XII-70

11-69

XII-70

11-69

11-69

11-69

11-69

11-69

-6.61

-7.44

-6.76

-6.67

-7.26

-7.30

-7.36

-7.62

-7.53

-8.27

-7.86

-8.33

-45.5

-51.3

-43.0

-45.2

-48.9

-47.5

-46.6

-49.0

-51.1

-58.7

-53.1

-54.5

7.4

8.2

11.1

8.2

9.2

10.9

12.3

12.0

9.1

7.5

9.8

12.1

N.B. 8.9 ±

14.3 ± 1.1

16.2±1.0

11.1 ±2.0

4.0 ±2.0

0.4 TU

-6.70

-7.60

-8.00

-6.20

( + ) Head above land

(~) Head below land

surface — unknown value,
surface - unknown value.



TABLE III. AVERAGE STABLE ISOTOPE COMPOSITION

618O

%o

ÓD

%

D
excess

%

"¡00

Mean

о

°m

n

Mean

a

°m

n

Mean

о

°m

n

Mean

a

°m

n

North and east of the Chott

1

- 7.06

0.54

0.09

44

-45.7

3.3

0.6

32

10.4

3.5

0.6

32

2

- 8.42

0.68

0.12

32

-55.6

4.8

0.9

28

11.2

3.0

0.6

28

- 6.45

0.73

0.16

23

3

- 7.83

0.55

0.17

11

-52.4

4.4

1.4

11

10.2

2.5

0.8

11

- 6.66

0.83

0.27

10

4

- 8.87

0.42

0.12

13

-58.4

2.4

0.8

10

12.1

3.7

1.2

10

- 6.28

0.63

0.18

13

South of the Chott

5

- 5.96

1.51

0.36

18

-44.1

4.5

1.1

18

3.6

8.7

2.1

18

6

- 6.73

0.33

0.10

13

-45.7

3.2

0.9

13

8.1

2.8

0.8

13

7

- 7.42

0.57

0.17

12

-49.5

4.5

1.3

12

9.8

1.9

0.6

12

7.13

0.82

0.41

4

1 and 5 : shallow groundwater, all the samples
2 and 7: deep groundwater, all the samples
3 : deep groundwater, samples with 1 4C > 2°¡o

4 : deep groundwater, samples with 14C < 2 "¡o
6 : shallow groundwater excluding samples affected by evaporation
n = number of measurements for each groups om = o/n.
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FIG.3. Sample location and isotopic results in shallow groundwater. 618O results have been rounded off to
the first decimal. The dotted line defines the area of artesian flow.
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FIG.4. Sample location and isotopic results in deep groundwater, ó18O results have been rounded off to the
first decimal. The dotted line defines the area of artesian flow.
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of ages, because of the hydrogeological conditions and the fact that most of
the drilled wells exploit more than just one water-bearing layer. Therefore,
the 14C data would provide only a minimum age value, which can be quite
different from the true mean age of water.

All isotopic analyses were performed in the laboratory of the Section of
Isotope Hydrology of the International Atomic Energy Agency, with the
exception of samples collected in 1969, the 18O/16O and D/H ratios of which
were determined in Prof. W. Dansgaard's laboratory in Copenhagen.

INTERPRETATION OF THE ISOTOPE DATA

For the sake of interpretation, it is convenient to subdivide the region
investigated into two main zones according to their hydrogeological
characteristics described in the section on hydrogeology, the zone north and
east of the Chott-el-Hodna, and the zone south.

Zone north and east of the Chott-el-Hodna

From Table III it can be seen that the shallow groundwater is significantly
enriched in heavy isotopes with respect to the deep groundwater. In addition,
if the deep groundwater samples are subdivided in two subgroups according
to their 14C content, the samples with low 14C content — less than 2% of
modern — appear significantly depleted in heavy isotopes with respect to those
with higher 14C content. In other words, young groundwater — i. e. shallow
groundwater and deep groundwater with significant 14C — have 1^O and
deuterium contents higher than those of old deep groundwater with negligible
14C.

The mean deuterium excess is quite similar for all types of water, but
single values may scatter several per mille from the average. Nevertheless,
the classical meteoric water relationship between 18O and deuterium with
slope 8 and deuterium excess lO%o is on the average obeyed, as can be seen
in Fig. 5. Also the 13C values are rather similar for all samples, although
there is some indication that slightly more negative 613C values are asso-
ciated with higher 14C contents.

Both shallow and deep groundwater is recharged by the same meteoric
water, mainly precipitation on the Hodna Mountains in the north, which is
conveyed to the plain by wadis and there partially infiltrates before reaching
the Chott. In addition, the shallow groundwater can be recharged also by
direct infiltration of precipitation on the plain, that is probably enriched in
heavy isotopes with respect to precipitation on the Hodna Mountains because
of the altitude difference. Some evaporation may occur during the surface
run-off, resulting in an enrichment of the heavy isotope content of water:
such a process might affect the shallow groundwater recharge more, favoured
by the network of small channels (seguías) existing in the plain for the purpose
of diverting wadi water for irrigation. However, changes in the isotopic
composition of shallow groundwater resulting from evaporation are practi-
cally undetectable. In fact, the data do not show any regular deviation from
the meteoric water relationship due to evaporation, although this cannot be
excluded for a few points. Any evaporation effect for the deep groundwater
recharge occurring on the outcrop areas of the Villafranchian conglomerate
in the foothills should be even more negligible.
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FIG. 5. 618O -6D plot of shallow and deep groundwater samples from the zone north and east of the
Chott-el-Hodna.

Recharge to shallow groundwater from wadis is indicated by the tritium
results. In fact, all the dug wells with relatively high tritium (10 to 30 TU)
are in the proximity of wadis. Examples include wells 6, 15 and 16 in the
M'Sila wadi delta and well 25 near the Barika wadi (Fig. 3). Recharge from
direct infiltration of precipitation seems to be less important than other
sources because of the rather impermeable nature of the soil and the scarcity
of precipitation. This is confirmed by the tritium data which, although
rather scarce, indicate that wells far from wadi beds have low tritium
content. Examples include in particular wells 17 and 18, having low tritium
concentrations, although the water table is rather shallow.

Let us now consider the isotopic results from deep groundwater, and in
particular those obtained on samples collected in the area defined by the
villages of M'Sila, Chellal and Bou Hamadou north of the Chott-el-Hodna
(Pig. 4). Three drilled wells in this area do not flow: Nos 63, 64 and 65.
The last one is relatively shallow and is screened from a depth of 6 m.
Not surprisingly, therefore, this well is largely affected by shallow ground-
water (especially under pumping), as demonstrated by its high 14C and heavy
isotopes content — the 618O and ÔD values are the most positive observed in
drilled wells and compare satisfactorily with those of nearby dug wells
Nos 15, 16 and 17, which have also similar salt contents.

All other drilled wells flow. Those near the limit of artesian flow
(Nos 66 to 71, Fig. 4) contain some 14C (from 2. 2 to 5.1% of modern) and
have б1 О and 6D values among the highest observed in deep groundwater
(from -7. 5 to -8.4%o and from -49 to -57%0 respectively), and thus can be
considered together with the non-flowing wells Nos 63 and 64. All other
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flowing wells in this area have practically no 14C (from 1. 1 to 0% of modern)1,
and they are more depleted in heavy isotopes (from -8 . 2 to -9 . 4%o for ô О
and from -54 to -62%o for 6D). In other words, 14C and heavy isotope contents
are correlated.

The same trend occurs in the area of Barika, east of the Chott, where
well No. 89 with the highest 1 4C content is also enriched in heavy isotopes
with respect to wells Nos 90 and 92, having 10. 9 and 4. 8% of 1 4C respectively,
and even more enriched with respect to wells Nos 93 and 94, which are
practically 1 4C-free.

200

FIG.6. 618O-depth plot for samples Nos 63-70 south of M'Sila. Figures are "CJb values. Open points:
non-flowing wells; full points: flowing wells.

The relationship between 14C and heavy isotope contents is the result
of mixing deep groundwater depleted in heavy isotopes as well as in 14C and
more recent waters having an isotopic composition similar to that of the
present shallow groundwater. The fraction of recent water is isotopically
detectable in deep groundwater only in areas outside the zone of artesian
flow and in a narrow strip just inside this zone. In addition it decreases
with depth, as should be expected (Fig. 6). The most probable hypothesis
to explain why recent and old components of deep groundwater have a different
618O and ÔD content is that there has been a change in the isotopic composition
of recharge during the last 30 000 years or so as a consequence of a change
in the climatic conditions. This explanation has already been suggested in
other similar cases [5-8].

1 Excluding well No. 85, the 14C of which (1 . 5<7o) might be slightly contaminated because of the bad
condition of the well.
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From the hydrogeological point of view,, the isotopic data demonstrate
that the present recharge of deep groundwater by the shallow groundwater is
very limited, as shown by the rapid drop in 14C and 18O values with depth and
with distance inside the zone of artesian flow. However, a more intense
exploitation of the deep aquifers might increase recharge from the shallow
aquifer.

In addition, in the area immediately south of M'Sila, the deep aquifer
was believed to recharge the shallow groundwater, because of the local
decrease in salinity of the latter and of the decrease in piezometric gradient
of the water table [2]. However, the isotopic results of shallow groundwater
in this area exclude the possibility of any important inflow of deep ground-
water. Stable isotopes and tritium data point to a relatively intense infiltra-
tion of surface waters, which would also explain the change in piezometric
gradient and the lower salt content of shallow groundwater in this area.

Zone south of the Chott-el-Hodna

The shallow groundwater is slightly but probably significantly enriched
in heavy isotopes with respect to the deep groundwater (Table III), excluding
samples Nos 48 and 56 to 59 which have been affected by evaporation, as
indicated by their deuterium excess ranging from 1. 6 to - 17.1% . The mean
deuterium excess is similar for both shallow (non-evaporated) and deep
groundwaters and the classical meteoric water relationship is obeyed
(Fig. 7).

-50

-60

-70

6D=(2.9±0.2)5
18
O-(28.4±1.0)

О SHALLOW GROUNDWATER

• DEEP GROUNDWATER

-9 -8 -7 -6 -5 -3 -2

818Q %o

FIG.7. 618O -ÔD plot of shallow and deep groundwater samples from the zone south of the Chott-et-Hodna.
The numbers refer to Table I and designate dug wells with high salt content, the 6-values of which have been
used to establish the relationship (Eq.(l)).
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100

-2

FIG. 8. 618О - salt content in dug wells south of the Chott-el-Hodna having high salinity. Numbers refer to
Table I.

Only two tritium results are available for the shallow groundwater.
Dug well No. 52 is in an irrigated experimental plot, and this might explain
its relatively high tritium (8. 6 TU). The dug well No. 48 has practically no
tritium, indicating the scarcity of direct recharge by precipitation, as was
already concluded in the zones north and east of the Chott.

The isotopic composition of some shallow groundwater samples has
certainly been affected by evaporation: this is particularly clear for samples
Nos 48 and 56 to 59, which strongly deviate in the (618O, 6D) plot of Fig. 7
from the meteoric water line. With the exception of No. 48, all these
samples having high salt content have been collected from auger holes near
the Chott, in the zone of Baniou. Other samples from auger holes also have
high salt content (Nos 53, 60 and 61) through not being so highly enriched in
heavy isotopes. In all these holes, where the water table is very near to the
surface (less than one metre) the delta values correlate very well with salinity
(Fig. 8). A hypothesis that might explain such a correlation is that an isotope
and salt concentration gradient exists in the upper shallow groundwater
because of evaporation. The thickness of such a zone is probably rather
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limited and presumably depends on the depth of the water table. Therefore,
the water sample is believed to be a mixture of upper groundwater enriched
in heavy isotopes and in salt content by evaporation and of deeper non-
evaporated water.

The least-squares fitting of the isotopic results from the above shallow
wells provides the relationship (Fig. 7):

ÔD = (2. 9 ± 0. 2) 618O - (28. 4 ± 1. 0) (1)

The values of the intercept of line (1) with the meteoric water line:
618O = -7.53 ± 0.36%o and 6D = -50. 2 ± 2. 9%o, can be attributed to the isotopic
composition of the non-evaporated water. It should be noticed that these
values are quite similar to those encountered in deep groundwater in the same
area. However, errors do not allow a definite conclusion on the origin of
the non-evaporated component.

The low value of the slope of Eq. (1) is probably due to the high concen-
tration of dissolved salt, which is known to affect the isotopic composition
of water and the relative D and 18O enrichment during evaporation [9].

The isotopic composition of deep groundwater has the following
characteristics :

1. The four non-flowing wells more to the west (Nos 95-98) — pre-
sumably containing significant fractions of recent waters as indicated by the
tritium content of No. 95 — have mean values of -6.87 ± 0.39 for 618O and
-46.2 ± 3 . 6 for 6D%o.

2. The four flowing wells Nos 99-102, located in a zone with 14C higher
than 10% of modern, have mean values of 618O= -7.38±0.17 and 6D = -48.0± 1.2%o.
A spring in Baniou having a 14C content of 13.2 ± 4.0%, ¿18O= -7.39 and
ôD = -49.5%o, migh be associated with this group.

3. The other four wells more to the east have mean values of
<518O = -8.00 ± 0.38 and 6D = -54. 4 ± 3. 2%o. The 14C content is available
for only one of these wells and is 4. 0%, thus showing that the recent water
fraction decreases — or the age of water increases — towards the east.

In other words, the groundwater south of the Chott-el-Hodna with a
higher 14C content is also enriched in heavy isotopes compared with the north
and the east. This again indicates a change of the isotopic composition of the
recharge water with time.

From the hydrogeological point of view it is important to point out the
relatively high 14C content of groundwater in the south-western zone of the
confined aquifer. The fact that the 14C content is normally higher than in
other areas around the Chott indicates better recharge conditions and faster
groundwater movement, in agreement with a higher permeability of the
aquifer.

CONCLUSION

The environmental isotope technique has demonstrated its validity and
usefulness as a hydrogeological tool. In fact, most of the conclusions of this
study have been achieved by means of isotope techniques, when other tech-
niques have been shown to be insufficient for obtaining non-ambiguous results.
In particular, the environmental isotope data have demonstrated:
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1. Seepage from wadis is an important mechanism of recharge of shallow
ground water,, especially in comparison with recharge from direct infiltration
of precipitation.

2. The deep aquifer does not leak significantly upwards to the shallow
aquifer in the area south of M'Sila, as formerly supposed. This implies
the necessity of an alternative explanation (proposed in this study) for the
locally low salinity and low piezometric gradient of shallow groundwater.

3. The recharge of the deep aquifer appears to be limited in areas
north and east of the Chott-el-Hodna. The contribution of recent water
to the deep groundwater is much higher in the south-western area, in agree-
ment with the higher permeability.
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DISCUSSION

G. B. ALLISON: Molecular exchange can often be more important than
evaporation in modifying the isotopic composition of water. Could your well
water samples have been modified by molecular exchange?

R. GONFIANTINI: I agree that the isotopic composition of water from
dug wells can be modified both by evaporation and by molecular exchange
with atmospheric moisture. Nevertheless, the amount of water drawn daily-
is substantial and should ensure almost complete renewal of the water in the
wells every day or every two days. On the other hand, there is no sign of
systematic enrichment in heavy isotopes by evaporation in a 618O-6D plot,
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although this cannot be excluded in the case of a small number of wells. In
other words, the shallow-aquifer delta values do not fit an evaporation line,
with the exception of samples collected from auger holes south of the
Chott-el-Hodna. Consequently, we believe that the mean delta values given
for the shallow aquifer are not significantly affected by evaporation and
molecular exchange in the wells.

P. FRITZ: Could you tell us something about the origin of the evaporated
water in the shallow aquifer? Does the evaporation occur within the aquifer?

R. GONFIANTINI: We believe that evaporation occurs within the shallow
aquifer in places where the water table is very near the surface, as in the
case of samples collected from auger holes south of the Chott-el-Hodna,
and that a heavy isotope and salt content gradient is established in the upper
water layer of the shallow aquifer. The samples from the auger holes
consist of admixtures of such water with deeper water not — or less —
enriched in heavy isotopes and salts.

B. T. VERHAGEN: I should like to say a few words about the stable
isotope composition of Kalahari groundwaters.

Although the Kalahari is an arid region, it is on the whole well vegetated.
Shallow and hydrologically active aquifers (as seen from high tritium and
1 4C values) exhibit a range of light stable isotope values which overlaps
almost completely with that found in deeper and sometimes virtually static
groundwaters. With our model, the loss of recharged groundwaters occurs
largely through transpiration from the often rather shallow phreatic water
tables. This loss is not accompanied by isotope fractionation, unlike the
situation in the Hodna plain.

R. GONFIANTINI: In the Hodna plain, and especially south of the
Chott-el-Hodna, where we observed the heavy isotope enrichment of the
shallow groundwater, vegetation is scarce and discontinuous. We think,
therefore, that direct evaporation from the water table may play an important
role and explain the observed enrichment.

В. Т. VERHAGEN: Features similar to the Chott and known as "pans"
are found in the Kalahari. They are shallow depressions in the generally
flat landscape, usually with a low sand dune on the leeward side. Their
floors are as a rule fairly impervious. Wells sunk into pan floors usually
produce saline waters, whereas in the immediate vicinity of the pans potable
shallow waters are often found. This would indicate that pans tend to be
output points for groundwaters, as is assumed in the case of the Chott-el-
Hodna and other North African salt flats.

T. M. DINÇER: I should like to comment briefly on certain charac-
teristics of such salt flats (which are known as "chott" in North Africa,
"sabkha" in Saudi Arabia and "playa" in Spanish-speaking countries).

Basically they are discharge areas for groundwater. They may become
flooded from time to time, but the floodwaters are lost in the following dry
periods through evaporation and do not recharge the aquifer.

The Chott-el-Hodna itself is devoid of vegetation. There are, however,
chotts or sabkhas with plant cover — for example, along the Red Sea coast
of Saudi Arabia. The salinity of the groundwater in such chotts is low
(electrical conductivity about 4000 ¿¿mho), at levels that can be tolerated by
some salt-resistant plants, which indicates that there must be other dis-
charge outlets besides evaporation.

J. R. GAT: I also have a comment regarding chotts or sabkhas.
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While it is true that from, a regional point of view sabkhas are only
discharge points, on a local scale the situation may be more complex. We
have found in desert regions that local flooding or local rain can cause local
flow reversals, which force evaporated waters back into the shallow aquifers,
where they may mix with the discharging waters. Also, we have seen cases
where discharging waters evaporate before discharge when infiltrating
through gravel. As a result, the composition of water near the discharge
points may be appreciably altered relative to the regional aquifers.
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Abstract

ORIGIN OF ARTESIAN AND THERMAL WATERS DETERMINED BY OXYGEN, HYDROGEN AND CARBON
ISOTOPE ANALYSES OF WATER SAMPLES FROM THE SPERKHIOS VALLEY, GREECE.

Hydrogen, oxygen and carbon isotope analyses were used to determine the origin of groundwater discharged
by artesian wells in the Sperkhios Valley. Three regions of different water types discharged by artesian wells in
the Sperkhios Valley can be isotopically distinguished by different positions on the meteoric water line :
(a) artesian wells within the old Sperkhios bed between Mexiates and Komma and within the region between
Komma, Roditsa and Anthili (isotope province I): 618o = (-9.36 ± 0.04) °¡oo\ (b) artesian wells of the Moskhok-
horion region (isotope province II): 618O = (-8.81 ± 0. 07) %; (c) artesian wells of the Kalivia region (isotope
province III): 618O = (-6.85 ± 0.41) %. The isotopic differences of the water samples belonging to different
artesian provinces are caused by the different mean altitudes of their catchment areas. The altitude dependence
of meteoric water was determined by oxygen and hydrogen isotope analyses of spring water samples from the
Sperkhios Valley and its bordering mountains, and is 0.16%0/WO m for oxygen and 1.2%/100 m for hydrogen.
Tritium analyses indicate that the artesian groundwater generally is older than 20 years; the water discharged
by artesian wells within the Kalivia region is older than 150 years. The mean altitude of the catchment areas
of the Platistomon, Archani, Paleovracha and Xamza thermal fresh water occurrences is about 1100 m. The
isotope data of the hot spring samples fit the meteoric water line fairly well. The isotope analyses of samples
from the Psoroneria, Kamena Vourla, Loutra Ipatis and Thermopylae hot springs, and the Kamena Vourla and
Loutra Ipatis thermal boreholes indicate relicts of seawater or of connate water of seawater composition in
proportions between 67% and 14%.

1. GENERAL GEOLOGICAL, HYDROGEOLOGICAL AND METEOROLOGICAL
OUTLINES

1.1. Geology

The area investigated is part of the meso-hellenic country, e.g. of the
Sperkhios Valley and its bordering regions, which belong to three major
geotectonic units [1 ,2 ] :

317
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(a) in the west the Eastern Pindos Flysch (mainly pelitic and psammitic
consolidated rocks of Palaeogene age),

(b) in the south the Parnassos-Ghiona Zone (mainly limestones and
dolomites of Mesozoic and in part of Palaeogene age),

(c) in the southeast and the north the Subpelagonic Zone (mainly shale-
chert formations and ophiolites, but also limestones and dolomites,
all of Mesozoic age).

The Sperkhios graben with an east-west extension of about 50 km cuts
through these geotectonic units. The graben is between 3 and 12 km broad
in its north-south extension. It is filled with young sediments of Pleistocene-
Holocene age. Their total thickness reaches 600 m and possibly more in parts
(geoelectrical investigations by the National Institute of Geological and Mining
Research, Athens, 1972-73).

1.2. Hydrogeology

The most important aquifers of the area investigated are those of the
karstified limestones and dolomites, and coarse elastics within the filling
of the Sperkhios graben.

Among the aquifers of the graben-filling the most interesting belong to
the course of an old Sperkhios river bed and to the occurrence of coarse
clastic fans.

1.2.1. Aquifers of the old Sperkhios river bed

The aquifer thickness is between 50 - 100 m. The aquifer system prevails
unconfined within the middle section of the valley. It is confined and has
artesian outflow within the eastern part of the valley near the Sperkhios delta.
The piezometric surface reaches values up to 5 m above the land surface.
Artesianism is caused by a clay cover of mostly marine origin with a thickness
of 20 - 40 m. In the direction of the delta the aquifer thickness decreases
to 20 - 5 m.

The aquifers have been found at depths between 20 - 120 m below the
land surface. The lithological composition varies between fine- to medium-
grained sand and gravels, and sometimes shows extremely coarse-grained
sediments (coarse gravels, blocks and boulders). Depending on the content
of fine-grained pelitic and silt material, the related transmissibilities lie
between 4 and 180 m2/h. Storage coefficients are between 10"3and 10"5.

1.2.2. Aquifers in relation to the occurrence of big coarse clastic fans
(several km )

These fans have surfaces dipping at 12° maximum from the bordering
mountains into the Spekhios Valley [3] , mostly on the south side of the valley,
where the mountains are highest (up to 2150 m above sea level).

The aquifer thicknesses are up to 150 m. The aquifers are unconfined
near the mountain ridges, but are confined at those places where there is
a clay cover (see above). The lithological compositions and the aquifer
parameters are similar to those of the first group of aquifers (section 1.2.1).
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1.3. Hydrogeological thermal water

Some occurrences of thermal water are known within the Sperkhios
Valley, Their genesis is connected with young tectonic movements of the
Sperkhios graben and in part is closely related to the karstic limestone and
dolomite massifs of the southern mountainous regions.

More detailed geological and hydrogeological information is given in
Ref. [ 4 ] .

1.4. Meteorology

The climate of the investigated area is typically mediterranean with
preponderantly dry seasons during summer and early autumn and precipi-
tations during winter and spring as rain, and as snow in the higher mountain
areas . The mean annual precipitation for Lamia is about 580 mm; the
corresponding values for the mountain regions are 800 to 1400 mm.

2. EXPERIMENTAL METHODS

Sampling was carried out in June and November 1972 in co-operation
with the IGSR (now N.I .G.M.R.) , Athens. Air-free water samples for oxygen
and hydrogen isotope analysis were collected in 20-ml screw-top glass bottles,
On the same day the bottles were sealed with wax to avoid isotope fraction-
ation of the sample by evaporation.

For the mass-spectrometer analysis of dissolved carbon the water was
collected in 100-ml screw-top glass bottles and potassium hydroxide was
added in tablet form; these bottles were also sealed with wax.

To determine the oxygen isotope composition of the water samples the
samples were brought to isotopic equilibrium with carbon dioxide according
to the method of Epstein & Maye da [ 5 ] . To obtain the isotope ratio of the
carbon in solution, diluted hydrochloric acid ( 1 : 4 ) was added under vacuum
to the samples. Hydrogen for 6D-determinations was obtained by uranium
reduction of the water samples.

For the isotope analysis a modified mass spectrometer of the Varian
M 86 type was used.

Reference materials for isotope analyses are the SMOW and the PDB
standard.

The reproducibility measurements are listed in Table I. The experi-
mental e r rors (1er) for single Ô- determinations, including sample preparation
and mass spectrometry, are :

618O: ±O.13%o
<513C: ±0.21*55»
6D : ±0.8 %o

For interlaboratory comparison Hanover tap water was analysed in the
Groningen Laboratory [6 ] . The result was 618O = -(8.24 ± 0.05)%o versus
SMOW, and is in good agreement with the <5l8O = -(8.19 ± 0.03)%0 versus
SMOW of the Hanover measurements.

Detailed information is presented in Ref. [4 ] .



TABLE I. REPRODUCIBILITY OF n SAMPLE PREPARATIONS AND m DUPLICATE SAMPLE PREPARATIONS
(dsp)

Sample

P64

Hanover

tap water

Hanover
tap water a

A 24

dsp: 6ИС

dsp: 618O

dsp: 6D

n

15

17

-

4

-

-

-

m

-

-

-

-

27

13

43

Measuring time

14.9. -11.10.72

5.7. -28.7.72

June 1973

Dec. 1973

14.9. -13.10.72

26.6. -31.7.72

Dec. 1973

-PDB-

<%»)

-1.07

-

-

-

-

-

-

Ô18O
-SMOW-

{%)

-

-8.19

-8.24

-

-

-

-

-SMOW-

-

-

-

-61.9

-

-

-

о

{%)

± 0.16 b

± 0 .13 b

-

± 0.25 b

± 0.2ld

± 0.13 d

± 0.8 d

°meanc

± 0.04

± 0.03

± 0.05

± 0.13

-

-

-

a Analyses of Natuurkundig Laboratorium der Rijks-Universiteit te Groningen [6]
Ь /n_T\,^ = v/A. _Ts2

n(nl)o z(6iSj
d 2mo2-Zíóii -ôi2)2, m = I i
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3. ISOTOPIC ANALYSES OF GROUND WATER FROM THE SPERKHIOS
VALLEY ARTESIAN WELLS

Samples were taken from 28 artesian wells between Mexiates and the
Bay of Maliakos. The location of the sites are shown in Fig. 1. The isotope
analyses show that there are three groundwater provinces having statistically
significant differences in their б О values.

The isotope data are shown in Tables Ц and III.

3.1. Isotope province I (Old Sperkhios channel between Mexiates and Komma,
region between Komma, Roditsa and Anthili)

Province I covers parts of the Sperkhios Valley between Mexiates and
the Bay of Maliakos (Fig. 1). Water samples of 14 artesian wells were
analysed.

The Mexiates region and a strip extending from southwest of Kalivia to
Komma have been shown geoelectrically to be part of an old Sperkhios channel
region [7] . In the central section of the Sperkhios Valley, northwest of
Loutra Ipatis, the existence of this channel has already been substantiated.
The present river course deviates in places from the channel course. West
of Kalivia where the valley is narrowest, the Sperkhios River flows south
of its old channel. The present river course and the old gravel bed again
coincide in the Komma region, but are separated from one another by an
intercalated clay bed 20-30 m thick.

The artesian wells occurring in parts of isotope province I extending
from east of Komma past the Anthili area are evidently part of a network of
fossil distributaries presumably leading away from the old Sperkhios channel.

Artesian wells A 7, A 8 and A 9 of province I southwest of Roditsa are
unusual. They are at the extreme northeast of a gravel fan deposited east
of Lamia by a torrent running into the Sperkhios Valley. Their 618O ratios,
however, do not point to any connection with infiltration from the catchment
area to the north which has an average altitude of 500-600 m. The ratios
concentrate around a mean value indicating an altitude of 1350 m for the
relevant catchment area. Also there is little probability that deltaic distri-
butaries of the Sperkhios channel extend into the gravel fan and thereby
facilitate a recharge of the artesian groundwater occurrences penetrated by
A 7, A 8 and A 9. Geoelectrical measurements, however, suggest that
artesian water flows in from a joint water system at about 100-200 m depth.
This requires a hydraulic contact with the basin sediments in the central
section of the Sperkhios Valley and a flow of isotopically light groundwater
into the joint water system underlying the southern area of these sediments.

The scattering of the <5l8o values of the 12 samples collected in June
1972 is extremely low. The mean value is 61 8O = (-9.36 ± 0.04)%o. For
the samples taken in this region in November the mean value is
618Q = (-9.73 ± 0.12y&,.

As the number of samples was small (n = 3) the error was calculated
according to Student. Compared with the June series, the delta values of
the November samples are systematically shifted by (0. 37 ± O.13)%o towards
the lighter oxygen isotope. Such an isotope shift was observed in all samples
analysed and cannot be explained.
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FIG. 1. Location of the artesian wells investigated and classification of the waters into three provinces on the

basis of their isotope ratios.
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TABLE II. ARTESIAN WELLS, ISOTOPE PROVINCES I AND II

323

Artesian
well

A 56

A 64

A 9

A 10

A 8

A 7

A 24

A 18

SD 3-72

A 42

A 50

A 32

A 32

A 30

A 39

A 87

A 83

A 83

SD4

A 11

SD 6

A 85

A 88

A 21

A 26

Location

Mexiates

Kalivia

Roditsa

Roditsa

Roditsa

Roditsa

Anthili

Anthili

Anthili

Komma

Komma

Komma

Komma

Komma

Komma

Moskhokhorion

Moskhokhorion

Moskhokhorion

Moskhokhorion

Moskhokhorion

Damasta

Damasta

Komma

Anthili

Anthili

Sampling

date

1972

2.6.

2.6.

1.6.

1.6.

1.6.

1.6.

1.6.

1.6.

1.6.

2.6.

2.6.

2.6.

17.11.

17.11.

17.11.

1.6.

1.6.

17.11.

17.11.

1.6.

17.11.

1.6.

1.6.

1.6.

1.6.

6J8O

-SMOW-

(%„)

-9.50

-9.33

-9.40

-9.39

-9.31

-9.22

-9.29

-9.19

-9.57

-9.51

-9.19

-9.37

-9.55

-9.78

-9.84

-8.84

-9.06

-9.40

-9.22

-8.83

-9.21

-8.50

-8.81

-8.88

-8.71

-PDB-
000)

- 6 . 7

-13.5

-20.3

-

-

-

-19.0

-

-

-

-11.0

-11.7

-

-

-

- 9.2

-

-

-

-

-

-12.1

-

-

-

5D

-SMOW-
000)

-

-

-56.1

-

-57.5

-58.0

-61.9

-

-

-

-58.9

-

-

-

-57.2

-55.3

-

-

-56.2

-

-

-54.1

-

-

-

Isotope

province

I

П

3.2. Isotope province II (Moskhokhorion region)

This province surrounds Moskhokhorion and extends southward to Asopos.
Province I adjoins to the north approximately along a line from Komma to
Anthili (Fig. 1). Most of the aquifers found in the artesian wells may be
ascribed to offshoots of marginal alluvial fans (Gorgopotamos, Asopos).
North and northeast of Moskhokhorion these offshoots possibly interlock
with the old Sperkhios channel sediments.
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TABLE III. ARTESIAN WELLS, ISOTOPE PROVINCE III AND MIXING
REGION BETWEEN I AND III

Artesian
well

A 69

A 59

SD11

A 63

A 3

Location

Paktati-Lamia

Kalivia

Kalivia

Kalivia

Amourion

Sampling
date
1972

2.6.

2.6.

17.11.

2.6.

2.6.

Ô18O
-SMOW-

C&.)

-7.06

-6.63

-7.06

-8.92

-8.47

-PDB-

-

-12.7

SD
-SMOW-

000)

-46.1

-45.3

-49.9

Isotope
province

III

I/III

The mean of the 618O values of the seven samples collected in June 19 72
is <518O = (-8.81 ± 0.07)%o. The standard deviation (1 a) is 0.17%o. As
shown by the 618O values, neighbouring wells, for example, A 21 (-8.88%O)
and SD 3 (-9.57%o), always contain water characteristic of their province.

3.3. Isotope province HI (Kalivia region)

Province III of the artesian groundwater occurrences (Fig. 1) is charac-
terized by rather strongly 18O-enriched water. Possible aquifers are gravel
and sand covered by argillaceous layers.

They obviously interlock with great masses of talus extending from the
margin of the "ophiolite" region near Kalivia. The province cannot be
delimited precisely, however, because of the small number of samples.
The two samples collected in June (A 59, A 69) show a mean 618O value of
518O = (-6.85 ± 0.41)%o.

The error was again determined according to Student.
Despite the small number of samples and the resultant large er rors ,

the delta values of province III show significant statistical differences from
the other two provinces. This difference also exists in some of the spring
waters of the "ophiolite" region to the north.

3.4. Boundary region between provinces I and II

The artesian groundwater province around Kalivia is not distinctly
isolated from the old Sperkhios channel region, as can be seen from Fig. 1.
In artesian wells A 3 and A 63 mixed water occurs.

4. SPRING WATER

Statistically significant differences in the isotope ratios of spring water
correspond with the groundwater provinces based on well-water analyses.
These measurements suggest that the catchment areas of the three provinces
lie at different altitudes. Sample locations are given in Fig. 2.
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^-DIRECTION OF FLOW

FIG. 2. Sample locations of spring and thermal water and recharge areas of artesian aquifers.
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TABLE IV. SPRINGS

Spring

P 33

P218

P218

P231

P231

P 3

P 1

P222

P229

P228

P227

P256

P324

P307

P 90

P402

P404

Location

Stirfaka

Ligaría (Rema)

Ligaría (Rema)

Nea Evritania
(Lamia)

Nea Evritania
(Lamia)

Avlakion
(Mavromandila)

Agia Paraskevi

Trisina
(Ligaría)

Monastery
Maria Magdalena
(Ligaría)

Akhilleus Spring
(Kalamakion)

Monastery
Andinitsa
(Kalamakion)

Marmara

Pirgos

Goulinas
(Perivoli)

Tymfristos

Aspro Vrisi

Megali Vrisi

Sampling
date
1972

7.6.

7.6.

18.11.

7.6.

18.11.

5.6.

5.6.

18.11.

18.11.

18.11.

18.11.

6.6.

6.6.

25.11.

8.6.

9.6.

9.6.

Ha

(m)

165

245

245

270

270

300

400

410

610

825

1035

1200

1300

1415

1450

1895

2050

Ó18O
-SMOW-

-7.95

-6.66

-6.79

-6.83

-6.88

-7.80

-7.93

-7.72

-7.86

-8.94

-9.14

-9.19

-9.69

-9.29

-9.52

-10.45

-9.92

6UC
-PDB-

(%.)

-

-13.6

-

-

-

-

-13.3

-

-

-11.7

-

-

-

-

-9.75

ÓD
-SMOW-

{%)

-45.9

-45.9

-

-

-

-49.2

-

-49.0

-49.8

-57.7

-59.8

-

-

-60.1

-

-65.9

-

a Mean altitude of recharge area, calculated by hydrogeological maps: H= i(ax+ a2);

aj: altitude of watershed ;

a2: altitude of spring outflow.

4 . 1 . Altitude dependence of isotope ratios in spring water

The isotope ratios of rainwater are determined by the temperature at the
time of condensation [8], which in turn is generally dependent upon the
altitude [9-11].

Samples were taken from springs at altitudes between 15 m and 2000 m.
The recharge areas were evaluated on the basis of hydrogeological consider-
ations and geological maps [12-16]. The results are shown in Table IV.
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FIG. 3. Relationship between oxygen and hydrogen isotope ratios and mean altitude of the recharge area of
spring water samples.

A graphic representation of the results is given in Fig. 3 in which the mean
altitude of the recharge area is plotted as a function of the 6 О and 5D values
for the spring water samples. There is a rather good linear relationship
between the mean altitude of the recharge area and the isotope ratios
(A5D/AH = 1.2"%o/l00 m, Д618О/ДН - 0.16%о/100 m ) .

Only the 618O values of the low-lying springs P 218 and P 231 (ophiolite
region NW of Lamia) do not fit the altitude dependence. Obviously the oxygen
isotope composition of these samples has been changed by exchange with
silicate or carbonate oxygen. This conclusion is supported by tritium analyses.
The water samples P 33 and P 90, the 618O values of which are in good
agreement with the altitude dependence, have tritium concentrations between
70 and 80 TU, which shows that P 33 and P 90 are young meteoric waters.
On the other hand, tritium analyses of P 231 yielded only about 12.5 TU.
P 231 is probably a mixed water. Obviously an "old" water, at least partly
equilibrated in its oxygen isotope composition, is added to the outflowing
water.
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FIG.4. Meteoric water line of spring water samples and isotope data of artesian well samples.

5. RECHARGE AREAS OF ARTESIAN WELL WATER

Excluding P 218, the 6D and 618O data of spring-water samples are
grouped around a meteoric water line, following the equation
ÔD = (7.0 ± 0.8)618O + (6.2 ± 6.6).

The artesian well data scatter within a narrow range around this line
(Fig. 4).

Isotope data of artesian well samples from different provinces are clearly-
distinguished by different positions on the meteoric water line. Therefore
the isotopic differences in spring and artesian well samples are caused by
different condensation temperatures, i .e . different altitudes of recharge
areas.

The 618O values determined for water from artesian wells can be sub-
divided into three groups.

In isotope province I, the mean value of the oxygen-isotope analyses
is 618O = (-9. 36 ± 0.04)%o, indicating a mean altitude of 1350 m for the
recharge area of the water, which points to the Vardoussia or the western
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FIG. 5. Sample localities of Kamena Vourla:
(1) Hot spring (T. D. S. : 13.9 g/litre).
(2) Thermal water - borehole 5 (T. D. S. : 11.8 g/litre).
(3) Fresh water spring (T.D. S. : 550 ppm).
(4) Quaternary deposits.
(5) Basic andésites of Quaternary age.
(6) Neogene (marl, clay, gravel, sandstone, limestone, lignite).
(7) Triassic-jurassic limestones.
(8) Kamena Vourla.
(9) Triassic-jurassic shales, cherts, marly limestone.

(10) Ophiolites and diabas-dolerite with tuff of igneous basic rocks.
(11) Main fault and tectonic contact with probable continuation.
(12) Total dissolved solids.
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part of the Oiti. The artesian aquifers are recharged with surface run-off
from the mountains infiltrating through marginal gravel fans and the valley
gravels of the old Sperkhios channel.

Within the old Sperkhios channel, infiltration of the surface run-off is
possible only west of where the valley is narrowest (Fig. 1). Here the capping
clay beds of the eastern Sperkhios Valley die out, and the Sperkhios River
has cut down into its old gravel bed. Exceptions are wells A 7, A 8 and A 9
southeast of Roditsa which are presumably supplied through deep joint
systems with water from the Vardoussia or the western part of the Oiti.

From the second artesian groundwater province (II) near Moskhokhorion
the isotope analyses show a mean delta value of 618O = (-8.81 ± 0.07)%o.
This suggests a mean altitude of 950 m for the recharge area. Quite obviously
the water is supplied from the eastern part of the Oiti.

The mean 618O value for the third artesian province (III) near Kalivia,
probably influenced by exchange processes, is 618O = (-6.85 ± 0.41)%0. The
ÔD value of P 218 indicates a mean altitude of 250 m for the recharge area
of this province.

6. THERMAL WATER

Ten water samples from hot springs and thermal water boreholes in
the Sperkhios Valley and two thermal water samples from Kamena Vourla
(Fig. 5) were collected. The object was to determine the origin of these
waters and to examine whether they contain any seawater or magnetic water.

6 .1 . Thermal freshwater (springs, boreholes)

The hot springs of Platistomon (P 63, P 61), Arkhani (P 194) and
Paleovrakha (P 8), and the thermal water borehole of Xamza (G 57) (Fig. 2,
Table V), are fresh-water springs because of their low chloride content.
The Arkhani hot spring water has an unusual composition and is not com-
parable with the other samples (pH = 11, OH" = 33 meq-%). Obviously no
considerable oxygen isotope exchange has occurred.

TABLE V. HOT SPRINGS - FRESHWATER

Hot
spring

P 63

P 61

P194

P 8

G 57
(borehole)

Location

Platistomon

Platistomon

Arkhani

Paleovrakha

Xamza

Sampling
date
1972

5.6.

5.6.

5.6.

5.6.

5.6.

Outflow
temperature

(°Q

31.2

19.2

26.8

23.9

20.7

618O

-SMOW-

-9.62

-8.49

-8.78

-9.38

-9.43

-PDB-

-

-17.5

-

-11.1

-13.5

SD

-SMOW-
{%)

-65.8

-54.1

-

-62.8

-
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FIG. 6. ôD - ô18O diagram - thermal water.

From the mean value of the isotope analyses (<518O = -9.14%0) a mean
altitude of approximately 1100 m is obtained for the recharge area. The
five fresh-water springs analysed are recharged with water from the high
mountains bordering the western Sperkhios Valley.

As Fig. 6 shows, the isotope data of P 63, P 61 and P 8 are fairly well
inside the range, which is formed by 618O values of spring and artesian
well samples in the 6D-618O diagram.

6.2. Hot springs and thermal water boreholes with seawater content

A high chloride content is found in the thermal water of the Psoroneria,
Kamena Vourla, Loutra Ipatis, and Thermopylae springs, and the Kamena
Vourla and Loutra Ipatis boreholes. To determine if the salt content is due
to (possibly fossil) seawater, the isotope data of these samples (Table VI)
were compared with data of Mediterranean seawater samples (Table VII)
and of typical fresh water from the Kamena Vourla region (Table VI). The
seawater sample M 1 was collected on the surface in the Bay of Maliakos,



TABLE VI. HOT SPRINGS - SEAWATER MIXING

Hot
spring

P 7

78 TKM

79 TKM
(borehole)

P64

GD2

P60

Location

Psoroneria

Kamena Vourlad

Kamena Vourlad

Loutra Ipatis

Loutra Ipatis

Thermopylae

Sampling
date
1972

3.6.

10.6.

10.6.

3.6.

8.6.

3.6.

Outflow
temperature

fQ

31.9

38.7

32.2

32.5

28.8

39.6

tf«oe

-SMOW-

-1.78

-5.40

-5.31

-8.1± 0.4

-8. 2 i 0. 2

-8.41

Amount ofc

seawater

67

34

27

18

16

14

óuob

-SMOW-
(%o)

-8.5

-9.2

-7.9

-9.8 ±0.5

-9.8 ± 0.3

-10.0

ô 1 3c a

-PDB-
(%»)

-3.3

-3.7

-

-1.1

-0.7

-4.0

ÓDa

-SMOW-
(%o)

-

-

-

-53.8

-

-

a Measured value.
b Seawater corrected.
c Calculated from measured chlorinity and Mediterranean seawater data (618O = +1.547oo; Cl = 21. 91%>).
d Fresh water Kamena Vourla, Spring 80 PKM (Paleo Vrisi): 618O-SMOW = -8. 59 $<,).
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3 km SE of Stylis. The delta values point to a slight fresh-water content.
Seawater sample 90 was collected in the centre of the Bay of Andamas, Milos.
There are no streams or rivers flowing into the bay. The value determined
for this sample is typical of Mediterranean surface water. Samples M 22-16
and M 22-33 were taken during a cruise of the research vessel "Meteor".
The 618O values of +1.54%0 and +1.53%o are mean values obtained from depth
profiles. They should be typical of Mediterranean deep seawater [17].

As shown in Fig. 7, the seawater content of the hot spring waters may
be estimated on the basis of the <518O values and their chlorinity. The relation
shown in Fig. 7 suggests that the salt in the thermal water of Psoroneria and
Kamena Vourla has not been absorbed from the aquifer rocks. The amount
of seawater is 67% and about 30% respectively. The isotope analyses of
P 64, GD 2 and P 60 also suggest that some, possibly fossil, seawater occurs
in the samples from the Loutra Ipatis and Psoroneria hot springs. A second
mixing line must be drawn including the Loutra Ipatis and Thermopylae waters.
The isotope ratios of the fresh, water concerned is determined by extrapolation
of the measured data. It is characterized by a 618O value of -10.0 and <5D
of ~66%o, which correspond to a mean altitude of at least 1600 m for the
recharge area. Consequently, it is highly probable that the fresh water origin-
ates at higher levels of the Oiti karst. Georgalas et al. [18] came to the
same conclusion. They have suggested that the Loutra Ipatis hot spring is
supplied with meteoric water from the Oiti karst with the water flowing along
a subsurface, north-south trending, tectonic zone of weakness. The high
chloride content (from 3000 to 3500 ppm) is attributed to contamination by
seawater which migrated landward along a northwest-southwest striking fault.

6.3. HCOj content and ¿13C values of the thermal water

The <513C and HCO3 determinations also facilitate a distinction between
the two thermal water groups.

The 613C values of the carbon dioxide and bicarbonate dissolved in the
thermal freshwater are within a -17.5 to -11 . \% range. There is a linear
dependence of outflow temperature, 613C values and HCOÔ content which is
not yet understood (Fig. 8).

In the Psoroneria, Kamena Vourla, Loutra Ipatis and Thermopylae hot
springs that are influenced by seawater, the HCO3 content is, in part, con-
siderably higher than determined for artesian well and spring water and
seawater. Therefore, bicarbonate and carbon dioxide must have been added
to the water. This carbon dioxide content is probably related to the thermal
activity which leads to the heating of the water. Similar to the carbon data
of thermal fresh water they show a linear, though different, correlation with
the HCO3 content. This regularity cannot be explained so far, but it provides
another possibility for distinguishing between the two types of thermal water.

7. ESTIMATED AGE OF THE WATER

To estimate the age of the analysed water, tritium analyses were made
of selected samples (Table VIII). No major differences in the tritium con-
centration were found in two of the water occurrences from which samples
were taken in May and November. However, within the various sample
groups marked differences are observed. In the water from artesian well



TABLE VII. MEDITERRANEAN SEAWATER

Sample

M 1

90

M 22-16

M 22-33

Location

3 km SE of Stylis,
Bay of Maliakos
(surface sample)

Milos, centre of Bay
of Adamas
(surface sample)

Mediterranean Sea,
deep sea sample [17]

Mediterranean Sea,
deep sea sample [17]

Co-or<

Longitude

0641 790
(UTM-grid)

0271 800

35°33.0'N

3618. 5'N

mates

Latitude

4306 380

4065 560

19°53. 7fE

15°59.0'E

Depth
(m)

< 100

50

2960

3340

Date

7.6.72

17.6.72

12.2. 71

10.3. 71

HCO3
(ppm)

178

164

-

-

СГ
(ppm)

20 500

21910

21410

21390

Ó18O
-SMOW-

(%»)

+0.62

+1.46

+1. 54a

+1.53 a

Ô*3C
-PDB-
ffoo)

-0.7

+0.8

-

-

ÔD
-SMOW-

(%„)

-0.1

•

-

-

Corrected for wrong standard calibration in Ref. [17].
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TABLE VIII. TRITIUM CONCENTRATIONS OF SELECTED WATER
SAMPLES

Type

Artesian well

Artesian well

Artesian well

Spring

Spring

Spring

Spring

Hot spring

Hot spring

Thermal water

No.

A 32

A 32

A 59

P 231

P 231

P 33

P 90

P 61

P 194

G 57

Location

Komma

Komma

Kali via

Nea Evritania

Nea Evritania

Stirfaka

Tymfristos

Platistomon

Arkhani

Xamza

Sampling

date

May 1972

Nov. 1972

May 1972

May 1972

Nov. 1972

May 1972

May 1972

May 1972

May 1972

May 1972

3H - con centration

(TU)

8.5 ± 1 . 2

5. 9.± 0.6

<0. 2

12.2 ± 1 . 3

12.7 ± 1 . 3

78.1 ± 1. 7

71.1 ± 1 . 7

8. 5 ± 1.2

6.4 ± 1.1

< 2 . 0

Remarksa

В

В

С

В

В

А

А

В

В

С

A: Young meteoric water, small retention time.
B: Mixed water, mostly older than 20 years.
C: Fossil water, older than 150 years.

A 32, for instance, there is a tritium concentration of about 7 TU, whereas
the concentration is less than 0.2 TU in the water from artesian well A 59.
The A 32 well water is presumably mixed water, the main part of which
is older than 20 years. As regards well A 59, the water is certainly fossil,
i .e . older than 150 years.

Distinct differences are found in the tritium concentrations of the spring
water samples. For the P 2 31 spring water ("ophiolite" region around Lamia),
tritium values of about 12.5 TU were determined, whereas the water from
the P 33 (Stirfaka) and P 90 (Tymfristos) springs is characterized by a
tritium concentration of about 75 TU. The P 33 and P 90 springs are supplied
with young meteoric water which remains in the aquifers for a short time
only. The major part of the P 231 spring water is more than 20 years old.

A distinction between different thermal water occurrences can also be
made on the basis of the tritium concentration. The water from springs
P 61 (Platistomon) and P 194 (Arkhani) is more than 20 years old, the water
from the Xamza well more than 150 years.

The few tritium analyses made indicate that the water from the artesian
wells is, in general, more than 20 years old, and in the Kalivia region even
older. The distinctive character of the Kalivia region and its recharge area
has been confirmed with the tritium analyses.
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DISCUSSION

J. DOWGIAL.LO: Could you give more details of your method for calcu-
lating the proportions of atmospheric water and seawater in hot springs?
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W. STAHL: As Fig. 7 shows, we constructed a simple mixing line using
data on fresh water from Kamena Vourla and on Mediterranean seawater.
The Kamena Vourla and Psoroneria thermal water samples lie on this line.
It was assumed that a similar mixing line exists for Loutra Ipatis and Thermo-
pylae (in this case we had no data on fresh water).

J. DOWGIAÍL.LO: In your oral presentation you spoke of "typical Medi-
terranean water". What did you mean by that?

W. STAHL: During cruise No, 22 of the German research vessel
"Meteor", 40 water samples from different depths (0-3300 m) were taken
at two locations in the central part of the Mediterranean. Below a depth of
about 150 m the б^О values of the water samples are very uniform and
obviously typical for the isotopic composition of deep Mediterranean waters.

B.R. PAYNE: In determining the relationship between 618O and altitude
you have not taken into account the significant variation in the amount of
precipitation with altitude. I estimate the altitude effect to be -O.22°L/lOO m,
if the variation is taken into account. With this altitude effect one would
obtain higher estimates of the mean recharge altitudes, particularly in the
case of samples with 618O values indicating a greater degree of enrichment
in " о .

W. STAHL: I agree. The best way of calculating the mean altitude
of a recharge area is to use data on corresponding recharge areas and the
amount of precipitation as weighting factors. The influence of the two weight-
ing factors varies with altitude and partly cancels out. The change in the
slope of the altitude dependence curve will therefore be small. The correct
number is probably close to -0.2%0/l00 m. It should be noted (see Table IV
and Fig. 3) that the oxygen isotope data for the low-lying springs P 33 and
P 3 are fairly good as regards the altitude dependence. Only samples from
a small region west of Lamia (springs P 218 and P 2 31) exhibit the 1 8O shift.
Consequently, I think that exchange reactions are responsible for the high
б!8О values for these samples.

B.R. PAYNE: How do the flow directions estimated by you on the basis
of isotope data compare with those obtained from the piezometric contours?

W. STAHL: The flow directions of the groundwater (confined aquifer
system) have been estimated by piezometric surface measurements (Trippler,
Geological Survey of Germany (1974)), and the results are in fairly good
agreement with the flow directions obtained by isotopic measurements.

G.H. DAVIS: Do any of the thermal waters exhibit the 1 8O shift charac-
teristic of very high-temperature systems?

W. STAHL: No 1 8O shift has been observed in the analysed thermal
water samples.

G.H. DAVIS: Can we then assume that the area would be of little interest
from the point of view of geothermal energy development?

W. STAHL: I do not know whether this fact is significant as regards
decisions concerning geothermal energy development.

G. CHAPOND: Have you tried verifying your results (which suggest
that the thermal waters are mixed with seawater) by studies of the chemistry
of the underground waters (using a Piper diagram, for example)?

W. STAHL: The Piper diagram of the main components of the thermal
waters (Psoroneria, Thermophylae, Kamena Vourla and Loutra Ipatis) shows
similar concentrations (mval) of magnesium and SO4 in relation to seawater,
whereas the chlorine, sodium, potassium and calcium concentrations change
in a way that is characteristic of fresh water and seawater mixing. This
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does not contradict the conclusions reached by isotope analyses. The concen-
tration of HCO3 is higher than the normal concentration for seawater (Fig. 8).
Free carbon dioxide has probably dissolved marine limestones, which results
in the observed high HCCX concentrations.

J. álLAR: What are the outflow temperatures of the thermal springs
mentioned in your paper?

W. STAHL: They vary from 20. 7°C to 39. 6°C.
J. SlLAR: Have you tried to determine the depth of water circulation

from these temperatures?
W. STAHL: Not yet, as data on the corresponding thermal gradients

are not available.
J. SlLAR: Did you obtain any free carbon dioxide values?
W. STAHL: Free carbon dioxide values obtained by Karagheorghiou

in 1963 and 1964 ranged from 100 mg/litre to 280 mg/litre for Thermopylae
and from 240 mg/litre to 880 mg/litre for Loutra Ipatis.

J. SlLAR: Does carbon dioxide of magmatic origin affect the isotopic
composition of the thermal water?

W. STAHL: As Table V shows, the ¿13C values of HCO¡ from the hot
spring waters, which are influenced by seawater, range from -4. 0%o to
- 1 . l%o. On the other hand, the HCO¿ contents of the samples are rather
high. A possible explanation of these facts is that carbon dioxide, probably
derived by thermal decomposition of marine limestones, has been diss.olved
by the thermal waters and has reacted with marine carbonates.

E. MAZORs I have a brief comment to make.
The marine origin of the mineral springs could be further checked by

using chemical t racers — especially by determining the bromine content,
bromine being a conservative ion.

In Israel we have a number of mineral springs which we attribute to
trapped seawater, and it is most interesting to hear of further examples.
Perhaps you could go on to study the changes in composition which took place
as a result of contact with rocks, dilution with fresh water and heating.
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Abstract-Résumé

ENVIRONMENTAL ISOTOPES AND MOVEMENTS OF SULPHURATED WATER IN LATIUM, ITALY.
The isotopic composition of six sulphur-containing springs in Latium was analysed continuously. These

springs represent the emergences of free aquifers charged by precipitations collected on karstified and fissured
calcareous and calcaro-dolomitic reliefs. The heavy-isotope content of the precipitations was measured at
a number of stations at different altitudes on the Tyrrhenian and the Adriatic sides. The isotopic composition
gradients vary widely with the seasons and the reconstitution of the "isotopic charging areas" requires an
examination of the infiltration conditions. In the present case practically all the precipitations participate
in recharging.

The variations in isotopic composition of the water are interpreted as dilutions between recent shallow
groundwater and deep well-homogenized groundwater. In general the surface contributions are less than 10%
except for the small Lavinio spring, where close on two thirds of the water is recent, and the Acquasanta
emergence, where the comparative pattern of salt and 18O content suggests that the reservoir has a complex
mechanism of operation. The dissolved salt, tritium and 14C content is compatible with this theory. The
34S content of the associated sulphides and sulphates indicates a mixture of two reserves of sulphur, one being
deep perivolcanic sulphur and the other sulphur from evaporitic permotriassic sediments. In addition,
sulphides and sulphates are linked by an oxidoreduction mechanism. The 18O content of the sulphates shows
the same characteristics. The results as a whole are in agreement with the conclusions reached by analysing
the salt and 18O content of the water circuits.

ISOTOPES DU MILIEU ET CIRCULATIONS D'EAUX SULFUREES DANS LE LATIUM.
La composition isotopique de six sources du Latium contenant des sulfures a été analysée de façon suivie.

Ces sources correspondent à des émergences de nappes libres alimentées par les précipitations qui sont collectées
sur les reliefs calcaires et calcaro-dolomitiques karstifiés et fissurés. La teneur en isotopes lourds des
précipitations a été mesurée en différentes stations réparties en altitude sur le versant tyrrhénien et le versant
adriatique. Les gradients de composition isotopique varient largement selon les saisons et la reconstitution
des «aires isotopiques d" alimentation» nécessite une discussion des conditions d1 infiltration. Dans le cas
présent, la quasi-totalité des précipitations participe à la recharge.

Les variations de composition isotopique des eaux sont interprétées comme des dilutions entre de Г eau
contemporaine superficielle et une réserve profonde bien homogénéisée. Généralement les apports de surface
sont inférieurs à 10%, sauf dans la petite source de Lavinio où près des deux tiers de Г eau est contemporaine
et dans l'émergence d' Acquasanta ou l'évolution comparée des teneurs en sels et en oxygène-18 permet
d' avancer un mécanisme complexe de fonctionnement du réservoir. Les teneurs des sels dissous en tritium
et en carbone-14 sont compatibles avec de tels modèles de circulation profonde et chaude où Г échange du
carbone dissous avec celui de Г aquifère est total pour la réserve homogène. Les teneurs en soufre-34 des
sulfures et des sulfates associés témoignent d1 un mélange de deux réserves de soufre. L1 une est le soufre
profond périvolcanique, l'autre est le soufre des sédiments évaporitiques permotriasiques. De plus, sulfures
et sulfates sont liés par un mécanisme d'oxydo-réduction. Les teneurs en oxygène-18 des sulfates montrent
les mêmes dispositions. L'ensemble des résultats est en accord avec les conclusions obtenues sur les circuits
à Г aide des teneurs en sels et en oxygène-18 des eaux.

Les masses d'eaux souterraines montrent des variations de teneurs en
isotopes du milieu qui dépendent de leurs origines, de leurs circuits, et de
leurs temps de parcours. A priori, l'interprétation de ce traçage est plus
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facile dans les nappes à écoulement non turbulent et protégées d'apports
ultérieurs à la recharge. C'est généralement le cas des nappes captives où
la méthodologie isotopique est souvent d'application plus simple que dans
les nappes libres où les zones d'exsurgence sont également des aires
d'alimentation etoùles mélanges sont la règle.

Un cas intermédiaire est représenté par les systèmes où les apports
profonds n'ont pas la charge suffisante pour s'affranchir des contributions
superficielles au niveau des émergences. Les variations des proportions
respectives des deux types d'apports renseignent alors sur le fonctionnement
du système aquifère.

C'est à ce type d'application que se rattache notre étude des sources
sulfurées du Latium dont nous consignons ici les premiers résultats.

1. SITUATION HYDROGEOLOGIQUE

Entre les sommets des Apennins et la Mer tyrrhénienne ou l'Adriatique,
la distance est relativement brève: environ 80 km pour plus de 1500 m de
dénivellation moyenne. Les reliefs majeurs sont carbonates et représentés
par différents faciès de calcaires ou dolomies jurassiques et crétacées.
En surface, ils sont karstifiés à un degré suffisant pour autoriser l'infiltra-
tion en masse, et fissurés par un réseau complexe d'accidents tectoniques
majeurs qui peut ménager de larges conduits préférentiels dans l'épaisseur
de la masse carbonatêe [1]. Sous ces puissantes masses karstiques, les
sondages montrent l'existence de niveaux permotriasiques à faciès marneux
riches en sulfates êvaporitiques qui constituent le mur potentiel des
formations aquifères. Vers le littoral, les niveaux carbonates s'enfoncent
rapidement à la faveur de failles sous des épaisseurs pouvant atteindre
200 m d'argiles et de sables tertiaires. Sur le versant tyrrhénien les
accidents tardifs ont ouvert la voie à un volcanisme quaternaire intense qui
accumule d'énormes quantités de tufs et de dépôts volcano-sédimentaires
à perméabilité variable selon leur texture et leur degré d'altération, mais
toujours relativement faible.

Le climat méditerranéen est caractérisé par la sécheresse estivale
associée à de fortes températures (20° С d'amplitude annuelle moyenne).
Les pluies d'automne-hiver sont surtout le fait de dépressions venues de
la Mer tyrrhénienne, conformément à la direction générale des vents
dominants (Ouest et Sud). A cause de la sous-saturation des masses d'air
humides et chaudes, le versant au vent est très arrosé en altitude, avec
des hauteurs de pluie supérieures à 1500 mm sur les reliefs, alors que la
zone côtière ne reçoit que 800 mm environ.

La situation hydrogéologique est rendue complexe par la variété
lithologique et le jeu des accidents structuraux [2, 3]. Le découpage des
reliefs en chaînons successifs, grossièrement parallèles à la côte et
séparés par de profondes vallées, engendre des variations importantes
dans les lames d'eaux pluviales écoulées sur les diverses parties des
bassins.

Cette étude de reconnaissance s'étend sur les deux bassins versants
de la Mer tyrrhénienne au Sud-Ouest et de l'Adriatique au Nord-Est sur
près de 16 000 km2. Nous avons sélectionné différentes émergences
sulfurées et donc vraisemblablement liées à des circuits assez profonds
(fig. 1). Certaines ont de forts débits: 3 m3/s à Tivoli 2; environ
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300 litres/min à Acquasanta; environ 150 litres/s pour chacune des sources
du groupe de Monte Sant'Angelo, Cotilia, Antrodoco.

Une autre source à débit très faible, de l'ordre de 1 litre/min, a été
choisie en raison de ses caractéristiques particulières: pH compris entre
2 et 3, température et débit assez constants; c'est la source de Lavinio 2,
à 40 km au Sud de Rome.

mer

Tyrrhénienne

50 Km

t i terrains volcaniques

mésozoïque calcáreo-marneux

mésozoïque calcaréo-dolomitique

I [ pUo-pleistocene sédimentaire

FIG.l. Schéma géologique de la région étudiée.



TABLEAU I. ECHANTILLONS MENSUELS MOYENS DE PRECIPITATION: HAUTEUR D'EAU ET COMPOSITION
ISOTOPIQUE CORRESPONDANTE

Station, cote

Ponte Ferraoili, 4 m

Latina, 8 m

Anzio, 15,6 m

Ardea, 46,8 m

Tivoli, 261 m

Casamari, 301 m

Anagni, 431 m

Maraño Equo, 471 m

Arjimo, 501 m

Antrodoco, 512 m

Norcia, 605 m

mm
618O

m m
618O

mma

618O

mm
618O

m m a

Ó18O

mm
618O

mm
Ô18O

mma

618O

mm
518O

mma

Ô18O

mma

Ô18O

Nov.71

128,6
-7,35

243,3
-7,50

101
-7,43

132
-7,36

198,8
-7,54

310,6
-7,85

327,0
-8,71

207
-8,35

310,0
-8,78

157
-9,32

100
-10,04

Dec.71

63
-8,72

123,9
-8,55

100
-8,72

125
-8,87

44,2
-10,80

91,8
-8,90

95,6
-9,39

177
-9,95

103,0
-11,5

129
-10,8

68
-12,2

Janv.72

149
-5,98

209,0
-5,91

72
-6,02

98
-5,31

153,5
-4,30

215,0
-8,26

213,0
-8,98

137
-8,92

204,0
-7,94

94
-8,47

53
-7,37

Févr.

78
-6,39

139,7
-6,32

75
-6,25

99
-7,39

85,1
-8,68

186,0
-8,24

187,0
-9,48

136
-9,17

178,0
-9,88

117
-9,15

64
-11,1

Mars

60
-5,41

74,6
-5,85

45
-5,29

71
-6,49

34,7
-4,28

95,0
-8,34

72,0
-8,60

120
-8,54

99,6
-8,10

115
-7,30

64
-8,44

Avr.

151,3
-5,10

152,2
-5,14

45
-5,19

57
-5,58

132,4
-7,03

138,0
-5,73

128,6
-5,98

133
-7,34

149,8
-7,09

118
-7,20

76
-8,01

Mai

51,4
-4,70

35,8
-4,52

33
-4,92

48
-3,80

61,0
-6,01

76,0
-4,42

87,0
-5,35

132
-4,51

93,3
-5,79

109
-5,89

91
-5,38

Juin

8,4
-4,32

15,2
-4,48

15
-4,24

24
-4,31

13,0
-5,46

13,0
-4,35

42,4
-4,49

76
-4,56

17,0
-5,09

78
-5,40

58
-4,14

Juill.

15,8
-3,11

23,8
-2,86

6
-2,92

12
-3,23

129,4
-3,42

120,4
-3,82

71,2
-3,62

44
-4,09

10,4
-4,13

35
-4,05

40
-5,72

Août

47
-2,45

12,4
-2,10

13
-2,36

20
-2,96

104,6
-2,97

84,4
-3,31

42,6
-4,30

36
-3,51

46,6
-3,07

41
-3,03

32
-2,58

Sept.

123
-3,25

126,8
-4,10

58
-3,86

87
-4,09

204,0
-3,84

119,4
-4,01

94,0
-5,22

112
-4,27

129,0
-4,50

78
-5,49

64
-5,40

Oct. 72

106
-4,98

94,2
-5,41

78
-5,29

125
-4,88

59,6
-6,02

36,4
-6,94

36,2
-7,60

186
-7,15

57,0
-7,53

139
-6,10

90
-7,30



Segni, 667 m

Castelluccio di Norcia,
1452 m

Arquata di Tronto,
700 m

Ascoli Piceno, 220 m

mma

Ó18O

mma

618O

m m
Ô18O

mm
618O

179
-8,89

84
-12,4

203,0
-10,1

86,4
-8,24

166
-10,6

86
-13,3

48,6
-12,23

46,0
-8,69

119
-10,3

78
-12,1

104,0
-7,43

151,2
-8,27

116
-10,5

82
-12,6

82,6
-11,1

43,4
-8,39

92
"8,

86

102,
-8 ,

60,
"6,

38

6

8
46

0
50

96
-7,79

85
-10,5

63,4
-8,09

105,0
-6,61

84
-5,33

78
-10,5

46,4
-5,43

57,0
-5,44

60
-4,78

62
-6,25

92,0
-4,22

31,0
-6,00

24
-4,29

37
-5,98

33,0
-5,75

150,2
-2,83

31
-3,84

31
-3,60

15,0
-2,66

136,6
-3,17

97
-4,76

58
-7,33

73,4
-5,46

160
-4,25

160
-8 ,

76

12,
"7,

25,
-6,

35

6

8
34

0
35

a Hauteurs de pluie mensuelles moyennes à la station pour la période 1921-1950.
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2. PROBLEMES ET METHODOLOGIE

Les problèmes suivants sont ici envisagés sur la base des teneurs en
isotopes du milieu 18O, 3H, 14C, 13C, 34S:
— aires de collection et «cotes isotopiques de recharge»,
— homogénéisation au sein du réservoir et signification des fluctuations

de composition isotopique,
— origine périvolcanique ou sédimentaire des apports en soufre dissous

et interrelations entre les différents degrés d'oxydation de cet élément.
Cette étude isotopique constitue l'un des volets d'un examen hydro-

géochimique d'ensemble qui met en jeu les éléments majeurs, ainsi que les
éléments en traces généralement liés aux circulations profondes (B, Li,
Br, F, I, Sr, etc.).

3. RESULTATS ET DISCUSSIONS

3.1. Aires d'alimentation

3 .1 .1 . Variation de teneur en isotopes lourds des pluies en altitude

On peut déterminer un gradient de composition isotopique des précipi-
tations en altitude d618O/dh soit directement par collection d'échantillons
en des stations étagées à des cotes différentes [4], soit, indirectement,

FIG.2. Relation 518O/altitude pour les précipitations du versant tyrrhénien.
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FIG. 3. Relation 618O/altitude pour les précipitations du versant adriatique.

par mesure des variations de la teneur en isotopes lourds des précipitations
en fonction de la température dô/dt en une ou plusieurs stations et
transcription en termes de gradient en altitude d618O/dh par l'intermédiaire
du gradient thermique dt/dh généralement connu [5] .

Quelle que soit la méthode, les valeurs considérées sont les moyennes
pondérées des compositions isotopiques (tableau I) calculées sur la base de
la hauteur d'eau recueillie, ou à défaut, des hauteurs de pluie annuelles
moyennes de ces 30 dernières années.

Les compositions isotopiques annuelles moyennes des précipitations
sont bien corrélées avec l'altitude de collection (fig. 2 et 3) en une quinzaine
de stations réparties en altitude. L'estimation de l'altitude à partir de la
composition isotopique est beaucoup plus précise que celle que l'on peut
obtenir par la méthode indirecte d'établissement d'un gradient avec la
température, comme cela a été tenté aux deux stations d'Ascoli et d'Anagni
à respectivement 230 m et 430 m d'altitude (fig. 4).

Les gradients d618O/dh varient légèrement entre les précipitations du
versant tyrrhénien (-3,44* 10~3%o/m) et celles du versant adriatique
(-2,82- 10~3%o/m). Sur les graphiques, les domaines sont suffisamment
distincts pour que l'on puisse clairement rapporter les eaux collectées à
la station haute (1452 m) au domaine des précipitations du versant adriatique
alors qu'elle est située sur la ligne des crêtes.
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Ô'8o

-з

- 4 -

-5-

- 6 -

5'80=(0,32 ±0,03)t -(10,72±0,24) / / ©

5180=(0,38±0,03)t -(12,29 i 0,18)

x 1

© 2

20 t°C

FIG.4. Relation ô18O/température moyenne au sol pour les stations de 1) Ascoli (versant adriatique) et
2) Anagni (versant tyrrhénien) •

TABLEAU II. RECONSTITUTION DES «ALTITUDES ISOTOPIQUES DE
RECHARGE» EN FONCTION DES COMPOSITIONS ISOTOPIQUES
MOYENNES PONDEREES DES PRECIPITATIONS ANNUELLES ET
HIVERNALES

Localité

Acquasanta

Antrodoco

Cotilia

Monte Sanf Angelo

Tivoli

Lavinio 2

Altitude
(m)

220

500

500

500

150

5

618O moyen
{%)

-9,66

-9,40

-9,33

-8,55

-7,36

-5,60

«Altitude isotopique de recharge» (m)
moyenne hivernale

1370

1240

1220

1000

640

120

~470

-500

-500

-320

~ 60

<0
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Cependant, d'une saison à l'autre, les corrélations varient considérable-
ment tant par leur pente, c'est-à-dire le gradient, que par leur ordonnée à
l'origine. Ainsi, l'altitude déterminée à partir de la composition isotopique
sera moins élevée, si l'on considère les seules précipitations hivernales au
lieu des moyennes annuelles: La variation qui s'ensuit dans l'estimation de
l'altitude des aires de recharge varie d'environ 600 m sur le versant
tyrrhênien, à plus de 800 m sur le versant adriatique.

3.1.2. Aires isotopiques de recharge

En référant les compositions isotopiques moyennes des points d'eau aux
variations de compositions isotopiques moyennes pondérées des pluies en
altitude on aboutit à une estimation des recharges pour les différents points
d'eau considérés (tableau II).

On doit remarquer que ces chiffres impliquent que l'eau des émergences
est bien représentative de la moyenne annuelle des précipitations infiltrées
sur le bassin, ce qui suppose un certain nombre d'hypothèses propres à
l'aquifère et aux zones de recharge:
— la zone de collection laisse s'infiltrer les eaux pluviales de façon homogène

sur toute sa surface et sans qu'elles aient subi d'évaporation superficielle
qui modifierait la composition isotopique;

— les précipitations participent intégralement à la recharge en toutes
saisons;

— le débit de la nappe est suffisamment constant pour que les prélèvements
aux points d'eau soient équivalents à des moyennes pondérées et puissent
être comparés aux échantillons moyens des précipitations.

Nous retiendrons que ces conditions, propres à l'aquifère, sont ici
réalisées de façon satisfaisante. La surface des calcaires altérés et
fissurés autorise une infiltration rapide et homogène des précipitations en
toutes saisons.

Par exemple, on ne peut admettre que les précipitations hivernales,
qui représentent pourtant 40% environ de la hauteur de pluie annuelle
condensée sur les mois de décembre, janvier et février, soient seules
responsables de la recharge. Sur la base de nos résultats (fig. 2 et 3)
on obtiendrait ainsi des déterminations d'altitudes de recharge incom-
patibles avec celles des émergences (tableau II).

L'estimation plus exacte des altitudes moyennes d'infiltration nécessi-
terait par ailleurs l'application de corrections fondées sur le fait que
composition isotopique, hauteur des précipitations et surface de l'impluvium
varient toutes trois avec l'altitude et déterminent une composition complexe
de la teneur en isotopes lourds des eaux aux émergences.

L'estimation que nous proposons correspond donc à une «altitude
isotopique de recharge» théorique et doit être discutée sur la base des
données géologiques.

Le point d'eau d'Acquasanta, dominé par un massif calcaire qui culmine
vers 1500 m, montre les eaux qui ont l'origine apparente la plus haute.
On verra plus loin qu'en réalité la circulation est ici assez complexe et
fait appel à une large fraction de recharge automnale et hivernale. Le
groupe des sources d'Antrodoco et Cotilia ont une alimentation qui provient
sensiblement d'une même zone, ce qui est conforme à la position de ces
exsurgences voisines auxquelles se rattache la source de Monte Sant'Angelo.
Il faudra donc rechercher dans la profondeur des circuits l'origine des
fortes différences de composition chimique relevées pour ces eaux.
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TABLEAU III. EMERGENCES DU GROUPE D'ANTRODOCO, COTILIA,
MONTE SANT'ANGELO

Date

13/10/71

11/12/71

26/1/72

28/2/72

30/3/72

30/4/72

31/5/72

30/6/72

27/7/72

Moyenne

Ecart-type

Amplitude

13/7/71

13/10/71

11/12/71

26/1/72

28/2/72

30/3/72

30/4/72

31/5/72

30/6/72

27/7/72

Moyenne

Ecart-type

Amplitude

Ô1 8O

(%°/SMOW)

-9,30

-9,58

-8,93

-9,64

-9,49

-9,27

-9,33

-9,22

-9,88

-9,40

1,74

0,95

-8,66

-9,59

-8,66

-9,89

-9,89

-10,05

-9,12

-9,89

-8,72

-8,79

-9,33

1,71

1,38

Ô34S (S2")

(VCD)

-14,7

-17,6

-16,6

-15,3

-13,7

-15,6

1,0

3,9

"5,7

-11,1

-10,6

-7,9

-5,5

-8,2

1,9

5,6

C7o</CD)
ô l80 (SO4-)
(%o/SMOW)

Antrodoco

+ 15,3

+14,2

+15,3

+14,5

+13,8

+14,6

0,9

1,5

+18,0

+15,6

+16,9

2 , 5

2 , 4

Cotilia

+10,6

+11,8

+13,2

+11,8

+10,3

+11,5

0,5

2,8

+ 17,4

+10,9

+14,1

2,2

6 , 5

t

18,5

18,0

18,0

18,0

18,0

18,0

18,0

18,5

18,5

18,2

0,1

0,5

15,5

15,5

14,2

14,4

14,3

14,5

14,6

14,8

15,0

15,3

14,8

0,7

1,3

pH

6,6

6,6

6,8

6,8

6,6

6,5

6,6

0,9

0,3

7,3

7,7

7,7

7,6

7,4

7,3

7,4

7,4

7,3

7,3

7,5

1,1

0 , 4

HCO3

(meq/1)

15,6

15,5

14,8

15,0

15,4

15,3

15,3

15,1

15,3

15,3

0,5

0,8

32,5

33,3

34,0

31,7

32,6

32,8

33,0

32,0

32,0

32,9

32,7

1.1

2,0

SO4~
(meq/1)

15,1

15,2

15,5

15,6

15,0

15,1

15,1

15,1

15,2

0,3

0,6

5,6

5,6

5,3

5,5

5,3

5,5

5,4

5,3

5,6

5,5

1,1

0,3
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TABLEAU III (suite)

Date

13/10/71

11/12/71

26/1/72

28/2/72

30/3/72

30/4/72

31/5/72

30/6/72

27/7/72

Moyenne

Ecart- type

Amplitude

Ô1 8O

(%«/SM

- 8 .

"9,

- 8 ,

- 8 ,

"7,

- 8 ,

"8 ,

"7,

"9,

"8 ,

1,

2,

ÍOW)

89

05

66

84

91

67

33

34

88

55

72

14

Ô34S (S2")

(%o/CD)

-4,0

-3,8

"3,7

-0,9

"2,1

-3 ,5

-3,0

1.5

3,1

ôMS (SOT)
(%o/CD)

618O (SO|")
(%o/SMOW)

Monte Sant'Angelo

+11,9-

+9,5

+8,2

+9,3

+9,8

0,6

3,7

+ 18,0

+ 11,5

+9,5

+11,8

+12,7

1,0

8,5

t
CC)

14,0

12,6

12,6

12,4

12,5

12,6

13,0

13,0

13,4

12.9

0,7

1,0

PH

6,4

6,3

6,4

6,2

6,2

6,3

0,8

0,2

HCO3

(meq/1)

27,7

27,8

26,8

27,2

28,7

28,7

27,6

29,2

28,9

28,0

1,0

2,4

so|"
(meq/1)

3,0

2,5

2,5

2,7

2,8

2,8

2,7

2,9

2,8

2,7

1,3

0,5

Les eaux de la puissante source de Tivoli 2 proviennent d'une altitude
moyenne et s'infiltrent donc sur les premiers chaînons calcaires qui inter-
ceptent les dépressions venues de la Mer tyrrhênienne. Enfin, les eaux de
Lavinio 2, malgré des caractères physico-chimiques et, en particulier,
un pH qui évoquent les apports profonds, proviennent d'infiltrations limitées
au matelas de dépôts volcano-sédimentaires superficiels.

3. 2. Les circuits

3.2. 1. Réserves homogènes avec faibles apports de surface

Emergences d'Antrodoco, Cotilia, Monte Sant'Angelo. Les teneurs en
isotopes lourds sont très homogènes (tableau III, fig. 5). La variation
relative par rapport à la moyenne ne dépasse pas 15%. Elle est de l'ordre
de 5 à 10% en ce qui concerne sulfates et bicarbonates. L'essentiel de la
réserve provient ici d'une même alimentation haute (cf. 3. 1. 2) et gagne
les émergences selon des circuits différents où le contact avec les niveaux
d'êvaporites permotriasiques est plus ou moins prolongé et révélé par les
teneurs moyennes décroissantes en sulfate: Antrodoco 15, 2 meq/1,
Cotilia 5, 5 meq/1, Monte Sant'Angelo 2, 7 meq/l. Les apports superficiels
générateurs de fluctuations dans les teneurs en isotopes lourds et en ions
peuvent être considérés comme inférieurs à 10% sur la simple base du
quotient de l'amplitude des variations de teneur en 18O des sources par
celles des précipitations. Ces apports se révèlent également décroissants
selon le même ordre que les teneurs en sulfates et en bicarbonates.
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г-2 518O
/

o° v i ANTRODOCO (précipitations)
o 2 •• isourcel

- - 4 A 3 COTILIA
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FIG. 5. Variation mensuelle des teneurs en oxygène-18 aux émergences d' Antrodoco, Cotilia et Monte
Sant' Angelo et compositions isotopiques moyennes mensuelles des précipitations à Antrodoco.

518O «1 O2 TIVOLI

- 6

- 8

-10

0 N D
1972

FIG.6. Variations mensuelles de 618O à Tivoli: 1) précipitations à la station; 2) source.

Antrodoco correspond à l'émergence des eaux les plus profondes et les
moins mêlées à des apports superficiels. La source de Monte Sant'Angelo
se montre la plus marquée par la contribution locale de surface, ce qui
explique la détermination d'une «aire isotopique de recharge» légèrement
plus basse que celle des deux autres sources voisines. Les teneurs en
tritium sont compatibles avec un mélange à environ 10% d'eaux récentes
dans une réserve homogène exempte de tritium (janvier 19 72, 8 ± 2 UT;
juillet 19 72, 11 ±2 UT). La teneur moyenne des précipitations pour l'année
19 71 peut être estimée à environ 100 UT, pour cette région [6] . Les
teneurs en tritium des précipitations ayant décru depuis une dizaine
d'années, l'estimation de la contribution récente est maximale si on la
rapporte à une infiltration des eaux de l'année en cours, ce qui semble
être le cas le plus vraisemblable.
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TABLEAU IV. EMERGENCES DE TIVOLI 2 ET LAVINIO 2

3 53

Date

2/11/71

2/12/71

20/1/72

24/2/72

15/3/72

6/4/72

4/5/72

2/6/72

5/7/72

6/8/72

20/9/72

15/10/72

5/11/72

Moyenne

Ecart-type

Amplitude

27/7/71

29/8/71

29/9/71

27/11/71

8/12/71

29/1/72

29/2/72

29/3/72

7/5/72

7/6/72

4/7/72

Moyenne

Ecart- type

Amplitude

Ô18O
(foo/SMOW)

-7,22

-6,75

-8,04

-7,38

-7,49

-7,85

-7,36

-6,80

-7,45

-7,35

-7,54

-7,20

-7,25

-7,36

1,6

1,29

-4,06

-3,61

-5,22

-6,54

-7,63

-6,26

-6,45

-6,20

-6,02

-5,55

-4,11

-5,60

1,5

4,02

Ó34S(ST)
(fafCD)

-6 ,1

-4,2

-4,6

-4,6

-4,5

-4,4

-4,6

-3,4

-3,5

-3,6

-3,8

-4 ,1

-4,3

1,5

2,7

+0,3

+0,3

+0,6

+0,3

-0,2

+0,6

+0,4

+0,3

1,3

0,8

ÔMS(SO|~) ó1

(%0/CD) {í

Tivoli

+16,1

+13,6

+14,4

+11,0

+13,7

+13,2

+8,2

+13,9

+14,0

+14,1

+13,2

0,8

7,8

Lavinio

+3,5

+2,4

+8,7

+2,2

+ 1,4

+4,9

+2,9

+2,8

1.2

3,6

8O (SOf)
»/SMOW)

2

+ 17,0

+15,1

+10,2

+9,8

+10,5

+ 12,5

0,7

7,1

2

+9,1

+8,1

+7,9

+8,5

+ 8,4

0,3

1,1

t
(°C)

23,7

23,6

23,2

22,9

23,4

23,6

23,4

23,5

24,1

24,3

22,5

22,5

23,5

23,4

0,4

1.6

19,8

20,0

21,2

21,0

19,0

17,5

17,2

17,8

18,5

20,0

21,0

19,4

0,4

4,0

pH

6,2

6,2

6,3

6,5

6,6

6,7

6,5

6,3

6,2

6,3

6,3

6,2

6,2

6,3

1,2

0,5

3,2

3,6

3,5

3,1

2,9

2,7

3,1

2,9

2,8

2,7

2,5

3,0

1,3

1,1

HCO3
(meq/1)

24,4

23,3

25,7

24,5

24,7

25,4

24,3

23,2

24,5

24,3

24,7

24,2

24,4

24,4

0,3

2,2

sot
(meq/1)

15,3

14,8

18,1

15,6

15,3

15,5

15,3

15,6

16,5

16,3

15,6

15,6

15,5

15,7

0,9 •

3,3

7,8

7,9

8,0

9,0

10,2

11,3

10,2

9,6

10,8

8,4

8,1

9,2

1,0

3,5
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Le point d'eau de Cotilia a livré en octobre 19 73 une teneur en 14C
faible (6, 3 ± 0, 8% de carbone moderne) mais non significative puisque la
teneur en 13C est très élevée, 613C = +30%o/PDB et témoigne d'une large
dilution avec une autre source de carbone. Ces hautes teneurs en 13C du
carbone dissous peuvent indiquer que les eaux ont été portées à une
température assez haute pour permettre [7] un échange isotopique pratique-
ment complet avec les carbonates dolomitiques des roches. On ne peut
cependant exclure l'éventualité d'un échange avec du CO2 profond péri-
volcanique. Il se confirme que les eaux superficielles porteuses d'activité
en 14C sont diluées dans un apport profond exempt de 14C et de tritium,
mais dont on peut simplement dire qu'il est antérieur à l 'ère thermonucléaire.

Source de Tivoli 2. Malgré le fort débit (environ 3 m3/s en moyenne
annuelle) les eaux de la source de Tivoli présentent aussi des variations
de composition isotopique (fig. 6) et des teneurs en ions comparables à
celles du groupe précédent. Les teneurs en 18O de janvier 19 72, 618O
= -8,04%o (tableau IV), suggéreraient qu'à cette époque l'apport saisonnier
local est le plus marqué (618O moyen = 7, 36%o). En réalité, la concentration
hivernale en tritium est aussi faible qu'en juillet (3 ± 1 UT) et montre que
la recharge superficielle récente n'excède pas quelques pour cent. En
octobre 1973, la teneur en 14C est faible: 6, 2 ± 1, 3% de carbone moderne.
La forte concentration en 13C (613C = +1, 5%o) implique un échange du
carbone dissous des eaux profondes avec un autre carbone qui peut être
celui des carbonates solides de l'aquifère. A la différence des circuits
karstiques purs dont une partie est fréquentée par des eaux actuelles [8] ,
la source de Tivoli 2, dont le débit est bien celui d'une résurgence karstique,
se comporte en réalité comme une exsurgence de nappe pratiquement
captive, véhiculant de l'eau qui a circulé sous terre depuis plus d'une
vingtaine d'années.

3. 2. 2. Réserves limitées —Apport récent prépondérant: Lavinio 2 (fig. 7)

Ici, la composition isotopique varie de façon considérable (tableau IV) :
-7, 63 < Ô18O < -4, 06%o. La variation est supérieure à 60% de la valeur
moyenne б = -5,60%o. Ces fluctuations sont en phase avec les variations
saisonnières de la composition isotopique des précipitations et sensiblement
égales à 65% de ces variations. La teneur en tritium de 53 ± 5 UT corrobore
ces estimations: on peut considérer qu'environ les deux tiers de la
décharge proviennent des précipitations contemporaines. La constance des
autres paramètres: teneur en sulfates, pH, température, est probablement
à porter à l'actif d'apports profonds périvolcaniques en régime permanent.
La constance des débits est alors à mettre au compte de la porosité
relativement faible de l'aquifère volcano-sédimentaire où la nappe reste
cantonnée ( cf. 3 .1 . 2).

3. 2. 3. Mise en évidence d'un fonctionnement complexe: Acquasanta (fig. 8)

L'alimentation de ce point d'eau peut provenir soit des calcaires qui
affleurent entre 1200 et 1500 m, soit d'un plateau de travertins fissurés
qui s'étend entre la cote 700 et l'émergence de la source. Ces deux aires
possibles de recharge sont séparées par une zone écran de dépôts tertiaires
à forte participation argileuse. L'ensemble appartient au versant
adriatique. Les teneurs en 18O fluctuent entre -11, 14 et -8, 90%o (tableau V).
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FIG.7. Variations mensuelles de ô 18O à Lavinio: 1) précipitations à la station d'Anzio, 5 km au Sud-Est
de la source et même altitude; 2) source.

-4

-6

- 8

1 ACOUASANTA (précipitations)
2 (source)

J A S O N D J F M A M J J A S O N

1 9 7 2

FIG. 8. Variations mensuelles de 518O à Acquasanta.

Les teneurs en sels dissous sont ici variables et fortes. Sur un diagramme
reportant les compositions isotopiques en fonction des teneurs en chlorures
(fig. 9) les points représentatifs des collections successives sfordonnent en
un cycle saisonnier triangulaire qui correspond au mélange de trois types
d'eau:
— eau profonde bien homogénéisée contenant près de 55 meq/1 de Cl et

dont la teneur en 18O serait voisine de -9%o et correspondrait à une
altitude d'infiltration moyenne située à la base des calcaires;

— eau de la recharge saisonnière qui correspond aux pluies d'automne sur
les calcaires; la circulation devient plus superficielle, les teneurs en
chlore baissent ainsi que les teneurs en isotopes lourds;



TABLEAU V. EMERGENCE D'ACQUASANTA

Date

28/7/71

9/9/71

22/10/71

4/2/71

25/1/72

2/3/72

4/4/72

6/6/72

18/7/72

5/9/72

18/4/72

Г moyenne
Année -i écart-type

(̂  amplitude

Eté: moyenne

Hiver: moyenne

618O

(%o/SMOW)

-8,90

-9,16

-9,79

-11,14

-9,76

-9,56

-9,77

-9,41

-9,13

-9,04

-10,58

-9.66
1,69
2,24

-9,24

-10,16

Ô34S (S2")

(4tyCD)

-13,2

-10,2

-7,9

-5,4

-4,4

-6,9

-8,0
1,8
8,8

-5,6

-10,4

Ô3 4S (SO2
4")

(°!°°/CD)

+13,9

+12,2

+9,9

+8,7

+8,7

+10,3

+10,6
0,4
5,2

+9,2

+12,0

Ô18O (SO2
4~)

(%o/SMOW)

+15 ,2

+9,3

+12,1
2,0
5,8

t
(°C)

33,6

34,0

34,5

29,0

21,6

23,6

27,7

28,6

31,0

31,5

29,0

29,5
0.8

12,9

32,2

26,2

pH

6,8

6 , 8

7 , 0

7 , 2

6,7

6 , 9

6,9

6,8

6,7

6,7

7,0

6,9
1,2
0,5

6,8

7,0

нсо;
(meq/l) .

6,9

7,2

7 , 8

7,0

5,4

5,2

7 , 1

7 , 4

7 , 1

7,0

6,4

6,8
1,2
2,6

7,2

6,2

sor
(meq/l)

15,4

15,7

15,5

10,2

6 , 3

8 , 3

9,7

11,6

12,2

11,7

12,3

11,7
1,0
9,4

13,7

9,4

Cl"
(meq/l)

45,2

50,1

48,3

31,5

16,6

23,1

30,2

31,1

38,6

37,2

38,1

35,4
1,1

33,5

41,7

27,9
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— eau de la recharge locale qui provient strictement des zones basses du
plateau de travertins; ces eaux empruntent un circuit court et deviennent
prépondérantes en hiver lorsque l'aquifère est déjà largement rechargé;
elles sont les moins chargées en sels et leur teneur en 18O est celle des
précipitations hivernales vers 750 m d'altitude (fig. 3).

Un prélèvement effectué en octobre 19 73 a livré une teneur de
1 5, 9 ±1, 0% de carbone moderne. La proportion de 13C dans le carbone
dissous est haute: 613C = -1 , 21 %o. Si l'on considère que les eaux du début
de l'automne ne contiennent qu'environ 20% d'eaux récentes on obtient une
activité initiale d'environ 80%. Le calcul de la dilution du 13C conduit alors
à des valeurs de -6 à -18%o pour une teneur dans la roche échangeable
comprise entre 0 et 3%o.

3.3. Interprétation des résultats isotopiques obtenus sur les composés
du soufre

Nous avons opéré le dosage du soufre-34 sur les sulfates et les sulfures
dissous, ainsi que celui de l'oxygène-18 dans un certain nombre de sulfates
des six sources sélectionnées.

-8г5'8°
У
/00

-9

-10

- 1 7 •

VII-71

'"eáu locale
hivernale
1-72*

XII-71
(CI")

20 30 40 50 méq/l

FIG. 9. Schéma interprétatif du fonctionnement complexe du système d'Acquasanta (mélange saisonnier de
trois types d1 eau: voir texte).
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FIG. 10. Evolution comparée des teneurs en MS des sulfures et sulfates co-dissous (valeurs numériques dans
le texte). Le domaine A correspond sensiblement aux valeurs observées pour un équilibre à basse température
entre sulfate d'origine évaporitique et sulfure associé dans un système d'oxydo-réduction.
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3 .3 .1 . Teneurs en 34S des sulfates et des sulfures associés

Dans le diagramme de la figure 10, les valeurs s'ordonnent selon une
tendance qui témoigne de deux phénomènes:

— Mélange de deux types de soufres marqués différemment en isotopes
lourds: un apport endogène, à ¿34S - 0%o/CD, et un apport d'origine
sêdimentaire êvaporitique dont le sulfate, gypse ou anhydrite, a un 634S
compris entre +15 et +22%o selon l'âge et la nature du dépôt.

— Réaction d'oxydo-rêduction partielle entre sulfate et sulfure associés.
Le réservoir de soufre réduit mis en jeu dans l'émergence de Lavinio 2 est
pour l'essentiel endogène (534S voisin de 0%o). Antrodoco, au contraire,
porte la marque d'un sulfate sêdimentaire mobilisé. Ceci est en bon accord
avec l'hypothèse précédemment avancée d'une circulation profonde au
contact des évaporites permotriasiques. Dans les eaux de cette source, ce
sulfate serait associé à un sulfure provenant de sa propre réduction dans
des conditions proches de l'équilibre isotopique à basse température.
Inversement, sur la base des teneurs en 34S le sulfate de Lavinio 2 pourrait
provenir de l'oxydation de sulfures à haute température, d'où un écart
isotopique relativement faible entre S2" et SO|~ [9] . Les autres émergences
représentent des mélanges en proportions variables de soufre de ces deux
origines (fig. 10). On doit noter que l'on retrouve pour chaque point d'eau
la logique déduite de l'étude des teneurs des eaux en sels et en 18O:
contribution décroissante en soufre êvaporitique d'Antrodoco à Monte
Sant'Angelo en passant par Cotilia, grandes variations saisonnières selon
la même tendance à Acquasanta. Cependant les isotopes du soufre apportent
une distinction essentielle. Les circuits d'Antrodoco, bien que profonds,
sont relativement dépourvus d'arrivées de soufre pêrivolcanique. Cotilia
et Monte Sant'Angelo, bien que plus riches en contribution d'eaux
contemporaines, contiennent des proportions relatives plus grandes de
soufre témoignant de phénomènes d'oxydo-rêduction de haute température
probablement liés à des remontées profondes au long d'accidents tectoniques.

3.3.2. Teneurs en 18O des sulfates

Dans un diagramme 634S - 618O (fig. H) les sulfates se disposent grossiè-
rement selon une tendance qui souligne l'existence de réactions entre les
différentes formes du soufre. A Antrodoco, Cotilia, Monte Sant'Angelo,
Tivoli et Acquasanta, les valeurs moyennes sont comprises entre б1 О
= +12,5%oet+16,9%o et peuvent refléter les valeurs connues pour des sulfates
êvaporitiques marins légèrement enrichis en 18O par le phénomène de
réduction partielle qui affecte prêférentiellement les isotopes légers [10].
Par contre, pour Lavinio 2 la discussion est plus complexe car le sulfate,
sur la base de sa teneur en 18O, pourrait également être marin, mais il
n'y a pas de possibilité géologique d'apport de cette origine dans des eaux
dont on a vu qu'elles restaient très superficielles; il pourrait provenir de
l'eau de pluie chargée en embruns marins [11], mais il y a apparemment
trop de sulfate dissous dans cette eau (tableau IV) pour invoquer ce type
d'apport. Par ailleurs, on sait que les teneurs en 18O des sulfates des
eaux de pluie sont largement influencées par les émanations industrielles [12],
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FIG. 11. Teneurs en M S et 18O des sulfates dissous.

En ce qui concerne la possibilité d'une oxydation à haute température,
envisagée sur la base des teneurs en 34S du couple S2-SO|~ , elle n'est pas
pratiquement celle de l'eau [13]. Le sulfate montre au contraire une
rééquilibration avec l'eau à la température de la source, réaction facilitée
par le très bas pH de ces eaux [14]. L'oxydation du sulfure reste cependant
possible. Elle implique une température différente selon la suite
réactionnelle mise en jeu: passage direct S2"-SO|~ ou relais par l'étape
S0 [15], mais de toute façon supérieure à 200°C.
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DISCUSSION

J.A.P. SARROT-REYNAULD: Have you measured the 34S contents of
Permo-Triassic or Tertiary evaporite samples? In the text of your paper,
as opposed to your oral presentation, you appear to consider the sulphates
to be primarily of Permo-Triassic origin. Could they not have resulted
from the oxidation of sulphides of the sedimentary series (pyrites)?

J.Ch. FONTES: There are no Permo-Triassic outcrops in the region
investigated by us, where the existence of Permo-Triassic strata is known
only as a result of drilling. On the Tyrrhenian slope of the Appenines,
the Tertiary outcrops do not contain evaporites. On the Adriatic slope,
Miocene strata containing sulphates occur at a lower elevation than the
emergence studied by us. In this connection I would refer you to the well-
known values of Nielsen.

In the text we have spoken of variations in the 34S concentration between
+15%o and +22%o depending on the age and nature of the deposit; this does
not exclude a possible Tertiary contribution.

Except in the case of Lavinio, the 18O concentrations in the sulphate
(as well as the high 34S concentrations) rule out pyrite oxidation.

J.P. A. MOLINARI: The parallelism between the variations in the
isotopic concentrations in precipitation and in the emergence at Lavinio
shown in Fig. 7 is remarkable.

As the data obtained by you elsewhere indicate that almost the entire
precipitation participates in recharge during all seasons, it is possible to
estimate with satisfactory accuracy the variations in the amounts of natural
tracer penetrating the system.

Similarly, it is possible to estimate the amounts of tracer leaving the
system at the outlet. Although the hydraulic flow conditions within the
system are not constant, the variations in the flow rates of the springs are
so slight that one can assume constant flow conditions. One can then go on
to perform intercorrelation calculations with a view to finding the "pulse
response" of the system, which is simply the distribution of the residence
times of the precipitation waters passing through the system.

J.Ch. FONTES: This is an interesting suggestion, but we probably
do not yet have enough data to follow it up.
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Abstract

STUDY OF GROUNDWATER RECHARGE AND MOVEMENT IN SHALLOW AND DEEP AQUIFERS IN
SAUDI ARABIA WITH STABLE ISOTOPES AND SALINITY DATA.

The connection between major aquifers and their source of recharge has been studied by means of the
18O content and the salinity and chemistry of the groundwater. In the Wadi Miyah region the chemistry of
groundwater has shown that no leakage was taking place from the Umm-Er-Radhuma aquifer to the overlying
Alat and Khobar aquifers that have a similar 18O content. In the same region isotope and salinity data indicate
that the groundwater in the Neogene aquifer has its source in the Alat and Khobar aquifers. Along the coast of
the Arabian Gulf both the 18O content of the groundwater and its salinity show that the Alat, Khobar and
Umm-Er-Radhuma aquifers are connected. In the Al Hassa region the origin of water in large karstic springs
has been investigated using piezometric, chemical, isotopic data and the temperature of the springs. Results
indicate that the water of the springs and the groundwater in the Neogene aquifer consists of water originating
from the Umm-Er-Radhuma aquifer, and that there is mixing of waters that have been subject to atmospheric
contamination with uncontaminated and more recent waters. In the Harad region the 18O content of ground-
water indicates old groundwater and no substantial recharge taking place. Finally, the 18O content and salinity
of groundwater in the alluvial aquifer of Wadi Bishah indicate that isotopic enrichment and higher salinity of
the groundwater in the irrigated areas is most probably due to the recirculation of the irrigation water.

INTRODUCTION

During the last decade several attempts have been made to study
groundwater using stable isotopes of oxygen and hydrogen. One of the most
conclusive applications has been the determination of the interrelations
between groundwater and lakes [1, 2] . The turnover rate of karst reservoirs
with fast circulation has also been studied with 18O f 3] . The depletion of
old groundwaters with respect to stable isotopes of oxygen and hydrogen
has been demonstrated using 14C data [4] which furnished an opportunity
to estimate the age of groundwater on a semi-quantitative basis.

363
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In general, so many climatic, physical and chemical factors are
involvedin influencing the stable isotope content of groundwaters that, unless
the hydrologie situation is simple, the interpretation of the stable isotope
variations in groundwater is an extremely difficult problem. Information
concerning the geology, piezometric levels and the chemistry of water is
essential in order to obtain realistic conclusions from the study.

VARIATIONS IN THE STABLE ISOTOPE CONTENT OF GROUNDWATER

Variations in the stable isotope content of groundwater are in general
governed by the following factors :

1. Difference in the altitude of the recharge area.
2. Differences in the recharge processes. This factor could be signi-

ficant in arid regions where considerable isotopic enrichment of the moisture
in the unsaturated zone may occur during the evaporation from the>
soil or from the sand-covered areas [5] . The recharge through wadi beds,
on the other hand, remains similar to the precipitation with respect to
stable isotopes [6] .

3. Difference in age. It has been shown in many regions of the world
that old groundwater has a lower stable isotope content than modern preci-
pitation. The "age effect" is more pronounced for deuterium compared
with 18O. In graphs of deuterium versus O, old groundwater falls in
general below Craig's precipitation line.

4. Difference in isotopic enrichment with respect to 18O in the thermal
springs without significant change in deuterium content of precipitation [ 7 ].

5. Difference in the stable isotope composition due to the period of
recharge caused by the seasonal variability of the stable isotope content
of the precipitation [ 3 ].

6. Contamination by seawater or the mixture of two types of water
with different stable isotope composition [ 8 ].

RELATION BETWEEN SALINITY AND STABLE ISOTOPE CONTENT
OF GROUNDWATER

While studying the connection between different aquifers and recharge
conditions, the stable isotope content of the groundwater may provide some
useful information, but the inclusion of the salinity data of the groundwater
and its chemical type would lead to answers which are more conclusive.
Below are the criteria which proved to be applicable in groundwaters
in Saudi Arabia:

1. Stable isotope content of the groundwater similar to the stable
isotope content of the precipitation (18O values between -2. 5%o and -3 . 5%o)
with low salinity (in general less than 1000 ppm of TDS): Water recharged
from wadi channels.

2. Groundwater with moderate isotopic enrichment in modern preci-
pitation (1 to 2%o in the case of 18O) with moderate salinity (1000 to 3000 ppm
of TDS) : Possible recirculation of irrigation water in shallow groundwater
tapped by hand-dug wells. This situation is typical in irrigated areas along
the wadis at some distance from the wadi channel.
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3. Extensive isotopic enrichment and low salinity: Rainwater infiltrated
through sand dunes as supported by the stable isotope content of the sand
moisture.

4. Extensive isotopic enrichment and very high salinity: Seawater
intrusion or water from sabkhas (salt flats).

5. Stable isotope concentration significantly lower than the modern
precipitation (18O values lower than - 3. 5%o): Old groundwater as supported
by 14C data. In the case of old groundwater the salinity has a wide range
from 1000 to 10 000 ppm of TDS. There are also old groundwaters with
similar 18O content to that of modern precipitation. In such cases the hydro-
logical and geological conditions, together with the chemistry of groundwater,
should be considered to determine the origin of the groundwater.

GEOLOGY, CLIMATE AND HYDROLOGY

The Arabian Peninsula can be divided in two basic units:
1. The Arabian Shield, which consists of crystalline rocks of the

Pre-Cambrian Basement Complex.
2. The Arabian Shelf, which consists of a series of sedimentary for-

mations gently sloping toward the Arabian Gulf. The present study is
mainly concerned with groundwater in this latter region, but an example

WA DI A L MIYAH ^COASTAL BELT

FIG.l . The study areas.
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FIG. 2. Lithographic generalized sequence in the area of study.

of 18O variations in an alluvial aquifer in the Arabian Shield is given to
illustrate the isotopic situation for shallow groundwater recharged by
wadi floods.

The major aquifers in the shield area consist of wadi alluvia, alluvial
deposits interbedded between lava flows and the fractured basement complex,
alluvia along the Red Sea coastal plain and the sedimentary cones around
crystalline outcrops. These are recharged by run-off produced by the
relatively impermeable rock surfaces and by the infrequent but heavy rains.

In the Arabian Shelf region the major aquifers are the older sedimentary
formations, and the alluvial aquifers along the wadi courses. In the region
where the stable isotope data were collected (Fig. 1), the major aquifer
formations are the Neogene complex, Alat and Khobar members (limestone
and dolomite) of the Dammam Formation of Cenezoic age, Umm-Er-Radhuma
formation (limestone and dolomite) of Palaeocene and the older formations
of Mesozoic age, namely Aruma (limestone") and Wasia and Biyad (sandstone)
formations (Fig. 2).

The mean annual temperature in the region studied is about 26°C, and
the mean annual precipitation varies between 50 mm in the south to 100 mm
in the north. Thus it would be reasonable to assume that no recharge takes
place in the out-crop areas except through wadi channels and in some favour-
able cases through the sand dunes [5] .
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All the aquifers in the Arabian Shelf have established piezometric
surfaces sloping toward the Arabian Gulf and low salinities in or near outcrop
areas. Salinity of the groundwater increases toward the east, along the
direction of groundwater flow, and reaches 10 000 ppm of TDS in some areas
near the Gulf Coast. The discharge from the aquifers occurs through
springs (360 million m3 yearly in the Al Hassa region), by extraction of
groundwater for domestic and agricultural use (about 300 million m3 yearly),
water extracted for injection in the petroleum reservoirs (about 500 million
m3 yearly), evaporation losses in sabkhas, which has been estimated to be
about 500 million m3 yearly [9], and finally, unknown discharge through
submarine springs. The figures given above are approximate but represent
the right order of magnitude of various annual discharge volumes from the
aquifers in the region studied.

It is thought that in some areas the aquifers are connected, such as the
Qatif Oasis on the Gulf Coast and inland at Al Hassa. One of the purposes
of the present isotope study was to check these hypotheses and determine the
origin of the groundwater in various aquifers.

GENERAL PATTERN OF 18O AND SALINITY VARIATIONS

Figure 3 shows the relation between 18O and salinity of the groundwaters
in the eastern province of Saudi Arabia. The general pattern of variation
that can be seen from this figure is the overall positive correlation between
the salinity, expressed in ppm of TDS, and the 18O content of groudwater.
In some cases the positive relation between the high 18O content and high
salinity can be explained by the evaporation of water, mostly during the
recirculation of irrigation water in shallow aquifers, but the positive corre-
lation also holds for uncontaminated deep groundwater.

10*

NEOGENE IN AL HASSA

ALAT AND KHOBAR IN COASTAL BELT

ALAI AND KHOBAR IN AL HASSA

ALAT AND KHOBAR IN WADI AL MIYAH
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FIG. 3. General salinity-18O relationship in groundwaters in eastern Saudi Arabia.
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The cause of these variations is a worthwhile subject to investigate,
but is beyond the purpose and the scope of the present study. It will be
noted, however, that there are groundwaters which are saline (4000 to
7000 ppm of TDS) with low 18O concentrations (-7 to -8%o) in the deeper
aquifers such as Umm-Er-Radhuma in the south-west of the area of study.
These waters would not be in agreement with the population exibited in Fig. 3.
There is indication, therefore, that in spite of differences in sampling loca-
tions and the aquifers one is probably dealing with a single groundwater
system with gradual variation in salinity and 18O content. As will be seen
below, the chemical faciès of water strongly supports this hypothesis.
Whatever the cause of the isotopic enrichment of groundwater, the labelling
of the water with 18O and the salinity variations, together with the chemistry
of waters, gives a better insight into the origin of water in various aquifers
and into the interrelations between the aquifers, especially when such
relations are studied in limited areas.

WADI AL MIYAH REGION

The Wadi Al Miyah area has a flat topography marked by a few hills
of Neogene origin. Sabkhas and aeolian sands cover a large portion of
this area. Major aquifers in the region are the Umm-Er-Radhuma, Khobar
and Alat formations and the Neogene complex. Except for the Neogene all
these aquifers are under artesian conditions, with increasing piezometric
levels with depth.
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FIG.4. The salinity-18O relationship in the Wadi Miyah region.
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The relation between the salinity and 18O content of the groundwater in
different aquifers in presented in Fig. 4. It is seen that the samples
collected from the Umm-Er-Radhuma, Alat and Khobar aquifers are found
in the same group with two exceptions. One of the samples collected from
the Neogene is also in this group. There are two more samples from the
Neogene with more positive 18O values and higher salinities. All this suggests
that the groundwater in the Wadi Al Miyah areas consists mainly of a single
type of water. The isotopic enrichment and the higher salinity of the two
samples from the Neogene can be explained by evaporation resulting possibly
from the recirculation of shallow groundwater in the Neogene. The artesian
conditions prevailing in the deeper aquifers show that the groundwater in
these aquifers cannot be modern, in spite of the fact that the 18O content of
the samples is somewhat similar to the modern precipitation. Without
additional measurements of deuterium or14C, 18O alone cannot be used to
determine the age of water on a semi-quantitative basis.

The Piper trilinear diagrams show that the chemical faciès of water in
Umm-Er-Radhuma is essentially different from the chemical faciès of water
in the overlying aquifers (Fig. 5). Umm-Er-Radhuma waters are distinctly
higher in sulphate compared with the other aquifers. Thus in spite of the
similarity in 18O values the chemistry of waters establishes unequivocally
that there is no significant leakage from Umm-Er-Redhuma towards the Khobar,
Alat and Neogene aquifers. This result is in agreement with the available geolo-
gical information. It is inte re sting to investigate further the interrelation
between the Khobar, Alat and Neogene aquifers. Unlike the Umm-Er-Radhuma
water, there is a rather good agreement between the chemistry of water in these
aquifers. It would therefore be reasonable to assume that the water in the
Neogene is provided by leakage from the underlying Alat and Khobar aquifers,
which themselves are probably interconnected. This conclusion is not in
agreement with the known geology of the area as it has been found that there
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FIG. 5. Piper trilinear diagram for anions in the Wadi Miyah region.
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are so called "orange marls" between the Alat and Khobar formations acting
as an aquiclude. The 18O content and the chemistry of the waters, however,
cast a doubt on this hypothesis.

It remains to explain the two isotopically depleted samples collected
from the Umm-Er-Radhuma and Alat aquifers. The problem is aggravated
by the fact that the chemical faciès of these samples is not in agreement
with the other samples, i . e . the chemical composition of the samples from
Umm-Er-Radhuma is similar to the chemical composition of the Alat and
Khobar waters and vice versa. Unless a mistake has been made in the
labelling of these samples there is no plausible explanation for this problem.

COASTAL BELT REGION

The coastal belt is defined as a 10-km wide strip extending about 60 km
along the coast of the Arabian Gulf including the Qatif oasis. The major
aquifers exploited are, as in the Wadi Al Miyah region, the Umm-Er-Radhuma,
Alat and Khobar formations. The Neogene in this region is not considered
as a significant aquifer, although some hand-dug wells exist for watering
stock. The whole area is covered by aeolian sands except for a few locations
such as Dhahran dome. There are also sabkhas interspersed with the
sand dunes.

The piezometric levels show a regular increase with depth favouring
leakage from the deeper aquifers toward the overlying formations. The
salinity of the groundwater ranges from 1800 to 4000 ppm of TDS. The
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FIG. 6. The salinity-18O relationship in groundwater in the Coastal Belt region.
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chemical composition of water from all the aquifers is similar and indicates
waters with predominantly sodium and chloride ions. The 18O content of
the groundwater has a range between -3.5 and -5 . O%o.

Figure 6 shows the plotting of salinity of groundwater versus 18O content.
It is seen that there are two distinct groups, the larger one having a mean

О content of -4. 3%o and a salinity of 2100 ppm of TDS and the smaller one
representing waters with higher 1 О content and higher salinity (over 3000 ppm),
These groups also correspond to different areas; isotopically enriched
waters are mostly found in the northern part of the Coastal belt (Fig. 7).

The interesting feature of the isotope and salinity data is the existence
of the points related to the Umm-Er-Radhuma aquifer in both groups. The
similarity of the chemical faciès of the water in the Umm-Er-Radhuma,
Khobar and Alat aquifers, together with this significant feature, indicates
that all aquifers in the Coastal belt are interconnected and form a single hydro-
logic unit (Figs 8 and 9). This result is in good agreement with the results
of the hydrogeological studies made in the Coastal belt region.

As far as the water in the Neogene is concerned, its 18O content, which
is similar to the Alat and Khobar waters with a slight enrichment, shows that
it consists of water leaked from the latter formations. The isotopic
enrichment is also accompanied with salinities above the mean value for the
deeper aquifers, and indicates possible recirculation of water used in i r r i -
gation. There is no other way for recharge to the Neogene aquifer, except
probably through the sand dunes, but in this case water would be extensively
enriched with respect to stable isotopes and have low salinity.

AL HASSA REGION

One of the most interesting hydrogeological phenomena in Saudi Arabia
are the springs of Al Hassa which occur about 90 km inland from the
Arabian Gulf. The total discharge of these springs exceeds 12m3/s, creating
one of the largest oases in a region with desert type of climate. Thetempera-
ture of the springs is between 27° and 42° C. The springs occur in a well-
developed karstic Neogene limestone with large solution channels and sub-
merged caves. Below the Neogene are, as is usual in this region, the
Alat, Khobar and Umm-Er-Radhuma aquifers. The temperature of the
springs, compared with the mean annual atmospheric temperature, which is
about 26° C, indicates that the water originates, at least partly, from the
deeper aquifers and most probably from the Umm-Er-Radhuma aquifer.
The contribution from the Alat and Khobar aquifers cannot be ruled out on
the basis of temperature data. The piezometric levels, however, show that
no contribution from these aquifers is possible as the pressure in the Khobar
and particularly in the Alat aquifer is much lower than in the Neogene [10].
As in the case of the Coastal belt region there is not much probability of a
major contributions from the Neogene aquifer itself, as no water originates
in the Neogene aquifer which constitutes only a conduit for waters originating
in deeper formations.

Samples for isotopic and chemical analyses were collected from the
springs and the boreholes tapping different aquifers. The chemistry of
waters both from the springs and the boreholes in the Neogene has been
found to be very uniform, with high sodium and chloride content. Three
samples from the Alat and three other samples from the Khobar aquifers
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FIG. 11. Piper trilinear diagram for cations in the Al Hassa region; shaded area represents Neogene,
Alat, Khobar and Umm-Er-Radhuma.

also have the same chemical type with slightly higher sulphate/chloride
ratios. The samples from the Umm-Er-Radhuma disclose the same chemical
faciès as the waters in the Neogene (Figs 10 and 11).

Figure 12 shows the plotting of the 1BO content of groundwaters in the
Al Hassa region versus their salinity. Waters from the Alat and Khobar
aquifers are characterized by their low О content and salinity. This,
together with the piezometric data, is sufficient proof that the Alat and
Khobar aquifers are not interconnected with the Neogene (no significant
groundwater flow takes place between these aquifers) as the waters in the
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FIG. 12. The salinity-18O relationship in the Al Hassa region.

Neogene have distinctly higher 18O content and higher salinity. The only
source of water in the Neogene is therefore the Umm-Er-Radhuma aquifer.
It is necessary, however, to explain the higher salinity of the waters in the
Neogene compared with the salinity of the Umm-Er-Radhuma waters, as
well as the temperature and 14C variations in the waters in the Neogene [ 11 ].
Such features favour the hypothesis of mixing of the two types of water, with
different temperature and with different ages. One should remember however
that the Neogene is not a classical confined aquifer (piezometric levels vary
between 2 and 12 m below the ground surface in most places) and is sus-
ceptible to atmospheric contamination via deep percolation from the vast
Al Hassa Oasis. Such a contamination would influence the 14C content of
the water in the Neogene. The same phenomenon, i. e. deep percolation
from the irrigated areas, would also increase the salinity of the water in
the Neogene with respect to the water in the Umm-Er-Radhuma formation.
Finally, the temperature variations in the springs and in the Neogene can
simply be explained by the cooling of water from the areas of upsurge in a
downstream direction. This situation is clearly seen from the isothermal
map of the groundwaters in the Neogene.

Thus the hydrologie picture which emerges from the isotope and salinity
variations can be summarized as follows: Isotopically depleted and low
salinity Umm-Er-Radhuma waters leak toward the overlying aquifers and
reach the Neogene without significant loss to the Alat and Khobar formations.
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Once in the Neogene the water from the Umm-Er-Radhuma begins to mix
with the water in the Neogene, which is contributed earlier from Umm-Er-
Radhuma and contaminated by deep percolation from the Al Hassa Oasis
resulting in the increase of its О content and its salinity and lowering of
temperature at most places. Thus mixing is not a mixing of two types of
water having different origin but is the mixing of the water leaking from
Umm-Er-Radhuma with the water which has leaked from the same formation
during the earlier years.

This example shows the danger of using isotope data alone in hydro-
geological studies without considering the geologic and hydrologie parameters,
especially when the hydrologie situation is complex.

SOUTHERN REGION

This region is located roughly between latitudes 22° and 25° N and between
longitudes 48° and 51° E. The area of major interest is Har ad where considerable
irrigation development has taken place recently, using the waters of
the Umm-Er-Radhuma aquifer.

Three samples collected from the shallow groundwater west of Harad
along the Wadi Sahba indicate modern waters with 18O values ranging from
-3. 7%o to -3. 0%o and salinities between 280 and 1400 ppm of TDS. Two
samples collected from the Umm-Er-Radhuma aquifer in Harad also have
low salinities (about 1000 ppm of TDS) but typically low 18O content (-5. 5 and
-4. 8%o) indicating old groundwaters. This does not imply that recharge
is not taking place but shows that it is not as substantial as postulated in
hydrogeological studies carried out in this region.

WADI BISHAH

Wadi Bishah is one of the major wadis in southern Saudi Arabia. Its
basin consists of crystalline rocks of the Arabian Shield. The isotopic
survey was made in a reach 50 km long where the wadi channel is about
1 km wide and consists of very permeable sand and gravel. The alluvial
aquifer extends laterally (Fig. 13) on both sides of the wadi channel. The
thickness of the alluvial deposits varies between 50 m in the wadi channel
to about 10 m near the crystalline hills bordering the aquifer. Samples for

О analyses were collected from the wadi channel and from the tube and
hand-dug wells in the irrigated farms at various distances from the
wadi channel.

Figure 13 shows the oxygen content of the groundwater samples collected
in Wadi Bishah. It is seen that the samples collected from the wadi channel
have consistently lower 18O content. These are waters recently recharged
by the floods of Wadi Bishah. Their variability is partly due to the depth
of sampling and partly to the progress of the flood wave in the wadi channel.
Samples collected from the wells in the irrigated areas show a large varia-
bility with respect to their 18O content and on the average have higher l 8O
content than the samples collected from the wadi channel.

As there are no significant water courses in the area except Wadi Bishah
and its tributary Wadi Tabalah, the most plausible explanation of this feature
is the recirculation of irrigation water. If this hypothesis is valid one would
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FIG. 13. О sampling locations in the Wadi Bishah.

also expect higher salinities in samples having 18O content. Figure 14 shows
the relation between the 8O and the salinity of the groundwater in the area
studied, which seems to favour the hypothesis of recirculation. Here again
one has to stress that the starting point is the hydrologie information. In
several auger holes drilled down to a depth of 3 m, moisture was found only
in the channels of Wadi Bishah and Wadi Tabalah. In other areas where
recharge through direct infiltration of the precipitation and through water
courses was suspected the soil was dry, except in a small area covered by
sand dunes along the wadi channel.
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CONCLUSIONS

In spite of the limited isotope data consisting of the О content of
groundwater, the hydrologie problems in eastern Saudi Arabia have been
studied with the help of the other hydrologie parameters such as the piezo-
metric levels and the chemistry of groundwaters, which are essential to
reach conclusive results. From the point of view of availability and cost
of the chemical and isotopic analyses it is clear that collection of chemical
data should never be neglected and can be of great assistance in solving
hydrologie problems.
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Abstract

STABLE ISOTOPE CONTENTS OF A MAJOR PRAIRIE AQUIFER IN CENTRAL MANITOBA, CANADA.
The regional and seasonal variations of the 18O concentrations in several groundwater flow systems in a

single confined carbonate aquifer are described. The regional distribution of the 5 8O values is related to these
flows and varies between about -11 and -21 per mille. Variations within individual flow segments are consider-
ably smaller and rarely exceed 3 per mille. The isotopic composition of these groundwaters is apparently
influenced by the physical characteristics (vegetation cover, gravel pits, etc.) of the different recharge areas.
Each area produces groundwater with a unique isotopic composition which may vary by as much as 3 per mille
between different areas with identical climates.

Within flow segments which contain water not older than a few thousand years, a decrease in 18O is ob-
served from the recharge to the discharge area. This is possibly due to a change in the recharge pattern after the
native vegetation cover has been removed by agricultural activities. These differences in 618O values within
individual flow segments makes it impossible to compare the 18O contents measured in the discharge area with
those of the present-day recharge areas. Preliminary 14C data indicate that in the southern portion of this
aquifer groundwater older than 10 000 years is present. There the lowest 618O values are found. These ground-
waters have been recharged in a considerably colder climate than today before a major climatic improvement
occurred about 10 000 years ago. A comparison of 18O and salinity data enabled the different flow systems to be
delineated and the importance of the seasonally varying pumping rates in Winnipeg on the quality
of waters from wells in zones of confluence of different systems to be demonstrated.

INTRODUCTION

Municipal, industrial and agricultural expansion in the Canadian prairies
is often governed by the availability of freshwater. Though large ground-
water reservoirs are known in many areas, the water quality is often such
that it can only be used for agricultural purposes. Many municipalities use
surface water reservoirs for their supplies but in this environment with hot,
dry summers, even surface water is a scare commodity. This is especially
true in vast areas of Saskatchewan and Alberta.

An exception is the Winnipeg area in Southern Manitoba which lies at the
eastern fringes of the Canadian prairies (Fig. 1). The Winnipeg area is
underlain by an extensive confined aquifer which produces for industrial

379
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FIG. 1. Location of the study area in S. Manitoba, Canada.

usage up to 14 thousand million litres of water yearly. In addition water for
municipal use is brought in by a 386 X 106 litres/day capacity aqueduct from
the Lake of the Woods 145 km east of Winnipeg.

Winnipeg has a "continental" type climate with temperatures varying
over wide extremes through the year. The normal temperature curve is at
its lowest (-19°C) during January and its highest (21 °C) during July. Precipi-
tation averages 53.5 cm annually, most of which falls as heavy showers
during the summer months of April to October. These data are characteris-
tic for the region as a whole, with no microclimatic factors appreciably
affecting them.
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FIG. 2. Hydrogeologic cross-section of the Red River Valley through the Winnipeg area [ 2 ] .

The major-ion geochemistry and hydrology of the "Upper Carbonate
Aquifer" has been described in detail [1-3] . Extensive hydrogeological
investigations indicate the presence of several groundwater flows which all
converge on the central Winnipeg area [2] . The broad, flat valley of the
Red River in which the city of Winnipeg is located represents a midcontinent
topographic low in this extremely flat prairie environment. It thus acts as
a natural drainage for groundwater which moves towards it from east, south
and west. This natural movement has been altered or enhanced by over
50 years of extensive pumping which considerably depressed the potentio-
metric surface of the Upper Carbonate aquifer in the Central Winnipeg area.

The Upper Carbonate aquifer is confined above by glacial drift and below
by slightly pervious underlying carbonate rocks. A simplified geological
cross-section showing the location of this aquifer is given in Fig. 2. As
indicated, a "Lower Carbonate" aquifer is found in the bottom 7-15 m of the
Paleozoic carbonate sequence which in turn is underlain by two sandstone
aquifers. These aquifers are of minor economical importance and will not
be discussed here.

Six different groundwater flow systems are distinguished [2] in the
Upper Carbonate aquifer: (1) the Bird's Hills or NE system, (2) a North-
western, (3) a Western, (4) a Southwestern, (5) a Southeastern and (6) an
Eastern system. In the uplands of the Red River basin groundwater recharge
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occurs in all flow segments by infiltration through glacial till overlying the
bed rocks. Carbonates underlie nearly all the flow systems here considered.
Their water is fresh in the recharge areas but becomes slightly brackish
as the Central Winnipeg discharge area is approached. In the recharge
area of the SW system, the glacial till and fluvial deposits overlay Mesozoic
shales which at some places contain significant amounts of evaporite
minerals. This causes the water to become brackish to saline immediately
down gradient from its recharge area.

The data presented here are part of a detailed regional geochemical
and hydrological investigation of the groundwaters in S. Manitoba, and
concentrate on the economically important discharge area in Greater Winni-
peg. Further work will include a study of the geochemistry of carbon and
its isotopes in these chemically different flow systems. These studies will
again concentrate on the Upper Carbonate aquifer as here a dense net of
sampling stations and good hydrogeological background data are available.

The present study was initiated for several reasons: Because of the
extreme climatic variations the seasonal variations of 18O contents in precipi-
tations exceed 20%o. Studies by many workers in other areas show that
the isotopic composition of groundwater closely reflects the average annual
18O contents of precipitation in an area and only minor seasonal 18O varia-
tions are observed. This permitted in many studies a correlation between
recharge and discharge areas. However, in a recharge study on a small
groundwater system at the Whiteshell Nuclear Establishment about 100 km
NE of Winnipeg we observed seasonal variations in the groundwater exceeding
lO%o [4] . It is believed that these variations are a function of differential
recharge rates. With the present study we hoped to obtain additional infor-
mation on the seasonal variations of 18O contents in groundwater in these
environments as well as information on the control physical characteristics
of a recharge area have on the 18O contents of groundwater. Furthermore
the 18O analyses were carried out to see whether it would be possible to use
stable isotopes to delineate the different flow segments in the Upper Carbonate
aquifer and to identify their recharge areas.

STUDY METHODS

The sampling programme for this study was divided in two parts:
(1) a regional survey and (2) a two-year monitoring programme on a selec-
ted number of wells. All data are presented in graphical form.

At present over 500 samples from more than 100 wells have been
analysed for their 18O contents. A limited number of deuterium analyses
were done by W. Thurston at the Chalk River Nuclear Laboratories and
some preliminary tritium and 14C analyses were kindly provided by M.A. Geyh
(Niedersâchsisches Landesamt fiir Bodenforschung, Hanover, Federal
Republic of Germany).

The 18O and deuterium data presented refer to the Standard Mean
Ocean Water (SMOW) and are expressed in the conventional delta per mille
notation. The sample preparations for 18O analyses were carried out accord-
ing to the techniques introduced by Ref. [5] and the CO2 was analysed on
a MAT GD-150 mass spectrometer. The standard deviation for these
analyses is better than ±0.2%o.
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FIG. 3. The regional distribution of 18O in the Upper Carbonate aquifer.

At the Water Resources Branch in Winnipeg many of the wells used in
this study are analysed on a monthly basis for their major ion geochemistry.
These data were available to us and are used for a comparison with the
isotope data.

RESULTS

The regional data which include single analyses of individual wells and
average data of the long-term study are shown in Fig. 3. Approximate iso-
delta lines are shown. Note the extreme variability of the 618O values which
range from about -11 to -22%.

A comparison of О and deuterium concentrations is given in Fig. 4.
Figures 6, 7 and 8 show a comparison of the sulphate and О concent-

rations in different flow segments. This comparison permitted the location
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of the different groundwater flows which are shown in Fig. 9 to be delineated
fairly accurately.

Figure 10 shows the data obtained from the regular monitoring of a
selected number of wells. The selection was based on the location of the
wells within the Upper Carbonate aquifer and comprise wells positioned within
flow segments as well as some along boundaries between different flows.

It was suggested [ 2]that the water quality in two wells (MO-9, MO-10)
located on the banks of the Red River near the confluence of Assiniboine
andRedRivers was influenced by seepage of Red River water (Fig. 11).
Therefore it was decided to monitor the 18O contents of the wiater in these
wells and the Red River for at least one year. These data and the 18O con-
centrations measured in well 070 which is situated south of Winnipeg within
the Red River bed in an inlet structure for a major floodway are given
in Fig. 12.

DISCUSSION

Regional distribution of Q in the Upper Carbonate aquifer

The recharge areas

The regional distribution of the 618O values shown in Fig. 3 lend support
to the idea that different active flow systems must exist in this aquifer.
The recharge areas of these flows are not indicated in Fig. 3 but coincide
in the NW, E and SE with the outer margins of the study area. The
recharge of the Bird1 s Hills segment is closely represented by the concentra-
tion of black triangles in the NE of Winnipeg. Those of the SW- and S-flows
lie outside the study area.

Note that the different recharge areas apparently give origin to ground-
water with different 618O values. Wells in the Eastern Recharge areas
have <518O values between -11 and -12%o, in the NW segment between -12
and -13%o and in the Bird's Hills and the SE segment between -14and-15%o .
Little is known about the recharge values of the SW system but a few samples
from shallow wells in till in this area gave <518O values between -14.4
and -15.5%o.

At present we do not have enough precipitation data to determine ana-
lytically the average 18O contents in the local precipitations. However,
with the relationship

618O = 0.695 ta - 13.6 [6]

with an average annual temperature ta of 1.47°C (25-year average) a value
of 618O = -12. lloo is computed. The highest average annual precipitation
value during the past 25 years would be -10. 8%o, the lowest -13. 8 %o.
These values closely agree with those obtained [4] at W. N. R.E. NE of
Winnipeg. An average 618O value of -12.0*700 was measured for this area
and the average for the past six years was computed to be -12. 8 %o .

Within the range of these computed 618O values are the data obtained
in the E and NW of the study area. However, the Bird's Hills and SE
waters, and the shallow wells in the SW, have significantly lower 18O
contents. These differences are almost certainly not a function of climatic
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differences between the various recharge areas, and it is tentatively pro-
posed that these differences are related to the physical characteristics
of the recharge areas.

To elaborate briefly on this assumption, some results of the recharge
study at the W. N. R.E. should be mentioned [4]. There at two sites a
number of 4-in. recording wells and 1-in. piezometers were installed.
These sites were about 100 m apart, one in an aspen-parkland environment,
the other under a major stand of jack pine. The observation period included
the two spring melts in 1972 and 1973.

Spring melts and heavy rains during the frost-free season are considered
to be responsible for most of the recharge occurring in this region. How-
ever, during both spring melts no vertical recharge occurred under the
jack pine forest but was clearly visible in the open parkland area. This
was documented by hydrological observations as well as chemical and iso-
tope analyses. Heavy summer rains appeared to induce recharge at both sites.

As a result of these differential recharge processes the 618O values of
the groundwater in the parkland area varied seasonally between about -10
and -2O%o but under the forest only between -10 and -14%o . A detailed
discussion of these data will be presented elsewhere.

These observations agree with the results of a study in South Australia
[7, 8]. These authors also observed that there was virtually no recharge
occurring beneath a plantation forest (Pinus radiata) but was significant
under pasture.

The type of vegetation in a recharge area has thus a definite influence
on the time and amounts of groundwater recharge. This can result in iso-
topically different groundwaters in areas with identical climatic conditions.

-22 -21 -20 -19 -18 -17 -16 -15 -14 -13 -12

FIG. 4. 6D and ô 8O values from a selected number of wells in the study area.
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Considerably more work is needed to define the controls vegetation
may have on the recharge of the groundwater in the Winnipeg area. Much
of the native bush and forest cover has been removed for cultivation pur-
poses during the past 100 years, which has significantly changed the plant
associations throughout this region. Furthermore it is probable that other
physical characteristics of recharge areas can be of importance for the
recharge processes. For example, in the Bird's Hills area approximately
8% of the area consists of operating gravel quarries. Such open ground
permits a totally different recharge pattern than might be expected under
the original oak and aspen parkland.

Evaporation and/or isotope exchange between aquifer rocks and ground-
water are of no importance. This is documented by a comparison of О
and deuterium data (Fig. 4) where all water samples are close to the
"meteoric water line" [6,9].

1 8 O in the flow segments

1 8In all but the SW portion of the study area, lower 18O contents are ob-
served as the Central Winnipeg drawdown cone is approached. This
decrease occurs within individual flows (the latter willbe discussed in detail
in the following section) and therefore no isotopic correlation between
recharge and discharge areas of individual flows is possible.

The reason for these changing 18O concentrations are not evident. One
might propose, however, that the isotopically lighter waters in these sys-
tems infiltrated before the native vegetation has in part been replaced
through agricultural activities. Preliminary 14C and tritium data indicate
that the groundwaters in the NW, NE, E and SE segments before the Central
Winnipeg drawdown cone is approached are only a few hundred and at most

GREENLAND ICE SHEET [10] LAKE ERIE

CORE # I3I94

age not well

established

*IO OOOyr

л 153
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FIG. 5. The 618O values from the Greenland ice sheet at Camp Century station [10] and mollusca shells from
Lake Erie core No. 13194 [11]. Note that the vertical scale for the Lake Erie core data is not an age scale but
refers to the depth of the core above sea-level.
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a few thousand years old; groundwater in the recharge areas is very young
as evidenced by tritium concentrations of up to 75 TU. As no major
climatic changes occurred during this time, the pro posed vegetation control
appears most simply to explain these changes in 18O contents within indi-
vidual groundwater flows. However, the sharp decrease observed in the
vicinity of the drawdown cone is not caused by a simple vegetation control.
At present we cannot propose a single mechanism to explain this observa-
tion since mixing and changes in flow direction from pumping, vertical
leakage and minor climatic changes could all account for part of the
18O variations.

The * О values of the SW system and the S-flow systems, however, are
too low to be explained by the characteristics of the recharge process alone.
The SW system has in its transmission zone the lowest 618O values of all
systems which could indicate that these waters entered this groundwater
reservoir under very different climatic conditions. Preliminary 14C ana-
lysis indicate water ages in excess of 10 000 years which confirms that
recharge occurred before the major climatic improvements after the
retreat of the last ice cover.

Precipitations falling more than 10 000 years ago had considerably
lower 18O concentrations than the present day average precipitations. This
is documented,for example, by the 18O data obtained from the Greenland
ice sheet [10] and : 8O contents of mollusca shells collected from a core
in central Lake Erie [11 ]. The results of both studies are shown in
summarized form in Fig. 5. The age of ~10 000 years in the Lake Erie
core was obtained by 14C dating of peat layers and palynological studies [12]

The 618O values of the old waters in the SW system are 7 - 8%o
lower than those of the younger groundwater in the Northern and Eastern
flows. This difference closely agrees with the changes observed about
10 000 years ago in the above-mentioned studies.

О and S Of" in the Upper Carbonate aquifer

It will be shown in the following that the pattern of the regional distri-
bution of 18O in this aquifer closely coincides with the flow segments
established by Ref. [2] . However, a major and economically important
discrepancy was initially believed to be found in the southern parts of the
drawdown cone in Central Winnipeg: the 1 О data could suggest that
brackish water from the SW system had crossed the Red River in this area
and entered into the eastern side of the drawdown cone (Fig. 3). This,
however, is not supported by hydrological data, and an attempt was made
to solve this impass by a comparison of chemical and isotope data. If SW
water had crossed the Red River and mixed with water from Eastern flows,
a straight line relationship between chemical and isotope data should be
observed on a salinity-18O diagram. It is thereby assumed that no or little
additional dissolution of salt occurs during or after mixing. TheSO|"-1 8O
relationships were selected for this presentation but a comparison of other
ions with the isotope data leads to the same conclusion.

These comparisons made it evident that no SW water had crossed the
Red River in the vicinity of the drawdown cone. The low 518O values
found to the east of the Red River are from groundwater of a Southern
groundwater flow which apparently also contains old water, at least in the
Central Winnipeg area.
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It was possible, however, to show that the SW and NW systems inter-
fere with one another on the western side of the Red River. The SO|~and
18O data of these systems are compared in Fig. 6. The SW system is
characterized by high sulphate concentrations and low 18O contents whereas the
NW groundwater has higher 18O contents but low SOf~ concentrations. In
areas where both systems meet intermediate compositions are found. This
interference (mixing) is partially caused by the groundwater pumping in
Winnipeg. It is also influenced by the seasonal variations in pumping rates
which during the air-conditioning season are over half an order of magnitude
greater than during the winter months.

As indicated in Fig. 6, it is possible to subdivide the NW flows into
three segments, whereby the geochemical differences between these seg-
ments disappear as the Central Winnipeg area is approached.

. The conditions for the interference of the Bird's Hills system with the
Southern flows are similar (Fig. 7). Again a clear "mixing" pattern appears
in wells situated at the confluence of the two systems. Note also the increase
in sulphate within the Bird's Hills flow as the discharge area is approached,
which is due to the continuing dissolution of sulphate minerals.

In the discharge area the Southern groundwater has low SOf " contents
which cannot be explained by any mixing of SW water with groundwater found
east of the Red River. This system is therefore an entity of its own, and
it will be interesting to monitor the wells in the terminal area of the S system
as this isotopically light water should in future be replaced by water richer
in 18O moving in from the south.

Figure 8 shows the SOf~ and 18Odata oftheSE system. As in other sys-
tems, we observe an increase in salinity towards the discharge area. This
could be caused either by the continuous dissolution of sulphate minerals or
possibly by mixing with waters from underlying aquifers with higher salt
concentrations. Not enough data are available to substantiate either assumption.
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whose location isshownin Fig. 10.
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A summary of the above discussion is presented in Fig. 9. The indi-
vidual groundwater flows are delineated and approximate boundaries between
them are shown. For comparison the flows as defined by Ref. [2] are also
shown in Fig. 9.

Seasonal variations of 18O and salinity

The seasonal variations of O, SO|" and Cl contents observed in a
selected number of wells within flow segments and in zones of confluence
are shown in Fig. 10. They are also indicated in Figs 6-8.

As might be expected, wells 9 7, 021 andM61 situated within a flow seg-
ment produce water with fairly constant 618O values and salt concentrations.
The standard deviations for the 618O values in these and other similar wells
is less than ± 0. 3%o. It is much higher, however, in wells producing "mixed"
water (Ml 12, 061 and M50 and others), and their salt concentrations show
pronounced fluctuations throughout the year too. The 18O variation in well
014 (618O = -14. 6 ± 0. 5%o) is not yet explained but as in other wells located
within a flow segment its water has fairly constant salt concentrations.

The large fluctuations in waters of wells situated at the confluence of
different flows are not only caused by a natural interference of these systems,
but are also significantly influenced by seasonally varying pumping rates.
This appears especially evident in well 061 where lower salinities coincide
with higher ¿18O values and low 18O contents are paralleled by increasing
salt concentrations. The origin of the water in this well is not fully under-
stood. Figure 7 indicates that it is not a mixture of water from the South
and Bird's Hills. At present it is believed that most of its water originates
from the Bird's Hills region. It may also contain significant amounts of
highly saline sandstone water which contaminates a number of wells north of
061 and may receive some water from the NW system.

Less pronounced are the seasonal variations observed in the water of
well M50. During the summer it draws increasing amounts of low 18O,
high salinity water from the SW system as heavy pumping to the north inter-
cepts the NW groundwater flow. During the winter months the NW system
extends farther to the south, and as a consequence a salinity decrease and
increase in 18O is observed. These seasonal variations are superimposed
on a gradually increasing overall salinity indicating that the SW system is
becoming more and more prominent in this area.

The two wells MO-9 and MO-10 are unique in the Central Winnipeg
area. They are located close to the confluence of the Assiniboine and
Red Rivers and terminate respectively in the bottom and top of the Upper
Carbonate aquifer. Water level and chemical data (Fig. 11) appear to indi-
cate that here Red River water is leaking into this aquifer [2] . However,
the 18O contents of the Red River show seasonal variations exceeding 10%o
(STA102 in Fig. 12) and, if it contributed significant amounts of water,
some of this variability should be recorded in these wells. This is not the
case as their isotopic composition is extremely constant: during the
observation period the measured 618O values were, for MO-9, -13. 2 ±0. 3%o,
and for MO-10, -13.0 ±0. 2%o (Figs 11, 12).

Well 070, situated south of Winnipeg close to the Perimeter Highway
in an inlet structure for a major flood way [2], clearly shows this influence:
during the high water levels occurring in the Red River during spring melt
the 618O values of the water in 070 are identical with the ones measured in
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FIG. 11. Seasonal water level fluctuations and variations in Cl" and О concentrations of well MO-9.

the river water (б О -16%о). During the summer months little river water
leaks into this well and its 18O contents correspond with the normal ground-
water values in this area (618O - -18%o) (Fig. 12).

These results suggest that little or no Red River water enters wells
MO-9 and MO-10. At present no hydrologically or geochemically reason-
able explanation has been proposed. An explanation is especially difficult
as the 18O contents of the waters in these wells are higher than in any
other well in the Central Winnipeg area.

SUMMARY AND CONCLUSIONS

Several groundwater flow systems exist in a single confined carbonate
aquifer in the Winnipeg area. Recharge of these systems occurs in the
uplands of the Red River basin and they discharge their water primarily in
an artificially created drawdown cone in Central Winnipeg. Each of these
systems has unique isotopic and geochemical characteristics.

The 61SO values of the groundwater in this "Upper Carbonate Aquifer"
vary within the study area between about -11 and -21%c The variations
within each flow segment are, however, considerably smaller. All sys-
tems containing relatively young water have 618O values greater than -16%o
but in flows with water older than 10 000 years б
were measured.

О values as low as -21. l%o
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FIG. 12. The seasonal variations of the ô О values of the Red River, wells MO-9 and MO-10 and well 070.

The 18O contents in the "young" systems decrease from the present
recharge areas towards Central Winnipeg. This decrease may be in excess
of 3%o (e.g. in the NW system) and cannot be explained by recharge under
climatic conditions different from the present. It was also found that the
groundwater in the different recharge areas of the various flows has
different 18O contents. As an explanation it is proposed that the physical charac-
teristics of a recharge area have a significant influence on the time and
amount of infiltration, and thus the 18O contents of the resulting ground-
water. The partial removal of the native vegetation through agricultural
activities may thus have altered the recharge process and explains why the
waters within each flow have 18O concentrations which differ from the waters
found in the recharge areas. The pronounced decrease seen in the vicinity
of the drawdown cone cannot yet be explained but may in part be caused by
mixing and change of direction of groundwater flows, vertical leakage or
minor climatic changes.

The low 618O values found in the SW- and in parts of the S-flow segments,
however, are best explained by recharge of these waters in a colder climate.
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Preliminary С data demonstrate that very old water is present in these
flows, and the considerably cooler temperatures which prevailed more than
10 000 years ago could have given rise to precipitations and groundwater
with the observed isotopic compositions.

It is important to notice that these results make it impossible to corre-
late in this area the 18O contents of the recently recharged groundwater with
those found in the discharge area.

A combined consideration of isotope and geochemical data permitted
a detailed delineation of the different groundwater flows. Areas of con-
fluence of different flows and zones of mixing become clearly visible. The
importance of seasonally varying pumping rates in Winnipeg on the water
quality of different wells has been documented through monitoring of a
selected number of wells.
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DISCUSSION

A. RÓZKOWSKI: Have you observed any stratification of stable isotope
concentration in the groundwater of the local flow system?

P. FRITZ: We made depth profiles in several wells in the Central
Winnipeg area and —though our observations cannot be considered final —
we did not find significant depth variations.

A. RÓZKOWSKI: The valley of the Red River is probably the drainage
area of intermediate or even regional flow systems. Have you observed
any isotope variation in the groundwaters of the area?

P. FRITZ: The isotope contents of the Lower Carbonate and Sand-
stone aquifers differ from the Upper Carbonate aquifer, but since little is
known about the hydrology of these aquifers, we can at present neither
prove nor disprove the existence of regional flow systems in this area.

E. BRADLEY: Are there prairie ponds in any of the recharge areas
which could affect the reported 618O variations? I ask because the area
south of the Winnipeg region — North Dakota — has many such ponds, which
are sources of recharge for underlying aquifers.

P . FRITZ: Yes, there are sloughs in the eastern recharge area, but
I doubt whether they have much influence on the groundwater flows. As
indicated in my oral presentation, all the groundwater samples that we
analysed for О and deuterium have the characteristics of normal preci-
pitation and do not exhibit evaporation effects, which should be visible if
the sloughs contributed significant amounts of water.

B.R. PAYNE: You suggested in your oral presentation that man-made
changes during the past 150 years may have given rise to differences in
the stable isotope index for the different areas. How is this hypothesis
supported by estimates of groundwater velocity?

P. FRITZ: This is a very important question, to which I unfortunately
can give only a partial answer since we have only a few preliminary age
determinations. However, the sharp decrease in 18O in the vicinity of the
drawdown cone is almost certainly not related to vegetation changes, and
we have therefore to explain only the l-2%o decrease which occurs in the
vicinity of the present-day recharge areas. This is not spelled out in our
paper as clearly as it should have been. At present, we are hesitant about
discussing such changes in detail, for processes such as vertical leakage
into the aquifer could also have some influence. Our present hydrological
data indicate that vertical leakage is below 10% and therefore isotopically
insignificant. However, we intend to study the hydrology of the overburden
in much greater detail, and new data might indicate that vertical leakage
was a major contributor.

L.G. QUIST: Figures 9 and 10 show groundwater flowing from the
eastern to the central part of your study area. How, then, do you explain
the existence of the prairie ponds or sloughs in the eastern part?
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P. FRITZ: They form on rather impermeable lacustrine sediments,
and many of them are only intermittent. They appear to have little influence
on the quality of the groundwater in the E and SE segments.

I. J . WINOGRAD: You mentioned in your oral presentation the existence
of a Pleistocene lake in the region and said that there was leakage from the
overlying aquitard. I accordingly suggest an alternative hypothesis to
explain the observed variations: water in the aquitard (or at least near the
base of the aquitard) is highly negative in <518O, representing Pleistocene
recharge; then, because of the increased drawdown towards the centre of
the cone of pumpage, the percentage of leakage also increases. This might
explain the increasingly negative values towards the centre of the cone.

Do you have any water samples from the base of the aquitard?
P.FRITZ: No, we do not. However, the few samples we were able

to collect in the sediments overlying the aquifer had 518O values between
-14%o and -15%o, and at least this water could not explain the decrease
in 18O which we observe in the Central Winnipeg area.

J . B . ROBERTSON: Have you considered the effects of water released
from storage in the overlying aquitard, caused by a lowering of pressure
in the lower aquifer from pumping? Large volumes of water can sometimes
be contributed to confined aquifers by this process.

P. FRITZ: Yes, l a m certain that Mr. Render, one of my co-authors,
has considered the release of such storage water. However, as I just
mentioned, we believe that vertical contributions are minimal, although we
have to leave the discussion open until we know more about the overburden —
isotopically, chemically and hydrologically.

С. В. TAYLOR: Have you examined the stable isotope concentrations
in the rivers which flow through this prairie region, with a view to ascer-
taining whether they contribute to the variations observed in the apparently
confined carbonate aquifer?

P. FRITZ: Yes, we have looked fairly carefully for river contribu-
tions. Figure 12 shows such contributions to a well constructed within
the Red River bed. However, north of Winnipeg we detect Red River water
also within the aquifer, at least in a small number of wells; however, all
these contributions occur on a very local scale and we do not have any
indication of major river inputs.

A. ZUBER: Figure 6 suggests a fairly regular pattern of changes in
618O values along the direction of flow. Yet in your text you attribute such
changes to physical characteristics (such as vegetation cover and gravel
pits) which probably have an irregular distribution. Would you care to
comment on this?

P. FRITZ: Not all the changes that we observe within flow systems
can be attributed to changes in the physical characteristics of the recharge
areas. At present, our knowledge of the influence of the different recharge
characteristics is very limited, and I have therefore proposed this only
as a possible explanation for the differences which we found in different
recharge areas. However, we intend to do considerable follow-up work
during the forthcoming field season, and hope to define these differential
recharge processes in further detail.

H.A. OESCHGER: With what material did you carry out 14C dating
for the glacial-to-post-glacial transition in the Lake Erie profile?

P . FRITZ: With organic matter separated from core sediments. We
did not do any carbonate dating.
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H. A. OESCHGER: The 618O values in the Lake Erie 18O profile for
the glacial-to-post-glacial transition vary by about 4%o, compared with
10-12%o in the case of the Greenland ice sheet. Could you comment on this?

P. FRITZ: The history of the Great Lakes is rather complicated.
For example, 10 000 years ago Lake Erie was a rather small and
restricted lake, and it almost certainly had a higher 18O concentration than
the normal groundwater and surface water in the area. In this connection
I would mention that we have analysed river snail fossils of this age
(see Fig. 5) and have found values as low as -ll%o, which brings us into
the range of variations observed on the Greenland ice sheet.

J . C . LERMAN: I should like to make a comment concerning Fig. 5
and 6 8O variations in ice and carbonate.

Although the two curves in Fig. 5 are in good qualitative agreement,
quantitative comparison has to allow for the fact that temperature variations
affect the delta values of carbonate in two opposite ways: first, a tempera-
ture coefficient associated with environmental factors produces an increase
of O.7%o for a 1 deg С increase in temperature; second, thermodynamic
factors produce a decrease of 0. 24%o for a 1 deg С increase in temperature
(I leave aside here the important question raised by variations in atmos-
pheric circulation and other factors which make it difficult to estimate the
temperature scale). Variations similar to those in Lake Erie have been
observed recently in fossil marl of Central European lakes, where the fine
variations of Dansgaard's curve (corresponding, for example, to the
Aller^d and Billing periods) are also seen (Lerman, J . C . , Colloques Int.
Cent. Natn. Rech. Scient. No. 219, Paris (in press)).

P. FRITZ: The mollusca data from Lake Erie are not used for palaeo-
temperature determinations, but they do give palaeoenvironmental information.
Thus, the rise in 18O concentrations about 10 000 years ago parallels
a trend towards a warmer climate. However, the increase is controlled
also by the hydrodynamics of Lake Erie. The 8O concentrations in mollusca
shells reflect very closely the average isotopic composition of the habitat,
for the temperature-dependent fractionation effect is counterbalanced by
the increase in 18O concentration through evaporation. However, for the
interpretation of these data this evaporative isotope enrichment is as
important as — if not more important than — the 0. 7%o/°C increase in the 18O
content of precipitation as a function of climatic improvement, for we find
that the 18O contents of lakes, especially smaller ones, are very strongly
controlled by their water budget.

J. Ch. FONTES: Is your conclusion that recharge in the SW- and S-flow
segments occurred at a time when the climate was more rigorous (8-10 deg С
colder) supported by palynological evidence?

P. FRITZ: Yes, there is good palynological evidence based on material
separated from, for example, Great Lakes sediments that temperature
changes of this order occurred. Furthermore, the area in question was
covered by ice until about 13 000 years ago, which in itself implies consider-
ably lower temperatures during the recharge of the old waters.

J . C . LERMAN: With regard to the question put by Mr. Fontes,
recent palynological investigations of timberline fluctuations (Markgraf, V.,
Colloque Int. Cent. Natn. Rech. Scient. No. 219, Paris (inpress))indicate an
abrupt temperature increase of between 6 deg С and 8 deg С in certain parts
of the world.
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Abstract- Аннотация

THE CONDITIONS FOR GROUNDWATER RECHARGE USING NATURAL STABLE AND RADIOACTIVE ISOTOPES
TOGETHER WITH ANALOGUE SIMULATION.

The use of a combination of natural isotopes (D, 1 8O, 1 4C, 2 3 4U/ 2 3 8U) is reviewed as applied to a study
of the conditions under which, groundwater associated with a strongly fissured and karstic rock massif and drawn
into mine inflows is recharged. The isotope study programme was drawn up on the basis of analogue simulation
data. In the light of their interpretation of data on the isotopic composition of atmospheric precipitations, river
run-off and groundwater tapped by wells and drawn into mine inflows, an assessment is made of the origin of
the groundwater (D, 18O, 14C and U), the exchange (residence) time of the water is calculated for the whole
exchange reservoir and for individual parts of it (D, 18O), and the age of the water from different aquifers
(14C), and then the relative contribution made by water of various origins (18O, D, U) is evaluated; the
possible relationship is also assessed between Palaeozoic and Cretaceous deposit waters in the area adjoining
the zone in which the conical depression develops (D, 1 8O, 14C and U). Isotopic composition data obtained with
stable isotopes are interpreted on the basis of a hydrogeological model with sinusoidal input and output, and are
compared with results of independent investigations using other isotopes, analogue simulation data and analyses
of mine outflow hydrographs. Despite the approximate nature of the model adopted, satisfactory agreement
was observed between the results obtained. The theoretical model used is generalized to cover the case of
several inflow components and that of arbitrary time-variation in the input concentration. After analysing the
corollaries of the general solution, theoretical arguments are presented in support of several alternative
proposals for assessing the nature and magnitude of groundwater flow across relatively impervious formations.
For the first time, experimental data have been obtained on the radiocarbon content of the Yaskhan freshwater
lens in the Kara-Kum desert; the radiocarbon distribution pattern supports the theory of a non-recurrent formation
of the main freshwater portion of the lens and also suggests that at present it is recharged through a zone
of aeration.

ИССЛЕДОВАНИЕ УСЛОВИЙ ПИТАНИЯ ПОДЗЕМНЫХ ВОД С ПРИМЕНЕНИЕМ ЕСТЕСТВЕН-
НЫХ СТАБИЛЬНЫХ И РАДИОАКТИВНЫХ ИЗОТОПОВ И АНАЛОГОВОГО МОДЕЛИРОВАНИЯ.

Рассмотрено использование комплекса природных изотопов (D, "О, "С, " 4 U/ MtU) на приме-
ре исследования условий питания подземных вод, приуроченных к массиву сильно трещинова-
тых и закарстованных пород и вовлекаемых в рудничные водопритоки. Программа изотопных
исследований разрабатывалась на базе результатов аналогового моделирования. По резуль-
татам интерпретации данных об изотопном составе атмосферных осадков, речного стока и под-
земных вод, вскрываемых скважинами и вовлекаемых в рудничные водопритоки, дана оценка
генезиса подземных вод (по D, "О, "С и U), оценены времена обмена (пребывания) воды для
всего обменного резервуара и его частей (В, "О) и возраста вод различных водоносных гори-
зонтов ( "С), проведена оценка относительного вклада вод различного происхождения ( "O,D,
U); оценивалась возможная взаимосвязь вод палеозойских и меловых отложений в зоне, при-
мыкающей к области развития депрессионной воронки (D, "О, "С и U). Данные изотопного со-
става по стабильным изотопам интерпретировались на основе модели гидрогеологической сис-
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темы с синусоидальным входом и выходом и сопоставлялись с результатами независимых ис-
следований по другим изотопам, по данным метода аналогового моделирования, по расчлене-
нию гидрографа шахтного водоотлива. Несмотря на приближенность принятой модели, наблю-
далось удовлетворительное согласие полученных результатов. Использованная теоретичес-
кая модель обобщена на случай нескольких составляющих притока и на случай произвольного
во времени изменения концентрации на входе. Рассмотрены следствия из общего решения.
Предложены и теоретически обоснованы некоторые варианты оценки характера и величины
перетекания подземных вод через относительные водоупоры. Получены впервые эксперимен-
тальные данные по содержанию радиоуглерода в Ясханской линзе пресных вод в пустыне Ка-
ра-Кум:, распределение радиоуглерода свидетельствует в пользу гипотезы единовременного
образования основной пресноводной части линзы и одновременно о наличии современного ее
питания через зону аэрации.

ВВЕДЕНИЕ

Одним из наиболее перспективных направлений применения естествен-
ных изотопов (радиоуглерод, тритий, дейтерий,кислород-18, углерод-12/13,
изотопы уран-ториевых рядов) является оценка генезиса подземных вод,
условий их питания и взаимодействия с поверхностными водами, а также
взаимодействия подземных вод различных горизонтов. Решение указан-
ных задач имеет большое научное и прикладное значение, в частности,
при поисках, разведке и оценке запасов подземных вод, в мелиоратив-
ной гидрогеологии при оценке питания грунтовых вод через зону аэрации,
в шахтной гидрогеологии при изучении питания подземных вод, вовлекаемых
в рудничные и карьерные водопритоки и т .д . Ниже мы рассматриваем ряд
примеров практического использования природных изотопов при решении
вопросов генезиса и питания подземных вод.

1. ИССЛЕДОВАНИЕ ПОДЗЕМНЫХ ВОД ШАХТНЫХ ВОДОПРИТОКОВ

1.1. Условия района работ и цели исследования

Эти исследования проводились нами в районе Миргалимсайского ме-
сторождения полиметаллов. Это месторождение расположено на Юго-За-
падном склоне горного хребта Центрального Каратау на территории Ка-
захской ССР (рис.1). Температура воздуха летом достигает +45°С, а зимой
падает до-25 °С. Среднемноголетнее годовое количество осадков состав-
ляет 472 мм. На водоразделе хребта Каратау количество осадков дости-
гает 950 мм, причем в зимнее время выпадает 70-80% осадков.

Гидрографическая сеть района работ представлена реками Ба-
ялдыр, Кантаги, Кызыл-Ата, Биресек и др. Долины рек прямолинейны
и врезаны в карбонатные породы палеозоя на глубину 50-100 м. Режим
рек полностью зависит от сезонного паводкового стока. Появление па-
водка обычно наблюдается в феврале-марте и приурочено в основном к
таянию снега в высокогорной части района. Продолжительность и интен-
сивность паводка целиком зависит от запаса снега в горах и количества
осадков, выпавших на площади водосбора.

Общие гидрогеологические условия района работ иллюстрируются на
рис.1 и гидрогеологическим разрезом (рис.2). Указанные графические
материалы дают также общее представление о геологическом строении
района.

По условиям циркуляции и приуроченности к определенным стратигра-
фическим горизонтам подземные воды района подразделяются на 4 типа.
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Р и с . 1 . Схема расположения пунктов отбора проб воды на изотопный анализ. 1 — район
детального изотопного опробования, 2 — граница распространения меловых пород, 3 —гра-
ница распространения палеогеновых отложений, 4 - реки. Пункты отбора проб воды:
5 — атмосферных осадков, 6 — поверхностных водотоков,, 7 — палеозойского водоносно-
го комплекса, 8 — верхнемелового водоносного горизонта. Линии со стрелками и цифра-
ми показывают направление истоков подземных и составляющую суммарного водопритока,
полученные по результатам аналогового моделирования.

1. Грунтовые воды зон открытой трещиноватости песчано-сланце-
вых отложений силура и девона.

2. Трещинно-карстовые воды известняков верхнего девона и ниж-
него карбона.

3. Напорные воды песчано-глинистых отложений верхнего мела и
палеогена.

4. Грунтовые воды аллювиальных отложений речных долин.
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Наибольшую роль в формировании рудничного водопритока играют
подземные трещинно-карстовые воды девона и карбона. Они распростра-
нены повсеместно и образуют единый водоносный комплекс, подошвой
которого служат водонепроницаемые аргиллиты. Водоносный комплекс
в северной горной части открыт, а в предгорной южной части перекрыва-
ется меловыми и третичными отложениями, к которым приурочен широ-
ко развитый напорный водоносный горизонт. В целом питание водонос-
ных комплексов осуществляется в горной и предгорной части территории
за счет атмосферных осадков и поверхностных вод. Область разгрузки
водоносного комплекса в естественных условиях располагалась в преде-
лах предгорной равнины к югу и юго-западу от месторождения, где наблю-
дались ранее мощные родники.

Абсолютные отметки уровня подземных вод составляли в естествен-
ных условиях 350-450м в пределах подгорной равнины и до 10 000 м на
склонах хребта. В пределах территории рудника до начала интенсивно-
го водоотлива уровень находился на отметке 430 м.

Обводненность месторождения связана с горизонтом трещинно-карсто-
вых вод, образующих мощный фильтрационный поток в верхней наиболее
трещиноватой и закарстованной части массива карбонатных пород. В зоне
влияния рудничного водоотлива образовалась обширная депрессионнная
воронка подземных вод с величиной понижения уровня в ее центре до 300 м.
Водоприток в рудник носит ярко выраженный сезонный характер.

Моделирование [1,2] гидрогеологических условий района, выполнен-
ное на электронной машине, на которой был воспроизведен многолетний
процесс формирования водопритоков в горные разработки и развития
депрессионной воронки подземных вод, позволил, в частности, выявить
весьма сложное распределение фильтрационных потоков трещинно-карсто-
вых вод.

Было установлено (рис .1), что основное количество подземных вод
(до 80%) поступает в горные выработки из южной части развившейся воронки
депрессии. Эта часть депрессионной воронки, в направлении которой
развиты основные высокопроницаемые раскарствованные зоны, пере-
хватывает подземные потоки, направляющиеся из северной горной обла-
сти района, на протяжении десятков километров западнее и восточнее
горных разработок. Значительные притоки воды поступают в горные вы-
работки в результате инфильтрации в карстовый массив в паводковый
период некоторой части поверхностного стока ближайших рек. Средне-
годовые величины притоков в целом по руднику составляют 10 000-
12 000м 3 /ч. С учетом этих представлений о гидрогеологических усло-
виях района были поставлены изотопные исследования.

При планировании комплексных изотопных исследований, проведен-
ных с применением дейтерия, кислорода-18, радиоуглерода и изотопов
урана предполагалось изучить изотопный состав природных вод в райо-
не месторождения, оценить практические возможности изотопных мето-
дов в сравнении с традиционными методами и на основе полученной
информации сделать выводы о:

1) происхождении подземных вод в районе месторождения и глав-
ным образом вод, вовлекаемых в рудничные водопритоки;

2) временных характеристиках основных потоков подземных вод
(время обмена, возраст)*,

3) скорости вовлечения атмосферных осадков и поверхностного
стока в рудник:,
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ТАБЛИЦА I . РЕЗУЛЬТАТЫ ОПРЕДЕЛЕНИЯ СОДЕРЖАНИЯ
ДЕЙТЕРИЯ И КИСЛОРОДА-18

Место

отбора
проб

Скв.408
_ м _

_ и _

_ il _

Скв. 220
_ и _

_ » _

_ и _

_ i. _

_ » _

Суммарный шахт-

ный водоотлив
_ и _

_ и _

_ и _

_ « _

_ и _

ГП 11
_ п _

_ и _

_ м _

_ il _

_ п _

МП N?13
_ и _

_ и _

_ и _

_ » _

Скв.611
_ м _

_ и _

_ II _

Скв.609
_ и _

_ и _

_ и _

Дата

отбора

1 8 . V I . 7 0 г .
1 6 . I X . 7 0

1 6 . I X . 7 0
10. VII. 71

1 8 . V I . 7 0
1 6 . I X . 7 0

1 6 . X I . 7 0

16.11 .71
15.1 V.71
14. VII. 71

15.VI .70
1 7 . I X . 7 0

16.XI .70
16.11 .71
1 5 . I V . 7 1

15.VII.71

1 5 . V I . 7 0
3 0 . IX. 70

1 6 . X I . 7 0
15.11 .71
1 5 . I V . 7 1
14. VII. 71

VI .70
VIII. 70
XI .70
II .71

I V . 7 1

1 6 . I X . 7 0

16.XI .70
17.11 .71
1 5 . I V . 7 1
1 6 . I X . 7 0

1 6 . X I . 7 0
17.11 .71
1 5 . I V . 7 1

Дейтерий

6П °!

+ 1,78

+0,53
+2,92
+ 1,32
+2,80

+ 1,57

+ 1,33

+ 2,64
+ 1,87
+2,75

+ 1,95
+0,00
+3,65
+ 1,05
+ 1,90

+ 2,08
+ 1,57
+2,43
+ 1,43
+ 1,14
+ 2,54
+4,10
+5,71
+ 2,60
+5,30

+0,51
+3,66

+ 1,62
+0,66

+0,83
-0,57

+ 1,23
+0,40
+0,62
+0,30

ÓD V
SMOW0

-7,88
-9,01
-6,85
-8,30
-6,96
-8,07
-8,29

-7,10
-7,80
-7,00

-7,73
-9,49
-6,19
-8,54
-7,77

-7,61
-8,07
-7,29
-8,20
-8,46
-7,10
-5,78
-4,33
-7,14
-4,70
-9,03
-6,18

-8,03
-8,90
-8,74

-10,01
-8,38
-8,46
-8,93
-9,22

6 "О "/

-0,208

+0,070

-0,126

-0,053
+0,019

+0,021
+0,146

корр.
+0,014

+0,021
+0,014

+0,196

-0,035
-0,003

+0,193
+0,011
-0,175

корр.
+0,05

+0,172
-0,001

+0,149
+0,164
+0,022
+0,141

+0,326
+0,838
+0,387
+0,405

+0,075
-0,144

корр.
+0,22
+0,019
+0,060

+0,060

-0,093
+0,041
+0,078

+0,058
+0,116

Кислород-18

'о 6 "О %
0 ^MOW'/0

-1,329

-1,054
-1,248
-1,176
-1,105

-1,103
-0,979

-1,103
-1,110
-0,930

-1,158
-1,227

-0,933
-1,113
-1,297

-0,954
-1,125
-0,976
-0,967
-1,102

-0,984
-0,801
-0,295
-0,741
-0,723
-1,050

-1,266

-1,105

-1,064
-1,183
-1,216

-1,083
-1,047
-1,066
-1,009

ТАБЛИЦА II . СРЕДНИЕ ЗНАЧЕНИЯ ИЗОТОПНОГО СОСТАВА ПО
КИСЛОРОДУ-18 И ДЕЙТЕРИЮ В РАЗЛИЧНЫХ ПУНКТАХ НАБЛЮ-
ДЕНИЯ (Данные приведены по отношению к стандарту ВСЕГИНГЕО)

МЭД? Пункты наблюдения
п/п

В О,%

1. МП-13

2. ГП-11

3. Скв.220

4. Суммарный шахтный
водоотлив

5. Скв.408

6. Скв.609

7. Скв.611

+0,160 ±0,030

+0,134*0,030

+0,091+0,030

+0,085+0,030

-0,072+0,030

+0,073+0,030

-0,019 + 19

+2,19±0,16

+2,22±0,16

+2,16+0,16

+ 1,77+0,19

+ 1,64+0,19

+0,64+0,19

+0,84 ±0,19
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4) наличии или отсутствии в настоящее время взаимосвязи вод
палеозойских и меловых отложений в зоне, примыкающей к области раз-
вития депрессионной воронки.

Генеральная схема расположения пунктов отбора проб представлена
на рис.1.

С целью оценки характеристических времен нами были проведены
определения среднегодовых содержаний и сезонных вариаций изотопов
водорода и кислорода в водах:

1) на метеорологическом высокогорном посту (МП-13), представляв-
шем зону питания подземных вод палеозойского комплекса; 2) на гидро-
метрическом посту (ГП-11) на реке Баялдыр; 3) в скважине (скв.) 220,
вскрывающей воды палеозойских отложений в зоне транзита подземных
вод от области питания к горным выработкам; 4) в скв.408, вскрываю-
щей воды палеозойских отложений в южной зоне депрессионной воронки;
5) в суммарном шахтном водоотливе; 6) в скв.611, вскрывающей воды
палеозойского водоносного комплекса в зоне ненарушенного режима;
7) в скв. 609, вскрывающей воды мелового комплекса. Результаты ана-
лизов представлены в табл.1 и II и на рис.3.

Для большинства опробованных водоисточников заметны сезонные
вариации концентрации дейтерия и кислорода-18. Для средних (за пе-
риод наблюдения) значений концентрации наблюдается закономерное умень-
шение концентрации дейтерия и кислорода-18 в ряду: скв. 220, суммар-
ный водоотлив, скв.408, скв.611 и скв.609. Такое убывание может сви-
детельствовать об увеличении в этом направлении доли "старых" вод,
сформировавшихся в более холодные климатические периоды (например,
в плювиальные эпохи плейстоцена).

1.2.1. Гидрогеологические системы с синусоидальным входом

В основу интерпретации результатов определений изотопного сос-
тава по стабильным изотопам была положена модель резервуара с си-
нусоидальным изменением концентрации на его входе и эффективным
перемешиванием в самом резервуаре.

Предположим, что объем обменивающейся воды в системе рудник-
подземные воды равен V, а суммарный расход на водоотливе Ч в ы х

= q-
Допустим, что водоприток в рудник состоит из п составляющих

с расходом q. = q. (t) и концентрацией изотопа c¡ = c¡ (t). Тогда

f-=Íq-,(t)-qBbIX<t) (i)

. <t)c¡ (t) -qBbIX(t)c3bIX(tí (2)

Осреднение по времени t приводит к следующим уравнениям:

¡ C¡ = сЗвьгхСвых (4)
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Рис.3. Сезонные вариации содержания дейтерия (а) и кислорода-18 (б) в пробах воды раз-
личных водопунктов. Данные приводятся в отклонениях от стандарта ВСЕГИНГЕО.
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Таким образом, если бы мы имели п- 1 изотопов и измерили их концент-
рацию в предполагаемых источниках питания шахтных вод и в шахтном
водоотливе, то расчленение его составляющих сводилось бы к решению
системы (3-4).

Рассмотрим решение системы уравнений (1) и (2) для некоторых
случаев, представляющих интерес с точки зрения их использования для
интерпретации данных изотопных наблюдений. Для упрощения предполо-
жим, что гидрогеологическая система имеет один вход (питание) и
один выход (разгрузка). Предположим также, что величины питания и
разгрузки одинаковы и постоянны, а в системе происходит достаточно
эффективное перемешивание, значит концентрация на выходе равна
средней концентрации в системе: св ы х= с. При высказанных предполо-
жениях имеем:

d V
"dT = q i ~ q 2 = 0 ' V = c o n s t » V q 2 = q ( 5 )

-pp = qcBX-qc-Xc (6)

Допустим, что

cBX(t) = a s i n w t + b (7)

где
2тг

W (8)

и Т — период колебания,b — среднее значение концентрации, а — амп-
литуда ее колебания. Введя дополнительно обозначение A = (q/V)+X
и Х

о
 = q/V и решая любым из известных способов [3] уравнение (6) с

учетом (5) и (7), получим для начального условия с(0) = 0 решение в
виде

c ( t ) = 4 2 - b ( l - e - A t ) + - r r r T (Asincot -tocos<Jt)+ " ^ a

2 e"A t (9)

Аналогичное решение приводится в работе [4] . Из (9) непосредственно
следует, что если на вход системы достаточно долго подается кон-
центрация по закону (7), то значение концентрации на выходе будет
равно:

c(t) = ~ b + .Л° 2 (Asirmt - ( jcosut) (10)
Л Л + W

причем среднее значение концентрации



408 ДУБИНЧУК и др.

- ... Хр ... (q/V)b
Л •ь =(q/V) то/т (11)

Здесь т = 1/Х — среднее время жизни изотопа, а т0 = l/X0~ V/q — сред-
нее время обмена (пребывания) воды в рассматриваемой системе.
Если изотоп стабилен, т . е . Х = 0,а т^оо, то средняя концентрация на
выходе равна средней концентрации изотопа на входе. Если изотоп ра-
диоактивен, то средняя выходная концентрация меньше входной и ее
величина определяется соотношением (11).

Для расчетов удобно уравнение (9) введением безразмерного
параметра

преобразовать к виду

(На)

c(t) = (€ sin
2irt

- cos-
2 Tit (12)

где безразмерный параметр (На) характеризует отношение периода ко-
лебаний концентрации на входе ко времени обмена воды в системе. Из
(12) непосредственно следует, что в системах с синусоидальным вхо-
дом амплитуда колебаний концентрации на выходе зависит от величины
отношения (11). Амплитуда этих колебаний уменьшается с уменьшени-
ем отношения (11а). Если Т ^> т0 , т . е . в случае быстрого обмена,
амплитуда на выходе становится равной амплитуде на входе. Если
Т « т0, т . е . если система весьма инерционна, то амплитуда колебаний
концентрации на выходе стремится к нулю. Другими словами, система
сглаживает входные изменения концентрации. На рис.4 представлены
значения амплитуды сигнала (12), рассчитанные на ЭЦВМ с использо-
ванием (12).
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Рис.4. Зависимость относительной величины амплитуды выходного сигнала (А/Ао) от ве-
» q/v

личины параметра f = ~" ,_ .
27Г/Т
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Полученное решение нетрудно обобщить на ряд важных для практи-
ки случаев:

1) для систем с нулевыми начальными условиями;
2) для систем с несколькими входами;
3) для систем с произвольной функцией на входе.
В первом случае решение легко получается простой заменой пере-

менной с (t) на с1 (t) = с (t) - с(0).
Второй случай соответствует:

fa, sin(u¡t +<р.)+Ъ.] (13)

где <p¡ — фаза соответствующей составляющей, u¡ — круговая частота
колебаний i-й составляющей. Введя обозначение для величины парци-

ального вклада i-й составляющей P¡ = q¡/qH воспользовавшись принци-
пом суперпозиции для линейных дифференциальных уравнений, исходя

из (9), можем сразу записать решение при с (t = 0) = 0 и для момента t

достаточно большого:

(14)

Если же концентрация изотопа на входе системы изменяется как произ-
вольная функция времени, т . е . с (t) = f (t), a q, = q = q, то, разлагая f (t)
в ряд Фурье

f(t) = г.+ 2 D r cos(nt-<p) (15)

легко получить решение вида:

(16)

г г =(а п +ь;) (17)

причем коэффициенты разложения
7Г

п
ап=~Т~ / f(t)cosntdt (18)

¿It d
- 7 Г 7Г

ь п = Г"У f(t)sinntdt (19)

Из полученных соотношений следует, что затухание амплитуды ко-
лебаний концентрации изотопа на выходе рассматриваемого типа гидро-



ТАБЛИЦА III . РЕЗУЛЬТАТЫ ОЦЕНКИ ВРЕМЕНИ ОБМЕНА В СИСТЕМЕ ПО ДАННЫМ КОЛЕБАНИЯ
СОДЕРЖАНИЯ ДЕЙТЕРИЯ (ЧИСЛИТЕЛЬ) И КИСЛОРОДА-18 (ЗНАМЕНАТЕЛЬ)

Пункт наблюдения и
соответствующая ему
гидрогеологическая
система (подсистема)

Метеопост
МП-13

ГП-11
река Баялдыр
"зона питания —
речной сток"

Скв.220
"зона питания —
зона транзита"

Зона питания — суммар-
ный шахтный водоотлив"

Скв.408
"зона питания —
зона разворота"

По

Размах
колеб.
2а

5,2
0,618

2,96

0,362

1,50

0,182

3,65

0,230

2,39

0,210

максимальным значениям размаха

а

а.

1
1

0,57

0,59

0,29

0,29

0,70

0,37

0,46

0,34

колебаний

Ç

0,54

0,56

0,20

0,20

0,80

0,26

0,35

0,23

т

годы

0

0,29

0,23

0,8

0,8

0,2

0,61

0,46

0,69

т

годы

0

0,29

0,8

0,41

0,58

Размах
колеб.

1,66
0,185

1,21

0,122

-

1,03

0,161

-

По размаху в межень
паводок

а

а 0

1
1

0,74

0,66

-

0,62

0,87

-

€

0,9

0,65

-

0,64

1,5

-

-

т

годы

0
0

0,18

0,25

-

0,25

0,11

-

f

годы

0,22

-

0,18

-

ta
«<
M
К

sX

s
ta
•о
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геологических систем определяется в первую очередь параметром (11а),
зависящим от времени обмена, от периода колебания на входе, а в более
общем случае еще и от времени жизни изотопа.

1.2.2. Интерпретация данных по стабильным изотопам

Рассмотренная выше модель была нами использована для некоторых
практических оценок. Разумеется, что достоверность таких оценок ле-
жит в пределах соответствия принятой модели реальному случаю. Ус-
ловие перемешивания, по-видимому, выполняется достаточно хорошо,
т . к . все воды, поступающие в рудник, целиком перемешиваются на цент-
ральном шахтном водоотливе. Дополнительное предварительное пере-
мешивание имеет место в самом массиве пород, ввиду их сильной тре-
щиноватости и гидродинамической дисперсии потока подземных вод.
Постоянство обменной емкости резервуара подземных вод также можно
считать выполненным, т .к . Чвх

=:Чвых- Не выполняется лишь условие
постоянства во времени расхода на входе и выходе. Более строгие
оценки поэтому должны учитывать и это обстоятельство.

В табл.Ш представлены исходные данные и результаты оценок
времени пребывания в рассматриваемой системе в целом "зона питания —
шахтный водоотлив" и в отдельных ее частях (подсистемах): "зона пи-
тания" — "зона транзита","зона питания - река" и т .п. Оценки про-
ведены в двух вариантах: 1) по данным размаха колебаний концентра-
ции изотопов за период наблюдения, 2) по данным размаха в межень и
паводок. Из полученных данных следует, что время обмена воды прак-
тически не превышает половины года, что свидетельствует в пользу
представления о достаточно эффективном и быстром вовлечении осад-
ков и поверхностного речного стока в рудничные водопритоки. Обраща-
ет на себя внимание увеличение времени обмена для подсистемы "зона
питания — зона транзита", несмотря на то, что эта подсистема казалось
бы находится на кратчайшем пути "зона питания — рудник" . Объясне-
ние возможно заключается в том, что именно в северной части массив
пород, слагающих водоносный комплекс, наименее проницаемый. Это
обстоятельство было выявлено еще в результате аналогового модели-
рования. Как и следовало ожидать,, расчет дает близкие значения как
по кислороду, так и по дейтерию. Для подсистемы "зона питания —
речной сток" расчет по максимальным амплитудам дает 0,29 года, а по
межени — паводку — 0,22 года. Сходимость этих величин объясняется
и подтверждается совершенно очевидным фактом, что речной сток
в районе работ имеет место лишь в период паводка. Интересно заме-
тить, что прямой расчет по гидрографу шахтного водоотлива дает
т = 0,13 года. Это свидетельствует о том, что паводковые воды в ра-
йоне месторождения практически полностью расходуются на формиро-
вание паводковой волны рудничного водопритока.

Время обмена воды в системе "зона питания - шахтный водоотлив"
по первому и второму варианту расчета равны соответственно 0,41 и
0,18 года. Расхождение превышает возможный разброс, обусловленный
погрешностями изотопных анализов. Меньшее время (т = 0,18 года)
практически близко по времени обмена для поверхностных вод и наличие
этой близости объясняется тем, что в паводковый период основной во-
дообмен обусловлен быстрым вовлечением в шахтныйводоотлив паводковых
поверхностных вод. С другой стороны, повышенное значение т = 0,4 года,



ТАБЛИЦА IV. РЕЗУЛЬТАТЫ ОЦЕНКИ СОСТАВЛЯЮЩИХ ВОДОПРИТОКА РАЗЛИЧНЫМИ МЕТОДАМИ

Составляющие
водопритока

По концентрации
дейтерия

По концентрации Среднее Расчл. По данным
кислорода-18 по изотоп- гидрог- моделирова-

ным данным рафа ния

"Север"
в том числе:

доля поверхностного
стока

доля глубоких вод
замедленного стока

"Юг"

в том числе:

доля замедленного
поверхн. стока

составляющая за счет

0,23

90% = 0,21

10% = 0,02

0,77

0,58 -0,77 = 0,45

0,42 • 0,77 = 0,32

0,25

-

-

0,75

0,58 • 0,75 =

0,4 -0,75 =

0,44

0,31

0,24

0,21

0,02

0,76

0,44

0,32

подтока вод глубоких
горизонтов

0,27

0,73

0,20

0,80
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рассчитанное по годовому максимальному размаху колебаний, свидетель-
ствует о том, что в шахту вовлекаются метеорные воды, но более замед-
ленного цикла обмена. Этот факт подтверждается дальнейшими нашими
оценками по средним значениям содержания D и i 8O, радиоуглеродным
датированием, а также оценками по изотопам урана.

Обратимся теперь к расчленению составляющих водопритока в руд-
ник. Различие изотопного состава (средних значений содержания) по
D и 18О для подземных вод, а также зафиксированное по данным мо-
делирования наличие двух потоков в зону рудника "север" и "юг" (см.
рис.1), позволяют оценить относительный вклад каждого из этих пото-
ков. Для этого воспользуемся системой уравнений смешения, а имен-
но:

I? + Р, = 1

С.ВХ1?

(20)

= СВЫХ

Эта система следует из (3) и (4).
В качестве входных значений концентрации для "северной" состав-

ляющей нами используется среднее значение концентрации изотопов
в реке Баялдыр (поверхностные воды ускоренного притока в рудник),
а для "южного" - данные по скв.408, отражающей изотопный состав
южной зоны разворота (табл.II). Результаты оценок относительных
вкладов Р, и Pj для составляющих "север" и "юг" представлены в
табл.IV. Там же приводятся результаты дальнейшего расчленения
составляющих "север" и "юг" на две компоненты:

1) поверхностный сток (непосредственная инфильтрация осадков,
подземный сток из рек)*,

2) подток подземных вод из глубокой части водоносного комплек-
са .

Это расчленение проведено с использованием средних значений для
соответствующих подсистем. Кроме того, в той же таблице даны зна-
чения некоторых величин, полученных прямым расчленением гидрографа
шахтного водопритока и по данным аналогового моделирования (см.
также рис . 1).

ТАБЛИЦА V. РЕЗУЛЬТАТЫ РАДИОУГЛЕРОДНОГО ДАТИРОВАНИЯ

Место опробования

Реки

13-й горизонт

19-й горизонт

Скв. 427 + 301

Скв. 613

к - ~~
с о

0,846*0,020

0,791 ±0,020

0,212 ±0,020

0,603 ±0,015

0,054 ±0,020

Условный
радиоугле-
родный
возраст,
годы
с. = 1
1300

1900

12500

4100

23000

Возраст
относи-
тельно реч-
ных вод
региона
с0 = с,,,,,,,

0

600

11000

2700

22000
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Из приведенных результатов следует, что сток в рудник в плане
действительно может быть подразделен на две составляющие "север" и
"юг", причем наибольший вклад дает последняя компонента. Далее,
приток с "севера" в основном обусловлен непосредственной инфильтра-
цией осадков и поверхностных вод в карстовый массив. Наибольший
подток вод из более глубоких частей водоносного комплекса наблюда-
ется с "юга" . По-видимому, с углублением горных выработок вклад
этой составляющей будет увеличиваться. Наконец, весьма положитель-
ным фактором является близость оценок, полученных изотопным и ме-
тодом аналогового моделирования.

1.3. Радиоуглеродное датирование

Определение содержания радиоуглерода было проведено:
1) в реках Баялдыр, Бирисек и Кантаги, из которых была отобрана

и проанализирована средняя проба',
2) в водах палеозойского комплекса, вскрываемых самоизливаю-

щей скв.613;
3) в водах мелового комплекса, вскрываемых скв.427 и 301;
4) в водопритоках 13-го горизонта рудника и 19-го горизонта.

Данные радиоуглеродных определений приведены в табл.У. Наиболее
древними оказались воды палеозойского комплекса (Т ^ 20 000 лет),
воды мелового комплекса гораздо моложе (Т ^ 2700 лет).

Очевидно, что с увеличением глубины горных выработок должна
увеличиваться доля "старых" вод палеозойского водоносного комплек-
са и уменьшаться доля вод, происходящих от непосредственной инфильтра-
ции современных вод, что вновь подтверждает предыдущие независи-
мые оценки по Д и О.

1.4. Исследования с применением изотопов урана

Подземные воды — предельно неравновесная система для изо-
топов тяжелых радиоэлементов, в том числе и для изотопов ура-
на. Разделение изотопов урана обусловлено эффектом Сцилларда-
Чалмерса, в результате которого при взаимодействии природных вод
с породами в воду переходит преимущественно уран-234, менее прочно
связанный в кристаллической решетке минералов [6] . Менее прочная
связь урана-234 обусловлена радиоактивной отдачей - прежде чем
превратиться в уран-234, ядро урана-238, испытывая три радиоактивных
распада, покидает кристаллическую решетку минералов. Величина
изотопного отношения в водах практически не зависит от гидрохими-
ческих факторов, а определяется лишь составом пород, которые подвер-
гаются выщелачиванию, поэтому воды различных водовмещающих комп-
лексов обычно различаются по изотопному составу урана. Это дает
возможность использовать изотопный состав урана в качестве есте-
ственного природного индикатора ("трассера") при решении самых
разнообразных гидрогеологических задач, в том числе и определении
пропорций, в которых смешиваются воды различного изотопного соста-
ва [7-9].

Действительно, если вода 1, смешиваясь с водой 2, дает некоторый
смешанный поток, справедливы соотношения:
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U,+ U3= U (21)

M,+ M2= M (22)

,7,+ M 27 2 = M7 (23)

M = cV (24)

где V — объем воды в литрах, M - количество урана в граммах, с —
концентрация урана в г/л, у =

 2
"U/ "

e
U — отношение изотопов урана.

Если принять V= 1, легко получить следующие соотношения

(25)

с 2 - с,
(26)

X — доля воды 1 в смешанном потоке.
Обычно определение пропорций смешения вод в гидрохимии про-

водят по ионам, которые обладают высокой геохимической активностью,
не образуют труднорастворимых соединений и обладают малой сорбируе-
мостью. Поэтому применение изотопов урана для этой цели требует
дополнительного обоснования, которое легко установить, зная гидро-
химические условия изучаемых объектов и принимая во внимание, что
геохимические свойства урана достаточно хорошо изучены [10].

Применительно к изучению гидрогеологических условий на Миргалим-
сайском полиметаллическом месторождении нами применена эта схема
для определения доли речного стока в наиболее интенсивных шахтных
водопритоках. На изотопный анализ отбирались (рис.1) шахтные воды
5,7,9,13,16,19 горизонтов, воды рек Баялдыра, Бирисека, Кантаги, во-
ды самоизливающих скважин,вскрывающих меловой и палеозойский водо-
носные комплексы. Воды мелового водоносного комплекса, непосред-
ственно примыкающего к палеозойскому, отбирались для оценки воз-
можного перетекания воды из мелового в палеозойский и их вовлечения
в шахтный водоотлив, вследствие образования воронки депрессии. Про-
бы воды палеозойского водоносного комплекса отбирались на достаточ-
ном расстоянии от воронки депрессии. В исследованных водах уран
находился в устойчивом состоянии, не образовывал труднорастворимых
соединений, породы водовмещающего комплекса не содержали соедине-
ний, сорбирующих уран.

Концентрирование урана в полевых условиях проводилось при помощи
специально сконструированных концентраторов на активированном уг-
ле [11] . Содержание урана определялось люминисцентным методом,
изотопный состав — на полупроводниковом альфа-спектрометре с крис-
таллом площадью 5 см. Данные по содержанию урана и величине изотоп-
ного отношения урана для поверхностных и подземных вод приведены
в табл. VI.

Обычно наиболее затруднительно установление факта смешения
вод. Метод неравновесного урана обладает в этом случае значительны-
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ТАБЛИЦА VI . СОДЕРЖАНИЕ УРАНА И ВЕЛИЧИНА ОТНОШЕНИЯ
ИЗОТОПОВ УРАНА В ВОДАХ МИРГАЛИМСАЙСКОГО ПОЛИМЕТАЛ-
ЛИЧЕСКОГО МЕСТОРОЖДЕНИЯ

Источники Содержание U х 10 г/л 23*(J/238(J

Шахтные водопритоки

5 горизонт

7 - " - "Мухаммед" 39±6

9 - " - 13

"карст" 39±6

13 горизонт"санкульский" 13

"центр" 26±6

"юг" 26±6

"восток" 26±6

16 горизонт ^ - 4

19 горизонт 20±4

Реки

Баялдыр 5,2

Бирисек 5,2 "

Кантаги 5,2

Скважины

Палеозойский комплекс

417В 26±6

Меловой комплекс

319В 26±6

616В 26±6

301В 26±6

427В 26±6

+3,9
-1,3

2,01 ±0,03

1,58 ±0,02

2,10 ±0,08

1,41 ±0,02

1,84 ±0,04

1,72±0,02

1,79 ±0,04

2,05±0,17

3,75 ±0,07

2,46 ±0,05

2,03 ±0,02

2,09 ±0,02

1,97±0,02

1,70 ±0,03

2,85 ±0,05

2,40 ±0,40

3,25 ±0,11

2,54 ±0,09

ми преимуществами, поскольку, как указывалось выше, изотопный
состав однозначно характеризует воды определенного водовмещающе-
го комплекса. Факт проникновения поверхностных вод в шахтные во-
допритоки является однозначно установленным (по режимным наблюде-
ниям, по стабильным изотопам и индикаторным исследованиям).

Первоначально рассмотрим обратную задачу: шахтный водоприток
состоит из вод поверхностного стока и воды некоторого изотопного
состава X, который неизвестен. Предельные значения изотопного соста-
ва можно определить, предполагая, что шахтный водоприток либо цели-
ком состоит из речной воды (Х = 1), либо ее не содержит (Х = 0). При
оценке предельных значений величину отношения изотопов урана будем



5 горизонт

7 - " -

9 - " -

13 горизонт

16 горизонт

19 - » -

"Мухаммед"

"карст"

"санкульсай"

"центр"

" юг"

"восток"

2,07

1,62

2,26

1,45

1,92

1,76

1,87

2,39

10

3,34
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ТАБЛИЦА VII . РЕЗУЛЬТАТЫ ЭКСПЕРИМЕНТАЛЬНОЙ ОЦЕНКИ
ВЕЛИЧИНЫ 7 = 2 3 4U/ 2 3 8U

Водоисточник у у
'imax 'гтах

1,00

1,34

1,00

1,11

1,00

1,37

1,43

1,43

3,64

2,36

брать в пределах двойной стандартной погрешности, а содержание
урана — в пределах погрешности определения. Для речного стока в
целом примем величину отношения изотопов урана 2,03 ± 0,01. Тогда
для различных шахтных водопритоков получим данные, представленные
в табл. VII .

Анализ приведенных данных показывает, что изотопный состав
урана вод 7,13 ("карст"), 16 и 19 горизонтов не мог сформироваться
при взаимодействии поверхностных вод и вод палеозойского водоносно-
го горизонта (7 = 1,70 ± 0,03, с = 2,6 • 10~6г/л). Принимая во внимание
достаточно высокое содержание урана в водах 7 и 13 ("карст") горизон-
тов, можно сделать вывод, что воды поверхностного стока не принимают
практически участия в формировании этих водопритоков. Относительно
проникновения поверхностных вод в наиболее глубокие водопритоки 16 и
19 горизонтов сделать определенные выводы нельзя, т .к . если туда и
проникают поверхностные воды, то смешиваться они должны с водами,
имеющими величину изотопного состава урана У >3-4 при содержании
урана с>2 • 10 6 г/л . Однако подобные воды среди исследованных
не обнаружены. Большой радиоуглеродный возраст вод 19 горизонта
(11 тысяч лет) указывает на малую вероятность попадания поверхностных
вод в шахтные водопритоки 16 и 19 горизонтов (учитывая высокое зна-
чение изотопного отношения урана для вод 16 горизонта). Таким обра-
зом, можно считать, что водопритоки 5,9,13 ("санкульсай", "центр",
"юг", "восток") горизонтов образовались при смешании в различных про-
порциях вод поверхностного стока с водами палеозойского водоносного
комплекса. Основные результаты оценки доли поверхностного стока для
отдельных шахтных водопритоков приведены в табл. VIII . Минимальное
и максимальное значения соответствуют величине стандартного откло-
нения от среднего значения для содержания урана. Оценка проводилась
по формуле (26), так как при подсчете по формуле (25) получается вы-
сокая погрешность вследствие близости величин изотопных отношений
и достаточно высокой погрешности его определения из-за малого со-
держания урана.
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ТАБЛИЦА VIII . ДОЛЯ ПОВЕРХНОСТНОГО СТОКА В ШАХТ-
НЫХ ВОДОПРИТОКАХ ПО ДАННЫМ ИЗОТОПНОГО СОСТАВА
УРАНА ПО СОСТОЯНИЮ НА ИЮЛЬ 1971 г

Горизонт

5

7 "Мухаммед"

9

13"карст"

"центр"

" юг"

"восток"

"санкульсай"

16

19

Доля

Наиболее
вероятное

89,5

0

89,5

0

80,0

80,4

90,4

89,5

0

0

Суммарный шахтный 71,1
водоотлив

поверхностных вод

Максимальное

100

0

100

0

92,9

92,9

92,9

100

0

0

78,5

Минимальное

86,1

0

86,1

0

63

63

63

65,2

0

0

54,00

Как видно по результатам таблицы, около 71% вод, вовлекаемых в
суммарный шахтный водоотлив, составляют воды, поступающие в водо-
носные горизонты за счет инфильтрации поверхностных вод.

2. ИЗУЧЕНИЕ ПЕРЕТЕКАНИЯ

Проблема взаимосвязи водоносных горизонтов, разделенных слабо-
проницаемыми породами, имеет большое значение. С научно-теорети-
ческих позиций исследование явления перетекания способствует более
глубокому пониманию природных процессов и, соответственно, построе-
нию более реальных физико-математических моделей гидрогеологичес-
ких систем. С другой стороны, решение проблемы перетекания позво-
лило бы решить широкий круг практических инженерно-гидрогеологи-
ческих задач, таких, как более точная оценка запасов и режимов опти-
мальной эксплуатации месторождений подземных вод, защита подзем-
ных вод от загрязнений, эффективное подземное захоронение промыш-
ленных стоков и т .д . Большую роль в решении этих проблем могла бы
сыграть разработка метода прямой оценки параметров перетекания.

Практически все используемые в настоящее время для решения этих
задач методы являются косвенными. В то же время нам представляет-
ся, что изотопные методы весьма перспективны и в некоторых случаях
могут служить основой для разработки прямых методов оценки состояния
и параметров перетекания.
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Рис.5 . Локальное перетекание без перемешивания взаимодействующих потоков. 1 — по-
роды пласта-разделителя, 2 — породы водоносных пластов, 3 — линии перетекания.

Рис.6. Локальное перетекание с перемешиванием взаимодействующих потоков. 1 — поро-
ды пласта-разделителя, 2 - породы водоносных пластов, 3 - направление движения основ-
ных потоков в зоне перемешивания.

В принципе можно выделить два основных механизма перетекания:
1) локальное перетекание через литологические окна, т . е . через

разрывы сплошности или ослабленные участки пластов, разделяющих
водоносные горизонты (рис.5 и 6);

2) площадное, рассредоточенное перетекание за счет, хотя и
малой, но конечной проницаемости пласта-разделителя, не имеющего
нарушения сплошности (рис.7).

В природных условиях мы можем столкнуться как с указанными
случаями перетекания, так и с их различными комбинациями.
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Рис.7 . Принципиальная схема пространственно-распределенного питания в пласт 1 из
пласта 2 через пласт-разделитель 3, с, и с, - соответствующие концентрации изотопов,
х,у - координаты.

2 . 1 . Локальное перетекание

С точки зрения характера взаимодействия потоков подземных вод
при наличии перетекания можно выделить два крайних случая:

1) перетекающие воды (3) полностью и на достаточно малом рас-
стоянии от места перетока смешиваются с водной массой пласта (1),
рис. 5",

2) перетекающие воды не перемешиваются и имеет место расслое-
ние потоков; в этом случае, в зависимости от геометрии перетока
воды в пласте (1) могут оказаться снизу (как показано на рис.6) потока
или сверху.

В первом случае в потоке (1) вдоль направления его движения
устанавливается концентрация согласно общеизвестным формулам
смещения. В плане это будет проявляться в виде аномалии изотопного
состава, не стратифицированной заметным образом по вертикали.
Причем для концентрации в потоке смешения всегда имеет место соот-
ношение с 2^с s c , , если с,>сг и с ^ с ^ с , , если с,< с г .

В случае отсутствия перемешивания в результирующем потоке долж-
но наблюдаться стратифицирование воды по концентрации изотопов и по
возрасту, если концентрации и возраст воды во взаимодействующих
потоках различны, или если для перетекания требуется существенное
время, чтобы радиоактивный изотоп мог в какой-то степени распасться.
Это обстоятельство может быть использовано в качестве диагности-
ческого признака для установления наличия перетекания, а путем сопо-
ставления величин концентрации, в некоторых случаях возраста и мощ-
ности стратифицированных зон, можно оценить вклады взаимодейству-
ющих потоков.

Таким образом, возможные варианты использования и интерпрета-
ции изотопных данных в случае локального перетекания достаточно оче-
видны. Несколько сложнее дело обстоит с пространственно-распреде-
ленным перетеканием.

2.2. Рассредоточенное перетекание

Принципиальная схема рассматриваемого случая представлена на
рис.7. Перетекание происходит из пласта 1 в пласт 2 через слабопро-
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ницаемый пласт 3. Предположим, что мощность разделяющего пласта
равна Н, расход потока перетекания на единицу площади поперечного
сечения, перпендикулярному направлению перетекания равен

Q = vn (27)

где v — скорость перетекания, п — эффективная пористость пород
пласта-разделителя.

Так как речь идет о перетекании через слабопроницаемые породы,
когда конвективный перенос может оказаться того же порядка, что и
диффузионный, исходное уравнение переноса изотопа из пласта (1) в
пласт (2) следует записать в виде

(28)

В самом общем случае скорость перетекания v является функцией коор-
динаты у, т .к . пористость может изменяться от той же координаты.
Для однородного пласта разделителя можно записать, что v = const,
n= const по координате у. В уравнении (28) D — коэффициент конвек-
тивной диффузии, при очень малых скоростях близкий к коэффициенту
молекулярной диффузии, X — константа распада изотопа. Введя безраз-
мерную переменную z = y/H и безразмерные параметры

А ~ ' Pr-jf (29)

мы получим обобщенное уравнение

Для ненарушенных природных условий можно предположить, что
процесс перетекания стационарен, т.е.^ = 0. Общее решение урав-
нения (30) в этом случае и при начяльных условиях

c(y=O) = c(z=O) = c 2 , c(y=H) = c(z=l) = c, (31)

имеет вид [4]

(с,- сге
2) e r ' z- (с,Р- с2е

Г| ) er*z

с = —¿rr£

где г, = ~ (/3, +>/# + 4/3s ), г2 = - <Д V t f + 4/З,) (33)
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Рассмотрим некоторые частные случаи, вытекающие из общего ре-
шения (32) уравнения (30).

1. Если изотоп стабилен, то X = 0, г3 = jS2 = 0, г, = Д > а само решение
принимает вид

(34)

На рис.8 приведены значения функции (34) в зависимости от переменной
z =у/Н для разных значений параметра /3, . Нетрудно убедиться пре-
дельным переходом в (34) к случаю (VH/D) -• 0, что (см. также рис.8)

(35)

Параметр ft"* 0, если скорость перетекания мала. Таким образом, вид
кривой распределения изотопа в пласте-разделителе является указате-
лем (индикатором) интенсивности процесса перетекания. А сам пара-
метр перетекания определяется из уравнения (34) или по графикам,
аналогичным представленным на рис.8. Параметр jSt-*O также и в том
случае, если скорость v мала, но велик коэффициент диффузии или ис-
чезающе мала мощность пласта Н. В первом случае вряд ли вообще
имеет смысл говорить о перетекании, так как тогда процесс диффузии
воды (точнее самодиффузии) является преобладающим и, с точки зре-
ния гидродинамики, не представляет интереса, а второй случай — тривиа-
лен. D

С другой стороны, если скорость перетока велика, т . е . v »"77 > то
Д » 1 и тогда с(у) = с2 . Следовательно, в этом случае в пласте-раздели-
теле устанавливается концентрация, равная концентрации изотопа в плас-
те, из которого идет перетекание. Этот результат совершенно очевиден
и может явиться диагностическим признаком для установления факта
перетекания. Но зато в этом случае оценка скорости перетекания уже
невозможна.

2. Изотоп радиоактивен и скорость перетока мала, т . е . v-»0, тог-
да /3,̂ -0, г, =VJ37~, r2 = -л/^и из (32) получаем "диффузионное" распре-
деление концентрации вида:

(36)

Если же, наоборот, диффузионным переносом можно пренебречь и рас-
сматривать только конвективный, то jSt = 0 и из (30) для стационарного
случая непосредственно следует, что

(37)
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Р и с . 8 . Зависимость функции F(y/H) для различных значений параметра /3, = vH/D.

В этом случае распределение концентрации в полулогарифмическом
масштабе линейно, а скорость перетекания находится непосредственно
из (37), либо по тангенсу угла наклона графика 1п(с

2
/с(у)) в функции у.

Небезынтересно было бы в критериальной форме оценить условия,
при которых перетекание можно рассматривать как чисто конвективный
перенос. С другой стороны, это условие, очевидно, дало бы возможность
оценки предельной скорости гидравлического перетекания, которую
можно получить с использованием изотопного индикатора (а также и
"химического"), обладающего конечной диффундирующей способностью.
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Приближенно диффузионный поток

(38)

а конвективный

(39)

Если j k> 3D; то преобладает конвективный перенос и наоборот. Оценим
предельное значение скорости перетекания, соответствующее условно
равенству обоих потоков (jk= jD):

v = 2vmin ¿

Таким образом, минимальное значение скорости перетекания, которое
можно определить, прямо пропорционально минимальной разности кон-
центрации, которую мы можем различить, величине коэффициента диф-
фузии изотопа и, кроме того, обратно пропорционально мощности плас-
та-разделителя. Элементарные расчеты показывают, что при б = 10%,
величине коэффициента диффузии в пределах 10 — 10 см2/с , 3,3 —
3,3 10'м2/год и для прослоев мощностью Юм vmin=3,3 * 10— 3,3 • 10 м/год.
С увеличением или уменьшением мощности пласта H на порядок, соответ-
ственно на порядок уменьшается или увеличивается v m i n .

Учитывая, что коэффициенты диффузии для дейтерия и трития име-
ют значения указанного выше порядка, становится ясным, что изотопный
метод имеет весьма низкий порог чувствительности определения ско-
рости перетекания, который вряд ли может быть достигнут обычными
методами. Кроме того, такие изотопы, как дейтерий и тритий, входя
в состав молекул воды, при движении через пласт-разделитель не всту-
пают в реакции, которые могли бы изменить их содержание.

Из рассмотренного следует, что изотопный метод обладает больши-
ми потенциальными возможностями, с точки зрения оценки характера и
величины перетекания из пласта в пласт. Для этого можно использо-
вать данные об изотопном составе воды в водоносных пластах, между
которыми предполагается взаимодействие, а также в пласте, через
который предполагается перетекание. Такие данные могут быть полу-
чены в процессе бурения, специального опробования, в процессе эксплу-
атации водоносных горизонтов и т .п.

К сожалению, для случая скоростей перетекания, сравнимых со
скоростью диффузионного переноса, для количественных оценок необхо-
димо знать величину коэффициента диффузии изотопа в породе пласта-
разделителя. Для этого, по-видимому, следует провести специальные
исследования.

Следует подчеркнуть, что применение изотопных методов не требует
практически выполнения каких-либо дополнительных буровых работ, а
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интерпретацию данных изотопного состава можно осуществить проверкой
альтернативных гипотез (рассредоточенное или локальное перетекание;
конвективное или диффузионно-конвективное и т . д . ) .

Было бы весьма интересно поставить и провести специальные ис-
следования с учетом теоретически проанализированных и быть может
некоторых других возможностей изотопных методов. В настоящее вре-
мя мы не располагаем результатами таких экспериментов, но в качестве
примера попытки оценки перетекания можно привести следующие данные.

На рассмотренном нами месторождении определенные опасения вызы-
вает возможность перетекания подземных вод из мелового горизонта в
палеозойский, в связи с тем, что уровень в последнем понижен и в ре-
зультате воды мелового горизонта оказались "подвешенными".

Полученные нами данные по изотопному составу дейтерия и кисло-
рода-18 (см. табл.1 и II ) не свидетельствуют в настоящее время о наличии
такого перетекания. Данные по изотопному составу урана в водах мело-
вых отложений (2,80±0,04) и в наиболее крупных шахтных водопритоках
так же говорят о том, что в последних мы не обнаруживаем воздей-
ствия первых. Формальный анализ (с использованием формул смешения)
изотопного состава урана показал, что для вод 19-го, самого глубоко-
го горизонта, как будто бы допустима гипотеза их формирования в ре-
зультате смешения вод меловых отложений и поверхностных вод. Од-
нако данные по радиоуглеродному датированию меловых (2700 лет)
и палеозойских вод (20 000 лет) полностью отрицают такую возможность.

3. ИССЛЕДОВАНИЕ ЛИНЗ ПРЕСНЫХ ВОД ПУСТЫНЬ

Нами было проведено исследование распределения радиоуглерода по
разрезу Ясханской линзы пресных вод с целью оценки возраста, а так-
же ее происхождения.

ТАБЛИЦА IX. РЕЗУЛЬТАТЫ РАДИОУГЛЕРОДНЫХ ИССЛЕДО-
ВАНИЙ ЯСХАНСКОЙ ЛИНЗЫ ПРЕСНЫХ ВОД

Пункты
опробования

Скв. ЗП

Скв. 7П

Скв. 35П

Скв. 421П

Скв. ЗС

Скв. 27С

Скв. 29С

Скв. 35С

К-15

Колодец
"метеостанция"

Доля 14С
от совр.

0,19

0,17

0,22

0,20

0,13

0,14

0,12

0,14

0,41

0,65

Условный
со= 1,0

13,500

14,200

12,300

12,000

-

-

-

-

-

возраст, лет
с„ = 0,53

8,200

9,100

6,900

7,800

-

-

-

-

-

-
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Рис.9. Распределение радиоуглерода в водах Ясханской линзы.
I B ~ фильтр в зоне пресных вод,

— фильтр в диффузионной зоне,
— зона заросших барханных песков,

V — схематический солевой профиль,
С — концентрация хлора в г/л.
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Ясханская линза расположена в центральной части Приузбойских
Кара-Кумов. Пресные воды линзы имеют в плане форму эллипса, вы-
тянутого в широтном направлении, длина линзы — 65-70 км, максималь-
ная ширина — около 30км. Мощность пресных вод достигает 80 м,
уменьшаясь к периферии, а глубина их залегания колеблется от 10 до
40 м [12] . Между пресными и солеными водами имеется переходная
диффузионная зона до 40-50 м по разрезу и до 25 км в плане [13] . По
поводу генезиса линзы было высказано много различных гипотез, кото-
рые, в конечном счете, могут быть сведены к двум предположениям:

1) линза образовалась и образуется за счет атмосферной влаги;
2) линза имеет реликтовое происхождение.

Предпринимались попытки определить возраст линзы, который оцени-
вается С.И.Смирновым величиной 4820 лет [13] и H .К .Кульджаевым -
3340 лет [14] . Оба приведенных значения могут рассматриваться лишь
как приближенные оценки ввиду гипотетического характера ряда исход-
ных предпосылок, положенных в основу расчетных моделей.

Нами проведено исследование Ясханской линзы радиоуглеродным
методом. Пробы воды отбирались из пресноводной части линзы (сква-
жины с индексом "П") и переходной диффузионной зоны (скважины с
индексом " С " ) . Были также опробованы воды двух колодцев и пресно-
го озера Ясхана. Образцы анализировались по стандартной методике,
статистическая точность измерения образцов составляет 3-4%. Резуль-
таты приведены в таблице IX и представлены на рис.9.

Из них следует, что воды самого верхнего слоя линзы обогащены
радиоуглеродом по сравнению с основной исследованной частью прес-
ных вод линзы. Этот факт может свидетельствовать в пользу наличия
современного питания линзы.

В основной исследованной части пресных вод линзы наблюдается
относительное постоянство концентрации радиоуглерода (с/с0 =0,17+ 0,22)
Приблизительно постоянное, но меньшее содержание радиоуглерода
(с/с0 = 0,12-0,14) обнаружено и в переходной диффузионной зоне. В этой
зоне концентрация радиоуглерода формировалась в процессе диффузион-
ного смешения бикарбоната пресных вод с более древним бикарбонатом
соленых вод. Количественный расчет соотношения бикарбоната, посту-
пившего в диффузионную зону из пресных и соленых вод, в настоящее
время провести затруднительно в связи с отсутствием данных о гранич-
ных и начальных условиях процесса диффузии. Приближенная оценка
может быть сделана на основании сопоставления расчетного профиля
диффузии бикарбонат-иона с известным диффузионным профилем для
иона хлора и предположительной концентрации радиоуглерода в соле-
ной воде. Расчеты показывают, что вычисленное значение радиоугле-
рода в пресной воде, которая образовала переходную диффузионную
зону, больше, чем измеренная концентрация радиоуглерода в диффузи-
онной зоне, на величину ~ 0,1-0,05. Таким образом, имеются веские
основания считать, что концентрация в пресных водах, смешавшихся
в диффузионной зоне с минерализованными водами, весьма близка к
концентрации в основной части линзы.

В свете изложенного наиболее вероятна гипотеза о почти одно-
временном образовании основной массы пресных вод линзы. В то же
время радиоуглеродные данные свидетельствуют и в пользу наличия
современного питания пресных вод линзы, проявляющегося в изотопном
составе поверхностного слоя линзы.
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В табл.1 приведен также радиоуглеродный возраст линзы, рассчи-
танный из значения начальной концентрации с0 = 1 и с0 = 0,53. Первое
значение приближенно соответствует содержанию радиоуглерода в реч-
ных водах в целом, второе — является средним по результатам анализа
двух исследованных колодцев. Полученные оценки возраста (~ 8000-г
-г 13 000 лет) следует считать максимальными, ввиду того, что имею-
щиеся данные не позволяют ввести поправку на возможное старение
бикарбоната воды за счет изотопного обмена с карбонатом, входящим в
состав водовмещающихся песков.

ЗАКЛЮЧЕНИЕ

Вышеизложенное показывает достаточно высокую информативность
результатов изотопных наблюдений. Проведенные исследования в весь-
ма сложных гидрогеологических условиях района горных разработок
показало также большую эффективность комплексирования изотопных
методов и аналогового моделирования. Дальнейшее совершенствование
изотопных методов, развитие более строгих и более адекватных при-
родным условиям моделей интерпретации данных изотопного состава
значительно расширит возможность решения различных сложных задач
гидрогеологической практики.

Мы приносим свою искренную благодарность Дмитровскому В.И.,
Карбышевой А . А., Горбанину В. П., Ен В. Г. , Павлову А. И. за по-
мощь в организации и проведении полевых наблюдений; Якубовскому А. В.
и Исаеву Н. В. — за проведение изотопных анализов на D и 1 8О, а также
Скомаровскому А.Н., принимавшему участие в сборе геологических
материалов. Мы выражаем свою глубокую признательность проф.Феррон-
скому В.И., усилия которого в развитии изотопных методов оказали
решающее влияние на авторов и на представленную в настоящем докладе
работу.
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DISCUSSION

К. PRZEW.LOCKI: With regard to Eq. 4, which describes a conceptual
model used to derive the mean residence time of water in the hydrological
system, could you give a physical picture of the model and comment on the
trigonometric term in the equation?

V.T. DUBINCHUK: The representation of the input function simply
as a sinusoid is, of course, a simplification; natural distributions comprise
a random and a determined component. In our paper, we generalize by
using a Fourier expansion. Perhaps the most interesting point is that the
amplitude of each sinusoidal component of such an expansion varies in pro-
portion to the term (q/V)2/ [(q/V)+X]2+w2 i . e . it is a function of the ratio
of the residence time of the water in the exchange reservoir to the period
of the change in the input concentration.

K. PRZEWZOCKI: Is there any relationship between the standard which
you used for the stable isotope measurements and the SMOW standard?

V.T. DUBINCHUK: We used the working standard of our Institute,
which is related to the SMOW standard. In the paper, the results are
presented with reference to both standards.

H. A. OESCHGER: With the first model which you described in your
presentation one should observe a phase shift in addition to attenuation of
the seasonal variations in the concentrations of the stable isotopes. Did you
observe such a phase shift?

V.T. DUBINCHUK: Generally, with observation times fixed relative
to one another, there should be a phase shift, but we were not interested
in it as the system was for practical purposes a steady-state one. More-
over, the shortness of the observation time, the experimental errors and
random fluctuations prevent one from detecting the phase shifts in question.

J. DOWGIAZitO: Can you give examples of strata where diffusion
transport is the prevalent mechanism?

V.T. DUBINCHUK: As a physicist I am bound to say that there is no
such thing as completely impermeable strata. In practice, however, one
encounters situations where the dividing strata are very thick and the pressure
gradients are low, so that diffusion transport is the prevalent mechanism.

Z. SMIETANSKI: Can you estimate the change in isotopic composition
associated with a change in the pressure of the groundwater base flow?
I would expect a change in the base flow pressure to affect the movement of
waters from other groundwater-bearing strata and hence the isotopic
composition of the waters.

V.T. DUBINCHUK: The base flow pressure distribution undoubtedly
influences the nature and intensity of water movements. We have given
only theoretical consideration to the possibility of using isotopes in estimating
the relevant parameters — that is to say, we have considered the case of
steady-state pressures and a constant water movement velocity V (otherwise
one has to consider the hydrodynamics and isotope tracer balance equations
together).
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Abstract

GROUNDWATER INVESTIGATIONS WITH ENVIRONMENTAL ISOTOPES.
The development of measuring techniques for environmental isotopes at the Institute of Radiohydrometry,

Munich, is described together with hydrological applications and details of three investigations at present in
progress. The preparation times of samples for deuterium and 18O analyses have been shortened by new prepa-
ration systems. The mass-spectrometric 18O analyses are now conducted in an on-line procedure. For gas
counting tritium from 20 cm3 water samples a propane synthesis method has been developed with a detection
limit of 3 TU. In a hydrological application the mean seepage velocity of surface water in a massif in the
Austrian Central Alps was estimated to be about 20 to 55 m/yr by determining the tritium and deuterium content
of seepage water taken from a mountain tunnel. Tritium and deuterium analyses are again mainly used for
investigating the hydrological interrelation between a drinking water spring in Bad Kissingen (Bavaria) and some
nearby drinking-water wells. Finally, initial results are given for the measurement of MC, UC, tritium, deuterium
and 18O in brines from springs and deep wells at Bad Reichenhall (Bavaria).

INTRODUCTION

Among the tracer methods for hydrological investigations, the deter-
mination of the content of the environmental isotopes deuterium, tritium, 3C,
14C and 18O in water has found successful and increasing use. Nevertheless,
the measuring techniques as well as the hydrological interpretation of the
measuring results still appear capable of development and improvement.

In some cases measurements of environmental isotopes in only a few
samples can provide rapidly and simply important hydrological information
which can be obtained only with difficulty or not at all by other methods.
For example, the detection of tritium in groundwater proves in general that
at least a part of this groundwater was formed after 1953-54 from precipi-
tations, and differences in the deuterium or 1 8О content provide a rapid
method of distinguishing between different origins of the water samples.
Generally, however, the measurement of a large number of samples which
are taken from various points within the area under investigation over a
period of one or more years is necessary. The planning of hydrological
investigations with isotopes, the sampling and the interpretation of the results
should be carried out in close co-operation with hydrogeologists, and at
the same time use should be made of hydrochemical and other conventional
methods.

A short review is given of the state of development of measuring methods
used by the Institute of Radiohydrometry, Munich, with some examples of
initial investigations with environmental isotopes in groundwater which were
begun by the Institute in co-operation with other institutions.

431
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DEVELOPMENT OF MEASURING TECHNIQUES

Deuterium and 1 8 O

The execution of hydrological investigations with isotopes in practical
working conditions requires a sufficiently large number of samples to work
with, good reproducibility of the measuring results, and detection limits
suitable for the problem. As the measurement of isotope ratios in a sample
with a mass-spectrometer lasts about a minute only, an improvement can
be obtained by shortening the time needed for preparing the samples and
calculating the results.

For the deuterium measurement with our mass spectrometer Atlas M 86,
an evaporated water sample (0.1 g) is reduced to hydrogen through zinc wool
at a temperature of about 400°С. By using a magnetically driven centri-
fugal pump [ 1 ] in a circulation procedure it was possible to reduce the
reduction time by half in comparison with the equipment previously used
and thereby to increase the number of samples prepared in a day to 30.

In the mass spectrometer Varian MAT GD 150, used for the measure-
ment of 1 8O and 1 3C as carbon dioxide, the Hg diffusion pump and Hg booster
pump which are normally employed were replaced by an ion pump as has
also been done with the M 86. This dispenses with the need for cooling with
liquid nitrogen and thus with the memory effect in the analysator. It also
does away with water cooling that was previously required for diffusion pumps.

The 1 8 O content of water samples (5 cm3) is measured by employing CO2

gas that has previously passed through an isotope exchange with the water

<*l *— CO,

mass
spectrometer

iXJ—

FIG. 1. System for equilibrating carbon dioxide with water samples (5 cm3) for 1 8O analysis, and connection
to the mass spectrometer GD 150.

(1) Electromagnetic valve ; (2) Hand operated valve ; (3) Motor-driven variable volume ; (4) Pirani gauge
head; (5) Cooling trap (-80°Q; (6) Difference pressure manometer (0-1 atm); (7) Thermostatically controlled
water bath (18 ± 0.2*C); (8) 30 bottles with water samples (canbe shaken); (9) Capillary; (10) Connection
flange; (M) Motor; (P) Vacuum pump.
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FIG.2. Block diagram of the 18O measuring system. The additional digital voltage meter connected with the
amplifier (Ug) is used to keep the gas pressure within the analyser constant. The data output consists of:
(1) Sample number; (2) Mean value (Rjt) from 20 isotope ratios of the lab standard ; (3) Mean value (Rg)
from 20 isotope ratios of the sample ; (4) Mean value ( ^ of 4 differences A=RS — ÏÏst; (5) 618O value
referred to the lab standard ; (6) 618O value referred to S MOW; (7) Twofold standard deviation.

samples. In our new preparation system (Figs 1 and 2 and [2]), which is
connected to the mass spectrometer, the air is pumped out through
capillaries while the water samples are shaken [ 3 ] . Three hours are sufficient
for the equilibration with carbon dioxide also conducted by shaking.

Through the modification of the amplifier in the GD 150 using operational
amplifiers1, the zero drift was considerably reduced. Thus the prerequisite
condition for an on-line measurement evaluation was created.

As indicated in Fig. 2, the ratio of the voltages UA and UB , which are
allocated to the sample gas and the standard gas, are measured with a
digital voltage meter with ratio input. From these ratios the 618O values
are calculated in an on-line procedure. Thirty water samples are now being
analysed daily and in principle a greater output is possi/ble. The maximum
experimental uncertainty in 618O and 6D values is ±0.2%0 and ±l%o respec-
tively.

Tritium and 14C

3H and 14C analyses of water samples naturally require a larger expen-
diture on apparatus and time for preparation depending on the isotope
concentration, and considerably more time for the measurement compared with
the stable environmental isotopes. Figure 3 gives a survey of the techniques
we use for 3H analyses. Of these the most suitable procedure is chosen
depending on the volume of samples available, the expected 3H concentration
and the measuring accuracy demanded.

The benzene synthesis with subsequent liquid scintillation counting has
proved itself for the assay of tritium with a detection limit of about 10 TU
(3 о critérium, 1000 min measuring time). Four samples daily are prepared
with a simple expandable vacuum glass line [4 ] . If the water samples are
allowed to react with acetic acid anhydride to form acetic acid and if one
then continues as with the usual benzene synthesis, the isotope effect due to

We have to thank the staff of the Isotope Hydrology Section, IAEA, for the relevant suggestion.
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Water Sampled 5-1000 ml

Benzene Synthesis:
* C¿H¿ | (CH3C0)20
[2CÏÇC00H

0.9 mol Hj

30 TU 2 - 3 T U 10TU 8TU (<)1-2TU 12 TU «0.3 TU 3TU

FIG. 3. Survey of techniques applied for tritium analysis in the Institute of Radiohydrometry. The diagram
indicates the minimum detectable tritium concentrations according to the 3 о critérium in 1000 min.
о: standard deviation; 1 TU corresponds to 3. 24 pCi/1. The ethane synthesis was used before the propane
synthesis was developed.

Mg-
furnace

M g -
furnace

•water sample

heating mantle

FIG.4. Glass line for preparing propane from water samples (10 and 20 cm3) and propadiene. Up to three
samples daily can be prepared for tritium gas counting.
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the formation of Ca(OH)2 will be diminished or avoided, and the volume of
water required for the synthesis will drop from 50 to 30 cm3 [5] . For the
accurate measurement of environmental tritium in small samples (S20 cm3),
and for the measurement of tritium concentrations below 1 TU after electro-
lytic enrichment, the synthesis and measurement of propane gas produced
from sample hydrogen and propadiene is at a promising trial stage (Figs 3
and 4).

For the extraction of carbon from groundwater for measuring 14C, the
precipitation method [6] was modified by using carbonate-free sodium
hydroxide solution and barium chloride instead of barium hydroxide. In
addition the free and fixed carbon dioxide was extracted in the laboratory
from 60 litre samples with phosphoric acid under reduced pressure. In
this way concentrated salt solutions containing among other constituents
sulphates can also be advantageously dealt with. Methane is used as the
counting gas.

HYDROLOGICAL APPLICATIONS

The possibility of distinguishing between waters of different origin
provided the basis of a number of hydrological investigations using environ-
mental isotopes analyses. If possible these measurements are conducted
together with conventional hydrological and hydrochemical investigations
as well as with single-well techniques I 7] and labelling experiments.

In some cases it was possible to decide with a few tritium analyses
whether groundwater samples contained parts of precipitation waters of
recent years. This question can be of significance in assessing the danger
of infiltration of possibly polluted surface water into groundwater, for
example as a consequence of a leaking well construction. In this connection
our Institute is taking part in isotope investigations on the interrelation
between river water (Danube, Rhine, Main) and groundwater in porous and
karstic aquifers. As a supplement to tracer experiments, deuterium analyses
indicated the close hydrological connection between the Aach spring and the
points in the karst at Immendingen and Fridingen (Baden-Württemberg) where
seepage of the River Danube occurs [8] . In a small area in Ecuador scheduled
for providing water supply, deuterium, 18O and 3H measurements contributed
to the establishment of a water balance and to determining the catchment
area [9 ] . Contributions to estimating mean residence times are expected
from 3H and deuterium analyses of samples taken from precipitation,., surface
and groundwaters and springs, respectively, in a typical mountainous area
and in the Murnauer-Eschenloher Moos area (Upper Bavaria).

Hydrological interrelations between various groundwater reservoirs
were investigated by 3H and deuterium measurements of samples from wells
and springs in a limestone region near Dusseldorf (Nordrhein-Westfalen)
and from three springs near Bissingen (Bavaria). Furthermore, deuterium
analyses carried out in addition to a pumping test and a tracer experiment
contributed to clarifying the hydrological interrelationship between two wells
in a fissured sandstone aquifer near Erlangen (Bavaria) [10]. ^H, deuterium
and 14C analyses were made of water samples from deep boreholes in a
Buntsandstein area, and further analyses are in progress of samples from
karstwater in the Regensburg district and from deep groundwater in the
Bavarian pre-Alp region, in Czechoslovakia and in an arid region. The
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deuterium and 18O contents of groundwater samples from numerous points
in a karst region south of Ljubljana (Yugoslavia) are at present being measured
to obtain information to assist the planning of tracer experiments.

With combined isotope techniques, the seepage flow in the region of
the Sylvenstein dam (Upper Bavaria) was investigated. Deuterium and l8O
analyses enabled the groundwater that flows under the dam to be identified
and distinguished from surface water and fissure water in the rock on both
sides of the dam [7] . Deuterium analyses, supplementing single-well
measurements and a labelling experiment, also helped to determine the
origin of an undesirable outflow of water at an Autobahn building site on
marshland in Upper Bavaria [11].

Finally, information about the input concentrations of deuterium, 3H
and 18O can be obtained from measurements of the isotope content of precipi-
tations at stations in the pre-Alp region and on the northern border of the
Alps.

Three examples of the hydrological problems investigated by isotope
content measurements and also for the problems connected therewith are
given below in more detail.

SEEPAGE FLOW IN A MASSIF

In a 7-km-long tunnel which traverses a massif in the Austrian Central
Alps (Tuxer Hauptkamm of the Zillertaler Alps), K. Mignon, of Innsbruck,
collected samples of dripping seepage water in April 1972 whose 3H and
deuterium contents were determined in our Institute (Fig. 5). The whole
massif contains cracks and joints at irregular intervals. In this joint system,
which is filled with triturated material, there is a flow of water ranging
from dripping water to spring-like outflows up to 10 l i t res /s .

If, as a rough simplification of the natural conditions, a uniform vertical
component of the seepage velocity of infiltrated surface water (meltwater,
precipitation, brook water) is assumed for the massif above the tunnel, it
is possible to estimate the order of magnitude of the mean vertical seepage
velocity from 3H concentrations in water samples from the tunnel as follows:

As the seepage water from the middle part of the tunnel contains practi-
cally no bomb-produced tritium, the seepage time must have been at least
18 yr (provided that the water does not originate solely from old glacier ice).
Therefore, with the height of the overlying massif as approximately 1000 m,
a maximum vertical component of the seepage velocity is 55 m yearly. On
the other hand the seepage water contains marked bomb tritium at both ends
of the tunnel with an overburden of 350 to 450 m or less. Thus it must be,
for the most part, younger than 18 yr, and this indicates a minimum vertical
seepage velocity of about 20 m yearly. The decrease in the deuterium content
with increasing height of the overlying massif (Fig. 6) indicates the growing
altitude of the infiltration area because of the isotopic altitude effect which
is of the same order as reported previously [ 12]. Thus it can be concluded
that the seepage flow is mainly directed vertically downwards.

The anomaly of the deuterium concentration of the sample taken at
4.2 km in the tunnel (Fig. 6, ¿D value in brackets) can be caused by seepage
water fro,m the glacier located above. Samples from a glacier run-off and
glacier ice showed an enriched deuterium content in the range of 6D = -90
to -100%oin agreement with values obtained in the glaciered Ôtztal Alps,
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FIG.5. Cross-section of a massif in the Austrian Central Alps and results of tritium and deuterium analyses
carried out on samples of dripping seepage water taken in a tunnel.
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FIG. 6. D content of seepage water in a moutain tunnel in dependence on the height (H) of the overlying
massif.
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Austria [13]. Nevertheless a tritium concentration of about 260 TU was
found in the glacier run-off, being of the same order of magnitude as in the
Ôtztal Alps [ 13]. It can thus be taken for granted that water that infiltrated
from the glaciered area into the ground during the last two decades has been
labelled by bomb tritium, as has been the case in the non-glaciered areas.

INTERRELATION BETWEEN A SPRING AND WELLS

Until 1972 Bad Kissingen (Bavaria) obtained its drinking water mainly
from the Liebeskind spring situated within the town boundaries (about 200 m
above sea level; discharge about 55 l i t res/s) . To extend the drinking water
supply five wells were drilled at a distance of 2 to 2. 5 km from the spring
at an elevation of about 260 m above sea level and down to a depth of 100 to
150 m. In co-operation with the Bavarian Office for Water Supply and Water
Protection (G. Andres), the water works in Bad Kissingen and our colleague
H. Batsche (Geologist), investigations are being made concerning the extent
to which isotope analyses can contribute to clarify the question whether there
is a hydrological connection between the spring and the wells that can lead
to a mutual deterioration in the water supply. The spring probably obtains
its water, like the wells, from a Muschelkalk formation.

Over a period of two years the tritium concentrations in the spring were
between 75 and 95 TU, and were not significantly exceeded by any well
water (Fig. 7). The tritium content of the groundwater from the wells fluc-
tuated between about 35 TU and the tritium content of the spring. One
interpretation of these results, for example, is that the spring and the wells are
fed by different "groundwater reservoirs" but that the wells possibly contain
at times portions of water from the groundwater reservoir assigned to the
spring, under hydraulic or hydrological conditions which still have to be
investigated more closely.

TU

100-

80-

60-

40-

20-

1971
12. 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 1. 2. 3. 4. 5. б / 7. ' 8 . ' 9. ' 10.' 11.' 12. 1. '

1972 1973

FIG. 7. Tritium concentrations of water samples from the Liebeskind spring and from five deep wells (I, II,
IV, V, VI) in the Bad Kissingen district. The threefold standard deviation of the tritium concentrations lie
between ± 5 and ± 16 TU.
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FIG. 8. Monthly means of the deuterium contents of individual precipitations in Bad Kissingen (no samples
were available for Dec. 1972 and March, Sept., Nov. 1973). The deuterium content of groundwater samples
taken from the Liebeskind spring and from the wells Nos I, II and VI differs only slightly within the range
indicated by " I " .

TABLE I. TRITIUM CONTENT (TU) IN MONTHLY PRECIPITATION
SAMPLES FROM BAD KISSINGEN (BAVARIA) (3 a = ± 10 to ± 15 TU)

\Month

Year v .

1972

1973

J

217

F

52

M

145

A

102

74

M

137

212

J

208

122

J

212

112

A

123

109

S

98

О

58

N

88

D

Despite strong seasonal fluctuations in the deuterium content of the
precipitations, all 6D values (related to SMOW) of the water in the spring
and the wells under investigation lie in the small range between -61 and
-65%o (Fig. 8). This strong damping effect and the coincidence of the annual
average of the deuterium contents in the precipitations with the deuterium
content of the groundwater corresponds with the experience of other authors
[ 14]. An assumed seasonal variation in the deuterium content of the ground-
water does not seem to be clearly established. If one assigns the difference
in the mean ÓD values for the spring and, e .g . , for well II differing altitudes
of the catchment areas and if one assumes an isotopic altitude effect of about
-2%o/lOOm[ 15], it follows that the catchment area for the spring lies on an
average up to about 70 m above the catchment areas of the wells. The alti-
tudes in the environs of Bad Kissingen differ in fact at the most by 200 m.
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From the tritium results (Fig. 7 and Table I) it can be concluded that
the mean residence times of the water from the wells in general are longer
than the residence time of the spring water. If one assumes for geological
reasons that the groundwater is recharged all the year round, a considerable
part of the water from the wells and the spring must have been formed from
precipitations more than a decade ago.

MEASUREMENT OF ENVIRONMENTAL ISOTOPES IN BRINES

In co-operation with the State Salt Mine Reichenhall (Upper Bavaria),
investigations were begun to find out to what extent measurements of isotopes
could clarify the origin of the brines in Bad Reichenhall.

Bad Reichenhall (470 m above sea level) lies in the northerly border
region of the Kalk Alps. In the "spring halls" in Bad Reichenhall some
springs emerge at a depth of about 13 to 15 m from fissured rock with a
salt content of 1 to 24% and a total discharge of some litres per second.
The salt content is created through a dissolving process in the so-called
Haselgebirge which consists of fine sandy clays containing rock salt, gypsum,
anhydride, etc.

In February 1972, the analysis of the spring water with the highest salt
concentration showed a 14C content of (17 ± 22 )% modern, a tritium, content of
36 TU and a 618O value of -10.9%o, and in April 1973 almost unchanged
tritium and 18O contents were obtained. It seems that a mixture of ground-
water had been formed from precipitations during the last few years and
from groundwater with an age of more than two decades. In April 1973,
other springs showed tritium contents of 182 to 222 TU, which indicate mean
residence times of some years. Their 618O values lay between -10.6 and
-11. O%o sothatthe water probably comes from catchment areas with almost
the same mean altitude.

At a distance of about 0.5 to 1.5 km from the springs, boreholes have
been sunk recently from which brine with a 26% salt concentration is being
pumped out from a depth of about 500 m. Investigation of brine samples
from four boreholes showed a 14C content of about (6 ± 1)% modern, which
would correspond to a !4C model age of about 20 000 years. This may pro-
bably be considered only as a maximum age, for the 6PDBC values are
between -3.2 and -4.9%o and thereby in a range in which an age calculation
is considered to be invalid, e.g. due to the danger of an exchange loss in
14C. Magmatic carbon dioxide is presumably not responsible for the enriched
13C content of the dissolved bicarbonate.

The brine from a further well, which was markedly different in its
chemical composition from the other brines, showed a 14C content of
(2.7 ± 1.8)% modern.

No tritium (<1 TU) was detected in the brines from the wells. The 618O
values from two deep well brines amounted to -11.2 to -11.5%o, and were only
slightly lower than the 618O values of the recent salt waters from the springs.
The correction suggested by Sofer and Gat [16] for 618O values measured
after equilibration of CO2 with salt solutions is so small in the case of the

Threefold standard deviation.
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NaCl» brines dealt with that it may be disregarded. 6D values measured so
far on brines from deep wells and springs correspond to altitude levels in
the environment of Bad Reichenhall and satisfy the relation 6D = 8 618O + 10.

In agreement with the suggestion of geologists, it is assumed that the
brine water will be confirmed as of meteoric origin. Further investigations
will determine among other things whether the isotope content will change
depending on the amount of brine pumped out of the wells.
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DISCUSSION

B. T. VERHAGEN: It would seem from Fig. 7 that you are dealing with
an aquifer in which there are waters with at least two different tritium con-
centrations, the water with the higher tritium concentration feeding the
spring and the water with the lower concentration being tapped by the bore-
holes. In view of the large variations in tritium concentration observed in
the boreholes, I should like to know something about the pumping history
of the boreholes.

W. RAUERT: Until now the amount of water pumped from the wells has
been less than the discharge of the spring. The wells are pumped inter-
mittently, which will have to be taken into account when the results are being
interpreted.

B.T. VERHAGEN: Thank you for this information. It is gratifying to
see this phenomenon clearly displayed, with high and unequivocal tritium
concentrations. In the Southern Hemisphere we encounter situations which
are similar but much less clearly displayed.

P. KIR KO V: Have you performed any calculations of enrichment in
deuterium during recrystallization?

W. RAUERT: No, we have not. It was possible to explain the 6D values
for the samples of seepage water collected in the tunnel in terms of the isotope
altitude effect occurring in precipitation— including snow meltwater (see
Fig. 6). As regards the one anomalous 6D value (for the sample collected
at a point 4.2 km along the tunnel), it was not necessary to perform calcu-
lations of enrichment in deuterium as there was experimental evidence of
such enrichment — samples of glacier run-off and glacier ice exhibited
similar deuterium enrichment, in conformity with what we expected following
studies on the glaciers of the Ôtztal Alps.

D.B. SMITH: With regard to Fig. 5, how does water move within the
massif?

W. RAUERT: It moves via joints and fissures filled with fine granular
material.

D.B. SMITH: This investigation has revealed an interesting "piston"
type of displacement flow in fissured strata and indicates that no rapid short-
cut transport mechanism exists.

J.Ch. FONTES: I have a comment on the problem of the spring and
the associated wells.

The stable isotope concentrations do not differ much, for they lead to
a difference in "isotopic recharge altitude" of about 70 m. The theory that
there are two different groundwater reservoirs is therefore based on the
differences in tritium concentration, the downstream spring containing on
average 80 TU during 1972-73 and the wells containing on average 50 TU.
Is it not possible that there is only one aquifer, where the oldest waters of
the spring contain more tritium, for the concentrations of tritium in precipi-
tation are decreasing? Roughly speaking, with such a decrease, this would
imply a transit time of 1-2 years between the wells and the spring, which
are 2.5 km apart. Do the hydrogeological and hydrochemical data contra-
dict such a theory?

W. RAUERT: The results of our isotope investigations will be discussed
together with the hydrogeological and hydrochemical data after the current
studies have been completed.
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The possibility that there is only one groundwater reservoir for the
spring and the wells cannot be ruled out; on the other hand, the area under
investigation is a tectonic one, and the spring and the wells may therefore
exploit different reservoirs.

It is unlikely that the well waters are on average younger than the spring
waters. From the results of our measurements of tritium in precipitation
(see Table I) it appears that, even assuming that recharge occurs exclusively
in winter, tritium concentrations as low as those which predominated in the
well waters over the past ten years can be explained only in terms of an
admixture of older waters with little or no tritium.

A transit time of 1-2 years between the wells and the spring would imply
(see Fig. 7) a decrease in the tritium concentration in the spring waters
during the two-year sampling period. Such a decrease has not been observed.

Lastly, slight but systematic differences between the 6D values for the
spring waters and the waters from some of the wells suggest that the recharge
zones are not entirely identical.

B.R. PAYNE: With regard to the comments made by Mr. Fontes, I
should like to warn against using a non-conservative environmental radio-
active tracer in studying the origin of water. In the present case, the wells
are 40-90 m below the level of the spring. Therefore, if the wells tap lower
and older water-bearing strata of the same water-body, contrary to your
interpretation one would not expect the waters to have the same tritium
concentration.

W. RAUERT: Layering of the groundwater, with the age increasing
with increasing depth of the water-bearing strata, would be a more precise
description of the situation in the groundwater reservoirs. In arriving at
a final interpretation, however, one must take into account information con-
cerning the geological situation and hydrogeological data which are not yet
available.

S. GAONA VIZCAYNO: I understand that the massif where you studied
seepage flow consists of fractured crystalline rock with the fractures filled
with granular material. That being so, might not the hydraulic conductivity
values determined on the basis of tritium values be different if one took into
account horizontal movement through cracks?

W. RAUERT: From the sufficiently well established dependence of the
deuterium content of the seepage water on the height of the overburden (see
Fig. 6) we have concluded that there is no significant horizontal movement
of water in the massif.

S. GAONA VIZCAYNO: Was the granular medium saturated at the filtra-
tion sites in the tunnel?

W. RAUERT: I do not know.
In this connection I should like to add that it seems possible to obtain

a lower limit for the volume of the fissures in the rock above the tunnel from
the mean vertical seepage velocity and from the fairly well-founded estimate
of what fraction of the precipitation infiltrates at the surface of the massif-,
one arrives at a figure of the order of 1% of the massif volume.
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Abstract

ISOTOPIC MEASUREMENTS IN RESEARCH ON SEAWATER INGRESSION IN THE CARBONATE AQUIFER OF THE
SALENTINE PENINSULA, SOUTHERN ITALY.

Cretaceous calcareous and dolomitic rocks, bedded, jointed and karstified, and hence generally very
permeable, form the basement of the Salentine Peninsula. These rocks constitute a huge aquifer with fresh and
brackish groundwaters that float on groundwaters of marine origin. Sea level constitutes the base level of the
ground waters. A basic outline is first given of the hydrogeology and the paleohydrogeology, so as to provide
the necessary background information on the seawater intrusion phenomenon and to permit comparison of the
results of the isotope data with those obtained by the classical methods of hydrogeological investigation. This
is followed by presentation of the results of the isotopie measurements on 18O, D, 13C and M C. The 6ÖC
contents indicate, in good agreement with the carbon dioxide and bicarbonate concentrations, that seawater
ingression leads to the migration of carbon dioxide from the fresh and brackish waters towards the subjacent
intrusive waters of marine origin. Along those stretches of coast where the seawaters are in direct communication
with the groundwaters, all the isotope data point to very active renewal of groundwaters of marine origin by
seawater. In the central parts of the peninsula and along those stretches of coast where direct communication
between seawaters and groundwaters is impeded by impervious clays, the 14C contents indicate that the
seawater intrusion and consequently the migration of carbon dioxide are either very slow and continuous in time
or that they occurred relatively rapidly in the past. Taking into consideration the paleohydrogeology of the
peninsula, and the fact that the 618O and 6D values are higher than those of the present seawaters, leads to the
belief that seawater intrusion may well have occurred during major variations in the sea level in the past, when
climatic conditions were different from those now prevailing.

1. INTRODUCTION

The problems stemming from seawater intrusion in a coastal aquifer
are well known.

Intensive hydrogeological studies of the conventional type have clarified
many aspects of the phenomenon in the Salentine Peninsula. The main pur-
pose of the environmental isotope investigations was to introduce the time
factor in the relations between seawater and groundwater.

An assessment of the renewal of the groundwater of marine origin along
those stretches of coast where very permeable terrain outcrops, and

445
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especially if marine estavelles are present, is of particular interest relating
to the possibility that the groundwaters are polluted by the sea, in which all
manner of wastes are nowadays dumped.

For a better understanding of the results obtained with the environmental
isotope investigations, a brief outline is first given of the hydrogeology and
paleohydrogeology of the area in question.

2. HYDROGEOLOGICAL OUTLINE

Cretaceous, calcareous and dolomitic rocks, bedded, fractured and
karstified, and hence generally very permeable, form the base of the
Salentine Peninsula. Here fresh and brackish groundwater continually floats
on salt groundwater because of the intrusion of the sea into the peninsula.
The sea level thus constitutes the base level of the fresh and brackish
groundwaters. The gradient of the water table is always less than l%o and
locally may be as low as 0. l%0.

Isotope investigations have been carried out in the central part of the
Salentine Peninsula (Fig. 1), in a flat area generally 30-50 m above mean
sea level.

Mean annual rainfall is 620 mm, 26. 6% of which (165 mm) falls in the
spring and summer (from April to September) and 73.4% (455 mm) in the
autumn and winter (from October to March). As evapotranspiration is much
more marked in the spring-summer period (when the mean air temperature
is 21. 6°C, against 11. 9°C in the autumn-winter period), it ensues that the
groundwaters are recharged almost exclusively during the months of October
to March inclusive.

The temperature of the main coastal springs ranges between 17. 5° and
18. 5°C, seasonal variations being less than 0. 3 degC. This shows that the
springs are not fed directly by infiltrating waters but that they drain aquifer
waters, as confirmed by the relatively constant discharges, notwithstanding
the very considerable seasonal variations in rainfall.

The groundwaters are not recharged solely by the infiltration of rain on
the outcrops of the permeable Cretaceous limestones and dolomites. Indeed,
in the south-western part of the area shown in Fig. 1, recharge occurs also
by concentrated infiltration in terrain that is not very permeable or which is
practically impervious: run-off gathers in natural channels and reaches the
aquifer via swallow holes.

In the north-eastern part of the area shown in Fig. 1, on the other hand,
recharge is mainly by subsurface flows from the extensive outcrop of
limestone and dolomite, which receives good rainfall, located to the north-
west of Mesagne.

As regards the connection between the groundwaters and the sea, along
the Adriatic coast a strip of silty clay, sandy silt and calcarenite, irregularly
permeable or practically impervious, overlying permeable limestone and
dolomites lying beneath sea level, impedes outflow of the groundwaters to
the sea. Indeed, outflow occurs mainly through a number of springs, the
largest of which is the Idume Spring (labelled ID, Spring in the figures;
discharge 1000 l i t res /s [1] ). The same situation is encountered along the
Ionian coast starting from a point 5 km north-west of Porto Cesáreo, where
almost the whole seaward flow occurs through the Chidro (CH. ) Spring
(discharge 2500 l i t res /s [2]) and the Boraco (BR. ) Spring (discharge
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FIG.l. Schematic hydrogeological map of the central part of the Salentine Peninsula. 1: Cretaceous
limestones and dolomites, permeable because of fissuring and karstification; 2: Mio-Plio-Quaternary
formations with some primary permeability (calcarenites) or practically impervious (silts and clays), but
permeable as far as recharge of the deep aquifer is concerned, since run-off is conveyed to the aquifer via
swallow holes or via neighbouring outcrops of Cretaceous limestones and dolomites; 3:Mio-Plio-Quaternary
formations with little primary permeability or practically impervious; Quaternary formations with little
primary permeability impervious; 4: Mio-Plio-Quaternary formations with little primary permeability
or practically impervious, covering Cretaceous limestones and dolomites lying beneath sea level and hence
impeding outflow to the sea; 5: Wells in which environmental isotope measurements have been made;
6 : Marine estavelles or groups of marine estavelles ; 7 : Springs or groups of springs ; 8 : Swallow holes
conveying surface run-off to the aquifer; 9: Underground watershed of the fresh and brackish ground waters ;
10 : Trend of water-table contours (in metres above mean sea level) ; 11 : Main directions of groundwater
flow; 12: Lines followed by the sections in Fig.4.

200 litres/s). In the Porto Cesáreo area, however, where the limestones
and dolomites outcrop right down to the sea, outflow occurs in diffused form
or through numerous springs.

The outflow of groundwater occurs more readily and more abundantly
towards the Ionian Sea, as is shown by the fact that though the aquifer is
recharged most heavily in the south-westerly part, the underground water-
shed lies decidedly closer to the Adriatic Sea. However, the combined
action of outflows towards the Ionian and Adriatic Seas is such as to attract
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undergound flows both from the north-western and south-eastern areas of
the peninsula, as shown by the trend of the water-table contours and hence
the direction of groundwater flows (Fig. 1).

The waters of the coastal springs draining the aquifer, all brackish
(rarely containing less than 2 g/litre of salts and sometimes over 8 g/litre),
carry to the sea large quantities of water of marine origin, mixed with fresh
groundwaters, because of the molecular diffusion and dispersion which occurs
at the sea-groundwater/fresh-groundwater interface. A similar quantity
of salt water, of course, then flows inland from the sea. In addition there is
the seawater which moves to and from the land mass because of seasonal
fluctuations of the interface. The phenomenon is clearly indicated by the
existence of marine estavelles in the Porto Cesareo-San Isidoro area, where
the limestones and dolomites outcrop down to the sea [3].

Examination of the temperatures of the groundwaters in relation to
recharge and groundwater circulation shows that the thermal regime is
stationary [4] ; this fact indicates that at present the hydrological regime is
stationary also. Therefore for the most part the same quantity of water
flows seawards each year as infiltrates into the subsurface.

The chemical composition of the perched groundwaters, which have no
connection with the sea or with the groundwaters of marine origin, is similar
to that of the fresher waters floating on the groundwaters of marine origin

1000

500

Ca* Mg

FIG. 2. Chemical composition of the Ionian Sea (I .S.) , sea-groundwaters (CH Well at 170 m), brackish
groundwaters (CH Well at 118 m) and fresh groundwaters (SR Well at 30 m), and also of spring MT. draining
a perched aquifer.
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FIG.3. Schematic sections through the Salentine Peninsula, showing thickness and extension of fresh and
brackish groundwaters at present (bottom) and at the climax of the last marine regression (top).

(henceforth referred to simply as "sea-groundwaters"). Likewise,, the
chemical composition of the sea-groundwaters is more or less the same as
that of the sea (Fig. 2).

As regards the paleohydrogeology, it is known that in the Late Pleistocene
important variations occurred in the sea level through glacial eustasy, and
locally through tectonic movement. A fair amount is known about relative
movements between the sea and land in the Salentine Peninsula during the
Tyrrhenian and Holocene periods [5 - 7] . In particular, during the time
of the last maximum regression, some 14 000 years ago, the sea was about
100 m below its present level. The Flandrian transgression then began,
which brought the sea to its present level. This rise in sea level reduced the
distance between the Ionian and Adriatic Seas by about one third and hence
also reduced by the same amount the thickness of the fresh and brackish
groundwater lens, which is a direct function of the distance from the coast-
line, naturally, for given values of discharge and permeability (Fig. 3).
Therefore as the level of the sea rose during the Flandrian period, the
volume of fresh and brackish groundwater was reduced to less than half.
Consequently, whereas on the one hand the seaward outflow was generally
greater than the corresponding recharge, on the other hand, to compensate
for the big reduction in volume of fresh and brackish groundwaters, the
level of the underlying sea-groundwater rose, and inflow of seawater
occurred.

3. ENVIRONMENTAL ISOTOPE INVESTIGATIONS

Table I sets forth some chemical and isotope data, 18O, D, 13C and 14C,
of the waters sampled.

Isotope data on the Ionian Sea, Adriatic Sea and on water sampled at
various depths in six wells which reached the sea-groundwaters, as well as



TABLE I. CHEMICAL AND ISOTOPE DATA

No.

1

2

3

4

S

6

7

8

9

10

11

12

13

14

Location

Boraco Spring (BR.)

Cbldro Spring (CH.)

Idume Spring (BO.)

CH WeU

m 40

m 69

m 86

m 118

m 147

m 170

SI-1 WeU

m 19

m 30

m 40

SI-3 WeU

m 9

m 19

Collection Date

9. 2.1971

S. 2.1971

14. 7.1971

2. 2.1971

2. 2.1971

3. 2.1971

2. 2.1971

30. 7.1971

30. 7.1971

9. 7.1971

9. 7.1971

13. 7.1971

13. 7.1971

13. 7.1971

t

со
17.4

18.4

18.2

17.4

17. S

17.5

17.5

17.9

18.0

17.0

17.0

17.1

17.2

17.9

PH

7.00

7.40

7.24

7.07

7.17

7.05

6.97

-

7.27

7.26

7.06

7.40

7.17

7.2S

a"
(meq/I)

29.2

59.8

114.8

39.5

42.0

54.9

55.2

594.9

594.5

31.9

44.0

581.9

55.4

580.2

HCO¡
(meq/D

5.94

6.15

4.29

6.23

6.24

6.20

6.12

2.40

2.53

5.54

5.63

2.36

5.48

2.40

coi"
(meq/1)

.

-

-

-

-

-

-

-

-

-

-

-

-

-

rc
(mWt)

5.8

5.6

4.1

5.8

5.5

5.5

6.5

2.3

1.9

5.3

5.8

1.9

5.1

1.7

«"OSMOW
(*O

-5.5

-5.3

-4.2

-5.9

-5.7

-5.7

-5.6

+1.8

+1.7

-5.4

-5.3

+1.3

-5.1

+1.3

bDSMOW
Cfc)

•34.5

-33.5

-26.5

-33.5

-33.0

-32.0

-32.0

+10.0

+11.0

-31.5

-31.0

+ 8.5

-29.5

+ 8.5

o » c P D B z c

-10.70* 0.5

- 9.50 e 0.5

- 9.541 0.5

-10.801 0.5

-11.30 i 0.5

-10.701 0.5

-12.101 0.5

- 7.091 0.5

- 5.171 0.5

-11.841 0.5

-13.401 0.5

- 5.001 0.05

-13.931 0.5

- 3.701 0.5

"с
(*Mdn)

41.110.8

24.3 i 0.7

52.71 0.8

35.Il 0.7

49.31 0.7

35.71 0.7

30.4 i 0.7

5.5l 0.2

64.010.8

65.41 0.8

46.71 0.7

66.910.8

92.610.9



IS

16

17

18

19

20

21

22

23

24

25

26

27

28

29

CS Well

m 66

m 108

m 175

m 184

SR Well

m 30

m 70

m 146

m 154

C-5 Well

m 33

m 70

Minio Spring (PL.)

Tre Fontane Spring (TRF.)

Mootallerl Spring (MT.)

Ionian Se*

Adriatic Sea

23. 2.1971

24. 2.1971

25. 2.1971

6.12.1972

17. 2.1971

18. 2.1971

19. 2.1971

5.12.1972

14. 7.1971

14. 7.1971

4. 1.1972

4. 1.1972

11. 1.1972

13. 7.1971

14.10.1973

16.8

16.8

17.1

17.1

17.2

17.5

19.4

19.4

16.6

18.4

16.2

15.0

14.1

*

-

-

-

-

7.00

7.00

-

-

7.27

7.40

7.78

7.15

7.70

8.03

2.3

37.8

562.3

565.2

7.3

12.3

587.3

584.3

15.4

581.5

1.15

1.62

2.32

593.2

583.4

4.37

S.OO

2.68

4.93

4.79

2.65

4.59

2.46

3.26

4.82

5.40

2.42

2.25

-

-

-

-

-

-

-

-

-

-

-

-

0.35

0.33

3.6

4.1

-

2.5

5.1

4.6

2.3

2.5

4.2

2.3

3.5

4.5

4.5

1.4

1.5

-5.1

-4.9

+1.0

••0.80

-6.10

-5.9

+1.2

+1.44

-5.8

+1.3

-6.0

-5.7

-5.6

+1.3

+0.83

-31.0

-30.5

+ 6.5

+ 6.1

-36.1

-34.0

+ 7.5

+ 9.2

-33.5

+ 9.0

-34.5

-33.5

-33.0

+ 9.0

+ 7.5

-14.371 0.5

-11.30* 0.5

- 8.87 i 0.5

- 7.60 1 0.05

-14.40 * 0.5

•13.32* 0.$

- 5.61* 0.05

- S.29* 0.05

-10.90* 0.5

- 4.09* 0.05

-11.60* 0.1

-12.20* 0.1

-

- 3.30* 0.5

- 2.60* 0.5

77.2* 0.8

-

1.4* 1.4

-

64.2* 2.4

S5.8* 2.0

1.8* 0.6

-

51.4* 0.8

31,7*0.7

97.0 i 0.6

82.8*0.8

-

111.9* 1.0

81.0* 0.8



CH.SPRING

+1.3
111.9

+9.0
-3.3

ID. SPRING
-4.2
52.7

-26.5
-9.5

+0.8
81.0
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FIG.4. Location of wells and springs and schematic sections showing isotope data (I.S.
A.S. : Adriatic Sea).

Ionian Sea ;



IAEA-SM-182/38 453

on water from the Chidro (CH. ) and Idume (ID. ) Springs are shown in parts A
and В of Pig. 4. The samples of well waters were taken in the absence of
vertical currents, except for the sample of fresh water from the C-5 Well.

The locations of the wells and springs, the directions followed by the
sections in parts A and B, the isotope data of the Boraco (BR. ) Spring,
and the locations and isotope data of three minor springs (MT., PL. and TRF. )
issuing from small perched aquifers, are all shown on the map (part C)
in Fig. 4.

О well
• spring

О spring (perched
groundwater)/

-7 -5 -4 -38
5180(%o)

-34 -30 -26
5D(%o)

FIG. 5. Relation between 618O and СГ content and between 6D and Cl~ content for fresh and brackish
ground waters.

3.1. 1 8 O and deuterium

The average б18О and 6D contents of the perched groundwaters are
-5. 8%o and -33. 7%0 respectively. These values are slightly below the mean
(618O = -5. 4%o , <5D = -32. l%o ) of the fresh and brackish waters floating above
the sea-groundwaters.

It is said that the waters above the interface are often brackish because
of contamination from the underlying sea-groundwaters.

As far as the isotope data are concerned1, it is apparent from Fig. 5
that the relationship between the chloride ion contents on the one hand and
the <518O and 6D values on the other is not clearcut, though it can be readily
recognized. In Fig. 6, where the 6D and б18 О values are compared, the
fresher waters (Cl~< 15 meq/litre) are practically indistinguishable from
those which are not so fresh (Cl~ = 15-115 meq/litre).

See also Ref.[8] and E. Tongiorgi in discussion to Ref.[9].
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o Cl'<15meq/l

A cr>15meq/l

-20

-30

-40
-6 - 5 5180(%o) -4

FIG.6. Relation between 618O and 6D for fresh and brackish groundwaters.

С Н (170 m)

i.s.D
SI-l(40 ni)^_
SI-3U9 m>'

+1 +2
5180(%o)

+10-

CO

+ 6 -

SRÍ154 m)

05(70 m)O

A.S.D

i i i

+1 +2
5180(%o)

FIG.7. Relation between 618O and 6D for seawater (I .S. : Ionian Sea; A . S . : Adriatic Sea) and for sea-
groundwaters of the Ionian (CH, SI-1 and SI-3) and Adriatic (C-5 and SR) coastal areas.

What, in fact, happens in the 6D-618O diagram (Fig. 6) is that the factors
which together determine the isotope content of the waters that percolate
into the subsurface (mainly seasonal influence of the isotope contents and of
the rainfall; diffused or concentrated infiltration conditions, in relation to
the evaporation of the surface run-off waters) are such as partially to mask
the effects of contamination caused by the underlying sea-groundwaters.
Furthermore, the factors that together determine the chemical composition
of the waters that penetrate below ground (mainly the influence of the distance
from the shoreline [10] and dissolution, during rainy periods, of the salts,
left on the ground surface through evaporation of the rainwaters during dry
periods) are responsible for the dispersion of the pairs of values that may
be observed in the С1"-б О and СГ-óD diagrams (Fig. 5).
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The average isotope contents of the sea-ground water s are a little higher
than those of the sea itself, the former averaging <518O = +1.31%o , ÔD = +8.48%o ,
and the latter ó18O =+1.07%o and <5D = +8.25%0.

In particular, in the case of the San Isidoro area, the sea-groundwaters
and the Ionian Sea have stable isotope contents that are very similar (Fig. 7).
The isotope data, in good agreement with the results of hydrogeological
investigations [3,11], thus point to the existence of a direct connection
between the sea on the one hand and the groundwaters on the other.

With regard to the coastal areas where communication between the
sea and sea-groundwaters is hindered by irregularly permeable or impervious
formations, the heavy isotope contents of the sea-groundwaters on the Ionian
and Adriatic sides of the peninsula are well above those of the waters of the
Ionian and Adriatic seas respectively (Fig. 7). Hence ingression of the sea-
water occurred when climatic conditions were different from what they are
at present.

3.2. 13C

It is well known that the behaviour of the carbon isotopes (13C and 14C) is
closely bound up with the chemistry of COg and of the carbonates. The latter
is a rather complex subject and even today many aspects are not completely
clear [12]. The application of carbon isotopes to the study of groundwaters
therefore still involves many unknowns.

As far as the groundwaters of the Salentine Peninsula are concerned, the
relationships between pH and bicarbonate, free carbon dioxide and total
carbonate values (Table I) do not satisfy the theoretical equations.

In fact, the concentrations of bicarbonates and free CO¿ are closely
connected with the chemical composition and the salt contents. So, as
appears from about a hundred chemical analyses from several wells and
springs (Fig. 8), the variation of the bicarbonate concentration as a function
of the salt contents is clear; consequently, the bicarbonate concentration
changes with the value of pollution from the sea-groundwater also.

Figure 8 also shows that the confined brackish groundwaters have a
greater bicarbonate content.

On the contrary, the chemical analyses of 23 samples from Well SR
show a linear variation of the bicarbonate concentration as a function of the
salt contents.

In good agreement with this, the bicarbonate concentrations of the
fresh and brackish groundwaters studied are, on average, about twice those
of the subjacent sea-groundwaters2 (Fig. 9).

Average bicarbonate concentrations of the sea-groundwaters are similar
to those of the seawaters, but the total carbonate values — and hence free
carbon dioxide — are markedly higher (Fig. 9). In actual fact, the sea-
groundwaters are in equilibrium with a much higher CO2 partial pressure
(that of the soil air) than that of the atmosphere, with which the seawater is
in equilibrium. These differences in concentration indicate that the ingression
of seawater into the land mass leads to the migration of CO2 from the fresh
and brackish groundwaters towards the subjacent intruded seawater, because
of the greater partial pressure of CO2 in the underground environment (Fig. 9).

2 The differences in concentration measured at nearby points in the same body of groundwater can often
be explained by CO2 enrichment as a result of greater mobility of the water [13,14].
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This phenomenon might lead to CO2 being attracted from the soil air and
migration of CO2 from the sea-groundwaters towards the sea. However,
evidence is not available to support this hypothesis.

The isotope data confirm the phenomenon of gaseous CO2 migration from
the fresh and brackish water towards the underlying intrusive seawaters.
The <513C content of the sea-groundwater (613C = -5.8%o, on average) is
explained by the migration of CQj from the fresh and brackish groundwaters
(613C = 11.9%o, on average) towards the subjacent intrusive sea-groundwaters3

which originally had a <513C content averaging -2.9%o (Fig. 10). It must also
be pointed out that the sea-groundwaters show distinct layering of б13С at
depth: as depth increases, the 613C content of sea-groundwaters also
increases (Wells CH, CS and SR; Fig. 4 and Table I).

Hydrodynamic dispersion and, to a lesser extent, molecular diffusion,
attributable to fluctuations of the interface — as a result of seasonal
recharge [15] and fluctuations in sea level because of tidal movement and
changes in atmospheric pressure [16] — as well as to differences in water
density because of temperature and to differences in permeability because
of the existence of preferential groundwater flow paths, all lead to the
pollution of the fresh groundwaters by salt through the subjacent sea-
groundwaters. This phenomenon is also clearly illustrated by the relation
that exists between the СГ and <513C contents (Fig. 11).

In addition, the 613C values demonstrate the very considerable exchange
that occurs at present between sea water and the sea-groundwaters in the
San Isidoro area, where there is direct contact between the groundwaters



458 COTECCHIA étal .

1000-

500-

Ф

а
5

юо-

50-

10-

5-

1
-16

зеа-groundwater

осаь o o D G
Sea

fresh and brackish
groundwater

-14 -12 -10 -8 -6 -4 513C(%o) 0

FIG. 11. Relation between Cl~ and 6UC.

and the sea. As already noted, there are numerous marine estavelles along
the coast which act as swallow holes for seawater during high tides and
when the atmospheric pressure is low [3]. In the SI-3 Well drilled some
250 m from the shoreline, the sea-groundwater has a 613C content of -3.7%o,
which is very close to that of the Ionian Sea (Fig. 4).

3.3. 14,

Prom present knowledge of the solution of mineral CaCO3 it is not
always possible to arrive at a really accurate estimate of the age of the
groundwaters.

In our case, however, the determination of 14C contents holds out
interesting possibilities for resolving hydrogeological problems connected
with the intrusion of seawater into the peninsula.

The decrease of the 1 4C contents of the fresh and brackish groundwaters
with depth in the С H Well, and the relatively low figures obtained in the
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FIG. 12. 14C contents of sea-groundwater as a function of the distance from the shoreline.

waters of the nearby Chidro spring (14C = 24.3%) indicate that this drains deep
brackish waters near the interface. This is in good agreement with the
temperature data and the 222Rn and CO2 contents of the waters [13,17].

The 14C content of the sea-groundwater in the SI-3 Well (92.6%) ties in
with the 618O, ÔD and <513C contents of this water, indicating considerable
renewal of the sea-groundwater in the Ionian Sea (14C = 111.9%). It must also
be pointed out that the pollution of the fresh water by salt through the under-
lying sea-groundwater leads to the apparent rejuvenation of the fresh
water3; the CO2 migration from the fresh and brackish water towards the
subjacent sea-groundwater leads instead to the apparent increase in age of
the latter waters.

The relatively high 14C values of the sea-groundwater in the SI-1 Well
lying 0. 6 km inland (14C = 46.7%) and in the C-5 Well lying 1.4 km inland
(14C = 31.7%) again point to the existence of relatively recent communication
with the sea.4

The low 14C contents of the sea-groundwaters in the central part of the
Salentine Peninsula (CS Well: 14C = (1.4 ± 1.4)%; SR Well: 14C = (1.8 ±0.6)%)
and the Chidro Spring area (CH Well: 14C = (5.5 ± 0.2)%), where communication

3 On the contrary, where the sea-ground water 14C contents are lower than those of the overlying water,
the salt pollution leads to the apparent increase in age of the fresh water. Likewise, the salt pollution affects
the 18O, D and U C contents.

4 In this connection it should be observed that whereas the Ionian Sea has a 14C content of 111.9% (sample
taken off Porto Cesáreo, 3 km from the shore, at a depth of 8 m), that of the Adriatic is 81"7о (sample taken
3 km off the coast of Lecce at a depth of 13 m). A second sample taken from the Adriatic 3 km off the coast
north of Bari at a depth of 8 m gave a 1 4C content of 82%. At present we are unable to give any plausible
explanation for the abnormally low 1 4C values in the Adriatic.
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between the sea and the ground-waters is hindered by a thick bed of imper-
vious clay, indicate that here the intrusion of seawaters and COg migration
(see above) are ascribable either to a very slow, continuous process or that
they occurred relatively rapidly in the past, as a result of marked changes
in sea level. The first of these hypotheses would appear to be borne out by
the exponential decrease in the 14C contents with the increase in the distance
inland (Fig. 12).

4. CONCLUSIONS

Environmental isotope investigations enable certain aspects of the
ingression of seawater into the carbonate aquifer of the Salentine Peninsula
be clarified.

In those parts of the coast where there is unimpeded communication
between the sea and the groundwaters (e. g. in the San Isidoro area), it is
apparent that inflow of seawaters is recent. The data obtained with 18O,
deuterium, 13C and 14C bear this out.

In the central part of the peninsula and the Chidro Spring area the 14C
content of the sea-groundwaters is 5. 5% or lower. Even in the very unlikely
case that only 50% of the total carbon present in the water samples is ofbiogenetic
origin, this means that the age of the sea-groundwaters is 17 730 years or more.5

The waters therefore pre-date the beginning of the Flandrian transgression.
The sea-groundwater on the Adriatic side instead shows a Flandrian age
(C-5 Well; older than 3500 years).

In the coastal area of the Chidro Spring and in the central parts of the
peninsula, the sea-groundwaters have a higher heavy isotope content than
present-day seawater. These sea-groundwaters therefore derive from old
waters from an ingressive sea when climatic conditions were different from
those now prevailing.

Possible pollution of the sea-groundwaters as a result of harmful sub-
stances dumped in the sea, and hence pollution of the superjacent fresh and
brackish waters through the sea-groundwaters, is only likely to become
significant along those stretches of coast where the seawaters are in direct
communication with the groundwaters.
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DISCUSSION

R. R. LETOLLE: The 613C values usually obtained in. the Western
Mediterranean are closer to zero than those reported by you. Are your
values representative of the mean?

G. S. TAZIOLI: I do not think that the 613C values reported by us for
the Ionian and Adriatic Seas or our 14C values for the Adriatic Sea are
representative of the mean. In my opinion, they are influenced by local,
albeit fairly widespread, effects.

In this connection I would mention that two samples collected by us in
the Adriatic at points almost 150 km apart yielded similar 613C and 14C values:
- 1 . 77%o and -2 . 6O%o for 613C, and 82% and 81% for 14C. We have begun to
investigate this interesting problem, looking into, among other things, the
possibility of seasonal variations.
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Lastly, I would add that we have obtained at 613C value of -0 . 5%o with
samples collected in the Ionian Sea at a depth and a distance from the coast
less than in the case of the samples mentioned in the paper.

B. T. VERHAGEN: With regard to a slide which you showed in your
oral presentation but which does not appear as a figure in your paper, I was
puzzled by the 14C concentrations in the sea-groundwater. The 14C content
of the seawater was given as 112%, compared with a value of 92% at some
distance into the aquifer and 47% still further down. This suggests a fairly
rapid flow from the sea into the aquifer beneath the fresh-water lens. Do
you know what mechanism is involved?

G. S. TAZIOLI: We think the movement of seawater towards the aquifer
in the San Isidoro area is, as you say, rapid — although it is limited to
the coastal zone. The 14C value of 92% measured in the sea-groundwater s at
a distance of 250 m from the shore is the result of dilution of the14C in the
intrusive seawater caused by the migration of aquifer CO2 towards the
subjacent sea-groundwaters.

J. DOWGIALLO: Is it possible to delimit fresh waters from brackish
waters in the axial zone of the Salentine Peninsula?

G. S. TAZIOLI: On the Salentine Peninsula there is generally an
increase in salt concentration as one moves from the axial zone towards the
coast, the fresh waters occurring well away from the coast. It is accordingly
possible to delimit the zones of fresh water (sensu stricto) on a hydro-
chemical map. Incidentally, the shape of these zones is very irregular; even
the thickness of the fresh-water lens might vary by several metres from
place to place.

J. DOWGIALLO: Can one use the Ghyben-Herzberg formula to determine
the depth of the fresh (brackish) water/saltwater interface?

G. S. TAZIOLI: As we have values for the density of the fresh and
brackish waters, the Ghyben-Herzberg formula enables us to determine the
depth of the interface with sufficient precision for practical purposes. In
the case of areas near the coast, differences between the calculated depth
and the real depth are due not so much to the fact that the formula applies
only to static regimes as to simultaneous variations in the level of the
phreatic surface and the interface, the latter variations being caused by
fluctuations in the sea level, mainly as a function of the atmospheric pressure
(see Ref. [16]).

M. LEVIN LIPSIN: Have detailed isophreatic maps been made of zones
of interest on the Salentine Peninsula?

G. S. TAZIOLI: Yes, isophreatic maps much more detailed than the one
shown in Fig. 1 have been made of the Chidro Spring and Idume Spring zones
(see Refs [2] and [1] respectively).

M. LEVIN LIPSIN: Have you tried to determine the concentrations of
soluble salts or the amount of water imbibed by the "impermeable" material?

G. S. TAZIOLI: No, we have not.
M. LEVIN LIPSIN: Could the soluble salts infiltrate the clays in the

Chidro Spring zone?
G. S. TAZIOLI: Not to any significant extent according to the data

available to us at present.
M. LEVIN LIPSIN: Could you please describe briefly how the land is

used in the region where you carried out your study?
G. S. TAZIOLI: Most of the region is cultivated (olives, almonds and

grapes). Very little land is left fallow, and there is not much scrubland.
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M. LEVIN LIPSIN: Could you give some information about the wells in
the region?

G. S. TAZIOLI: There are several hundred dug wells and drilled wells
in the region, and the specific discharge of the drilled wells is roughly
1 litre / s -m.

M. LEVIN LIPSIN: How did you carry out sampling?
G. S. TAZIOLI: That depended on the depth at which sampling was

carried out and on the sample volumes required; we used either pumps with
inlets immersed to the desired depth or samplers with remote-controlled
valves.
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Abstract

DETERMINATION OF THE ORIGIN OF WATER IN SPRINGS FROM THE SIMULTANEOUS APPLICATION OF
NATURAL AND ARTIFICIAL ISOTOPES: SOME ASPECTS OF THE ORIGIN OF WATER IN THE RASHCHE SPRING.

The simultaneous application of artificial and natural isotopes to determine the origin of water in
springs is described for multi-component systems. The main feature of this report is an attempt to solve the
origin of water in a karstic spring, the formation of which could derive from various flows (surface and
underground) arising from a large precipitation area. The isotopic distribution in the precipitates is uniform.
The method is applied to the practical problem of the Rashche Spring. The water in the spring originates in
the Polog region. The input-output water balance of the Rashche Spring indicates the possibility of the
participation of different flows in the spring. Data from natural and artificial isotopes have been taken as a
model that is acceptable for different methods of observation including hydrological aspects, which cannot be
obtained by natural isotope analysis alone.

INTRODUCTION

The determination of the origin of waters in springs, the capacity and
location of which enable them to be used to supply water, is of particular
interest. It is important to establish the stability of sources regarding the

465
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quantity as well as the quality and with particular reference to the risk of
pollution by waste waters that might be found in the area of accumulation,
i . e . a reduction in the capacity as a result of various hydro-electric
schemes.

With systems where the area of accumulation of waters that could
participate in the formation of karstic springs is relatively wide with the
formation of many types of underground and surface waters, very often it is
not possible to determine the direct flows that form the spring by following
the distribution of the natural isotopes only.

The working out of these data, by simulating models, makes the
problem of solving the origin of waters considerably simpler but the definite
decision lies with the hydrological analysis due to which the efficiency of
these methods is reduced considerably.

This is particularly important with systems of many flows, the variation
of which is not exactly defined, so that the hydrologie picture could be
satisfied by many models and opportunities are created for making wrong
decisions about the real participation of certain flows. It may result in the
erection of projects that would favour wrong flows, leading to the loss of
valuable sources of good quality water. For this reason, together with the
result of natural isotopes on separate flows that could influx into one spring,
it is also necessary to carry out a separate analysis of such flows as to
directions and amount which would enable the total amounts of waters that
could be verified experimentally to be judged, and in that way it would be
possible to give support to the model that is hydrologically verified.

The need for such an analysis became evident at the Rashche Spring,
which is one of the main suppliers of Skopje with water.

In solving the problem of the origin of waters in the Rashche Spring we
have had considerable help from the Department of Hydrology of the
International Atomic Energy Agency. Even in 1963, immediately after the
Skopje earthquake, the problem was being tackled. It is due to the IAEA
that isotope techniques were used in solving this problem.

HYDROGEOLOGICAL DESCRIPTION OF THE TERRAIN AROUND THE
RASHCHE SPRING

The Rashche Spring is situated in the immediate neighbourhood of
Skopje (Fig. 1), 300 m above sea level, at the foot of the Zheden mountain
massif (1260 m high and covering an area of about 110 km2) which forms
part of the mountain range of the Polog valley.

Because of its geological formation, the Polog valley is a tectonic
depression, between the mountain of Shar on one side and the mountains of
Suva Gora and Zheden on the other, its direction being NNE-SSW.

The series of test bore-holes made by the Institute for Geology, Skopje
[ 1}, have shown that this valley is filled with Pliocene lake sediments over
300 m deep. From the hydrogeological section of this valley (Fig. 2), one
can see the frequent lithological changes in a horizontal as well as in a
vertical direction. From the foot of the Shar mountain towards the middle
part of the valley, mainly gravel sediments with large granulation can be
found, accompanied by a higher or lower percentage of clay. Clay is not
abundant in the surface layers, particularly in the upper Polog area, which
results in a lack of artesian waters in this area.
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FIG. 1. The Rashche Spring area ( 1 : 500 000).

From the central part of the Polog valley towards the Zheden massif,
clay and gravel sediments are found alternatively, with the clay prevailing
at depths of more than 10 m. Only at the village of Jegunovci are gravel
sediments found at lower depths. The convenient content of the sediments
at the base of the Shar mountain, as a supply zone, has contributed
considerably to the largest supply of artesian waters in the area around the
village of Jegunovci.

It is interesting to note that in the area of the village of Raotinci and
the village of Sirichino are also recorded zones with artesian water.
However, the hydrostatic pressure of these waters is considerably lower
than that of the artesian waters at the village of Jegunovci. This is most
probably the result of the undisturbed penetration of artesian waters from
these zones towards the Zheden massif.

With the exception of the area around Gostivar, where the Pliocene
sediments are found, even in the surface layers, alluvial sediments are
10-30 m in depth. The underground non-artesian waters of Polog are found
at this depth also.

From the hydrogeological point of view the Polog valley represents a
wide basin filled with sediments of intergranulated porosity and different
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FIG. 2. General hydrogeological section of the Polog Valley.

Karst!с zone



IAEA-SM-182/23 469

TABLE I. CHEMICAL ANALYSIS OF WATER3 FROM THE RASH CHE
SPRING

Chemical

Concentration
(pkg)

12

A1.O3

8

Fe

0.002

Ca

96

Mg

14.4

Na

6.7

Cl

3.5

sqf

5

HCO3"

314

This wate r has almost a constant va lue of pH = 7 . 6 .

water porosity in horizontal as well as in vertical direction, in this way
producing an enormous reservoir of underground artesian and non-artesian
waters in this area.

Due to the character of the contact between the Polog valley and the
Zheden massif, the latter composed of marble-crystalline karstificated
limestone, containing all the typical forms of a karstic area, such as sink-
holes, which indicate the lack of surface flows, it appears that the deep
underground waters of the Polog continue their flow freely towards the
Zheden mountain massif to emerge on its other side, as a result of the
collision with the non-porous layers (chlorite, carbonate and other
schists). The Rashche Spring appears along a 300-m line in the immediate
neighbourhood of the village of Rashche. This water has an almost
unchanged chemical content, and pH = 7.6 (the results of the chemical
analysis are given in Table I), and a constant temperature of 14°C all the
year round. The average annual flow of the spring is about 4 m3/s. It is
interesting to note that the oscillations of the abundance of this spring are
in disagreement with the usual oscillations of the other karstic springs,
i.e. the maximum flows of this spring are recorded in summer and the
minimum in winter.

There are certain discrepancies between the oscillations of the ftow of
the Rashche spring and the level of the River Vardar, which is formed from
several tributaries in the mountain of Shar, and flows through the Polog
valley, making a bend around the Zheden massif of several hundred metres
close to the Rashche Spring, and then continues its way towards Skopje.

It has been noticed that during high water the River Vardar floods the
sink-holes and depressions found at the base of the Zheden massif, on its
west side, at Propadiste. It was thought that these holes were directly
connected with the Rashche Spring but this was not confirmed by the
experiments in 1960-63 [2].

The maximum flow of the River Vardar was recorded in November 196 2,
after intensive rains, and amounted to 1595 m3/s.

The average annual atmospheric precipitates for the areas of Skopje,
Polog and Shar amount to 550, 600-800 and 1200-1400 mm respectively.

Whereas in the lower areas summer and winter atmospheric precipitates
are equal, in the mountain areas they are heavier in winter and are mainly
snowfalls.
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RESULTS AND DISCUSSION

The investigations using isotope techniques to determine the origin of
the Rashche Spring began in 1963, with the help of the IAEA experts from
Vienna and from the Boris Kidric Institute of Nuclear Science, Vinca,
Belgrade.

After a break of two years, these investigations were renewed in 1965
and have been carried out systematically since 1968. Their results were
included in the preliminary report of the IAEA published in 1972 [ 3] .

Our laboratory and the Isotope Hydrology Section of the IAEA took part
in the investigations following the distribution of the natural isotopes in the
precipitates, the flows and the Rashche Spring. The results obtained for
the distribution of deuterium, 18O, tritium and 14C in the waters were the
subject of mutual analysis and exchange of viewpoints.

The average concentration of certain isotopes in particular waters is
given in Table II.

The variations and the scattering of the concentration of the natural
isotopes in the waters were also recorded.

To determine the connections between the potential suppliers of the
Rashche Spring, the IAEA hydrologists, on the basis of the results of the
concentration of the natural isotopes in certain waters, have checked three
hypotheses using digital modelling and balancing of the in-flow and out-flow
waters of the observed system, making use of recursive equations also.
(The application of these equations was demonstrated for the first time by
E.S . Simpson. )

However, because of the considerable discrepancy in the isotopic
content of the waters in the spring and in the flows as well as in the
corresponding hydrological fluctuations, the hydrologiste and the hydro-
geologists working on this terrain could not bring about agreement between
the postulated models and the recorded analysis.

TABLE II. REVIEW OF THE AVERAGE CONCENTRATIONS OF
NATURAL ISOTOPES IN THE WATERS EXAMINED

Natural isotope

6DSMOW ^

6 1 8 OSMOW fl»)

3H(TU)

13C (%) PDB

a c <*)
Age (y)

WATERS EXAMINED

Precipitation

-35

-6

210 ¿20

-

-

River Vardar

-75

-10.95 ±0.18

236 ± 13

-

-

Artesian

-72

-11

1 . 3 ± 0 . 2 a

-5

31.25
-1400

Non-artesian

-

-

100 ±40

-

-

Rashche Spring

-70

-10.72 ±0.08

72 ±12

-5.8

40.9
-1600

In one artesian well 75 TU was found, probably through mixing with underground water.
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One of the working hypotheses of the hydrologists is that the main
water supplier of Rashche is the River Vardar through permanent sinking
in the area of the lower Polog at normal river table and at the overflow with
an intermittent supply from the underground basin at Zheden, which also
supplies the Rashche Spring. Such an hypothesis requires maximum flows
in Rashche when there are maximum flows in the Vardar, which is not in
agreement with the observation made by the Institute for Hydrometeorology,
Skopje [ 2]. The maximum flow in Rashche is recorded in July when the
snows on the Shar massif melt, in a period when the water level of the
River Vardar is at minimum.

Because of the relatively short distance between the recorded water
falling to sink-holes at Zheden (where in periods of high water level the
River Vardar overflows) and the Rashche Spring, the hypothesis that the
peaks of minimum and maximum flow of the Rashche are postponed for
2-3 months after the corresponding peaks of the River Vardar is hardly
acceptable. While, on one hand the peaks of the flow of the Rashche coincide
with the peaks of snow melting on the Shar, which in a hydrostatic system
is acceptable, on the other hand the disagreement between the level of the
River Vardar and the abundance of the Rashche Spring together with the
eventual overflow of waters from the Vardar into the Rashche is not in
agreement with the above hypothesis.

Taking into consideration the fact that the concentration of tritium in
the Rashche decreased slowly in the period 1963-73, accompanied by certain
fluctuations which do not coincide completely with the flows of the River
Vardar at Zheden, the above-mentioned working hypothesis is rendered
even more unlikely together with the postulated models which are based on it.

For this reason, more detailed geological and hydro geological
investigations have been carried out in the area where overflow of waters
from the Vardar underground was recorded. They showed that in the

FIG. 3. Arrangement of the piesometers from which the direction and flow rate can be determined.



472 KIRKOVetal.

immediate neighbourhood where the water sinks, beside artesian there are
also non-artesian waters the level of which is not dependent on the level of
the River Vardar, which once again indicates that the previously postulated
models and the working hypothesis have not been verified experimentally.

As a result of this it is necessary to analyse each of the potential flows,
according to its direction and abundance, which could have connections with
the Zheden.

82

To solve this problem we made use of the artificial radioisotopes Br
and 1 3 1 I . Surveys were made of the area round the Rashche Spring and the
Zheden massif, and with the help of the Institute for Geology, Skopje, 13 new
bore-holes were made (Fig.3). The distribution of the bore-holes is such that
recording can be made of the flows of the underground waters in zone 1, of
the Polog basin in the Zheden, and in area 2, in which there are sinking
zones where during the high water table of the River Vardar amounts of
water could enter, and in zone 3 where the directions of the underground
waters can be defined under the overflow area in order to determine the
possible flows of waters in case of overflow or sinking of the River Vardar.
The distribution of the bore-holes, as seen in Fig. 3, is arranged to form
two geological profiles in the direction of the Zheden. Piesometric tubes
of 65 mm diameter and 15% perforation were installed in the bore-holes in
the water-flow layers. By these tubes we determined the filtration rates
and the directions of flow of the underground waters, which helped to
determine their abundance by making estimates of the geological section of
a particular flow.

The filtration rates were determined on the basis of the well-known
exponential dependence of the decrease of intensity of radiation of the
injected isotope by the filtrating rate, making use of the equation

. t . a \

ч ~ ) ( 1 )

where
I = the radiation intensity of the injected isotope in time t
Io = starting intensity of radiation of the injected isotope
t = time after the injection
Vo = volume in which the radioisotope is injected
Vf = filtration rate
a = effective section across which the flow is observed

Using the goniometry method [4, 5] and making use of direction sondes,
we measured the radiation intensity in different directions, and by making
corresponding corrections we determined the directions of flow of the
underground waters by the piesometers. These measurements were done
by piesometers 43, 44, 46, 47, 49, 50, 51 and 53. The results of these
investigations are given in Table III and Fig. 3. These results enable an
estimate to be made of the most probable mass of particular flows that could
supply the Rashche Spring. As can be seen from the results given in
Table III and Fig.3, as well as from the hydrogeological analysis, the
opportunity for participation of shallow water flows and the sinking waters of
the Vardar as well as of the shallow underground waters of Polog in
supplying the Rashche Spring is relatively small. It appears that the origin
of the Rashche waters should be looked for mainly in the other flows, i. e.
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TABLE III. FILTRATION VELOCITIES AND DIRECTIONS OF THE
UNDERGROUND WATERS'IN THE PIESOMETERS

No. of
piesometer

P-43

P-43

P-44

P-44

P-46

P-46

P-46

P-47

P-47

P-49

P-50

P-50

P-51

P-53

P-53

P-53

Depth
(m)

3.5

6.5

6.0

11. 0

1.5

12.0

26.5

12.5

17.5

7.5

8.0

16.0

24.75

18.5

20.5

26.5

Filtration
velocity

(m/s)

1.28- 10"5

1.60-10" 5

1.35- 10"5

1.93- Ю-5

3. 82 • 10"5

1.72' lO"5

3. 82 • lO"5

2.1 • 10"5

1.58- 10-5

1.36- 10"5

9.7 • 10"5

3.78- 10"5

9 • 10"6

1.53- 10"5

4.2 • 10"5

4.25- 10"5

Flow
direction

60°

60°

38°

38"

50°

50°

70°

60"

60°

30°

60°

60°

90°

175°

145°

145°

the precipitates of the Zheden and the underground waters of the Polog.
Because the artesian waters of the Polog are formed from the Shar waters,
the direction of which is Shar - Zheden (see the geological analysis), these
waters form the Rashche which appears as a "natural fountain" in that
system that could partially have contributions from the precipitates on the
bases above the Zhederi mountain (due to its karstic structure). As a result,
the Polog valley with its underground waters and the Zheden with its
precipitates represent an integrated system, the outflow of which is the
Rashche. Taking this into consideration as well as the available data on
the concentration of tritium in the waters, we have tried to propose the most
probable simplified model for the supply of the Rashche, shown in Fig. 4,
the verification of which could be proved by hydrological, geological and
isotopic measurements. As can be seen from the proposed one-cell
model, which has also been discussed in the preliminary report of the
IAEA [ 3], the mixing of.the Polog artesian waters Qal and the Zheden
precipitates Qp occurs in a reservoir which should be located under the
Zheden massif, with volume Vr and outflow Qy Taking into consideration
the concentrations of tritium in the Zheden precipitates for the period
196 7-72 (210 TU), in the Polog artesian waters (1 TU) as well as in the
Rashche Spring (70 TU), the variations of which are ± 9%, i. e. ±8 TU,
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FIG. 4. Two-component mixing model for the Rashche Spring.
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FIG. 4a. Three-component mixing model for the Rashche Spring.

allowing for the fact that these variations in the concentrations of tritium
in the karstic reservoir and in the Rashche Spring arise from the Zheden
precipitates, we can propose the following relations:

i.e. Cy = 3 C,

where
Cx = the concentration of tritium in the karstic reservoir
Cy = the concentration of tritium in the Zheden precipitates
and where, if 2 Cx gives an increase of tritium in the karstic reservoir
±9%, i.e. ±8 TU, we can propose
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(Vr +Qp) 8 = | Q p . C y . a

Vr = Qp (2 • 210 . - 24)/24 = 15.5 Q

(2)

where
a = the coefficient of waste is equal to 0. 945 for waters with mean residence

time of 1 year, because of the karstic structure of the Zheden.
Because of the fact that the latest hydrometeorologic measurements

have shown that the Zheden precipitates, according to their real volume,
could participate with an amount less than 30% in the total volume of the
Rashche, we could easily make an estimation of the reservoir below the
Zheden.

Qp 0.3 • 1.26 • 108= 0.378 • 108m3yearly

1. 26 • 108 m3 yearly denotes the abundance of the Rashche,

TABLE IV. MEASURED OR ESTIMATED CONCENTRATIONS OF
TRITIUM IN THE PRECIPITATION OF THE RASHCHE SPRING AREA

Yeai

1952-53

1953-54

1954-55

1955-56

1956-57

1957-58

1958-59

1959-60

1960-61

1961-62

1962-63

1963-64

1964-65

1965-66

1966-67

1967-68

1968-69

1969-70

1970-71

3H (TU)

ioa

134a

44 a

66 a

110a

280a

373a

97a

75 a

590a

1410a

1480a

647 a

334a

229a

211 i 31

210 ±30

210 ± 30

210 ± 30

Estimated by weighted averages from measurements at Tetovo [ 3 ] .
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On the basis of the concentration of tritium in the Polog artesian waters
and the amount with which these waters take part in the supply of the Rashche,
we could estimate the storage capacity of the Polog alluvial basin.

val = r . Qal = 36 . 0. 882 • 108 = 3.18 • 108 m3

"r is the mean residence time (36 years) for these waters taking into
consideration first that the concentration of tritium in the precipitates before
they infiltrate into the underground of the Polog is 10 TU for the period
before 1952-53.

By simulating the one-cell model of mixing shown in Fig. 4, and making
use of the recursive equations recommended by.E.S. Simpson, we began
work in 1952-53 taking the following parameters as starting points:

7, for the alluvial artesian waters, 36 years
F, for the Zheden precipitates, 1 year
С , measured or estimated average annual concentrations of tritium in

the precipitates (these figures are given in Table IV)
C°, is 3 TU for the first year of observation (1952-53)

The results of the concentrations of tritium at the outflow of the
Rashche Spring are given in Fig. 5, together with the measured values.

Some disagreement is evident between the theoretical concentration of
tritium at the outflow of the Rashche and those concentrations measured in
the period after 1963, most probably due to the possible participation of the
Polog non-artesian underground waters in the supply of the Rashche Spring,
the concentrations of which are about 100 TU, which means that they are
smaller in relation to those of the Zheden precipitates, the participation of
which could not be bigger than 10% of the total abundance of the Rashche.

Taking these facts into consideration the above-mentioned model was
examined again. The results obtained are also given in Fig. 5, from which
it can be seen that the introduction of the third input component in the
system (the shallow underground waters of the Polog) shows better
agreement of the observed measurements with the estimates.

The introduction of the third component in the one-cell two-component
system of supply arises logically from the additional investigations with
artificial radioisotopes, which could not have been made effective if the
above-mentioned elimination of flows had not been possible.

It is evident that this selective method using artificial radioisotopes in
the further investigation could make possible an analysis of the other flows
in the three-component system of supply and could determine exactly
their relationship.

CONCLUSION

The simultaneous use of natural and artificial isotopes simplifies to a
considerable extent the relationships of different profiles when an analysis
is made by researchers (hydrologists, geologists, etc.) of the origin of
waters in springs. In this way the problems that arise when making
definite conclusions and determining the real picture of the springs
according to the balance of waters in input-output become less acute; there-
fore it is strongly recommended that investigations with artificial
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radioisotopes are acceptable and necessary when defining all the models that
result from the use of natural isotopes.

Our conclusion was supported by our investigations with the Rashche
Spring. Further complex applications of natural and artificial isotopes
(particularly those with different half-lives and intensities) would create
even greater opportunities for solving important problems connected with
the determination of the origin of waters in springs and natural water
resources.
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DISCUSSION

Y. YURTSEVER: The statement in the Introduction to your paper
concerning the efficiency of models appears to contradict the widely held
belief that the introduction of more hydrological constraints into a model
results in more realistic estimates of the hydrological parameters. Would
you care to comment?

P. KIRKOV: Mathematical models are useful only if the parameters
can be verified experimentally. That is why we use artificial isotopes to
verify the models proposed.

Y. YURTSEVER: In estimating the volume of one of the storage
elements, you make use of the change in tritium content (about 8 TU) rather
than the observed absolute values. In view of the accuracy of tritium
measurements at the levels observed in the spring, the use of relative
variations rather than absolute values is open to question.

P. KIRKOV: The variation in the tritium values depends on many
factors, including sampling methods. The average deviation used by us
corresponds to experimental data obtained by taking the root mean square of
the individual deviations. These may have been small, but the degree of
accuracy achieved in our laboratory is sufficiently high.

Y. YURTSEVER: In estimating the storage capacity of the Polog basin,
you calculate a mean residence time of 36 years on the basis of the
approximately 1 TU observed in the aquifer and by considering only the
pre-bomb level of 10 TU. In view of the known higher tritium input from
1963, however, the true mean residence time may be much longer.

P. KIRKOV: I think a mean residence time of 36 years and a tritium
value of 1.5 TU are reasonable, for they are in agreement with results
obtained by the International Atomic Energy Agency and verified by us in
1972-73.
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T. M. DINÇER: The exponential variation in tritium concentration with
time observed in the Rashche Spring is similar to that observed in the
karstic springs of southern Turkey, and can be reproduced theoretically
using an exponential transit time distribution. The tritium content of the
Rashche Spring (about 100 TU) would correspond to a mean transit time
of 20 years . Would you care to comment?

P . KIRKOV: Several calculations of the transit time of water from the
Shar mountain to the Rashche Spring have been performed; they give
values of 18-19 years, which is very close to the transit time arrived at
by you. However, the transit time.is different for waters of different
origins. For the Polog artesian waters it has been estimated at 36 years,
whereas for waters infiltrating the Zheden massif it is one year, giving
an average value of about 18 years. However, these calculations are
tentative and subject to, a large uncertainty.

T. M. DINÇER: I should like to add that, the annual discharge volume
of the Rashche Spring being 120X10 m , the volume of a karstic ground-
water reservoir with a mean residence time of 20 years would be
2 X 109 m3.

I think we have to follow the lead of the hydrologist in trying to explain
the origin of the water in the Rashche Spring. You mentioned that the
karstic limestone basin north-west of the Rashche Spring was thought to
be the recharge area of the spring. The area of this basin is 110 km2.
Comparing this with the annual flow volume of the spring, the recharge is
found to be 1 m annually. ,. This, I think, is quite a plausible figure if the
precipitation is around 1.5 m annually.

P . KIRKOV: Several calculations have been performed on the basis of
the hypothesis that the Rashche Spring is fed only by precipitation on the
Zheden massif. However, the annual variation in precipitation over a long
period of time does not fit such a hypothesis.
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Abstract

APPLICATION OF STABLE ENVIRONMENTAL ISOTOPES IN MINE HYDROGEOLOGY TAKING POLISH COAL
BASINS AS AN EXAMPLE.

Preliminary results of the stable isotope investigations carried out in Polish coal basins are presented.
In the case of the Lublin Coal Basin, the extreme values of 618O lie between -10.05 and -4 . 9b%, and of
ÓD from - 7 1 . 99 to -41.40%,. The tested waters may be divided into two groups regarding the relative
isotope content. The first group includes waters with overall mineralization lying between 0.4 and 2.5 g/litre.
All the waters from the overburden may be placed in this group, and also most of those from the productive
Carboniferous. The low content of heavy isotopes allows this group to be classified as infiltration waters.
Hence it must be expected that water inflows to the mines will come from both static and dynamic sources.
Waters from the Carboniferous with mineralization higher than 10 g/litre are grouped separately. On the
precipitation line these points are shifted to the SMOW values. These waters represent a mixture of relict and
infiltration waters. If mining is taken to a depth greater than 1000 m, only a minimal proportion of waters
from the dynamic sources in mine inflows need be expected. In the case of the Upper Silesian Coal Basin,
extreme values of 618O vary from -11.57 to +0.34<7«, and <5D from -72.9 to -1.2°/<x>. From analysis of the
diagram showing the relation between <518O and ôD contents the deep infiltration of contemporary atmospheric
waters in the productive Carboniferous of the northern, hydrogeologically non-isolated sector of the Coal
Basin is evident. In the southern isolated sector of the basin no recent freshening of the waters under Tertiary
overburden is observed. In the formations of varied geological age occurring below 600 m, relict waters appear.
It may therefore be predicted that inflow to new mines scheduled for construction will be from static resources
only.

INTRODUCTION

During recent years a growing interest has been shown in the use of
stable environmental isotopes for hydrogeological investigations both of
surface and underground waters. The latter are studied primarily for
their origin, and such investigations find a practical application for oil
and gas deposits.

Results presented here indicate that stable environmental isotopes
may also be used in mining hydrogeology for the proving of groundwater
conditions of the new deposits and for developing new production levels
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in existing mines. New deposits are usually found in conditions of natural
groundwater regime, whereas in the areas already subjected to mining
extraction the natural equilibrium of the rock environment is severely
disturbed. The artificial hydraulic interconnections created by man's
activities cause changes in the natural regime of the groundwater s. In
these circumstances the contemporary atmospheric waters penetrate to
considerable depths and frequently become mixed with stagnating brines
with an age of millions of years.

Before designing new mines or redeveloping existing mines it is
essential to possess adequate knowledge of the hydrogeological conditions
in the deposit. The aim of investigations is to evolve a hydrogeological
model of a deposit, and to determine the expected inflows of water to the
mine workings, from which calculations of requirements for mine pump
installations and drain-ways can be made.

Water inflow to mine workings is always undesirable and can constitute
a serious obstacle to exploitation of the deposit. A sudden inrush of under-
ground waters is a dangerous hazard threatening the lives of the miners
and preventing efficient mine operation. Therefore, from the point of view
of both safety and economy it is necessary to determine the sources,
magnitude and zones of occurrence of possible inflows. These potential
inflow waters may be distinguished as dynamic or static sources.

Waters from dynamic sources must be expected as a constant inflow
to the mines. They are an indication of the replenishment of the water
sources of the groundwater basin in which the deposit lies.

Waters from static sources become exhausted through drying out of
the rock body during mining operations. When inflows from exclusively
static sources are found, these continue until drying out of the rock body,
after which no further water hazard need be expected from this source.

Traditional hydrochemical and hydrodynamic methods fail to give
precise indications of the location of the investigated deposits in the
circulation system of the given basins, and need to be checked and
supplemented by other methods. The application of environmental isotope tech-
niques in mining hydrogeology offers new prospects for tackling this problem.

In a shallow-lying deposit, hydrogeologically non-isolated, tritium is
used for such investigations, and where contact with contemporary
atmospheric waters is hindered, 14C is used. For deep-lying and usually hydro-
geologically isolated deposits, stable isotopes should be used.

Marked gradients are found in the isotope contents as between the
relict waters in the stagnation zone and contemporary meteoric waters.
These may be correlated with the depth of water sampling and with the
position of the aquifers in the geological profile of the deposit and overburden.

An attempt to systematize these observed results and to develop methods
for their practical application in hydrogeological investigations of the Polish
coal basins is presented.

STABLE ISOTOPES IN THE WATERS OF ARTESIAN BASINS

The circulation of water in nature leads to fractionation of hydrogen
and oxygen isotopes during the processes of evaporation and condensation.
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FIG. 1. Areas under investigation.

The intensity of these natural processes depends on the mean annual
temperature and the height above sea level of the area considered, and
hence varies with geographical location.

Particularly intensive evaporation and condensation processes are
observed in closed water basins, giving increased content of heavy oxygen
(18O) and hydrogen (2H=D) isotopes. On the other hand, atmospheric preci-
pitation has a low heavy isotope content. For this reason, the deuterium
and 18O isotopes content in precipitation waters will always exhibit a
negative deviation from the seawater mean (SMOW). Underground waters
exhibit maximum and intermediate concentrations of these isotopes.

Soifer and co-workers [1] have expressed the opinion that the thermo-
dynamic conditions of the earth have not changed significantly during the
last geological epochs. Therefore the content of hydrogen and oxygen
isotopes in the waters of ancient water basins can be reconstructed and
compared, and 618O and 6D values can also be taken as genetic indicators
for the waters [2].
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In general, during the course of their history artesian basins have
passed through several stages of infiltration water interchange, producing
a mixing of waters of varied origins.

The process of mixing of palaeo-infiltration or sedimentation relict
waters with contemporary infiltration waters must be recognized as the
fundamental process governing the isotope composition of the tested under-
ground waters. A number of authors, among others Brezgunov and co-
workers [ 3], assume that other physicochemical processes taking place
between the waters and the surrounding rocks have no significant influence
on the differentiation of isotope content. This refers primarily to hydrogen.
Isotopic exchange of this element during the processes of migration and
metamorphosis of waters cannot have a large influence on the initial
concentration of deuterium in the relict waters because of the very slight
hydrogen content in the rock environment. However, the 18O content could
be increased by isotope exchange processes with silicates and carbonates
[ 2, 4] . Isotope exchange between carbonate rocks and waters, as was shown
by Clayton [5] , takes place at low temperatures, which facilitates the
fractionation process.

Taking into account conditions determining hydrogen isotope differentia-
tion and also the high values of ôD in underground and surface waters (more
than 100%o), deuterium may be regarded as particularly suitable for wide
application in hydrogeological investigations of artesian basins.

Knowing the values of 6D and б О in the waters, both the rate of
infiltration and degree of mixing of the waters may be determined, and also
the areas of recharging and of hydrodynamic stagnation in the artesian basins
may be established. In general, a tendency to increased concentration of
heavy isotopes with increasing depth of occurrence of aquifers, and with
greater mineralization of the waters, is found. This phenomenon has been
observed in artesian basin investigations, for example, in the United States
of America [6], in Poland [7, 8], in Hungary [9] and in the USSR [1, 3,10-12]

The paramount factors deciding isotope content differentiation in the
waters of the tested basins are the mechanism by which they were formed
and the climate then prevailing, the palaeohydrological history and the
present-day hydrogeological regime. If these data are known, the measured
results of 6D and 618O in the underground waters of varying ages can be
correctly interpreted.

STABLE ISOTOPE INVESTIGATIONS IN THE WATERS OF THE LUBLIN
COAL BASIN

Geological structure and hydrogeological conditions

The Lublin Coal Basin is situated in Eastern Poland (Fig. 1) on the
margin of the Eastern European shield, and was discovered by prospecting
investigations during the last ten years. Geographically this region belongs
to the Central Polish lowlands and has a temperate climate. The productive
Carboniferous is found here at a depth of from 700 to 1200 m.

The Mesozoic formations, overlaid by Quaternary sediments, occur non-
conformably, lying almost horizontally on the Carboniferous, and are
represented by carbonate Jurassic and Cretaceous sediments. The thickness
of these formations together with their lithological structure and strati-
graphic sequence is shown in Fig. 2.
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TABLE I. STABLE ENVIRONMENTAL ISOTOPE DATA IN THE LUBLIN
COAL BASIN
(18O results corrected for dissolved salts)

Geological
formation

Depth
(m)

Water chemistry
6D

1. Lublin 4 - 9.66 - 71.5

- 9.76 - 71.4

5. Lublin 21

Na9,Ca3Mgj

HCO. Cl
« *

- 9.37 - 67.0

- 9.09 - 66.7

- 9.11 - 64.2

- 8.60 - 64.6

7. Lublin 21

Lublin 25

583-700 - 9.71 - 70.6

- 10.05 - 71.8

Jurassic

Zawadow 2

Zawadów 2

Zawadów 2

teczna2

¿eczna2

teczna2

¿eczna2

tçczna2

¿eczna2

Dorohucza S

Dorohucza.5

Dorohucza S

Jurassic

Jurassic

Carboniferous

Jurassic

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Cretaceous

Jurassic

Jurassic '

l-6 Na91Ca4Mgs

Cl HCO, SO4

1 Л NaMCa3Mgs

Cl HCOS SO«

" NasjCajMgj

" Na,,Ca,Mg,

Cl^HCO^ SO4

M" NaMCa,Mg,

574-660

- 8.93 -65.1

- 4.95 -41.4

- 9.51 - 67.6

- 9.50 - 67.1

- 9.01 - 66.

- 8.42 -65.1

- 7.02 -53.9

- 9.27 - 65.2

- 9.05 - 67.5

- 9.13 - 66.8
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TABLE I. (cont. )

Borehole

Dorohucza 4

Dorohucza 4

Dorohucza 4

Cheim4

Syczyn 4

Syczyn 4

Parczew 3

Geological
formation

Cretaceous

Jurassic

Jurassic

Carboniferous

Jurassic

Carboniferous

Cambrian

Depth
(m)

435

610

688

950

580

1087

1290

Water chemistry
6 1 8 o

-s Na,jCa4Mg3

а я ноо, и 8о 4 ц

-6 Nag,Ca3Mg,

•3 Na9 6Ca

•5. NajjCa,

Cl
99

»Mgi

,Mg 6

5 Na,2CauMg7

Cl
99S

NaMCa 3iMg5

- 9.57

The water-bearing capacity of the Cretaceous is associated with the
system of fissures and cracks in the limestone-marl formations. Increased
watering occurs only in sectors near the ground surface.

The water-bearing capacity of the Jurassic is associated with the
system of fissures, cracks, cavities and pores in the limestone formations,
locally of dolomite type.

In the Carboniferous formations, the occurrence of pore and fissure-
type aquifers is associated with the presence of sandstones interlayering
the claystones. In zones of tectonic disturbance and in areas of elimination
of the isolating strata, there is hydraulic contact between waters of the
individual aquifers. Water held in the Jurassic and Carboniferous formations
is under a pressure of more than 40 atm.

The Quaternary and Upper Cretaceous aquifers, situated in the range of
active exchange, are recharged directly from atmospheric precipitation.
Drainage areas are provided by rivers and lakes.

Water flow routes in the Jurassic and Carboniferous series are towards
the west, along the dip of the strata. The increasing mineralization of the
waters observed in this same direction is evidence that there are recharge
areas in the eastern sector of the region described. The Carboniferous
aquifers are recharged with water from the overlying Jurassic formations.
This is indicated both by the geological structure of the region and by higher
pressures of waters in these latter formations.

In the Lublin Coal Basin a normal hydrochemical system is observed,
i. e. hydrochemical zoning with mineralization increasing with depth and
towards the west, following the direction of dip of the strata and of water
flow routes. Mineral content in the waters increases from 0. 25 g/litre in
the Quaternary formations and Upper Cretaceous to 2 - 5. 6 g/litre in the
Carboniferous-Westphalian and 16 g/litre in the Namur series. The
maximum concentration of salt in the waters, up to 65 g/litre, is found in
the Old Palaeozoic formations underlying the Carboniferous (Table I).
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The chemical zoning effect is expressed by the following succession
of water types: HCO3 - HCO¡ - Cl" - Cl" - HCO3 - Cl".

The artesian basin in which the coalfield is situated has passed through
several cycles of hydrogeological development. As a result, the sedimenta-
tion brines have been partially expelled from the Palaeozoic formations and
have become either mixed with or replaced by the palaeo-infiltration waters.

During the Tertiary period the region of the coal basin emerged above
sea level, and this was associated with deep and intensive freshening of the
waters, lasting up to the present day. This freshening effect extends through
the Cainozoic and Mesozoic and part of the Palaeozoic formations.

From the studies conducted it may be concluded that in the hydro-
geological profile of the Lublin Coal Basin, in addition to contemporary
infiltration waters, both relict waters, presumably epigenetic, and also
mixed waters, may be expected.

Results of isotope tests and their interpretation

In the initial phase of investigations of isotope content in the waters of
the Lublin Coal Basin, tests were conducted in 11 boreholes located in the

.central sector of the coalfield. Aquifers in the Cretaceous, Jurassic and
Carboniferous formations were tested. Full hydrogeological documentation
of each borehole was prepared. Determinations of isotope content in 28
water samples from the tested aquifers are given in Table I. Also shown
in this table is the chemical composition of the waters, using Kurlov's
method, in which the content of basic ions is expressed in percentage of
milivals, overall mineralization and concentration of micro-elements being
expressed in g/litre. On the basis of these tabulated data a series of graphs
and diagrams was prepared, from which preliminary conclusions were
formulated as to variation of isotope content in the waters and also as to
origin and degree of mixing of these waters.

Analysis of the diagram showing the relation between 618O and 5D
contents, in the context of the precipitation line (Fig. 3), enables the following
general observations to be made.

Extreme values of 618O lie in the interval from - 10. 05 to - 4. 95%O,
and of 5D from - 71. 99 to - 41. 40%0.

The tested waters may be divided into two groups from the point of view
of relative isotope content. The first group includes waters with overall
mineralization lying between 0.4 and 2. 5 g/litre, for which values of 618O
are not greater than - 8. 4%o and 6D values are not greater than - 60%o. All
the waters from the Cretaceous and Jurassic formations may be placed in
this group, and also most of those from the productive Carboniferous. All
point values lie close to the straight line corresponding to the function
5D = 8 618O + 10, which is characteristic for precipitation waters. The low
content of heavy isotopes allows this group to be classified as infiltration
waters. This classification is also supported by the values of 6D and 618O
for the waters of this group, approximating to those calculated theoretically
from the formulae of Dansgaard [13], taking into account the mean annual
temperature of the region, i. e. T = 6°C. The observed tendency for the
points to group below the precipitation line can presumably be explained as
due to the isotope exchange process taking place between the poorly permeable
carbonate rocks of the Cretaceous and the waters.
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FIG.3. б18О plotted against 6D for Lublin Coal Basin waters.

Waters from the Carboniferous (points 12, 18, 26) with mineralization
higher than 10 g/litre are grouped separately. On the diagram these points
are shifted relative to the waters of lower mineralization towards the SMOW
values. The 618O values vary in the interval from - 7. 62 to - 4. 95%o, and
ôD varies from - 53. 90 to - 41.10%0. These waters represent a mixture of
relict and infiltration waters, and their classification is backed up by the
hydrochemical indices and the gas composition of the waters.

The diagrams showing the relation between 518O values and depth (Fig. 4)
and 5D and depth (Fig. 5) show a tendency to increasing heavy isotope content
with depth. In the interval from 0 - 1000 m, the profile including Cretaceous,
Jurassic and the upper parts of the Carboniferous, the increase in concen-
tration is slight but distinct. Values of 618O vary from - 10.05 (8) to - 8. 31%o
(25), and for 6D correspondingly from - 71. 79 (8) to - 61.1%o (25). The
content of heavy isotopes, particularly 6D, rises sharply below a depth of
1000 m.

Data presented confirms the conclusions formulated from analysis
of the precipitation line. The slight mutual differentiation and low content
of heavy isotopes in the tested waters from the 0 - 1000 m depth interval
indicate that these waters may be classified as of infiltration origin.
The marked rise in heavy isotopes content in the waters of the lower
parts of the Carboniferous, at a depth greater than 1000 m, is evidence
of a separate circulation system, very largely isolated from contemporary
infiltration waters. The degree of isolation of the waters increases with
depth. This assertion is fully confirmed by the increased mineralization
of the waters, their chemical composition and also the presence of hydro-
carbons in the gas composition of the waters.
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FIG.4. б18 О plotted against depth for Lublin Coal Basin waters.

To investigate the water-bearing zones of the Cretaceous formations
and also the hydraulic connections between the waters of the various aquifers,
variations in deuterium and tritium contents in the waters were analysed,
in the framework of the geological profile of the deposit (Fig. 6).

The value of ôD is lowest (- 71.79%o) in the upper (0 - 200 m), permeable
and water-bearing strata of the carbonate Cretaceous, and this value shows
a slight rising trend with depth of sampling, whereas the tritium concentra-
tion decreases with depth, varying from 41. 4 to 5.1 TU. These figures
indicate a high rate of atmospheric water infiltration.

Below the 200-m level the deuterium content in the water rises to
- 66. 66%o, and shows a continuing rising trend to - 64. 23%o at a depth of
about 500 m. Simultaneously the tritium concentration in the waters decreases
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FIG. 5. ÔD plotted against depth for Lublin Coal Basin waters.

to about 1.5 - 1.1 TU. These figures suggest only limited contact between the
underground and atmospheric waters, which is confirmed by hydrogeological
investigations using traditional methods.

The waters circulating in the Jurassic formations have a deuterium
content (- 68. 72%o) approximating to but slightly less than that in the waters
of the lower sectors of the Cretaceous. This could indicate an easier contact
between these Jurassic waters and meteoric waters than the Cretaceous.
The differentiated isotope composition shown in the geological profile would
appear to suggest only partial recharging of the Jurassic aquifers with waters
from the Cretaceous formations in the central sector of the coal basin. This
question requires further investigation.
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The closely approximate values of deuterium content in the waters of the
Jurassic and Upper Carboniferous are evidence of hydraulic contact between
them, which would confirm the postulation put forward on the basis of
previous hydrogeological research. The isotope content in the waters,
studied in the context of the hydrogeological model of the deposit, indicates
replenishment of waters in the Upper Carboniferous formations.
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To determine the flow routes of the waters in the productive Carboni-
ferous and its overburden, the deuterium content values in the waters taken
from several test boreholes are plotted on the hydrogeological section
(Fig. 2) and also on the map showing the structure of the Jurassic formations
in the central part of the coal basin (Fig. 7).

From examination of the distribution of deuterium content in the waters,
in the context of the hydrogeological profile, certain marked overall trends
may be observed. The first is the increase in deuterium content in the
waters with increasing depth of location of the aquifers. There is also a
distinct differentiation in 6D values between the waters of the Lower Cretaceous
and the Jurassic formations. The probable cause of these observed effects
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* has already been suggested. A further trend is a notable increase in deuterium
concentrations in the waters in the east-to-west direction, in agreement with
the hydraulic gradient of the Jurassic and Carboniferous aquifers.

A similar situation appears on the structural map (Fig. 7). Over a
distance of 10 km an increase of 6D value in the waters of a Jurassic
aquifer from - 72. 0 to - 67. 5O%o is found, for the upper parts of the
Carboniferous the corresponding values being - 76.7 and- 67. ll%0. This
differentiation in isotope content values runs along the direction of water
flow. This is evidence for locating recharge areas for these aquifers in
the eastern part of the coal basin. This observation does not apply to the
waters of the Upper Cretaceous aquifer which, as may be seen from the
tritium content, is recharged over its whole area by precipitation waters
and drained by surface water courses.

RESULTS OF STABLE ISOTOPE TESTS IN THE WATERS OF THE UPPER
SILESIAN COAL BASIN

Geological structure and hydrogeological conditions

The Upper Silesian Coal Basin is a variscitic intermontane depression
situated in the south of Poland (Fig. 1). Geographically it lies in the region
of the Silesia — Little Poland uplands and has a temperate climate. The
coal deposits are found in the Upper Carboniferous series.

The Upper Silesian Coal Basin has been intensively mined for about
150 years, extraction taking place in the northern and central sectors. The
deposit of the southern sector has been thoroughly prospected and during
the last few years several new mines have been opened.

In the. northern sector of the coalfield the productive Carboniferous is
overlaid by permeable and strongly water-bearing Trias sic and Quaternary
formations, whereas in the southern and southeastern sectors the deposit
series are covered by impermeable argillaceous Tertiary sediments.
Underlying the Carboniferous, carbonate Devonian and clastic Cambrian
formations occur.

Taking into consideration the geological structure and the results of
hydrogeological investigations of the coalfield, it may be asserted that the
aquifers of the Upper Carboniferous are recharged through the outcrops and
also through the permeable overburden. In the northern and central sectors
of the Coal Basin, the aquifers are artificially drained from pumping out of
the waters by the hard coal mines. In the southern sector the Carboniferous
aquifers have a hidden drainage system.

Hydrogeological investigations conducted by classical methods have
shown that there is a marked hydrochemical zoning in the Upper Silesian
artesian basin, the sequence of chemical types of waters being: HCOjj -*
SO4" -* Cl". The lowest zone is represented by strongly metamorphosed
brines of Cl-Na-Ca type, with mineralization of about 200 g/litre.

The artesian basin in which the coal basin is situated has passed through
several cycles of hydrogeological development, resulting in expulsion, or
mixing, of the sedimentary brines from the Palaeozoic formations and their
replacing by palaeo-infiltration relict waters. It is currently assumed that
in zones of hydrochemical stagnation occurring in the productive Carboni-
ferous formations, there are metamorphosed meteoric waters which
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infiltrated to these formations during the Permian period [ 14]. In the
Mesozoic formations, as well as partly in the top of the Carboniferous
formations, the presence of contemporary infiltration waters has been ascer-
tained, and in the argillaceous Tertiary formations synsedimentary brines
have persisted [ 15]. The infiltration stage of the current hydrogeological
cycle has lasted from the final phase of the Tertiary up to the present time,
giving in effect intensive freshening of the waters.

To recapitulate: results indicate that in the artesian basin of the Upper
Silesian Coalfield, as well as contemporary infiltration waters, there
appear syngenetic and epigenetic relict waters and also mixed waters.

Results of isotope tests and their interpretation

Results are presented here of preliminary investigations on the isotope
composition of waters from the Upper Silesian Coalfield region. Further
detailed research is now in progress.

For these investigations 26 samples were taken from 6 coal mines and
8 bored wells. Water samples were taken from the aquifers of the Tertiary,
Jurassic, Triassic, Carboniferous, Devonian and Cambrian. The mine
waters come from natural inflows.

Determinations of isotope and chemical compositions of the waters from
the given aquifers are set out in Table II. As may be seen from this table,
the waters show very large differentiation in overall mineralization, varying
from 0.14 up to 215 g/litre, and also in chemical composition.

Extreme values of 618O vary from - 11. 57 to + 0. 34%o and of 6D from
- 72. 9 to - 1. 2%o. From analysis of the diagram showing the relation
between 618O and 6D contents in the context of the precipitation line (Fig. 8),
three groups of waters maybe distinguished, with differing isotope ratios.

In the first group are classed waters with an overall mineralization not
exeeding 3 g/litre, for which the 618O values are less than - 9. 5%o and 6D
values about - 70%0. These waters come from the Triassic (4, 5) and
Jurassic (3) and also from mines in the hydrogeologically non-isolated parts
of the coal basin (6, 11). The low values of heavy isotope content in the
waters, and the position of measurement points on the precipitation line
(Fig. 9), mean that these waters can be classed as of infiltration type.

Waters placed in the second group exhibit high mineralization (69 -
223 g/litre). These are brines from the Carboniferous (12, 17-22) and also
from the Devonian (23-25) and Cambrian (26).

Water samples taken from Carboniferous aquifers in the boreholes
designated Goczaïkowice 1 (17), Goczaïkowice 2 (18), Goczaïkowice IG (22)
and from the mine Silesia (19-21) all come from the southern, hydrogeologi-
cally isolated, part of the coal basin. Water from the mine Rokietnica (12),
situated in the northern part of the area, comes from a zone of regional
faulting.

The values of <518O in these brines vary from - 7. 36 to - 0. 89%0/ and of
ÔD from - 54.1 to - 15. 84%o. On the precipitation line these point values
are shifted, relative to infiltration waters, towards the SMOW values.

Because of the high mineralization of the waters and their isotope
composition, they should be classed as relict sedimentation waters of
marine origin mixed with palaeo-infiltration waters. This refers to waters
from the Carboniferous and also the Devonian and Cambrian. This conclusion
agrees with the results of isotope tests on the waters from the Carboniferous
aquifers carried out by DowgiaEto [7].



496 RÓZKOWSKI and PRZEWCOCKI

TABLE II. STABLE ENVIRONMENTAL ISOTOPE DATA IN THE UPPER
SILESIAN BASIN
(18O results corrected for dissolved salts)

Borehole
or mine a

Geological
formation

Depth
(m)

Water chemistry
№>>

12.

Debowiec(b) [7]

Zabfocie (b) [7]

Qgrodzieniec (b)

Zawada (b)

iasy(b)

Grodziec (m)

Grodziec (m)

Gwardia (m)

Gwardia (m)

Gwardia (m)

Jan(m)

Rokietnica (m)

Ziemowit (m)

Ziemowit (m)

Ziemowit (m)

Ziemowit (m)

Goczaikowice 1 (b)

Goczaikowice 2 (b)

Silesia (m)

Silesia (m)

Silesia (m)

Tertiary

Tertiary

Jurassic

Triassic

Triassic

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous

Carboniferous
Tertiary

уж g т " + О 0 7

зг 0.U0 спи N a j s C a | | M g 6
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Ca72MgM

500 Mo

180 Mo

200 Mo.7

300 M 3
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600 Mi

520 M70Br0.1I0.iKS

M M

M 2 0

N a w C a ,
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Ca 6 0 Mg 2 T Na u

Cl SO4 .5HCO3

Ha 9 S Ca 3 Mg 2

C 1 , , S % H C 0 »7

Na8 0Mg l 2Ca«

f̂
Na76Cai2Mgu

- 10.09 - 70.5

- 10.06 - 71.5

- 10.46 - 75.8

- 10.77 - 76.0

- 10.85 - 77.1

- 11.57 - 72.9

- 10.05 - 70.4

- 9.90 - 6 7 . 8

- 9.59 - 6 7 . 8

- 2.51 -22.5

Cl SO4 ,

N a M M g , C a s

Na 7 ,Mg l 3 Ca ,

Na , 3 Ca u Mg 1 $

Cl

N a , 4 C a , M g 7

- 61.0

- 2.59 -24.2

- 1.87 - 16.9

- 7.36 - 54.1

- 3.01 -27.4
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TABLE II. (cont. )

497

Borehole
or mine a

Geological Depth
formation (m)

Water chemistry
Ó 1 8 O

Cl
22. Goczaíkowice IG (b) Carboniferous

23. Goczaíkowice IG (b) Devonian

24. Goczaíkowice IG (b) Devonian

25. Goczaíkowice IG (b) Devonian

26. Goczaíkowice IG (b) Cambrian

570 - 620 M69Bro.is;Io.œs
Na76CaM Mg10

3078 МтВг0,61з1о.1)«

3118 M213Br0.bj3I0.009

- 2.62 - 2 1 . 8

- 1.40 - 21.5

- 0.89 - 15.8

- 1.48 - 19.9

m = mine.
b = borehole.
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FIG. 8. ô18O plotted against óD for Upper Silesian Coal Basin waters.

In the third group are placed brines taken from Tertiary formations in
the Dçbowiec (1) and Zablocie (2) boreholes, sampled and analysed by
DowgiaSo [7 ] . Their isotope composition corresponds to SMOW values and
hence they may be classed as synsedimentation waters of marine origin.
These isotope test results confirm the hypothesis previously formulated by
Rôzkowski [14].
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Diagrams showing the relation between <518O values and depth (Fig. 9)
and also 6D values and depth (Fig. 10) indicate a general trend towards
increasing heavy isotope content with depth. This trend is very clearly
distinguishable in the interval from 0 - 600 m, but the increments in 618O
and 6D taken below this level are insignificant. These values for the synsedi-
mentation waters from the Tertiary formations show no correlation with
depth.

This general trend, characteristic for the southern part of the coal
basin, indicates the presence of water of mixed types in the Carboniferous
formations to a depth of about 600 m, with a tendency to an increasing
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proportion of relict waters. Below this depth, in the formations of varying
geological age, there are highly mineralized stagnant relict waters with
approximately similar contents of heavy isotopes.

CONCLUSIONS

Preliminary results of isotope investigations carried out in Polish coal
basins, as presented here, indicate that stable isotope techniques offer a
considerable, and as yet not fully exploited, potential for application in
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mining hydrogeology. Tests on isotope proportional contents in waters,
used in conjunction with traditional hydrogeological methods, make it
possible to solve a number of important hydrodynamic and hydrochemical
problems. Already in the initial stages of mine design a solution to these
problems is indispensable if a correct prediction is to be made of the
degree of water in the deposit and of water inflows to the workings.

In the case of the Lublin Coal Basin, tests using stable environmental
isotopes confirmed the hypothesis of the infiltration origin of waters from
the productive Carboniferous series and its overburden. Hence it must be
expected that water inflows to the mines now being designed will come from
both static and dynamic sources. The marked differentiation in proportional
isotope content in the waters from the hydrogeological profile of the over-
burden points to hindrance in the atmospheric waters infiltration process.
If mining is taken to a depth greater than 1000 m, only a minimal proportion
of waters from dynamic sources in mine inflows need be expected.

The varying deuterium and tritium contents in the waters of the
carbonate Cretaceous formations confirm that their increase in water is
found only in the higher lying strata, to a depth of about 200 m.

The differences in values of 618O and 6D in the waters as between the
lower sectors of the carbonate Cretaceous and the Jurassic indicate that
filtration through the carbonate complex is hindered in the vertical direction.
It may therefore be expected that mining of the coal deposit in the Carboni-
ferous will not cause drying out of wells drawing their waters from the
aquifer of the Upper Cretaceous.

The regularity observed in distribution of deuterium concentration in
the tested waters suggests that if a sufficient number of determinations
were made, quantitative relations of rate and degree of water exchange and
also flow routes could be established in this way.

Preliminary investigations with isotope techniques in the Upper Silesian
Coal Basin show deep infiltration of contemporary meteoric waters in the
productive Carboniferous of the northern, hydrogeologically non-isolated,
sector of the coalfield. Drainage operations in the coal mines enhance this
effect.

In the southern, hydrogeologically isolated, sector of the coal basin,
no recent freshening of the waters under the Tertiary overburden is
observed. In this region, results of isotope tests suggest that to a depth
of 600 m mixed waters are present, the proportions in them of relict
waters increasing with depth.

In the formations of varied geological age occurring below 600 m,
relict waters appear. It may therefore be predicted that inflow to new
mines scheduled for construction will be from static sources only.

The differentiated values of 618O and 6D found for the waters of the
Carboniferous and Tertiary formations make it possible to determine
definitively the inflows to mine workings to be expected from these aquifers,
which is necessary for assessing the water hazard.
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DISCUSSION

J. SILAR: With reference to Fig. 8, were the water samples for stable
isotope determination collected from the basal pervious layers of the
Tertiary formation or from the thin sandy intercalations within the formation?

A. RÓZKOWSKI: From the sandy intercalations.
W. STAHL: With reference to Fig. 1, how do you explain the variation

in 6D along the now paths of the Jurassic aquifer?
A. RÓZKOWSKI: The aquifer is located in the transit zone of the ground-

water flow system, and the mixing of two different water bodies must be
the fundamental process governing an isotope fractionation mechanism.

V. T. DUBINCHUK: How do you explain the anomaly with regard to the
18O concentration at a depth of 1000 m?

A. RÓZKOWSKI: The artesian basin in which the coal basin is located
has passed through several cycles of hydrogeological development. As a
result, the sedimentation brines have been partially expelled from the top
of the Carboniferous formations. This was associated with intensive
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freshening of the waters to a depth of about 100Q m. The low concentrations
of heavy isotopes in waters from the 0-1000 m depth interval indicate that
they are infiltration waters.

The occurrence of a marked rise in heavy isotope concentrations at
depths greater than 1000 m is confirmed by increased mineralization of the
waters, by their chemical composition and by the high concentration of
hydrocarbons in the gases present in the waters.
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