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SUMMARY  

Isotopes are increasingly being applied in hydrogeological investigations as a supplementary 

tool for assessment of aquifer flow and transport characteristics. The Co-ordinated Research 

Project on the Use of Isotopes for Analysis of Flow and Transport Dynamics in Groundwater 

Systems was carried out during 1996–1999 to evaluate the performance of isotope methods in 

various case studies and to develop and improve conceptual and mathematical models for 

hydrogeological field assessment The project, involving participants from 13 scientific 

institutions, was aimed at identifying and carrying out the initial steps required to obtain 

optimal benefit from the methodology in the future.  

 

Various groundwater models incorporating isotope information were applied and tested in a 

range of case studies. The models included: lumped parameter or black box models, 

compartmental models (mixing-cell approach), distributed-parameter numerical flow and 

transport models, and geochemically-coupled transport models as described below.  

 

Lumped Parameter Models: This category of transfer function algorithms includes 

exponential, piston-flow and dispersion-type models. Field studies show that the lumped-

parameter models, in combination with physical, chemical and isotope hydrogeological 

information can be useful for constraining the possible range of groundwater ages, for 

determining the vulnerability to anthropogenic pollution, and for assessing hydraulic 

conductivity at the scale of the investigated system. Stable isotopes can be used in such 

models to determine the altitude of recharge, flow distances and the hydraulic gradient, as 

demonstrated for crystalline and sedimentary aquifer systems in Poland. In channelized and 

fissured-porous karst aquifers of central Europe, similar “black-box” models are shown to 

constrain the mean water volume in the whole catchment area, volumetric flow rates through 

the catchment, and amount of water flowing directly to springs from sinkholes.  

Compartmental and Mixing Models: A series of papers discuss delineation of flow in 

regional ground-water systems based upon the concept of compartment or mixing-cell models, 

calibrated with environmental isotopes. Compartment models can be applied to calculate 

ground-water residence times and ages and residence time and age distributions. Two models 

of the Nevada Test Site flow system, south-western USA, are presented. Another case study 

uses simple models to simulate mixing of paleowaters and modern waters in low hydraulic 

conductivity aquifers in northern Canada.  

Cascade multi-compartment models are also shown to be useful for predicting migration of 

radioisotopes in multi-layer geological bodies on the basis of residence time and retardation 

factor concepts. One limitation is that measurement and comparison of a variety of isotope 

tracers is required to define radionuclide transfer parameters in layered geological media. 

Detailed evaluation of the radionuclide processes and their mathematical model representation 

can best be carried out by examining radionuclide migration arising from discrete fallout 

events such as Chernobyl.  

Distributed Parameter Flow and Transport Models: Feasibility of integrating 

environmental isotope and geophysical measurements with advection-dispersion models is 

described for a shallow sandy aquifer near Chalk River, Canada. Estimates of groundwater 

residence time based on tracer techniques compare favourably with estimates from physical 

advective transport modelling.  



A separate study examines transient groundwater fluxes calculated by a groundwater flow 

model (MODFLOW), used as input to a compartmental mixing-cell (CMC) model, to 

simulate the transport of hydrochemical and isotopic species in regional groundwater systems. 

The CMC model is developed for multi-layered groundwater systems and allows for both 

recharge to the uppermost aquifer and upward or downward leakage between individual 

aquifers. The combination of the CMC approach and MODFLOW allows chemical and 

hydraulic data to be analyzed simultaneously to allow for improved conceptualization of the 

groundwater system, as demonstrated for the Gambier Embayment of the Otway Basin in 

South Australia.  

Environmental isotope and chemistry data are also used to constrain boundary conditions and 

transit times of MODFLOW, MODPATH, and NETPATH simulations of the regional ground 

water flow system in a study of Quaternary sediments on the Great Hungarian Plain. Three
additional case studies demonstrate applications of isotopes and CFC’s in different geological
settings to calibrate a range of subsurface flow and transport models.
 

A spatially distributed model incorporating environmental tracers was developed at the 

University Ben Gurion and Tel Aviv and tested in the central Arava valley with encouraging 

results in calculation of water fluxes, rate of pumpage, and sources of recharge. 

Distributed models combined with a mixing-cell analysis are also shown to be useful for 

describing groundwater flow and transport dynamics in large scale karst aquifer systems, and 

to account for the distribution of the recharge, flow and storage properties of the karst terrain.  

 

Overall, the contributing role of natural isotopes in qualitative understanding of the different 

sources of water in groundwater systems, mixing patterns, boundary conditions of the system 

(particularly for natural recharge) is reviewed. Isotopes are shown to be valuable for 

quantitative assessment of groundwater flow and transport characteristics, and in particular are 

most effective for: (i) constraining and evaluating models through isotope mass balance, (ii) 

estimation of travel times (and distribution of travel times) in the system so that the time 

related bulk properties (mean transit time of water) can be independently assessed, (iii) 

estimating mixing ratios of different component flows in the system and their related transit 

times, (iv) dating of groundwater and its age distribution, (v) evaluating dispersion, (vi) 

characterizing physical and chemical retardation processes (i.e. matrix diffusion, physio-

chemical inter-phase exchange, sorption/desorption, biogeochemical processes), and 

(vii) assessing pollutant migration. 

 

This compendium of case studies is a valuable bench-mark demonstrating the benefits and 

drawbacks of isotopes for assessment of groundwater flow and transport. Development and 

verification of computer software, which is needed for wide-scale utilization of such 

modelling procedures, is also an important contribution towards more effective use of 

isotopes. At the present, commercial software is available for application of lumped parameter 

(transfer-function) models, compartmental (mixing-cell) models, distributed numerical flow 

and transport models in 1D, 2D or 3D configurations, and forward geochemical speciation and 

geochemically-coupled transport models. Supplementary software which is not available 

commercially, and a supporting user’s manual, is provided in Part 2.  
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A combined interpretation of environmental isotopes for analyses of  
flow and transport parameters by making use of the  
lumped-parameter approach 
 
A. Zuber 
Institute of Nuclear Physics,  
Cracow, Poland 
 
W. Ciezkowski 
Faculty of Mining, Technical University of Wrocław,  
Wrocław, Poland 
 
 
Abstract. Considered field studies show that the lumped-parameter models can be used even when 
only two or three tritium determinations are available. In such cases, a wide range of models can 
usually be fitted. In spite of the lack of unique solutions, the results of modelling appear to be very 
useful, because they give an idea on possible ranges of ages, especially if available geologic 
information is used for the selection of more adequate models. In areas of differentiated morphology, 
the stable isotopes of oxygen and hydrogen are also useful in the selection of models. In addition, they 
usually allow determining the altitude of recharge, and, consequently, the flow distance and the 
hydraulic gradient. Then, the tracer age serves for calculation of the hydraulic conductivity in the 
scale of the aquifer. In flat areas, the flow distance and the hydraulic gradient have to be found from 
conventional observations. In both cases, the lumped-parameter models are helpful for determining 
the vulnerability to the anthropogenic pollution, Darcy’s velocity, and the hydraulic conductivity at 
the scale of the investigated system. 
 
 
1. INTRODUCTION 
 
Within the present work some applications of the tritium method, combined with the altitude 
effect of stable isotopes, are demonstrated for the determination of the position of recharge 
area and the regional (lumped) values of flow parameters. Tritium ages were found by 
applying the lumped-parameter models [1, 2] with the aid of the FLOWPC program, which is 
available from the IAEA [3]. The tritium input function was calculated as described in [3] on 
the basis of tritium records from the Cracow station where tritium in precipitation has been 
measured since 1975. For earlier periods correlated tritium records of Vienna and Valencia 
stations were used. Precipitation data were taken from meteorology stations situated close to 
the investigated areas. However, performed simulations showed that for the mean ages of 
equal to about 30 years, or more, it is not necessary to have the precipitation data from the 
nearest station. The ratio of the summer to winter infiltration coefficients (�) was taken as 
equal to 0.7. 
 
The lumped-parameter models are particularly useful for the interpretation of short-lived 
environmental radioisotopes (e.g. 3H and 45Kr) or other tracers with variable input functions 
(e.g. freons and SF6). The most useful have appeared to be the exponential model (EM), the 
exponential model combined with the piston-flow model (EPM), and the dispersion model 
(DM). Other models described in earlier works as well as recently developed models [4] were 
not used. The piston flow model (PFM) is of little use for the interpretation of tracers with 
variable input function. However, the PFM is usually applied for the interpretation of 
environmental tracers in large groundwater systems characterised by a constant input function 
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(i.e., with a constant tracer concentration at the entrance to the system as in the case of 14C), or 
for tracers which are produced underground (e.g., 4He). Due to the space limitations that 
category of models is not discussed in detail within the present work. 
 
The hydrogeologic meaning of particular models and the definitions of their parameters can be 
found in the references given above. In some of these references [1, 2, 3], a number of 
examples of tritium age determinations can also be found, however, for studies in which long 
records of a large number of tritium data were available. Within the present work more typical 
cases are considered, in which only two or three tritium determinations are available. It will be 
shown that even in such cases, in spite of some pitfalls and limitations, the lumped-parameter 
models usually yield valuable information on investigated systems. It should be remembered 
that in general, the lower the number of sought (fitted) parameters, the more reliable the 
model. For instance, when it is possible to obtain a good fit for a single-parameter model, a 
two-parameter model will yield a number of equally good fits due to the interplay of 
parameters. Therefore, the fitting procedure should always start with the simplest model. The 
program has option for the �-parameter, which allows for the presence of two flow 
components. That parameter represents the fraction of the volumetric flow rate of the older 
component (usually tritium free, but in the FLOWPC there is an option for a constant tracer 
concentration in the old component). Sometimes it is impossible to obtain any reasonable 
good fit without the introduction of the �-parameter [3, 5]. In other cases that parameter can 
be used only if there is a strong justification for its existence based on known hydrogeology 
and hydrochemistry as well as on isotope data of the sampled system. As shown further, in 
such cases, due to the interplay of parameters, the fitted models are usually non-unique, and it 
is a sore task of the investigator to select the most reliable model(s). Any additional parameter 
must not be introduced just for improving the fit of a model. 
 
The interpretation by the FLOWPC program should not end with finding the „best” fit. Very 
often a further search allows to find other models yielding equally „good’ fits. When the 
values of the mean ages yielded by different models are similar, and the meaning of other 
parameters, if any, is also similar, the results of fitting can be accepted. When the models 
yield distinctly different mean ages, the selection should be based on available hydrogeologic 
information. If that is not possible the whole spectrum of possibilities should be shown, and 
the final solution should be left for further samplings. 
 
The FLOWPC program also yields the transit time distribution function (also called residence 
time distribution function, weighting function, or g(t) function). In the program that function 
is given in the file flow.wfu in year-1 units versus dimensionless time (t/tt in the range of 
0 to 4, where tt is the mean age). In order to obtain the dimensionless g(tt) function versus time 
in years, all the values of both variables must be multiplied by the tt-value obtained in a given 
fitting procedure. It is very important to include figures of that function in the report for the 
users because it gives an idea on the distribution of flow lines of the tritium component. It also 
allows understanding why a quick appearance of a pollutant is possible in the case of a very 
large mean age, and why other models than the piston flow model allow to determine the 
mean tritium ages which are much larger than the duration of the hydrogen bomb era. 
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2. SELECTED EXAMPLES OF MODELS FITTED TO TRITIUM DATA 
 
In Fig. 1, five models fitted to two tritium determinations are shown. Due to a low number of 
data and their low relative precision, a large number of models can equally well be fitted. 
Undoubtedly, further samples and a better accuracy of tritium analyses would enable some 
selection of models. In general, either several models with a great age can be fitted, or it can 
be assumed that a small fraction of young water contributes to a far-distance tritium-free flow. 
In both cases there is no doubt that vulnerability of water from that spring to the 
anthropogenic pollution is low though not excluded. It can also be seen from Fig. 1 that 
further samplings would be useful for a better selection of adequate model(s). As mentioned, 
the decision on the acceptance, or rejection, of particular models should be based on the 
available geologic information. If such information is not available, the selection of the most 
adequate model is not possible. In that particular case, the geology suggests that models with a 
local component are more adequate, as discussed further in Sect. 2. 
 

 

Fig. 1. Tritium data and fitted models, the Upper Spring, Łomnica, Sudeten, Poland. 
 
 

 
 

Fig. 2. Tritium data and fitted models, Józef Stary shaft, Polanica Spa, Sudeten, Poland. 
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Fig. 3. Tritium data and fitted models, the Józef 2 well, Polanica Spa, Sudeten, Poland. 
 
 
In Figs 2 and 3 two other examples for mineral waters in marls and sandstones are shown. 
Four models fitted in 1995 to the first two tritium determinations in the Józef Stary shaft 
(Fig. 2) demonstrate that similarly to the previous case, a number of other models can be 
fitted, though they give an idea on the range of possible solutions. The third tritium sample 
taken in 1998 suggests that both models without the old component (� = 0) can be rejected 
owing to poor fits. The construction of that intake is not known. Most probably water enters 
the several metres deep shaft through a deeper borehole, which rather excludes the 
exponential models characterised by infinitesimally short flow times. Similarly, the DM can 
be rejected due to the improbably short mean age. However, the best fit and the geologic 
adequacy of the EPM are evident. Of course, that model is not unique. For instance, nearly the 
same good fit is obtained for the EPM with tt (mean age) = 40 a, � = 1.05 (the ratio of the total 
volume to the volume with the exponential flow) and � = 0.55, as well as for several other 
similar models. Note that when � becomes lower, the mean age of the tritium component 
becomes larger, which shows some consistency of the models. The presence of the tritium-
free component is justified in that case by the presence of two deeper wells at a close distance, 
which contain more mineralised CO2-rich and tritium-free water. The �-parameter equal to 
about 0.60 was chosen assuming the tritium-free component to be highly mineralised, and 
represented by the TDS content in water of the deeper wells. 
 
Similarly to the previous case, the EM and DM fitted to the first four tritium determinations 
shown in Fig. 3, can be rejected, though the 1998 sample confirmed the previous models. The 
two EPMs seem to give brackets for the most adequate parameters. The presence of the 
tritium-free component is justified on the same ground as in the previous case, and the �-
parameter estimated from the hydrochemical data is 0.38. 
 
In Fig. 4 the tritium data and the fitted model for the T-10 well in Tylicz are shown. The first 
sample was taken soon after the beginning of the exploitation. The well is situated near a 
creek, and before the exploitation the water probably was tritium-free. The exploitation 
reversed the direction of flow, and the bank filtration occurs. Though the system is now in a 
new steady state, it cannot be regarded as being in such a state for the age value obtained from 
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the interpretation of tritium data. Therefore, the model parameters seem to be of little value, 
and the fit obtained is poor. 
 
Examples given in Figs 5 and 6 demonstrate some other pitfalls encountered in the modelling 
of tritium data. The �18O and �D values of these waters are so light that they undoubtedly 
represent the dominant contribution of a large-distance high-altitude recharge, or glacial water 
stored in the Poprad river valley. The third well in the Spa exploits tritium-free water of even 
lighter isotopic composition, and with higher TDS content than the water from the Zofia well. 
 
 
 

 
Fig. 4. Tritium data and fitted model, the T-10 well, Tylicz, flysch Carpathians, south Poland. 
 
 
 

 
 

Fig. 5. Tritium data and fitted model, the Anna dug well, Żegiestów,  
Carpathian flysch, south Poland. 
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Fig. 6. Tritium data and fitted model, the Zofia well, Żegiestów, 
Carpathian flysch, south Poland. 

 
 
Therefore, there is no doubt that Anna and Zofia exploit mixed water with a local recharge 
component. A relatively large scatter of hydrochemical data observed for these two sampling 
sites is also reflected in the scatter of tritium data. Both scatters most probably result from 
changes in the �-parameter, i.e., the fraction of modern water is variable. The tritium content 
in the Anna dig well (Fig. 5), which was installed at site of a spring, has recently shown an 
increasing tendency. However, when earlier data (J. Dowgiałło, unpublished) are taken into 
account, the model obtained suggests that this tendency is probably accidental and results 
from the mentioned changes in the �-parameter. Unfortunately, it is not clear whether both 
groups of data can be interpreted as one set because reconstruction works in the well and its 
vicinity could have changed the flow patterns. Somewhat similar situation exists in the case of 
the Zofia well (Fig. 6), for which no earlier data exist. Due to a large scatter and a low number 
of data no model can be fitted. It is even difficult to say if the tritium content has a rising 
tendency or not. However, there is no doubt that a modern flow component exists with 
variable flow rate (i.e. with variable �). 
 
In Piwniczna Spa, the mineral waters are exploited from two shallow wells (about 50 m) and 
two deep wells (about 120 m). The water exploited by the deeper wells is most probably of the 
glacial age as shown by its isotopic composition [6]. However, in early seventies high tritium 
contents were observed in the P-2 well (J. Dowgiałło, unpublished) as shown in Fig. 7. Since 
the reconstruction of the well in eighties, the tritium-free water has dominated, with an 
admixture of younger water as indicated by the parameters of the second model (Fig. 7). The 
stable isotope composition shows that the tritium-free component is either a far-distance high 
altitude recharge, or, most probably, glacial water stored at larger depths (100-400 m) of the 
Poprad river valley [6]. All cases discussed above are related to CO2-rich waters, and the only 
available age identification and mixing pattern are based on the tritium and stable isotope 
data. Therefore, the determination of the real value of the �-parameter is difficult, especially 
when no unique fit is obtained. In Cieplice Spa two systems of thermal water are observed in 
granites [7], one with modern waters of a close recharge area and another with water of glacial 
origin. The ages of the system with modern water are documented in Figs 8 and 9. The system 
has a very small volume of water because both the outflow rates and the ages are very low. 



7 

The isotope content shows that the system is recharged at a higher altitude. Therefore, most 
probably, the flow is fast and takes place in a single fracture or a fault plane. Due to low 
number of tritium analyses, a number of models can be fitted. For Cieplice 3 intake (Fig. 9), 
models with similar parameters to Cieplice 2 (Fig. 8) can be obtained when the value of � 
parameter is chosen according to hydrochemical data [7]. It can also be seen that without the 
tritium sample of 1972, most probably quite other type of model and completely different age 
would be obtained, which shows that in many cases the lack of early tritium determinations 
does not allow to obtain a unique interpretation. However, this study as well as some earlier 
and further examples show that for wells or springs at a given area, one may expect similar 
type of models, which helps in a better selection of models. 
 

 
 

Fig. 7. Tritium data and fitted models, the P-2 well,  
Piwniczna, flysch Carpathians, south Poland. 

 
 
 

 
 

Fig. 8. Tritium data and fitted model, the Cieplice 2 outflow, 
granite of Cieplice Spa, Sudeten, west Poland. 
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Fig. 9. Tritium data and fitted models, the Cieplice 3 outflow, granite of Cieplice Spa, 
Sudeten, south-west Poland. The EPM with great age was obtained assuming that the result 

of 1972 was unknown. 
 
 
In Cracow-Mateczny artesian mineral waters are exploited from marls and sands covered by 
impermeable clays. The two deeper wells, which are not exploited, contain glacial water as 
indicated by isotopic composition much lighter than the modern recharge in the area and low 
14C content. Water from the third well has intermediate isotopic composition, tritium content 
as indicated in Fig. 10, 14C content of 12-17 p.m.c., and �13C of about –12.0 ‰, which means 
that a mixture of glacial and modern waters is exploited. Models shown in Fig. 10 indicate 
that most probably the glacial component dominates, and the mean age of the modern 
component is about 30 to 40 years. Of course, other similar models can also be fitted. 
However, there is no doubt that the models shown are consistent with the stable isotope and 
14C data. It is also evident that earlier as well as further tritium determinations would allow to 
perform a better identification of the most adequate model(s). 
 

 
 

Fig. 10. Tritium data and fitted models, the 2a well, Cracow-Mateczny, south Poland. 
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2. EXAMPLES OF HYDROGEOLOGIC INTERPRETATION OF TRACER DATA 

2.1. Mineral and thermal waters in gneisses and granites, Suteden Mts., Poland 

2.1.1. CO2-rich waters in Szczawina and Łomnica 

The initial tritium-age interpretation of mineral water from the Studzienne spring in 
Szczawina, Sudeten Mts., south-west Poland, was given in reference [8]. That reference also 
contains a summary of the rock parameters deduced from the tracer ages of the thermal waters 
in gneisses of Lądek Spa [9] and granites of the Jelenia Góra valley [7]. Below, the re-
interpretation of the Studzienne spring is given, which is justified by the results obtained in 
the same gneiss formation in Łomnica (Fig. 11). The tritium data and fitted models of the 
Upper Spring in Łomnica were given earlier in Fig. 1, whereas for Studzienne spring they are 
given in Fig. 12. 

Among the models shown in Fig. 12, and similar others given in Table 1 of reference [8], the 
EPM with the age of 158 years was initially selected as the most reliable. However, that 
interpretation must be revised when the models given in Fig. 1 are recalled together with the 
known geological cross-section, which for Łomnica is similar to that shown in Fig. 12, except 
for a shorter distance to the Cretaceous cover. It is evident from the tritium data that in 
Łomnica, there are two flow components, the first related to direct flow through fractured 
gneisses, and the second related to indirect recharge by seepage through Cretaceous marls and 
sandstones. Therefore, the same flow pattern most probably exists in Szczawina, and, 
consequently, the EM with tt = 65 a and � = 0.55 (Fig. 12) should be accepted as the most 
adequate model. By applying the modified Darcy law, in which the tracer age (tt) is related to 
the total porosity approximated by matrix porosity [10], the hydraulic conductivity of the flow 
system with tritium component is: 

K = npx/[(�H/�x)tt] = 0.007�750m/[(200/750)�65a] = 1.0�10-8 ms-1
,                                (1) 

with the matrix porosity (np) equal to that measured on rock samples of Lądek Spa gneisses, 
whereas the mean distance of flow (x) and the mean hydraulic gradient (�H/�x) are estimated 
from Fig. 11. That interpretation practically yields the same value of the hydraulic 
conductivity as previously estimated (Table 1), due to a shorter flow distance. Of course, 
several other similar models yield equally good fit [8]. Therefore, considering also the errors 
in estimations of the porosity, distance and hydraulic gradient, the overall accuracy of the 
determination of the hydraulic conductivity is usually not better than about �50%. 

For the Upper Spring in Łomnica, the hydraulic conductivity of the flow system with tritium 
component is about four times lower that that for the Studzienne spring, which means that the 
northern part of the investigated gneisses is much less permeable than the southern. The 
hydraulic conductivity calculated from Eq. (1) is: 
 
K = 0.007�400m/[(110/400)�70a] = 0.5�10-8 ms-1. 
 
For two-component mixing, the age of mixed water can be given as: 
 
tt, mixed = (1 - �)�tt, young + ��tt, old,                                                                                        (2) 
 
where subscripts young and old correspond to the tritium and tritium-free components, 
respectively. 
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Fig. 11. Morphology and geology of the Szczawina and Łomnica areas (adapted from [8]). 
1 – pre-Cambrian granites, para-gneisses, and mica shists; 2 – Cretaceous marls and 

sandstones; 3 – faults; 4 – investigated springs; 5 - the recharge area for the Studzienne 
spring initially deduced from the isotope data and known altitude effect; 6 – cross-section 

line; 7 - flow lines of spring flow component with tritium; 8 - supposed flow lines of tritium-
free component; 9 - supposed CO2 flow along the fault plane. 
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Fig. 12. Tritium data and fitted models, Studzienne spring, Szczawina, Sudeten Mts. [8]. 
 
By assuming the mean tracer ages of both springs to be represented by models with � = 0, the 
tracer ages of 230 a, for the Studzienne spring, and about 1000 a, for the Upper Spring, are 
obtained from Eq. (2). However, in general, the age found by applying a model fitted to the 
mixed water does not represent directly the ages of separate flows. Therefore, that approach is 
a rough approximation, which is applicable only under favourable conditions. 
 
For the ages of the tritium-free flow components given above, Eq. (1) yields the hydraulic 
conductivity of 0.007�1500m/[(260/1500)�230a] = 0.8�10-8 ms-1, for the Studzienne spring, 
and 0.007�1100m/[(230/1100)�1000a] � 0.1�10-8 ms-1, for the Upper Spring. The ratio of 
these values of the hydraulic conductivity is within the accuracy of estimations inversely 
proportional to the ratio of ages, which shows the internal consistency of the whole 
interpretation, and can be regarded as a partial validation [5] of the models selected. Those 
who consider the term validation as inadequate, can regard the models to be partly confirmed. 
 
In Table 1 the values of parameters of the Studzienne and Upper Springs are given in 
comparison with the previously estimated parameters of the former. The matrix porosity was 
assumed to be similar to that measured for Lądek Spa gneisses. The flow rate of the Upper 
Spring in Łomnica is not measurable due to a partial discharge in a creek (Fig. 11). 
 
Table 1. Parameters of the Szczawina, Łomnica, Lądek and Cieplice systems. 

Site Age 
[ka] 

Q 
[m3/min.] 

np 
[%] 

L 
[m] 

nf 
[%] 

b 
[�m]

Vw 
108 m3 

Vr 
1010 m3 

K 
[10-8 m/s] 

Szczawina 
gneisses 

0.158 0.012 0.7 Unknown   0.01 0.014 0.9 

Szczawnina 
gneisses, young 

          old  

 
0.065 
0.230

 
0.0054 
0.0066 

0.7     
0.002 
0.008 

 
0.003 
0.011 

 
1.0 
0.8 

Łomnica 
gneisses, young 

           old 

 
0.070 

1.0 

unmeas-
urable 

 

0.7 Unknown      
0.5 
0.1 

Lądek gneisses 
 

4.8 0.51 
 

0.74 0.08- 
0.66 

0.005-
0.020 

15-
35 

13 16 1.5 

Cieplice granites 30 1.71 2.0 0.10- 
0.80 

0.005-
0.020 

20-
40 

26 13 �2.3 
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The volume of water in the part of a given system discharged by a spring is given as: 
 
Vw = Q�tt                                                                                                                            (3) 
 
where Q is the outflow rate. 
 
The volume of rock occupied by Vw is given as: 
 
Vr = Vw/(nf + np) � Vw/np                                                                                                     (4) 
 
where nf is the fracture porosity, which is usually negligibly low (nf << np [10, 11]). 
 
2.1.2. Thermal waters in Lądek Spa 
 
Thermal water of low TDS content (about 100 mg/L) in L¹dek Spa is exploited from springs 
and a deep borehole in gneises of Bialskie Mts., part of Sudeten Mts. [9]. The thermal water is 
artesian, which shows that it can be regarded as a confined system, at least close to the 
discharge area, though the gneisses are not covered by impermeable sediments. On that 
ground, the use of the piston flow approximation was justified for the calculation of 14C ages, 
with the correction of the initial activity by �13C/(-25) factor [12]. The mid-Holocene age of 
water was confirmed by 4He excess contents, and noble gas concentrations in agreement with 
the altitude of recharge determined from the �18O and �D values and the known altitude 
effect. Details of the study are given in reference [9], whereas the parameters obtained were 
also summarised in Table 1 [8]. The mean, or apparent, fracture parameters were estimated 
from Eqs. (5) and (6): 
 
K = 6.28�105b2nf/(	f)2                                                                                                         (5) 
 
nf = b/L                                                                                                                               (6) 
 
where b is the apparent fracture aperture, 	f is the fracture tortuosity assumed to be equal to 
1.5, and L is the axis-to-axis distance between the fractures for a model of parallel fractures of 
equal spacing and aperture. The distance between the fractures was estimated from direct 
observations on freshly exposed unweathered rock surface. The matrix porosity needed for 
estimation of K from Eq. (1) was found from laboratory measurements performed on 
unweathered rock samples. 
 
2.1.3. Thermal waters in Cieplice Spa 
 
The main thermal water system in Cieplice Spa is exploited from several natural outflows in a 
granite horst and a deep well. The position of the recharge area and the age of water were 
subject of a number of controversies. These controversies partly resulted from the position of 
the Spa at the centre of the Jeleniogórska Valley surrounded by Izerskie Mts. on the west, 
Karkonosze Mts. on the south, Rudawy Janowickie Mts. on the east, and Kaczawa Mts on the 
north-east. According to [7] the noble gas methods confirmed the hypothesis relating the age 
of water to a low altitude recharge at the end stages of the last glacial, i.e., somewhat more 
than about 10 ka. On the ground of considerations given in [8] a more correct estimation of 
the age is close to 30 ka. The granite massif is not covered by impermeable sediments, 
however, the artesian character of the outflow from its horst structure allows to assume the 
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applicability of the piston flow approximation for the interpretation of 14C, and 4He and 40Ar 
excess values. The parameters of the main thermal system are given in Table 1 [8]. Note that 
literature is flooded by 14C studies in which the piston flow model is used without any other 
justification than that related to the simplicity of the formula for the age calculation just from 
the radioactive decay. 
 
The tracer ages of the systems given in Table 1 differ nearly by three orders of magnitude and 
their volumes nearly by four orders whereas the hydraulic conductivity values calculated from 
ages are within one order of magnitude. For the systems considered, the tracer data and the 
formulas used were the only means to obtain information on the mean (global, regional) 
values of their parameters. General applicability of Eq. (1) and its importance for the 
interpretation of tracer data in fractured systems were shown in [10] by comparison with other 
estimates. Unfortunately, the interpretation of tracer ages as if the tracer transport was related 
only to the mobile water in fractures is a common mistake seen in the literature of the subject. 
 
2.2. Mineral waters in Krynica Spa, flysch Carpathians, southern Poland 
 
In Krynica Spa (Fig. 13) mineral waters are exploited from several springs and a number of 
boreholes. The geology is very complicated due to strong folding and a number of faults. The 
occurrences of mineral waters are mainly related to the sandstones of the Magura beds, on the 
eastern side of the Kryniczanka stream. In that area the penetration of meteoric waters is 
unusually deep for the flysch formations. Springs and several boreholes supply CO2-rich water 
with tritium. Some other boreholes supply tritium-free water and one (K-10 well), screened at 
the depth of 375-423 m, contains evidently glacial water. Three other deeper wells exploit 
CO2 and saline water, the latter being a mixture of old Quaternary precipitation with 
ascending non-meteoric water, which probably results from dehydration of clay minerals in 
late diagenesis or early metamorphism. Within this work only the modern waters are 
discussed. 
The altitude effect for the central part of Polish Carpathians was similarly determined as that 
for Sudeten Mts. [7]. However, in the case of Carpathians, the regional correlation between 
the isotope content of infiltrating waters and the altitude of their recharge appeared to be much 
poorer than for the Sudeten [13]. In addition, it has appeared that in several spas the altitude of 
recharge areas of some water systems determined from the altitude effect was definitely too 
high. Therefore, the local altitude effects for particular spas were determined from the isotopic 
composition of both fresh and mineral waters in springs and wells, for which the altitude of 
recharge was easily estimated independently. The number of sampling sites available for that 
purpose was only 2 to 3, which makes the accuracy doubtful. However, the results obtained so 
far for Krynica [14] and Tylicz (unpublished) are consistent with the tritium ages, geology and 
morphology. The local relations between the isotope contents and the altitude of recharge for 
Krynica appeared to be similar to those for Tylicz, which is a few kilometres east of Krynica. 
For Krynica, they are given by Eqs. (7) and (8), and the results are listed in Table 2. 
 
H = 
174.8�18O 
1132                                                                                                       (7) 
 
H = 
22.7�D 
957                                                                                                             (8) 
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Fig. 13. Morphology and occurrences of mineral waters in Krynica, flysch Carpathians, south 
Poland. 1 � main springs with mineral water; 2 � boreholes with mineral water; 3 � springs 

and boreholes exploiting fresh water (adapted from [14]). 
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Table 2. Altitudes, isotope contents (median values of several analyses), and mean altitudes of 
recharge for Krynica mineral waters as determined by regional and local methods [14]. 

Site Altitude 
[m a.s.l] 

�18O 
[‰] 

�D 
[‰] 

Regional method 
[m a.s.l.] 

Local method 
[m a.s.l.] 

Słoneczne 1 561.8 -10.23 -70.5 640/610 660/640 
Słoneczne 2 581.4 -10.2 -73.3 620/770 660/710 

Jan A 578.3 -10.62 -73.5 800/780 720/710 
Jan B  -10.44 -72.9 720/740 700/700 
Jan C  -10.38 -73.0 700/750 690/700 
Józef 588.6 -10.7 -74.0 830/820 740/720 
K-1 616.1 -10.7 -74.7 830/840 740/740 
K-7 617.1 -10.65 -74.0 810/820 730/720 

Main Spring 578.3 -10.63 -72.6 800/730 730/690 
K-6 637.0 -10.67 -73.1 820/760 730/700 

Słotwinka 610.0 -10.85 -74.6 900/840 760/740 
K-9 602.6 -11.12 -78.75 - 800/830a 

K-14 571.1 -10.95 -77.0 - 780/790a 
K-3 625.9 -10.5 -72.5 780/720 710/690 
K-4a 685 -10.6 -71 800/640 720/660 

K-5, Tadeusz 704.2 -10.42 -72.0 720/700 690/680 
K-8 646.0 -10.17 -70.67 610/620 650/650 

K-25 665 -11.6 -79 - 950/840a 
K-27 605 -11.0 -77 - 780/790a 
K-10 635.0 -12.27 -85.87 - 990/990b 
K-18 612.3 -11.00 -77.25 - 780/800a 

a) probably admixture of glacial water, b) glacial water because no such altitude is possible. 
 
Słoneczne 1 and 2 are the only springs for which the simplest model (EM) was obtained 
without an older flow component (i.e., � = 0). The position of the recharge area is just above 
the springs, as determined from the stable isotope data, and the tritium model with a low value 
of the mean age. The residence time distribution function of flow to Słoneczne 1 spring is 
given in Fig. 14. That function explains the occurrences of ammonium nitrate observed in 
these springs. The parameters of the system drained by both springs were calculated by 
making use of Eqs. 1, 3 and 4, and are summarised in Table 3. 
 

 
Fig. 14. Residence time distribution function for Słoneczne 1 spring (obtained from the 

flow.wfu file in the FLOWPC) [14]. 
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Table 3. Parameters of groundwater systems drained by mineral-water springs in Krynica [14]. 

Site 
and component 

Age 
[a] 

Fraction 
[%] 

H 
[m a.s.l.] 

x 
[m] 

K 
[m/s] 

Vw 
[m3] 

Vr 
[m3] 

Słoneczne Springs 9 100 660 350 5�10-7 0.15�105 0.15�106 

Jan Spring 
Tritium 

Tritium-free 

 
13 
�45 

 
70 
30 

 
630 
710 

 
250 
750 

 
3�10-7 
�3�10-7 

 
0.7�105 
�1.0�105 

 
0.7�106 
�1.0�106 

Józef 
Tritium 

Tritium-free 

 
29 

�130 

 
70 
30 

 
680 
730 

 
400 

1100 

 
2�10-7 
�2�10-7 

 
0.4�105 
�0.8�105 

 
0.4�106 
�0.8�106 

Zdrój Główny 
Tritium 

Tritium-free 

 
50 

�320 

 
20 
80 

 
650 
710 

 
400 

1400 

 
1.5�10-7 
�1.5�10-7

 
0.2�105 
�4.9�105 

 
0.2�106 
�4.9�106 

Słotwinka 
Tritium 

Tritium-free 

 
14 
�75 

 
20 
80 

 
660 
750 

 
250 

1000 

 
3�10-7 
�3�10-7 

 
0.1�105 
�2�105 

 
0.1�106 

�2�106 

Remarks: The values of K for the tritium-free components are assumed to be not larger than those for the tritium 
components, which allows to calculate the lowest possible ages and volumes for the tritium-free components. K 
and Vr calculated for the matrix porosity of 0.10. 
 
 
The interpretation of tritium and stable isotope data for all the other springs and boreholes was 
neither so simple nor unique as for the Słoneczne springs. The model of the „best” fit for the 
Main Spring (Zdrój Główny) is given in Fig. 15. In mid-eighties, the near-by pipeline with 
fresh water was leaky and caused changes in chemistry and tritium contents of the Main 
Spring water, and, therefore, the measurement points of that period were rejected from the 
fitting procedure. The residence time distribution function of the tritium component is given 
in Fig. 16, which shows that, in spite of a great mean age, some flow lines with short travel 
times exist (possibility of pollution). Most probably these lines were affected during the 
incident with the leaky pipe-line. For the stable isotopes, a relation equivalent to Eq. (2) 
cannot be used due to the lack of information on the isotopic contents of particular flow 
components. 
 
 

 

Fig. 15. Tritium and fitted model for the Main Spring in Krynica [14]. 
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Fig. 15a. The residence time distribution function of the tritium flow component of the Main 

Spring in Krynica [14]. 
 
 
The mean altitude of recharge somewhat be above 700 m (Table 2) suggests the recharge at 
the top of Parkowa Góra (Fig. 13), which is little probable considering the low permeability of 
flysch and relatively large flow rate (2.1 m3/h). Therefore, it is assumed that the tritium 
component is recharged at the western slope of the Parkowa G., say, at the altitude of 650 m, 
and the tritium-free component is of a more distant recharge at the north-western slope of 
Szalone, or at the western slope of Huzary (Fig. 13). Then the hydraulic conductivity of the 
young water system is K = 0.1�400m/[(70/400)�50a�(365d/a)�(86400s/d)] = 1.5�10-7 m/s 
(Table 3). For the tritium-free component, which flows at greater depth and from a larger 
distance, the hydraulic conductivity cannot be lower, the rearranged Eq. (1) yields the mean 
age: tt = 0.1�1400/[(130/1400)�(�1.5�10-7)�365�86400] �320a (Table 3). The volume of 
water is then: Vw = Q[(1
�)tt, young + �tt, old] �5�106 m3, which yields the rock volume of 
50�106 m3. The same volume has a rock block with the dimensions of 1500m�500m�63m. 
The flow rate of the tritium-free component through the cross-section area (S) of the block can 
be expressed as: Qold = S�(�H/�x)�K = 500m�63m�(130m/1400m)�(�1.5�10-7m/s)�3600s/h 
�1.6 m3/h, which well agrees with ��Q = 0.8�2.1 m3/h = 1.7 m3/h. 
 
In Figs 16 and 17 the models obtained for Jan A and Słotwinka springs are shown (for Jan B 
and C the same models are obtained as for Jan A). In Jan springs the TDS content is about 600 
mg/L, whereas in Słotwnika it is about 4500 mg/L. The large scatter of tritium data in both 
cases is most probably caused by changes in � value.  
 
The recharge area of Jan springs is on the southern slopes of Jasiennik, at the mean altitude of 
about 700 m (Fig. 13). Słotwinka spring most probably is recharged on the southern slopes of 
Hawrylakówka at the mean altitude of about 750 m. Similar reasoning as for the Main Spring 
leads to the values of parameters given in Table3. Note that the existence of tritium 
component in both springs, and the character of model (EM or EMP with close to unity value 
of �) indicates the vulnerability of these springs to anthropogenic pollution. In fact, in 
Słotwinka, temporary presence of ammonium nitrate was observed. The low TDS in Jan 
springs is probably caused by the contribution of CO2 close to the outflows, whereas for 
Słotwinka, the CO2 flow probably meets with water close to the recharge area. 
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Fig. 16. Tritium data and fitted models, Jan A spring, Krynica [14]. 
 

 
 

Fig. 17. Tritium data and fitted model, Słotwinka spring, Krynica [14]. 
 
 
In Fig. 18 the models obtained for Józef spring and two boreholes exploiting water of the 
same hydrochemistry are shown. Note larger values of � for the boreholes and a very low 
scatter of tritium data presumably resulting from constant values of that parameter. The 
recharge area is above 700 m (Table 2) at the southern slopes of the adjacent peaks. 
 
In spite of a great age, the model obtained for the K-14 borehole suggests that the recharge 
area begins at a close distance. However, the isotope data indicate for that borehole the mean 
altitude of the recharge area nearly at 800 m (Table 2). That evident discrepancy can be 
explained either by admixture of glacial water or indirect recharge from the Kryniczanka 
stream along a fault which is crossed by the stream above the borehole. In the former case, 
due to the additional fitting parameter (�), it is possible to obtain an infinite number of 
models. At the present state of investigations it is impossible to judge which hypothesis is 
more probable. 
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Fig. 18. Tritium data and models, Józef spring, K-1 (169-189 m) and  
K-7 wells (87-210 m) [14]. 

 
 

 
 

Fig. 19. Tritium data and fitted model, K-14 borehole, Krynica [14]. 
 
 
 
All the other boreholes, listed in Table 2 below the K-14, contain tritium-free water; three of 
them contain probably an admixture of glacial water, and in K-10 dominates water of glacial 
age. Of all intakes with purely meteoric water, that one with glacial water is characterised by 
the highest TDS content of about 10 g/L. 
 
It is interesting that nearly all intakes exhibit mixed waters (� > 0) whereas in Tylicz which is 
a few kilometres east of Krynica (Fig. 13), no mixing is observed because two springs and 
several boreholes can easily be interpreted with models characterised by � = 0. 
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2.3. Mineral waters in Szczawnica, flysch Carpathians, southern Poland 
 
In Szczawnica, similarly to many other sites in flysch Carpathians, there are occurrences of 
chloride CO2-rich waters, which result from mixing between meteoric water and ascending 
chloride water of non-meteoric origin [15, 16]. The isotope content of mixed waters is shifted 
from the meteoric water line as shown in Fig. 20. In Szczawnica, the isotope data scatter 
strongly along and from the mixing line due to changes in the value of � parameter and short 
travel time of a fraction of the meteoric component. In consequence, seasonal variations and 
even individual strong precipitation events can be reflected by changes in isotope content. For 
the Jan borehole the scatter is also strong, and the mean value of the � parameter is estimated 
at about 0.20, as used in fitting procedure (Fig. 21). That example shows that in some cases 
the value of the � parameter is strongly justified by isotope evidence. Another example can be 
found in [17] where the isotope shift of modern water intruding into a salt mine was mainly 
caused by isotope exchange with water of crystallisation in hydrated salt minerals. 
 
 

 
 

Fig. 20. Isotope composition of mineral waters in Szczawnica Spa. 
 
 

 
 

Fig. 21. Tritium data and model, the Jan well, Szczawnica. 
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For determining the altitude of recharge, it is necessary to extrapolate the mixing lines of 
particular intakes to the meteoric line. For that purpose, the Cl--�18O and Cl--�D relations are 
also very useful. The flysch complexes in Szczawnica are characterised by porosity of 0.01-
0.02, which yields from Eq. (1) the hydraulic conductivity not larger than about 1�10-7 m/s. 
 
2.4. Fresh waters exploited from fractured marls in the Lublin area, eastern Poland 
 
In the Lublin area, eastern Poland, the first water level is related to Cretaceous marls which 
are fractured to the depth of about 100-200 m. Within the Bystrzyca river watershed, water 
from these marls is of a very good quality and intensively exploited. A number of wells and 
springs were sampled twice for tritium determinations at the beginning of 1995 and end of 
1997. All the concentrations were below 10 T.U. with slow changes. Models fitted to the 
obtained data were similar to those shown in Fig. 1, and the greatest mean tritium ages were in 
the range of 250-500 years. For the known hydraulic gradients, matrix porosity of 0.40, and 
estimated distances of flow, the lowest values of the regional hydraulic conductivity 
calculated from Eq. (1), were in the range of 4-15 m/d. Hydrodynamic modelling and 
pumping tests yielded the hydraulic conductivity of 2.5-10 m/d in most of the watershed area, 
and 50-300 m/d at the tectonic zones of the valley axes. Therefore, in spite of a low accuracy 
of modelling resulting from a low number of tritium determinations, the hydraulic 
conductivity obtained is in a general agreement with those derived from the conventional 
methods. Great tritium ages, which result from the retardation caused by matrix diffusion, 
explain the good quality of water. However, when some non-decaying pollutants appear in the 
groundwater, their removal will also take a very long time. 
 
3. CONCLUSIONS 
 
In spite of a number of limitations, the lumped parameter approach for the interpretation of 
tritium data in groundwaters appears to very useful and allows to calculate the flow and rock 
parameters at the scales of the investigated systems. Examples of the fittings, combined 
whenever possible with the stable isotope and chemical data, as well as examples of 
hydrologic interpretation, should be useful as a complimentary guide to [3] for the users of the 
lumped-parameter approach. 
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Abstract. The Schneealpe karst massif of Triassic limenstones and dolomites with the altitude up to 
1800 m a.s.l., situated 100 km SW of Vienna in Kalkalpen, is the main trinking water resource for the 
city. The catchment area of about 23 km2 is drained by two springs: Wasseralmquelle (200 L/s) and 
Siebenquellen (310 L/s). This karstic aquifer is approximated by two interconnected parallel flow 
systems of: (a) a fissured-porous aquifer, and (b) karstic channels. The fissured-porous aquifer is of a 
high storage capacity and contains mobile water in the fissures and stagnant water in the porous 
matrix. The water enters this system at the surface and flows through it to the drainage channels, 
which are regarded as a separate flow system, finally drained by both springs. The channels are also 
connected with sinkholes, which introduce additional water directly from the surface. The 
measurements of 18O and tritium in precipitation (input functions) and springs (residence time 
distribution functions) were modelled by a combined application of black-box models. The modelling 
was performed for different hydraulic conditions, i.e., high and low discharges separately. It has 
yielded the information on the mean water volume in the whole catchment area and in both systems 
(channels and fissured-porous aquifer) as well as the volumetric flow rates through these systems and 
amount of water flowing directly to the springs from the sinkholes.  
 
 
 

1. INTRODUCTION 
 
The environmental isotopes tritium and stable isotopes (18O or deuterium) are particularly 
suitable for tracing the origin of water in the hydrological cycle because they are constituents 
of the water molecule. The environmental isotope tracers, in combination with conventional 
hydrological methods, provide additional information on investigated systems. For instance, 
they serve for determining the origin of water, the storage properties of the catchment; the 
water dynamics in the groundwater systems or the reaction between surface and groundwater 
by bank filtration problems, i.e. [1, 2, 3, 4, 5]. The isotope data can properly be interpreted 
only with the aid of adequate mathematical models. Very often it is sufficient to apply simple 
lumped parameter approach (black box models), if that approach corresponds to the 
conceptual model of the water (or tracer) transport in the investigated system. Examples of the 
application of that approach can be found in literature, and their review is given in [6]. 
 
In the present paper, the results of mathematical modelling of long-term measurements of 
environmental isotopes (tritium and O18) in the karstic catchment area of Schneealpe, drinking 
water supply for the city of Vienna, Austria, are shown. The present interpretation is a refined 
version of that given earlier [7]. The parameters yielded by modelling of isotope data, 
combined with hydraulic data, are further used to obtain the hydrological parameters such as 
the volumetric flow rate and the volume of water in different parts of the investigated system. 
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2. AREA UNDER INVESTIGATION 
 
The Schneealpe karst massif of Triassic limestones and dolomites, with the altitude up to 
1800 m a.s.l., is located 100 km southwest of Vienna (Austria), in the northern Kalkalpen 
(s. Fig. 1). That aquifer, underlain by impermeable layers, has the thickness of about 900 m 
and is the main drinking water resource for Vienna. The catchment area of about 23 km2 is 
drained by two karstic springs: Siebenquellen situated on the SW side of the massif and 
Wasseralmquelle situated on NE. Both springs discharge between nearly 0 and 1.8 m3/s, or 
0.6 m3/s, with the mean of about 0.31 and 0.20 m3/s, respectively (Fig. 2). The mean annual 
precipitation is equal to 1050 mm/a while the mean evaporation equals to 34%. In the years 
1965-1968, a 9.7 km long gallery was drilled through the Schneealpe massif at the base of the 
limestone just above the underlying impermeable layers. The gallery runs through the basal 
region of the karst water body. The average thickness of the limestone that overlies the gallery 
is more than 700 m (see Fig. 1). Since finishing the construction of the gallery the large 
amount of water from the spring Siebenquellen is catch into a drinking water pipe-line. 
 
During 1973-1993, in both springs and in precipitation were measured the monthly means of 
discharge, precipitation amount and concentrations of environmental tracers. In Fig. 3 are 
shown the variation of precipitation amount and 18O contents in precipitation for period of 
1973-1980. The hydrological and environmental tracer data from Schneealpe catchment area 
are summarised in Table 1. 
 
Table 1. Hydrological data and mean 18O contents in the area under investigation 

Surface of the catchment   S = 23 km2 
Thickness of the massif   H = 900 m 
Average thickness of the massif m = 720 m 

Precipitation 
yearly mean      P = 1050 mm/a 
yearly mean 18O content  C = -11.29 ‰ 
Monthly means for: 
summer months     Ps =   100 mm/month 
18O content      Cs =   -8.85 ‰ 
winter months     Pw =     75 mm/month 
18O content      Cw =   -13.73 ‰ 

Discharge 
yearly mean of both springs Q = 690 mm/a (510 L/s) 
Monthly means for: 
summer months     Qs =   81 mm/month  
winter months     Qw =   34 mm/month 

Karstic springs: WASSERALMQUELLE  SIEBENQUELLEN 
yearly mean     Q = 196 L/s    Q = 314 L/s 
Monthly means for: 
summer months    Qs = 270 L/s    Qs = 451 L/s 
winter months    Qw = 121 L/s    Qw = 177 L/s 

yearly mean 18O content C = -11.76 ‰   C = -12.04 ‰ 
infiltration coefficient  � =  0.4    � =  0.2 
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Fig. 1. Site plan of the Schneealpe karstic catchment area (upper) and the vertical cross-
section of the Schneealpe massif (lower). 1: Graywacke zone (breccias and conglomerates); 
2: Werfener layers (shales and sandstones); 3: Embedded Gosau conglomerate; 4: 
Gutensteiner limenstone and dolomite; 5: Wetterstein limenstone and dolomite; 6: Dachstein 
limenstone; S-Qu karstic spring Siebenquellen; WA-Qu karstic spring Wasseralmquelle (after 
[7]). 
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Fig. 2. Monthly mean discharge variations of karstic springs: Wasseralmquelle (upper) and 
Siebenquellen (lower). 
 
  
The measurements of environmental isotope 3H in waters collected in the outflows in the 
gallery have been carried out since 1969. The interpretation of that tritium data has been 
presented in [7]. The results have shown that the mean transit times of tritium through the 
massif range between 1 and 93 years. It has documented the heterogeneity of the massif and 
the fact that karstic zones exist, which directly connect the surface of the catchment with the 
gallery. 
 
The mathematical modelling of the isotopical and hydrological data measured as a monthly 
averaged values in the precipitation and the karstic springs for the observation period of 8 
years were presented in [7]. In the present study more than 20-years long observation period 
of 3H data were available for the modelling. 
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Fig. 3. Monthly mean precipitation (line) and 18O contents in precipitation(line with points) in 
the catchment area of Schneealpe measured in years 1973-1980. 
 

 
3. MATHEMATICAL MODEL 

 
For the conceptual model, the karstic reservoir is approximated by two interconnected parallel 
flow systems of a fissured-porous aquifer and karstic (drainage) channels (Fig. 4), in similar 
way as it was proposed in [8, 9]. The fissured-porous aquifer of a high storage capacity (Vp) 
contains mobile water in the fissures and quasi-stagnant or stagnant water in the porous 
matrix. The water, having tracer concentration of Cin(t), enters this system at the surface of the 
catchment area and is flows, with the volumetric flow rate Qp, through it to the karstic 
channels. The channels are regarded as a separate flow system, having the volume of water Vc. 
These channels are connected with the sinkholes, which may introduce additional water with 
the same Cin(t) concentration. That water flows directly from the surface of the catchment 
with the volumetric flow rate of Qc. Finally the karst channels are drained by the two large 
springs. Each spring has at the time moment, t, the discharge Q being the sum of volumetric 
flow rates through the fissured-porous aquifer, Qp, and of a direct component entering the 
channels through the sinkholes, Qc, (s. Fig. 4): 
 
Q t Q t Q tp c( ) ( ) ( )� �                   (1) 

 
The tracer concentration in the spring, C(t), results from the weighted mixing of both, 
mentioned above, water fluxes: 
 
Q t C t Q t C t Q t C tp p c c( ) ( ) ( ) ( ) ( ) ( )� �              (2) 

 
where Cp is the tracer concentration in the outflow from fissured-porous matrix into the 
drainage channel; and Cc is the tracer concentration at the exit of the channel (i.e. in the 
spring) resulting from the tracer flow between the sinkhole entrance and the spring. 
Generally, the relationship between input tracer concentration, Cin(t), and the tracer 
concentration measured in the output from any part of the groundwater system, Cout(t), is 
given by the following convolution integral:  
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Input: infiltrated water Q(t), C in(t)

                         Output: karstic spring
                          Q(t)=Q c(t)+Q p(t); C(t)

Qp(t)

Cp(t)

Fissured-porous
         aquifer

top,  (PD)p
Vp

DRAINAGE CHANNELS  t oc
 Vc

SINKHOLES

KARST MASIF

 
 

Fig. 4. Conceptual model of water flow in karst massif Schneealpe. 
 
 

� �C t C t g t t dout in
t

( ) ( ) ( )exp ( )� � � �� � � � �

0
           (3) 

 
where g(�) is the transit time distribution function for the considered part of the system 
(weighting function) and � is the radioactive decay constant, which for tritium equals to 
�=0.0563a-1, and for 18O equals to �=0. 
 
Considering the water flow and the tracer transport in the drainage channels at the pathway 
between the entrance and exit (surface-spring), one can assumed that the transit time 
distribution function in that part of aquifer has a piston flow form, which is described as: 
 
g toc( ) ( )� � �� �                     (4) 
 
where �(�) is the Dirac function and toc is the mean transit time of water through the drainage 
channel, defined as follows: 
 

t V
Q Q

V
Qoc

c
c p

c
�

�

�                    (5) 

 
Vc is the mean volume of water in the drainage channels, whereas Q , Qc  and Qp  are the 
mean discharge of the spring, the mean volumetric flow rate of water entering the drainage 
channels at the surface and the mean volumetric flow rate of water in the fissured-porous 
aquifer, respectively.  
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The fissured-porous aquifer is a double-porosity medium, which consists of mobile water in 
the fissures and stagnant water in the porous matrix. Therefore, one cannot determine from the 
environmental tracer data the mean transit time of water but the mean transit time of tracer 
[10, 11]. According to [12], the Dispersion Model approximates, with a sufficiently good 
accuracy, the transit time distribution function of a tracer: 
 

� �g
P t

t
P tD op

op

D op
( )

/
exp

/

/
�

� � �

�

�

�
��

�

�
�
�

�

�

�
�
�

1
4

1

4

2

            (6) 

 
However, PD is then an apparent dispersion parameter [1, 12] and top is the mean transit time 
of tracer through fissured-porous aquifer defined as: 
 

t
V
Qop

p

p
�                       (7) 

 
with Vp being the total volume of water in the aquifer, i.e. the sum of the stagnant water in the 
porous matrix and the mobile water in the fissures.  
 
 

4. MODELLING METHODOLOGY 
 
The equations (1), (2) and (3), with the weighting functions (4) and (6), can be used to 
determine the mean transit times of water (or tracer) in the both parts of aquifer. However, 
first it is necessary to separate from the output concentrations C(t) measured in the springs 
both concentrations Cc(t) and Cp(t). It was achieved by analysing the tracer data, tritium and 
18O separately, by extremely different discharge conditions, it means, by very high and by very 
low discharges.  
 
Assuming that the mean transit time of tracer through the fissured-porous aquifer is larger 
than 4 years, one can expect constant 18O content (without time-variations) in the water 
flowing out from that aquifer. In such a case the variations of 18O content observed in the 
spring result from the tracer flow through the channels, because there the transit time is 
relatively short. A very high discharge is mainly caused by the infiltrating water entering, 
which enters the karstic channels through the sinkholes just after heavy rains or snow melting. 
The comparison of 18O contents in precipitated water, Cin(t), (s. Fig. 3) and in the spring, C(t), 
observed during high discharges (s. Fig. 5), makes possible to estimate the mean transit time 
of water through the drainage channel, toc. For the Piston Flow Model, such estimate is 
obtained simply by shifting the isotope signal in the time scale. The mean value of the transit 
times calculated for all events yields the mean value of the mean transit time of water through 
the drainage channels which was estimated for each spring separately. By known mean 
discharge of the spring one can easily calculate the mean volume of water in the drainage 
channels, Vc, for the parts of groundwater system related to each spring (5). 
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Fig. 5. Monthly mean discharge (line) and 18O contents (line with points) observed in the 
karstic springs of Wasseralmquelle (upper) and Siebenquellen (lower). 
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In the case of a very low discharge (base flow) one can assumed that the flow from the 
sinkhole entrance does not exist (Qc=0). Then, according to Eq. (2), the tracer concentration 
measured in the spring, C(t) is equal to the concentration of tracer in the outflow from the 
fissured-porous aquifer, Cp(t). Then, the application of the Dispersion Model (Eq. 6) to the 
tritium data measured in the spring, yields the mean transit time T, which is the sum of transit 
times through both, the porous-fissured aquifer and the drainage channels together: 
 
T t top oc� �                      (8) 

 
Using the above equation, for known toc, it is easy to determine the mean value of the transit 
time of tritium through the fissured-porous aquifer, top.  
 
After finding a model parameters (top, PD and toc) one can calculate, by applying Eq. (3) for a 
given input function Cin(t), the theoretical output concentrations Cp(t) and Cc(t) for the whole 
observation period: 
 
C t C t tc in oc( ) ( )� �                    (9) 

C t C t g t dp in
t

( ) ( ) ( )� �� � �

0
                (10) 

 
where g(�) is the weighting function of the Dispersion Model (Eq. 6). Equations (9) and (10) 
are calculated for the stable isotope 18O. Knowing the theoretical functions (9) and (10) the 
system of two equations (1) and (2) can then be solved. It yields the volumetric flow rates 
Qc(t) and Qp(t) for each month ti in the whole observation period:  
 

Q t
C t C t
C t C t

Q tc i
i p i

c i p i
i( )

( ) ( )
( ) ( )

( )�

�

�

                (11) 

 
Q t Q t Q tp i i c i( ) ( ) ( )� �                   (12) 

 
Finally, the portion of discharge resulting from the direct infiltration of precipitated water into 
the sinkhole entrance can be calculate for the each month as follows: 
 
d t Q t Q ti c i i( ) ( ) / ( )�                    (13) 

whereas the average value for the whole observation period, d , as: 
 
d Q Qc� /                       (14) 
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The mean values of Qp  and top yield the mean volume of water in the fissured-porous aquifer, 
Vp (7). The average volume of water in the whole groundwater system being under 
consideration, V, is the sum of water volumes in both parts of the system (i.e. in the karstic 
channels and in the fissured-porous aquifer): 
 
V V Vp c� �                      (15) 

By known volume of the rock of the catchment area, Vr, the average saturated water porosity, 
n, can be estimated as being equal to: 

n V Vr� /                       (16) 

whereas the karstic porosity, nc, is defined as the ratio of water in the drainage channels to the 
volume of the rock: 

n V Vc c r� /                      (17) 

 
5. RESULTS OF MODELLING 

 
The Dispersion Model applied to the tritium data observed in both spring by the base flow has 
yielded for both springs Wasseralmquelle and Siebenquellen, the mean transit time T equal to 
26 a and 14 a, respectively. The tritium input function was calculated using the monthly mean 
precipitation amounts, which were taken from the meteorological station in the Schneealpe 
massif and with the infiltration coefficient, � (the ratio of summer to winter infiltration 
coefficients) being equal to 0.4 and 0.2 for Wasseralmquelle and Siebenquellen, respectively. 
The tritium contents in precipitation were taken from IAEA Vienna station (up to 1969) and 
from the area under investigation (since 1970). The modelled tritium curves obtained as the 
best fit to the concentrations observed more than 20 years (1973-1995) are shown in Fig. 6. 
These curves are compared with the results of modelling performed by Rank et al. [7] based 
on tritium data measured in the years 1973-1980. 
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Fig. 6. Theoretical 3H output concentrations (lines) obtained as the best fit of the Dispersion 
Model to the tracer concentrations measured (points) in the karstic springs Wasser-almquelle 
(upper) and Siebenquellen (lower) during base flow conditions. (Heavy line - present 
modelling; thin line - earlier modelling [7]; for parameters s. Table 2).  
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Fig. 7. Calculated monthly mean fractions of water fluxes flowing through the drainage 
channels directly from the sinkhole entrance to the karstic springs of Wasseralmquelle 
(upper) and Siebenquellen (lower). 
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The estimation of the transit times through the drainage channels were performed only for the 
years 1973-1980 using available 96 monthly mean contents of 18O measured in the 
precipitation and in the springs. The average values of the transit time, toc, calculated from 
single monthly events, produced the value of about 1 month and 1.4 months for 
Wasseralmquelle and Siebenquellen, respectively. Then, by applying Eq. (8), the mean transit 
times of tracer through the fissured-porous aquifer, top, were estimated to be 25.9 a and 13.9 a, 
for both springs, respectively. Taking these transit times and the corresponding values of the 
dispersion parameter PD (0.8 and 0.5) found by modelling of tritium, the theoretical 
concentrations of 18O in the outflow from the fissured-porous aquifer were calculated for both 
springs (Eq. 10). Additionally by applying Eq. (9) the functions of Cc(t) were estimated for the 
known mean transit times found earlier for the drainage channels. For solving of Eqs (9) and 
(10) as an input function were taken, directly measured in precipitation, monthly means of 18O 
content. Then, based on data and functions available, the volumetric flow rates Qc(t) and the 
portions of discharge resulting from the direct infiltration of precipitated water, d(t), were 
calculated for both springs using Eqs (11) and (13). The functions d(t) are shown in Fig. 7 for 
the considered period of 96 months. Additionally the average values of direct flow, of the 
volumetric flow rates through the channels and through the fissured-porous aquifer were 
estimated for both springs. The average portion of water entering the system in the entrance to 
the sinkholes was found to be 13% and 20% for Wasseralmquelle and Siebenquellen, 
respectively. Finally, for each spring were calculated the mean volumes of water in different 
parts of the Schneealpe groundwater system and for the catchment areas related to both 
springs. The average volumes of whole water in the catchment areas of Wasseralmquelle and 
Siebenquellen were respectively of about 137 and 108 �106 m3. While the volume of water in 
channels were of about 0.5 and 1.1 �106 m3 which correspond to 0.4% and 1% of whole water 
volume. 
 
The volume of water in the whole catchment area of Schneealpe being the sum of water in the 
systems of both springs was finally estimated to of about 247�106 m3. This water is stored in 
99.35% in the fissured-porous aquifer containing stagnant water in the porous matrix and 
mobile water in the fissures. Only 0.65% of water is stored in the drainage channels. 
 
After estimating the volume of the whole rock (720m�23km2 =16.6�109 m3) the mean water 
saturated porosity (16) was calculated to be of 1.5%. The karstic (channel) porosity for the 
whole catchment of Schneealpe was estimated (17) to be of 0.01%. The results of modelling 
and calculated hydrogeological parameters are summarised in Table 2. 
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Table 2. Modelling results (for symbols see also Fig. 4). The values of model parameters 
obtained by Rank et al. [7] are given in parenthesis 

 
Karstic springs: WASSERALMQUELLE  SIEBENQUELLEN 

 
Mean transit time and dispersion parameter 
drainage channels  toc        1    (2) month      1.4 (2) months 
porous-fissured aquifer top  25.9 (4.5) a     13.9 (2.5) a 
porous-fissured aquifer PD   0.8  (0.5)        0.5 (0.5) 
 
Mean volumetric flow rate and mean portion of direct flow 
porous-fissured aquifer  Qp  5.3�106 m3/a   7.8�106 m3/a 
drainage channels  Qp +  Qc 6.1�106 m3/a   9.8�106 m3/a 
portion of direct flow d  0.13     0.20 
 
Mean volume of water in catchment areas of a spring 
porous-fissured aquifer Vp    137.3�106 m3   108.4�106 m3 
drainage channels  Vc        0.5�106 m3       1.1�106 m3 

whole system   V    137.8�106 m3   109.5�106 m3 
 
 

MEAN PARAMETERS FOR THE WHOLE CATCHMENT AREA OF SCHNEEALPE 
 

Volumetric flow rate 
fissured-porous aquifer   Qp:   13.1�106 m3/a 
drainage channels    Qp +  Qc:  15.9�106 m3/a 
Portion of direct flow    d    17.5 % 
 
Volume of water 
Both systems       V:    247�106 m3 
Fissured-porous aquifer    Vp:   246�106 m3 
Drainage channels     Vc:    1.6�106 m3 
Portion of water in channels  p=Vc/V  0.65 % 

 
Volume of the rock     Vr    16.6�109 m3 
 
Total water saturated porosity n:    1.5 % 
Channel porosity     nc:    0.01 %  
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6. CONCLUSIONS 
 
The lumped parameter approach, applied in the combined form separately for 18O and tritium 
data in high and low discharges, yielded the mean transit times and volumes of water in both 
flow systems, and on the portion of water flowing directly from the sinkholes through the 
drainage channels. The volume of water stored in the karstic channels was found to be 
insignificantly small (less than 1%) in the comparison to the volume of water stored in the 
fissured-porous aquifer. However, one should mention that finally through the karstic 
channels flows the whole water flux. The volumetric flow rate of water entering the channels 
through the sinkholes is relatively large (17.5% of the whole discharge). This water flux, 
having very short transit time to the springs (about one month), establishes the potential 
menace for the water quality in the springs in the case of possible contamination on the 
surface of the catchment. The volume of water stored in the main part of the karst massif, i.e., 
in fissured-porous aquifer, was found to be significantly larger than that found earlier [7] from 
the evaluation based on a shorter observation period. One must point out that this aquifer 
consists of mobile and stagnant water reservoirs, which, based on data available, cannot be 
separated. The total water volume found for the karst massif from the modelling of tritium 
data corresponds to the porosity of 1.5%. This value seems to be realistic for the rocks of 
Schneealpe massif. The measurements of the water pressure in the gallery outflows situated 
under the central part of karst massif have shown an average value of 65 atm, which is equal 
to a water column of about 650 m. It also corresponds quite well to the assumed average 
thickness of the karst massif, which is equal to 720 m. These data can be regarded as an 
indirect validation of the model used. 
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Abstract. The authors described a cascade multicompartment model to predict migration on 
radioisotopes in multiplayer geological bodies on the base of the residence time and retardation factor 
concepts and isotope tracer techniques. The model developed needs a combination of isotope tracer 
techniques as a source of data on key parameters of the radionuclides transfer in geological media. The 
model to predict radionuclides migration takes into account a multiplayer lithological construction of the 
protective barrier. The Chernobyl radionuclides released into the environment should be actively used to 
verify mathematical models and different methodological approaches. 
 
 
1. INTRODUCTION 
 
1.1. Models developed and used 
 

The models being developed and used within the project of the CRP under discussion 
are based on the previous works of VSEGINGEO /3, 5-9, 11, 12, 13, 15, 16, 24/ and SPA 
“Typhoon”/12, 20, 21, 40, 41/, as well as of other organisations and authors in isotope 
hydrogeology and in the routine and specialised hydrogeological modelling especially 
concerning natural and environmental radionuclides migration /3, 16, 17, 23, 24, 33, 36, 37, 39/ 
in geological and water systems. 

In the work two general kind of models were used, namely: 

* Distributed parameter models (DPM), and  

* Concentrated (lumped) parameter models (CPM). 

Within these kinds, three particular classes or types of basic models were considered or used 
in different forms and for different goals: 
 
1.1. Piston Flow Model (PFM) /3, 5, 8, 20, 21, 24/; 
1.2. Diffusion/Dispersion Transport Model (DTM) / 3, 9, 16, 17, 24/; 
1.2.1. Log-Normal Distribution Model (LNDM) /13, 30, 36/; 
2.1. Perfect (Complete) Mixing Model (PMM) /3, 5, 7-13, 15, 16, 24, 32, 36/, 
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including, 
2.1.1 Multi-compartment Perfect Mixing Model (MPMM) / 3, 7, 9, 11, 13, 15, 24, 25, 30/. 

The latter (model 2.1.1) were used mainly in solving the problem of description and 
prediction of migration of contaminants (first of all, Chernobyl radionuclides) in geological 
media. 

The work reported have been done on the base of the system analysis approach, and the 
concept of the residence time and retardation factor /5-7, 24, 25, 27, 37/ as well as on the base 
of those ideas developed in isotope hydrology presented, for instance, in /3, 11, 16, 17, 24, 27, 
29-32, 33-36, 39/. Here, the models under numbers 2.1.1 (tracer/contaminant movement in 
multi layered geological bodies) and 1.1 (contaminant movement in river flows) are mainly 
discussed below. By this, Chernobyl radionuclides are considered as contaminants and 
technogenic environment isotopic tracer simultaneously. 

 
1.2. Problems should be solved 
 

A very acute problem appeared with predicting groundwater (GW) vulnerability to an 
intensive regional radioactive contamination of the environment caused by the Chernobyl 
accident /7, 10, 11, 12, 13, 14, 15, 30, 31, 34, 36, 39/. This problem must have been carried out 
in a very short time period by conditions of scarce information as well as those forces and funds 
needed to solve the problem. Any routine model technology demands such an amount of 
information that could not be provided by known means. That is why, as a main strategic and 
promising approach in solution of the problem, VSEGINGEO selected, principally, a 
combination of the isotope tracer techniques (both environmental and artificial including 
Chernobyl isotopes) as a source of data on key parameters of the radionuclide transfer in 
geological media, especially in the aeration zone (AZ) which represents the first and main 
protective shield defending subsurface waters against the surface contamination.  

The first attempt to predict possible changes of the radionuclide contents in the shallow 
aquifers was undertaken in VSEGINGEO by Dubinchuk V.T. with collaborators in summer of 
1986 and completed at the end of 1987. Using results of the isotope tracer (both artificial and 
environmental) data obtained during the field survey of 1986-1987 with respect of expected 
residence times of water and retardation factors of 137Cs and 90Sr, residence times of the 
radionuclides in AZ were estimated and further expected their concentrations in the shallow 
groundwaters (SGW) horizons were calculated. The forecast was carried out on the base of a 
three compartments model (soil+AZ+SGW) and was finalised by constructing series of maps in 
terms of expected distributions of 137Cs and 90Sr in the soil layer, AZ and SGW for 30-km zone 
and neighbouring territory of Ukraine and Byelorussia. Unfortunately, due to known reasons, 
the maps and other prediction material had not been ever published. 

Next attempts were made for the territory of Bryansk Region (BR) of the Russian 
Federation (RF) on the base of a two compartment model (AZ+SGW) in 1989-1990 by 
Polyakov V.A. and on the base of a lognormal model for the homogenic AZ assuming a 
lognormal distribution of the radionuclides migration velocity by Karasev B.V. These results 
were reflected in the issue of an IAEA Research co-ordinated programme /36/. Some years ago 
a more developed multi compartment model were used in predicting the shallow groundwater 
quality within the radio ecological polygon «Demenka» in BR /6, 7, 10, 11-13, 15, 25, 28, 29, 
30/. Radioecological monitoring and surveying within this polygon and in its vicinity is being 
continued intensively. A brief description of the polygon works that have been and being 
carried out are given in the next chapter (see also /10, 11, 12-14, 30, 36/).  
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1.2.  Radioecological polygon «Demenka»  
 

The hydrogeological-hydrological and radioecological polygon «Demenka» is a basic 
observation (monitoring) site within the West Part of Bryanskaya Oblast most affected by the 
radioactive fallouts during the Chernobyl accident in 1986 /1, 18/.  

The polygon was founded in the period of 1992-1994 by the Geological State Enterprise 
«Bryanskgeologia» (GGP «Bryanskgeologia») of the Central Regional Geological Centre 
(CRGC) of the Ministry of Natural Resources (MNR) of the RF. At the territory of the polygon 
a complex monitoring and surveying are being implemented by GGP «Bryanskgeologia», 
VSEGINGEO, VIMS (all of MNR). Since 1997 SPA «Typhoon» (Roshydromet) has been 
involved in the work at the polygon and, in turn, the listed organisations of MNR have joined to 
investigations being implemented by SPA “Typhoon” as well as by regional organisations of 
Roshydromet at the hydrology-hydrogeology polygon named «Lake Kozhany» (Iput’ river 
basin). 

As it is planned, these polygons and regional monitoring networks in their vicinity 
provide a relevant basis to clear out a current radiological status of surface waters (SW) and 
GW as well as to predict possible changes of their status in the future (for the period from the 
present up to 100 years and more forwards). 

The monitoring and survey work at these territories and polygons were supported by the 
IAEA Research Contract No RUS 8680 within the frame of the present Co-ordinated Research 
Programs and by the special UNDP Project RUS/95/004. The latter is being carried out in co-
operation with the IAEA. 

The polygon «Demenka» is situated within Novozybkov District of the South West part 
of BR just near Ukraine and Byelorussia borders and covers the watershed of Demenka river 
which is a tributary of Iput’ river that, in turn, is a tributary of Sozh river entering Dniepr river. 
The total length Demenka river is 13250 m. The river bed size is distributed in the range of 3-5 
m in the upper part of the watershed widening to 20-25 m at the middle part of the watershed 
and by entering to Iput’ river. The drainage basin square equals 75 km2. The river valley is 
elevated under the sea level at the altitudes of 183 m within the watershed belt and of 130-150 
m in other its parts. Thus, within the drainage basin the difference in the altitude not exceed 55 
m. Annual precipitation varies in the interval of about 500-600 mm per year. The subsurface 
river drainage module is estimated by 0,5-2 L/s km2. The river water flow is permanent during 
the year interval. The undergroundwater recharge coefficient in the total river flow rate is of 
about 20-25% of the total annual water amount. 

The radioactive contamination is characterised by the surface soil radionuclide density 
from 1,7 to 34,5 Ci/km2 Cs-137 being averaged in the range of 15-20 Ci/km2. Radiological 
status of the territory is determined by gamma exposure doses of 54-473 mcr/h by the average 
level of 300-400 mcr/h. The territory is bordered with areas as with more contaminated density 
(40-100 Ci/km2 by 137 Cs) so with practically “pure” areas (<1 Ci/km2). 

Landscapes of the polygons are represented by the moraine hills, developed at the 
watershed and constructed of moraine sandy and loamy soils, as well as by sand planes and 
valley complexes of Demenka river. A valley is represented by the flood-lands contained 
alluvial layers, which, in their upper part, partially are filled by loams substituting downwards 
by sandy-loams и sands. Besides, the 1-st under flood-land terrace can be distinguished but it 
abandon is observed only along the left riverside in a kind of two isolated stripes. The terrace is 
constructed by the alluvium loams in the upper part and by sands with pebbles in its lower 
layers. 

Soils are predominantly turf-podzol ones, within only separate sites of the flood-lands 
they are identified as flood land meadow ones. Their mechanical content is controlled by that 
content of the mother sediment rocks and varies from sandy to the light sandy-loam species. 
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The geological construction of the Demenka river valley (within the studied depth) may 
be characterised with the participation of deposits of quaternary, paleogenic and cretaceous 
intervals. 

The quaternary deposits contain modern alluvial and middle upper quaternary alluvio-
fluvioglacial aquifers as well as waters of a poor moscow glacial complex. In the paleogenic 
terrigenic sediments in the upper part of the cross-section studied a sporadic water bearing 
poltava strata is found and lower water poor buchak aquifer is met. Below kiev deposits are 
appeared as an aquitard horizon. Within the cretaceous deposits the turon-maastricht 
carboniferous aquifer is regionally distinguished and intensively used for centralised and 
distributed water supply. 

The quaternary modern alluvial aquifer deposits are contain different size sandy layers 
with the power from 4,5-5,3 m in the highest part of the basin to 23,6 m in the lowest its part. 
This aquifer is hydraulically connected with the middle upper quaternary alluvio-fluvioglacial 
aquifer represented also by the sandy deposits with the thickness of 4,3-10,6 m. In the upper 
part of the river valley as well as within its middle right bank, this aquifer is bedded by the poor 
water moscow glacial complex of moraine sandy-loam and loam having 7,2 m of the thickness. 

GWs of the quaternary layers have a water level distributed from 0 in the Demenka 
poima (flood-lands) up to 6,7 m or something more at the watershed. GWs of the quaternary 
aquifers have a free water table sloping downwards to the water valley where their discharge 
occurs. These groundwaters are of the hydrocarbonate-, and sulphate-chloride-hydrocarbonate-
calcium and manganese - calcium composition with the total mineralization of 0,2-0,3 g/dm3. 

The quaternary aquifers are mainly used for decentralised water supply by means of 
springs discharged, dug-wells and drilled wells. This is a reason in our attempts to make a 
prediction of the radiological quality of these horizons. Observed radiocesium concentration in 
groundwaters are represented by 0,2*10-10Ci/dm3 (=20 PCi/L), the total beta-activity is 
characterised by (0,006-0,14)*10-10Ci/dm3. Principally, water bearing poltava horizon is 
developed only along the right bank of the Demenka river where it is layered by sands with the 
thickness of up to 11,5 m. In the south direction the poltava deposits are completely washed 
out. 

The poor water buchak terrigenic horizons with the total thickness about 6 m is 
distributed through all area with an exception of the valley complexes in middle and low part of 
the Demenka valley where this horizon is fully washed out, too. Water tables of the horizon are 
found now at the depth of +0,5 within the poima and reaching -21 m at the watershed. 

The GW movement directions are oriented to the Demenka and Iput’ rivers bed. The 
river waters appear of the hydro-carbonate calcium sodium character with the mineralization of 
0,2 g/dm3. Their radiocesium content are, in average, of 0,4*10-10 Ci/dm3, radiostrontium (0,06-
0,7)*10-10Ci/dm3 by the total beta-activity reached by 0,3*10-10Ci/dm3. 

The buchak water poor horizon in its upper part is overlayered by a kiev clay strata 
having 15 m of thickness at the watershed and disappearing downwards to the river valleys. 
Under this aquifer a turon-maastricht water-bearing complex is occurred, both horizons have a 
direct hydraulic connection.  

The water bearing sediments of the turon-maastricht complex are constructed by the 
fissured chalks total thickness of which reaches 13,5 m. This horizon is an artesian one with the 
water table locating at the depth of 10,5 m under the day surface within the poima sites 
increasing to the depth of 21,4 m within the watershed. The water table declination is observed 
in the direction to the Demenka and Iput’ river valleys. These water are predominantly hydro-
carbonate calcium type with the mineralization of 0,2 g/dm3. In their contents, 0,3*10-10Ci/dm3

 
of radiocesium, 0,33*10-10Ci/dm3

 of radiostrontium, and 0,24 Ci/dm3 of the total beta-activity is 
observed. 
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Aiming to construct a regular monitoring network, 38 observation wells were drilled, 7 
of them in AZ, 16 in SGW horizon, weak artesian quaternary and paleogenic horizons, as well 
as 15 in the turon-maastricht aquifer. These wells were oriented along three profiles crossing 
the Demenka river valley covering its low, middle and upper cross sections. Within every 
profile one of the bush of wells (at the poima at the distance of 0,5 and 1,5 km3 from the river) 
was installed for a radiotracer experimental site (RES) where multi tracer experiments are being 
carried out by VSEGINGEO technology /5, 13, 30/ to determine in situ key migration 
parameters (distribution coefficient, Kd, retardation factors, R, infiltration recharge flow rate, q, 
through the aeration zone by typical landscape and lythological conditions). In 1992 more then 
40 points were investigated by the Penetration Nuclear Logging Techniques (PNLT) /13, 16/ in 
order to receive detailed distributions of soil density, moisture and natural gamma-activity of 
AZ layers which were used for estimating of key migration parameters for radiostrontium and 
radiocesium (see further). 

At these RES, VSEGINGEO has also being carried out several multi-tracer experiments 
and observations (1993, 1995, 1997) to estimate the real infiltration water recharge velocity as 
well as the retardation factor for Cs-137 and Sr-90. For this goal these radionuclides as tracers 
were injected in 1993 at known depth. Additionally gamma-, gamma-gamma- and neutron-
gamma-logging were made to determine clay content, G, relative volumetric humidity, W, and 
soil density, ρ [g/cm3], of the AZ cross-section needed for data interpretation as well as for 
calculation of retardation factors, R, through the well known relation connected these values 
and distribution coefficient, Kd [cm3/g] or [Ci/g]: 

 
(A) R=1+(ρ/W)Kd. 
 
VSEGINGEO, GGP «Bryanskgeologia» and VIMS carry out systematic groundwater 

sampling for chemical, Chernobyl radionuclides and natural isotopes and monitoring of natural 
water objects within the territory of the polygon and its vicinity. Laboratory measurements are 
implemented by laboratories VSEGINGEO (water chemistry and isotope content, radionuclides 
and radiotracers), VIMS (Chernobyl radionuclides), GGP «Bryanskgeologia» (water chemistry, 
granulometric, and other soil determinations). 

Besides said above, in order to study more detailed hydrogeological conditions of the 
territory under investigation, as well as the lythological construction of the aeration zone within 
these territories, GGP «Bryanskgeologia» conducted during 1996-1998 the following: 
reconnaissance routes of 38 km length; drilling 33 of surveying wells of 150 m total length; 12 
experiments with the water inflow into a prospect pits; soil sampling from many pits with layer 
by of the 1 m depth (with 3 serial sampling); lysimetric observations in 5 sites belong to 
different characteristic landscapes with the lysimeters depth of 0,5, 1,0 and 1,5 m; laboratory 
determinations of the filtration coefficients and granulometric contents of those soil samples 
taken off from the surveying drills; two hydrometric post measurements and balancing of SW 
and GW wash out of the radionuclides by means of the hydrometric and hydrochemical 
monitoring in the combination of radiometric measurements of weighted and bottom sediments; 
8) two fold radiometric surveying along the 7 profiles (140 observation points), 9) annual 
determination of Chernobyl radionuclides as well as environmental isotopes content in natural 
waters (lakes, rivers, shallow and artesian groundwaters). 

It was also started compiling data bases related as for feeding predictive models and 
prognoses of the radionuclide penetration to surface and groundwater bodies under 
investigation and interest as well as for elaborating relevant recommendations for the safe water 
supply. 

Most part of the data obtained at the territory under investigations are being now 
processed and interpreted that is why we are able to present here only part of the results hoping 
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to do this in the future. A part of isotopic and other data obtained have been already processed 
and published /10-15, 28, 29, 30/. 

As an example in Fig. 1 groundwater tritium contents are given. It is clearly seen a 
positive correlation between the tritium content and the Chernobyl Cs-137 concentration in 
SWG (S-springs, D–dug wells, G-drilled wells) and even in the artesian groundwater aquifers 
(AWG) (index A). This is a basic proof of a principle possibility to use the tritium data to 
estimate of groundwater vulnerability with respect to the Chernobyl radionuclide surface 
contamination /7, 28, 29/. The same correlation has been observed for radiocarbon. Averaged 
environment isotope data obtained within the polygon “Demenka” and its vicinity is presented 
in Table 1. It would be the best to do such an estimates combining the tritium data with 
independent retardation factor values in the light of those relations and discussion given below.  

 
TABLE 1 ENVIRONMENTAL ISOTOPES CONTENT  
(Bryanskaya Oblast, Polygon “Demenka & its vicinity) 

(mean values, survey of 1992) 
 Surface Waters Ground Waters 
  Shallow Artesian 
Isotope Lakes Rivers Springs Dug-wells Wells 
H3, TU 29,7 31 72 34,5 8,3
H2, 0/00 - -68,2 -87 -83,42 -88
O18, 0/00 -7,64 -10,25 -11 -10,7 -10,58
C14,pmc - 7,64 57 94 5,25
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Fig. 1. Cs-137 content (pCi/L) in groundwaters within polygon “ Demenka” and its vicinity as a 
function of groundwater tritium content (Tritium Unit); shallow horizons: D – dug wells, G-drilled 
wells, S-springs; artesian aquifers: A-exploited wells; sampling of 1992. 
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1.4. Main features of the approach developed and used 
 
The model developed /5, 6, 7, 11, 13, 25, 30/ to predict radionuclides migration into 

SGW through the aeration zone layers takes essentially into account a multi layer lithological 
construction of the protective geological barrier (in the case, AZ layers). Furthermore, lithology 
and the key migration parameters – the retardation factor R (dimensionless) - was determined 
on the base of the penetration well logging (PNWL) techniques / 6 /. The techniques allowed a 
direct receive of soil density and moisture as well as of natural soil gamma-activity to estimate 
further the retardation factor values using additionally any independent data on so called 
distribution coefficient Kd which characterise an interphase component exchange between “soil 
solution” and “soil matrix” (see relationship (A). 

These data were introduced into the multi compartment model directly, moreover, they 
were used to subdivide an AZ cross section into real lythological distinguished layers or/and 
into a model subdivision with uniform (homogeneous) layers (compartments, blocks). It 
provided to take explicitly into account the residence time values of infiltrating water and 
retardation factor values of the soil matrix in each compartment for any radionuclide, in the 
case, 137Cs and 90Sr, for every lythological layer distinguished whether by PNWL or by routine 
drilling and sampling techniques. 

Besides, a complex environmental and artificial isotope tracers were used to get 
additional or, sometimes, decisive information to evaluate whether sallow or more deep 
aquifers (intensively being used for the water supply) are vulnerable to Chernobyl radionuclides 
/10, 11-13, 28, 29, 30, 31/. There were used the direct and positive correlation between the 
environmental tritium and the Chernobyl radionuclide content in all GW investigated (see Fig. 
1). 

Thus, the forecast of Chernobyl radionuclides content changes in the AZ and SGW was 
made on the basis of the Mean Residence Time of water (MRTw =T w) determined by means of 
the environmental tritium content in the groundwater studied and in the local precipitation using 
routine techniques /16, 17, 35/,  

-the artificial tritium tracing of the infiltration water flow /13, 30/; 
-the Retardation Factors R calculated from the field multi-tracer data (tritium + migrant 

tracer) /13, 30/or/and the laboratory batch experiment data /36/, 
-the Mean Residence (Travel) Time of a component (MRTc=Tc) in moving water 

determined, in turn, through the independently known or directly determined the Mean Water 
Residence (Travel) Time (MRTw=Tw) and the retardation factor R using the following basic 
relationship: 
 
(1.1) MRTc= R*[MRTw]  
or 
(1.2)���� Tc = R*T w or R=Tc/Tw. 
 
 
2. THE AERATION ZONE (AZ) AS A PROTECTIVE SHIELD 
 

It is well known that AZ is the first subsystem which takes on itself any impact caused 
by an atmospheric fall outs whether in form of the global nuclear debris or nuclear power plant 
accident fall outs like Chernobyl ones. In order to predict a possible GW contamination in such 
cases one should be able, first of all, to describe and to model radionuclides released movement 
through the AZ – layers by the infiltration water recharge flow. As known, it is difficult or even 
impossible to use classical convective-diffusion models for this goal due to inhomogeneity of 
the layered AZ body. Proposed approach provides a principal and practical possibility to take 
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into account such a “layerity” in explicit form if we will go out from the residence time and 
retardation factor concepts.  
 
2.1. The algebra of residence times and retardation factors for the aeration zone 

 
Let us assume that a vertical cross-section of a site of the aeration zone (AZ) under 

investigation consists of different lithological uniform layers, with the total amount of n, 
through which an infiltration water recharge, q [mm/year cm3], takes place downwards to the 
water table (see Fig. 2). 

 

 
 

Fig. 2. A multi layer aeration zone body: I=1, 2, 3, ….n - number of layer, H I - thickness, W I - soil 
moisture, R I - retardation factor for a given component, ��I - water residence time, �xI - component 
residence time in the I-th lythological distinguished layer, q - annual infiltration flow rate. 
 

 
The total thickness of AZ from the surface to SGW is calculated by  

 

(2.1) �
�

�

n

i
iHH

1

  

 
where Hi [cm] is a thickness of the i-th layer characterised by a certain soil property - soil 
density �i [g/cm3]� relative volumetric soil moisture Wi [dimensionless], retardation factor Ri 
[dimensionless], etc. Evidently, the total water volume contained in an AZ cross section per 
unit of its area equals to (subindexes of summation from i=1 to i=n are omitted here and 
further): 

(2.2) Vw =���� Vwi = ����WiHi= (���� Wi Hi /H)H=WH=Vw , 
 
where W is a humidity averaged over all n layers of AZ considered. It is apparent that  

(2.3) W =�������� WiHi /H. 
 

Let us assume also that each i-th layer can be characterised by an arbitrary particular 
retardation factor value Ri then the same value averaged over all layers of AZ is given by 
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(2.4) Rh =�������� Hi R i / H. 
 

We can also define the retardation factor averaged simultaneously over the thickness 
and the humidity of the individual layers as follows: 

(2.5) Rw=�������� Wi Hi Ri /HW, 
 
where W-value is determined by Eq. (2.3). Thus, Rw represents the total effective retardation 
factor of the geological body under interest, in the case - the AZ vertical cross section. 

If an infiltration flow rate per a unit square, q [cm3/cm2 year], is known or measured, 
then MRTw in each i-th layer may be written as 

 
(2.6) ����wi = WiHi /q=Vi /q, 
 
consequently, a total MRTw for the system as a whole can be presented with using (2.1) – (2.6) 
as 
 
(2.7) Tw = ���� ����wi = ���� Wi Hi /q=(���� WiHi /H)(q/H)=WH/q=Vw/q= Tw . 

 
The relationships (2.6) and (2.7) are valid whether for water (a carrier of a component) 

or for any conservative migrant for which its retardation factors R=1 as it takes place for tritium 
and deuterium tracing water molecules isotopically. Evidently, MRTc for any nonconservative 
component (migrant) in any i-th layer can be written by  

 
(2.8) ����ci = ����wiRi. 
 

Consequently, for any system as a whole, there exist a total residence time for such a 
component equalled to  

 

(2.9) Tc=��������ci =��������wiRi =����(Wi Hi/q)R=HRh/q=(HW/q)(���� Wi Hi Ri/ HW )=Tw Rw  
 
where W , Rw and Tw , are determined by (2.3), (2.5) and (2.7) respectively. 

Furthermore, the effective total retardation factor for a multi-layer system as a whole, if 
Tc and Tw are known, can be introduced independently as follows: 

(2.10) R= Tc/Tw = Tc/Tw )=(������������wi Ri )/Tw=R w. 
 

Be careful, in the latter Eq. the index w in the R w denotes averaging the retardation 
factor over the soil moisture in the AZ layers. 

Just obtained result may be generalised: 
The total mean residence time of a component in a multi layer body is a product of the total 
mean residence time of water and an effective total retardation factor, indeed, 
 
(2.11) Tc = TwRw= TwR. 
 
 This conclusion is a theoretical proof of the given above intuitive or qualitative relations 
(1.1) and (1.2) which are considered as basic ones within the model concept appropriated.  

Any system with the known total Tc can be subdivided by n compartments with the 
same residence time of the given component in every block, then all �ci=�c =const and there 
exist a presentation 
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(2.12) Tc =���� ����ci = n����c . 
The similar operation of subdividing can be carried out using MRTw, indeed: 

(2.13) Tw = ���� ����wi = n����w. 
(2.14)  

Practically, any natural soil body with a known total MRTc can easily be subdivided by 
arbitrary n compartments (blocks) with some equal values of particular �c in two equivalent 
ways: i) an independent evaluation of the total Tc for a system of interest and taking an arbitrary 
number n of the compartments, or ii) using the natural lithological (or any other) subdivision 
and invoking the principle of the least common multiple. 

As it will be shown further this equivalence is valid with the accuracy of knowing of the 
Tc - value and its dispersion value, which is equal to ��

��c���c! 
The relationships given above opens a way to practical algorithms in calculating 

particular and total parameters of protectability or vulnerability of GWs if they are protected by 
the multi layer geological body, for instance, by the multi layer aeration zone body. The same is 
valid for any uniform hydrogeological system. 

 
2.2. A multi compartment migration model and its parameters 
 

A block-schemes of such model is presented in Figs. 2 and 3.  
 

 
input         output 

Cr1    Cdi-1 = Cri Cdi =Cri+1  Cdn 

� �� � … ��� �� �…� �� 
1  2   i-1  i  i+1   n 

qri         qdn 
 
Fig. 3. A principal block-scheme of a cascade multi-compartment model as a mathematical analog of 
the system presented in Fig.2. 

 
 
The following mass balance dynamic differential equation in term of the component 

concentration in the water solution (liquid phase) characterises this class of models: 
 

(2.14) d[CwiVwi]/dt = qri-1Cwdi-1- qdiCwi - d[CsiVsi]/dt - ����a
-1(CwiVwi+ CsiVsi) 

 
where 
Cwi, C si  - volumetric concentrations of a component in the solute and solid phase in an 

i-th compartment, 
Vwi, Vsi  - volumes of the phases related, 
qr   - recharge (input) solute flow rate for the i-th compartment, 
qdi   - discharge (output) solute flow rate for the i-th compartment, 
�a   - mean life (decay) time of the component, 
t   - current time. 
 

Let us suppose that the system and model considered above is to be a hydraulic 
stationary one and consist of a cascade of n reservoirs (compartments, blocks, layers, etc.), 
which are characterised by a regime of the complete (perfect) mixing both water (carrier) and 
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the component. By the way, practically, it would be enough to suppose that a mixing time in 
every block is much less than MRTw in the same blocks. 

Assuming a hydraulic steady state condition and preservation of the solid phase over 
time, we will have (the summation indexes are taken from i=1 to i=n everywhere and because 
of that they are omitted further): 

(2.15) qri =qdi =const=q, Vwi=const, Vw= ����Vwi =const, τwi = Vwi/q=const, 

(2.16) Vs=����Vsi=const. 
 
Generally speaking, any individual Vwi and Vsi - values can be quite different even if the 

system under consideration is a hydraulic stationary one. Hence, particular residence times of 
water (�w) and a component (�c) in such compartments may be different, too (see Eqs. given 
above). 

From the condition of the complete mixing of water and the component in every block, 
we can derive  

 
(2.17) Ci =Cdi =Cri+1. 
 
It means that every i-th block is directly connected with i+1-th block and in every block the 
mixing condition is valid. 

Further, we also assumed that the component of interest may be removed from 
migration by some process having first order kinetics, for instance, by the radioactive decay 
with a characteristic life (decay) time �a = 1/	a =T1/2/0,693, where
	a is a kinetic decay constant 
and T1/2 is a half life (decay) time of the component. 

It may also be suggested that the «pore solution-soil matrix» interactions are obeyed to a 
linear equilibrium sorption isotherm (the case of so-called Henry’s isotherm). In Eq. (2.14) the 
retardation factor is presented through the distribution coefficient in so-called “volumetric-
volumetric presentation” Kdvv [dimensionless] as  

 
(B) R=1+ Kdvv  
where 
(C) Kdvv =CsiVsi /CwiVwi.  
 

The presentation given by Eqs. (A) and (B) are fully equivalent ones. One should watch 
carefully only with what presentation is handled at the moment.  

In any case, the retardation of some component relatively to the moving water flow will 
take place and can be described by the particular retardation factor Ri (Eq. (2.8) as well as by 
the generalised retardation factors given by Eqs. (2.4), (2.5), (2.9), (2.10) using additionally 
Eqs. A, B, C.  

Let us now make a next important step in our assumptions, namely, that all �ci -values 
are equal each other for all compartments of the model: 

 
(2.18) ����ci=const. 
 

Finally, we consider a case of an instantaneous release (at the day surface) of a 
contaminant, for instance a radionuclide, with a surface contamination density M0 Ci/cm2 at the 
time moment t=0. This case is fully related to an accidental instantaneous release of 
radionuclides as like as it was occurred by the Chernobyl accident. The contaminant released in 
such a way enters the first block of the model, in the case, the upper soil layer of AZ. Then 
following blocks represent downward soil layers, and the final, n-th, block may represent the 
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upper layer (or consequent other layer(s)) of SGW horizon or this horizon as a whole. We 
consider the deepest AZ layer with number n as an output compartment by evaluating SGW 
aquifer vulnerability while taking into account AZ protection quality only. Of course, it is rather 
conservative evaluation, which does not take into account additional proper protective 
properties of the water bearing strata of the shallow or deeper horizons. 

 
2.3.  A general solution to the model 

 
The fundamental solution to this model for the case when the mean residence time of the 

component in all blocks is the same (all �ci=�c=const) is 
 
(2.19) 

)/exp()/()/exp()/()/(/exp(
)!1(

)/exp(/(
)/()( 1

1

ccnoaccnoa
c

n
c

con ttPCttqMt
n

ttqMtC �����

��

� ������
�

�
�

�

�

(See Fig. 4 for a concrete case study characteristic of which will be given further). 
Here, 

M0, Ci/cm2 is the surface contamination density (input function is like �-function of 
Dirac); 

Cn(t), Ci/cm3 is the component concentration in the porous solution inside the n - th 
compartment and in its output flow by an arbitrary time moment t; 

C0=M0/q�c , Ci/cm3 is the same for the porous solution within the first model block at 
the moment t=0 (the instant of the release!); 

q, cm3 /(cm2 year)= cm/year is the recharge infiltration water flow rate through the 
aeration zone to the shallow aquifer; 

�c , years, is the residence time of the component in each i-th compartment (layer of the 
model) equals formally, by known Tc and selected n, or vice versa, to: 

 
�������������������������������� c= Tc/n; 




�cn(t), year-1 represents a Residence Time Distribution Function* (RTDFc) of the 
component in the n-th block and, simultaneously, in the output of the system as a whole by this 

(2.21) 
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(it would be stronger to say that �cn(t) represent a Differential Residence Time Distribution 
Function or Residence Time Distribution Density normalised to 1; 

Pcn-1(t/�c) is a standard Poisson’s Distribution Function, or, shortly speaking, - 
Poissonian in a form 

 

(2.22) 
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The retardation factors values implicitly involved into the equation parameter �c as it is 

commonly defined by Eqs. (2.8). 
The Residence Time Distribution Function of water (RTDFw) or its any “ideal” tracer 

(T or D) in the system as a whole can be derived from Eq. (2.22) assuming R=1, namely: 
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(2.23) 
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The output concentration of water particles or their tracer (tritium, deuterium) is presented 
by 
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Calculating the first statistical moments over these RTDFs persuades us immediately that 

MRTc and MRTw of the model are indeed given by the relationships (2.20) and (2.12). 
Moreover, dispersions (the second moment) of these distributions are definitely appeared to be 

 
(2.25) 				����(Tc)=n����c=Tc 

 and  
(2.26) 				����(Tw)=n����w=Tw 

 
respectively.  
 

Thus, we obtained the meaning of MRTc, MRTw and the retardation factor R from the 
distribution theory point of view (see also Eqs. (1.1), (1.2) and (2.11) – (2.13).  

The component concentration related to the break through concentration maximum 
which can be reached in the output of n-th block at an arbitrary fixed time moment t that is 
given by 

 
(2.27) t =n����c 
 

as it is known the maximum of the Poissonian at an arbitrary time moment relates to two block 
with the numbers  
 

(2.28) nmax =n-1 and n 
 

simultaneously. By n>20 one can take only n -value with an enough approximation. We can 
select for further consideration any of these numbers. 
 Thus, the expected maximal output concentration value as like as in the output 
compartment with of the fixed number n can be represented by 
 

(2.29) )/exp(
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 Apparently, any current compartment number i [1,n] reflects that space co-ordinate in 
the direction of the migration, which relate to a space position of the component. It provides a 
transition from the block number i to the space co-ordinate related. In the case, the transition 
from the block number to the depth location of the given layer in vertical cross section of AZ 
or, vice versa, -from the real co-ordinate to the block number can be (and were) given explicitly 
by means of a relevant PC program automatically.  
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2.4. The «fast» component of the migration component flow 
 

It is likely that a so-called «fast» migration flow (if any) can be connected directly with 
the infiltrating water flow supposing that no retardation mechanism is set in. In this case, we are 
allowed to assume that the “fast moving share” of the given component has a mean residence 
time of that order that is approximately characteristic for the water flow itself, i.e. Tc* =Tw. At 
the same time, the «slow» or normal contaminant flow has that mean residence time given by 
Eq (2.11). Assuming that relative contribution of the «slow» and «fast» component are p1 and 
p2 respectively and using the routine procedure of mixing equations for the field data we could 
calculate, in principle, some shares of these two flows in the common contaminant transfer. 
 
2.5. A criterion of groundwater protectability/vulnerability. 
 

As it is known, the widely used approach in the groundwater vulnerability estimation 
and mapping is based on some semiqualitative estimations which use generalising and grouping 
of protective properties of geological barriers and that is why it is not able to perform 
qualitative predictions of the groundwater system protectability. Commonly, such a 
generalising and grouping is finalised by the nomination of vulnerability (or inverse – 
protectability) rating balls. These balls are reflected in such or another form in “predictive 
maps” related /2, 33, 42/. Such ball criteria do not reflect (in terms of contaminant content in 
objects of interest) influence on the vulnerability very important characteristics, such as 
intensity of contamination sources, real retardation parameters, water movement velocities, a 
component stability/instability as well as temporal dynamics of contamination processes, and so 
on. 

It is intuitively felt, that any criterion to estimate the protectability/vulnerability of 
groundwater to pollution has to be explicitly connected with a degree of the contaminant 
concentration attenuation on the way from a contaminated surface (or source) to the aquifer of 
interest. The degree of the attenuation, K, of the output component concentration compared 
with the initial porous solution concentration C0 =M0 /q����c in the upper soil layer is immediately 
produced from Eq. (2.24) as: 
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One should remember that for the concentration maximum tmax =Tc=n/����c.  
Thus, we see that K(t) is a product of two factors. The first one describes the hydraulic 

transport of the contaminant by the water flow accompanying by the retardation due to the 
interphase exchange between the solute and the mineral matrix as well as the dilution (mixing, 
dispersion) effect. This is a factor depending on the transport model concepts.  

The second factor characterises an influence of the radioactive decay (or any other 
irreversible decay or removal) obeying to the first order kinetics. In the case of the radioactive 
decay this factor does not depend on the model selection because the decay velocity is a proper 
physical constant for each radionuclide.  
Groundwater can be considered to be protected in respect to a given contaminant when the 
maximal output contaminant concentration does not exceed some permissible level (PL), C*, 
i.e. if 
 

 (2.31) Cmax(t)/C*<1.  
 
Furthermore, a quantitative criterion of the groundwater protectability, , can be 

introduced in the following way: 
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(2.32) ���
����
����
����
�= K(t)/K0 =Cmax(t)/C* < 1,  
 
where 
 

(2.33) K0 = C*/(M0/q����c)=C*/C0. 
 
A quantitative criterion of the groundwater vulnerability has the opposite character. 
If the evaluated �value is characterised by an uncertainty in a form of some mean 

square deviation �
��

 then one can introduce an interval of the uncertainty around unit.  
 
Thus, groundwaters are 
 
protected,  i.e. not vulnerable, when 
�
�
�
�< 1-��	��
���	��
���	��
���	��
�; 
not protected, i.e. vulnerable, when ��������> 1+��	��
��	��
��	��
��	��
��������

 
where
�
is a coefficient of a reserve of reliability. 

The -criterion derived within the frame of the model proposed takes into account the 
influence of the hydraulic transport, dilution (mixing) effects, retardation phenomena, 
contaminant stability, surface contamination density, water infiltration (filtration) flow rate, 
lythological construction of the geological cross section along the mass flow, and, finally, a 
permissible concentration level as established by an agreement or a low. 

As it is seen, Tc- and Tw-values are the key parameters of the model, explicitly taking 
into account the uniformity and fractality of the geological medium, its lythology, the sickness 
of the soil layers, the distributions inside of them the soil humidity and density, the inter phase 
exchange characteristic (for example, the soil sorption distribution coefficient or the retardation 
factor), and the infiltration recharge flow rate as well. The model developed provides an 
estimate the current and expected maximum contaminant concentration in each layer (block, 
compartment) of the migration medium, the «slow» and «fast» component of the contaminant 
flow, the interrelationship between the residence time of water (as a carrier) and its 
contaminants, possible current and maximum attenuation of the contaminant concentration 
which can reach the groundwater table and so on. 

The mean decay time τa is one yet important temporal parameter of any as well as of the 
proposed migration model. Finally, the model provides the evaluation of the quantitative 
criterion of the groundwater protectability/vulnerability due to multi layer geological barrier 
between the contaminated surface (source) and shallow aquifer. These are those characteristics 
that have to be used by evaluating, mapping and forecasting of groundwater 
protectability/vulnerability. 

The Tw-values used in the model may be given or determined by direct hydraulic or 
water balance calculations, by means of natural or artificial tracer techniques, using well 
logging data and independent recharge determinations, involving data on module of surface and 
subsurface discharge, etc. 

The Tc – values may be estimated or determined on the base of laboratory batch and/or 
column experiments, multi tracer field migration experiments, field observations of the 
environmental tritium, well logging data as well as from the geochemical and geophysical 
(nuclear well logging) survey. τa- is a fundamental, constant and table values for each 
radionuclide. 

It is not so difficult to be persuade that the solution (2.19) is asymptotically (through the 
Stirling’s relationship) connected with those for the one dimension diffusion model practically 
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already by n>8 (more precisely by n>20) and for the piston flow model by τci or τwi reaching to 
zero. 

 
2.6. How the model is fed by the initial information 

 
The following data are used to feed the model: 

- surface contamination density, M0 Ci/cm (from the radiological surveying and mapping, 
and monitoring) /1,18/; 

- lithological construction of the geological body (from nuclear well logging, especially 
nuclear penetration logging, drilling and soil sampling) /16/; 

- soil clayey distribution (gamma-logging, drilling & sampling with following clay 
content analyses) / 6, 16/; 

- soil density distribution (gamma-gamma-logging, drilling & sampling or gamma-
gamma densimetry) /16/; 

- soil moisture distribution (neutron logging, drilling & sampling or neutron 
moisturemetry) /16/; 

- recharge infiltration flow rate (tritium tracer experiments /9,30/, Chubarov’s method 
/22,30/, lysimeter observations, water balance methods, etc.); 

- retardation factors (calculation using batch distribution coefficients, Kd, soil density and 
moisture data; direct multi tracer determinations Kd or even R; correlation natural gamma-
activity with R factors, and so on /6/); 

- mean residence time of water (environmental tritium content in groundwater, infiltration 
flow rate and water content data) /9, 30/; 

- mean residence time of component (Chernobyl radionuclide monitoring and surveying 
in the aeration zone and groundwaters, tracer experiments, infiltration flow rate, soil moisture 
and density data plus independent data on Kd or infiltration flow rate and independent R values, 
component water content data), etc. 

 
2.7. Some results of the prediction of the radionuclide migration through the aeration  

zone within the polygon “Demenka”  
 
The model and algorithms presented above were used to predict the vertical migration 

of Cs-137 and Sr-90 in AZ of some selected sites at the territory of Russian Federation most 
affected during the Chernobyl accident within the hydroradioecological polygon «Demenka». 
Initial information (lithology, clayaety, soil moisture and density) was extracted from the 
PNWL study made in 1992 by the technology of Prof. Ferronsky V.I. /17/. The logging data of 
this study were processed using methodology proposed in /6/. An example of such processing is 
presented in Table 2. It was also used independent estimations of the infiltration recharge flow 
rate mapped for Bryansk Region by Dr. V.N. Chubarov published in /36 / and made on the base 
of his original methodology /37/. 

The surface contamination density values were given from the State Radiological 
Survey published by Roshydromet /1, 18/ or measured in situ directly by means of the routine 
radiometric techniques. 



 

17 

In accordance with the model presented, the total (in the aeration zone) and particular 
(in every soil layer) residence times of the radionuclides and water were calculated using the 
relationships from chapter 2.1. In Table 2, soil density, moisture and clayaety as well as bottom 
levels of each distinguished lithological layer are given. Calculated values of particular 
residence time �wi and �ci and particular values of the retardation factors Ri for these layers are 
presented. There are presented also the total values of the residence times of water (Tw), 90Sr 
(Tsr) and 137Cs (Tcs) valid AZ as a whole. The model compartment amount was selected n=20. 
Thus, for this experimental point (site) PLP32, every model compartment (block) was selected 
as having �ci=17,8 and 152,6 years for 90Sr and 137Cs respectively. Analogically, all profiles 
(cross sections) of AZ investigated were subdivided into n layers with the equal �c
�Tc/n - 
values. 

 
 

TABLE 2. CALCULATION OF TOTAL AND PARTICULAR RESIDENCE TIMES OF WATER, Sr-90 
AND Cs-137 IN THE AERATION ZONE LAYERS DISTINGUISHED BY PENETRATION NUCLEAR 
LOGGING (Polygon “Demenka”, PLP32, Starye Bobovichi, meadow) 

Ta= 43,29  T1/2= 30,00  q= 30,00 cm/year 
Tw=  4,71  Tsr= 356,09  Tcs= 3133,00 

Rsr= 75,70  Rcs= 156,60 
n= 20,00 
tw=  0,24  tsr= 17,80 tcs= 156,60 

Layer 
No. 

Depth 
cm 

p 
g/cm3 

W 
rel. 

G 
rel. 

tw 
year 

Rsr Rcs tsr 
year 

tcs 
year 

1,00 30,00 1,67 0,04 0,04 0,04 221,00 1337,00 8,86 53,48
2,00 60,00 1,67 0,04 0,04 0,04 221,00 1337,00 8,86 53,48
3,00 130,00 1,67 0,04 0,04 0,09 221,00 1337,00 20,67 124,80
4,00 180,00 1,71 0,05 0,03 0,08 179,00 1036,00 14,93 86,30
5,00 210,00 1,74 0,05 0,08 0,05 194,00 1358,00 9,72 67,91
6,00 245,00 1,78 0,05 0,04 0,06 188,00 1140,00 11,02 66,51
7,00 280,00 1,76 0,12 0,09 0,14 84,00 599,00 11,70 83,81
8,00 330,00 1,73 0,06 0,05 0,10 155,00 974,00 15,53 97,41
9,00 365,00 1,73 0,17 0,17 0,20 64,00 558,00 12,69 110,70

10,00 430,00 1,70 0,10 0,10 0,22 98,00 723,00 21,21 156,80
11,00 485,00 1,78 0,21 0,24 0,39 58,00 569,00 22,18 219,00
12,00 530,00 1,81 0,14 0,17 0,21 81,00 708,00 17,02 148,90
13,00 805,00 1,73 0,24 0,36 2,20 55,00 635,00 121,50 1398,00
14,00 895,00 1,74 0,06 0,05 0,18 156,00 980,00 28,11 176,40
15,00 980,00 1,75 0,25 0,19 0,71 45,00 409,00 32,09 289,50

    Tw= 4,71  Tsr,cs= 356,09 3133.00
 
Ta - mean life (decay) time of radionuclide, Ta=(T1/2)/0.693, year; 
T1/2 - half life (decay) time of radionuclide, year; 
Tw, Tsr, Tcs - total residence time of water, Sr-90 and Cs-137, year; 
n - amount of model compartments; 
tw,tsr, tcs - particular residence times of water, Sr-90 and Cs-137, year,  

   in each model compartment; 
R - values are calculated by formula R=1+(p/W)Kd; 
Kd - interphase exchange distribution coefficient, cm3/g; 
p - soil matrix density, g/cm3; 
W - a relative volumetric soil moisture value; 
Kd(Sr)=(5+78 × G), Kd(Cs)=(25+175 × G), where G is a gammalog record; 
PNWL - Penetration Nuclear Well Logging (gamma-, neutron-gamma-,  

   gamma-gamma-logging); 
PLP - Penetration Logging Point (Station). 
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Then further calculations of the protectability criterion  were carried out by Eq. (2.32) 
(see Table 3). To provide more simple utilisation of the calculation results, the -values were 
calculated and presented here for two values of the surface contamination density, namely, for 
M0=1 Ci/km 2, and for those M0-values determined directly at the given sites by means of the 
routine radiometric survey. In addition, -values were calculated at every site for those Tc -
values obtained as a sum of the particular �ci estimated experimentally as well as for the case 
when Tc=Tw (i.e. by R=1) in order to get some idea about possible «fast» migration without any 
remarkable retardation. These results obtained at the territory of polygon “Demenka” are 
generalised in the Table 3 with indicating those -values predicted. 

 
TABLE 3. CALCULATION OF GROUNDWATER PROTECTABILITY AGAINST Sr-90 AND Cs-137 
 by the aeration zone layers within the polygon “Demenka” (made on the base of the multicompartment 
model with using water residence time and retardation factor values) 
C*(Sr-90)=10E-9 Ci/l, C*(Cs-137)=5E-10 Ci/l 

  Sr-90 Cs-137 
PLP Tw Tc Cmax/C* M0obs Cmax/C* Cmax/C* Tc Cmax/C* M0obs Cmax/C* Cmax/C* 
No   by  by by Tc=Tw  by  by by Tc=Tw 
   M0=1Ci/km2  M0obs M0=1Ci/km2  M0=1Ci/km2  M0obs M0=1Ci/km2 
 year year  Ci/km2   year  Ci/km2   

1 0,58 22,6 2,E-01   10,3 122 7,E-03 28,32 0,1932 20,62 
5 2,11 173 8,E-04   2,74 1083 5,30E-13   5,48 
6 1,02 62 3E-02   5,81 430 2,E-06   11,61 
9 0,93 92 9,E-03   6,38 584 6,E-08   12,76 

11 1,18 21 1,E-01   3 124 4,E-03   6 
12 4,1 238 1,E-04   1,35 1749 1,47E-19   2,7 
13 0,93 65 2,E-02   6,38 564 9,E-08   12,76 
14 1 59 3,E-02   5,93 363 1,00E-05   11,85 
16 1,23 66 2,E-02   4,79 411 3,60E-06   9,57 
17 1,3 132 3,E-03   4,53 728 1,90-E-09   9,06 
18 0,68 66 2,E-02   8,78 551 1,20-E-07   17,55 
20 1,75 102 6,E-03   3,33 702 3,50-E-09   6,66 
21 1,5 114 4,E-03   3,91 672 7,10-E-09   7,81 
22 0,94 117 4,E-03   6,31 807 3,00-E-10   12,62 
23 2,3 181 6,E-04   2,5 1116 2,50-E-13   5 
24 5,9 364 6,E-06   0,9 2764 6,00-E-29   1,8 
25 0,25 21,6 1,E-01 0,2 2,E-02 14,46 125 4,E-03 34,71 1,E-01 28,91 
27 0,51 33 5,E-02 0,2 1,E-02 7,05 141 2,E-03 34,71 8,E-02 14,09 
28 2,8 111 8,E-02 0,65 2,E-03 1,22 840 5,10-E-12 26,58 2,20E-09 2,44 
29 0,25 16,5 8,E-02 0,65 5,E-02 7,22 112 3,E-03 26,58 7,E-02 14,46 
32 4,7 356 7,E-06 0,65 4,00E-06 1,16 3132 5,30-E-33 26,58 1,40E-31 2,32 
33 0,64 99 7,E-03 0,2 1,E-03 9,33 576 6,70-E-08 34,71 2,30E-06 18,66 
35 1,25 137 2,E-03 0,2 4,E-04 4,71 838 1,40-E-10 34,71 5,10E-09 9,43 
36 4,4 306 2,E-05 0,7 1,70E-05 1,25 2343 2,40-E-25 25,78 6,10E-24 2,5 
37 2,9 232 2,E-04 0,7 1,E-04 1,95 1702 4,20-E-17 25,78 1,00E-17 3,92 
38 2,46 183 6,E-04 0,7 4,E-04 2,33 15,6

8 
8,70-E-18 25,78 2,20E-16 4,67 

43 0,67 29 1,E-01 0,7 8,E-02 8,9 276 1,E-04 25,78 3,E-03 17,82 

 
For more detail illustration in Fig 4 time-space redistribution of 137 Cs in the soil profile 

predicted for 1987, 1988, 1990, 1993, 1995 and 2000 are demonstrated as an example Point 
“Sonbolu” (TLP 43) and for the following model parameters: q=10 cm3/year, ρ=1,69 g/cm3, 
W=0.08, G=0,03, Kd=30,25 cm3/g, R=640, M0=20 258 pCi/cm2, C0w= 396 pCi/cm2, n=9, 
Ta=43 year, t0=1986 (injection of the radionuclide into the environment by the Chernobyl 
accident). 

In Fig. 5 the result predicted for 1993 is compared with an experimentally observed 
137Cs distribution (here, Total M is the measured total content of the radionuclide in soil, Total 
C is the same value predicted by the model calculation, Cw is the calculated radionuclide 
content in the porous water, Cs is the same for the solid phase (soil matrix), C= Cw + Cs). As it 
is seen, the location of the maximum concentration distribution is predicted rather well. At the 
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same time the left tail of the distribution is overestimated because the model does not take into 
account additional surface erosion wash out of the radionuclide. Furthermore, the right wing of 
the calculated distribution appears to give an overestimation of the radionuclide content. 

It is seen from Table 3 that shallow groundwaters are completely protected in relation to 
137Cs if Tc>300 years and Tw>10-50 years even by the surface contamination of =100 Ci/km2. 
The radioecological safe maximum of the radionuclides concentration will be observed at the 
moments of 1986+Tc. 

 

 
FIG. 4. An example of time-space redistribution of the Chernobyl Cs-137 in a soil provile predicted on 

the base of the multi compartment model and its solution (see formula (2.19)). 
 
 

 

FIG. 5. Cs-137 soil profile, meadow, 1993. 
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Expected maximal concentrations in SGW (layer of the shallow horizon) by the used 
characteristic infiltration flow rates will never have reached the permissible level VDU-91 
(national temporal permissible level (PL) given in the head of Table 3) by the surface 
contamination of < 1 Ci/km 2 at the sites investigated and by Tc>200 years. At the places 
studied or similar ones with 10 Ci/km2 of 137Cs the permissible level may have been reached 
and, possibly, surpassed it for Tc-values within the range from several years to about 30 years. 
In such places, expected concentration maximums will be observed in the lowest layers of AZ 
for the slow migration in 10-30 years after the accident. The similar conclusion have been 
already expressed in our previous works on the base of more simplified models /Dubinchuk, 
1987, Polyakov et al., 1992/. 

In the case of so to say «intermediate» values of the surface contamination density by 
less than 10 Ci/km2 for 137Cs and 1 Ci /km2 for Sr-90 and for Tc =10-30 years, -value will 
possibly exceed and after this time period concentration maximums are expected even for the 
«slow» migration component. If the contamination density is more than 100 Ci/km2 for Cs-137 
and 10 Ci/km2 for Sr-90 then, by T =10-30 years PL will definitely be surpassed. 

Although there exist some additional reserves of safety. First, it is the surface erosion 
wash out. Second, there is a lateral income and admixture of fresh uncontaminated waters or 
mixing upper contaminated waters with those from deeper uncontaminated layers, which may 
have a natural as well as technogenic character (mixing by pumping). 

A practical «transparency» of AZ within the territory studied concerning an eventual 
input of the «fast» migration (by Tc≈Tw) is to be stated. For Cs-137 or Sr-90, the «fast» 
migration, if it were predominant, could, in І-10 years after the accident, many times surpass 
the permissible level. 

Fortunately, the contribution of the «fast» migration, although has already been 
observed /9, 11, 14, 18-20/ (see especially / 23/), does not exceed several first percents of the 
background (blank) level (see, for example, Fig. 1). 

At the places with very small thickness of the AZ (swamps, flood-lands, watered-
meadows, local accumulating depressions, etc.) under layered with weak sorptive soils (fine 
sands), even a low contamination density (1-5 Ci/km2) may produce a remarkable 
contamination of the shallow groundwaters about at PLs or even higher. This prognosis seems 
to be rather pessimistic but nevertheless is supported by some current information from the 
regions contaminated that demands us to be watchful. 

By analogy with the prediction data received for shallow horizons, we can make a 
preliminary statement concerning vulnerability of the artesian aquifers. If their Tw>10 years and 
total effective retardation factors for the radionuclides studied in over layered and water bearing 
bodies exceed 10, in other words, if in these bodies T c>100, then the artesian waters are 
protected during the whole life time of the isotopes. This conclusion is valid for the «slow» 
migration. To take into account the «fast» migration is not so easy at this stage of the 
investigations. 
 
3. A MODEL TO PREDICT OF RADIOACTIVE CONTAMINATION OF SURFACE 

WATER BODIES AFTER THE CHERNOBYL ACCIDENT 
 

To predict radioactive contamination of rivers, reservoirs and lakes after the Chernobyl 
accident, a number of mathematical models have been developed /11, 20, 21, 39/. Most of them 
are based on a convection-diffusion equation with taking into account an interaction between 
the water and solid phase (weighted and bottom sediments). These models described such 
processes as like as a radionuclide washout from the catchment area and radionuclide migration 
in water bodies of interest. Definite efforts on modelling were accompanied by intensive 
experimental work towards to the model verification and their parameters specification. As a 
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result, it was found out that the radionuclide exchange between water and bottom sediments as 
well as surface run off from the catchment area soils contribute greatly to contamination level 
of surface water bodies. Nevertheless, as it was shown by the post-Chernobyl experience, it is 
rather difficult to specify those model parameters which are needed to construct as adequate 
models as it would be desired.  

Since 1991, a comprehensive monitoring of water and sediment contamination with 
radionuclides, as well as their wash out from the Iput’ river catchment area (Bryansk Oblast) 
was organised in order to test the prognostic reliability of the models. The data obtained proved 
to be most useful for studying a long-term contamination of rivers and testing mathematical 
models. A thorough account of the basic physical features of the radionuclide exchange in the 
systems of water-bottom sediments and surface runoff in the models enabled one to describe 
adequately the behaviour of radionuclide concentrations and provided a good agreement with 
observational data.  

It was shown theoretically that the surface water concentrations depended largely on the 
water - sediment exchange and quantitative characteristics of this process. Moreover, it was 
found out in /40/ that the contamination spot velocity was determined by some characteristics of 
the sorption-desorption interaction in the systems “chemicals - porous medium" and "chemicals 
-suspended matter" as well as by exchange between "porous solution - surface current (flow)". 
The mechanism is similar to that occurring in the thin-film chromatography: the bottom 
sediments acts as a "sorptive film". 

A channel transfer model, which was developed for predicting the radionuclide 
concentrations during the snowmelt or rainfall floods, showed a good performance for the 
Chernobyl close-in area /20, 21/. The following processes are considered: flood wave 
formation; transfer, resuspension, and deposition of river load; migration of radionuclides 
occurring in the forms of solution, suspended particulate (sorption or irreversible sorption), and 
fuel particles; sediment-water exchange of radionuclide; retention of radionuclides in river 
bottom and their remobilization due to bottom erosion. The finite difference methods, which 
were used for solving the equations, demonstrated a reasonable accuracy. In order to improve 
the computational results and to make the best manipulation of the model, an original numerical 
procedure which allowed the users flexible access to the model parameters and transitional 
computations was developed. 

In order to test the prognostic reliability of such a kind of models and to improve them 
since 1991 a scrupulous monitoring of the water and sediment radionuclides content as well as 
the radionuclides washout parameters for the Iput’ river watershed was organised. The river 
rises in 2 km west from Nedved’ village (Klimovitchi district, Mogilev region, Byelorussia), 
then it flows partially through the Russian territory to join Sozh river at 109 km away from its 
mouth in Byelorussia.  

The river has 437 km in length, its watershed area is 10900 km2. The river basin is the 
lowest northern area of the Pridniepr lowland, where soddy podzolic soils on loams and sands 
prevails. Swamps occupy about 7% of the basin area. About 40% of the area is used as 
agricultural lands. The river basin is in the zone of mixed forests which occupy about 30% of its 
area. The Iput’ is a plain river, its alimentation by snowmelt being predominant. Runoff 
conditions are characterised by high spring flood, relatively low water in summer, and periodic 
rain freshets in summer and autumn. Most of sediments are made up of the soil or ground mass 
washed down from the valley slopes by snowmelt and rain water flows. The valley shore slopes 
and adjacent area are covered with grass and forests and damaged slightly by the washout and 
erosion processes. Most part of weighted erosion materials and sediments are trapped by oxbow 
lakes and swamps and rivers receive only a minor portion of the solid erosion products. A long-
term river discharge of the erosion solids is averaged by 42,8 m3/s (Ushcherp'ye village 
hydrological post) and mean silt charge is 9 g/m3. 
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FIG. 6. Distributions of Tw, Tc for Sr-90 and Cs-137 in the aeration zone for polygon “Demenki”. 

 

 
FIG. 7. Distributions of R-factor for Sr-90, Cs-137 in the aeration zone for polygon “Demenki”. 
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Fig. 8 depicts schematically the study area. Observation gauges were installed and 
distributed in such a way to determine a 137Cs Chernobyl contamination pattern. So the gauge 1 
was located within the 'uncontaminated" zone where the 137Cs surface density was below 0.25 
Ci/km2; the gauges 2, 3 and 4 were set up downstream of the isolines of 1,5 and 15 Ci/km2 
respectively; other gauges were evenly spaced in the heavier contaminated areas. The 
characteristics of the river watershed are given in Table 4. 

There are presented of the local watershed areas concluded between the observational 
gauges, the 137Cs and 90Sr stores for these areas, the mean contamination densities, the mean 
137Cs and 90Sr concentrations in the river over the observational period (1991-1993) and 137Cs 
concentrations in the bottom sediments. The 90Sr contents in bottom sediments were as low as 
0.007, and 0.002 Ci/km2 for gauges 5, 6 and 7 respectively. The Table data indicate also 
existing some effective partition coefficients /40/, Ke=rb/CT, where rb is the specific 
radionuclide concentration on the bottom sediment particulate, Ci/kg, and CT is the total 
radionuclide concentration in water, Ci/l.  
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TABLE 4. SOME HYDROLOGICAL AND RADIOLOGICAL CHARACTERISTICS OF THE IPUT’ 
WATERSHED 

 
 

Gauge number 
 

1 
 

2 
 

3 
 

4 
 
5 

 
6 

 
7 

 
Gauges (nearest 
settlements) 

 
Krut
ojar 

 
Belo-
vodka 

 
Kaza-
richi 

 
Tvo-
rishino 

 
Ushcherp'ye 

 
Bobo-
vishhi 

 
Vyshkov 

 
Distance from river 
source, km 

 
170 

 
230 

 
250 

 
260 

 
300 

 
330 

 
360 

 
137Cs 

 
0.45 

 
0.1 

 
0.33 

 
0.62 

 
2.6 

 
3.45 

 
6.6 

 
Mean concen-
tration in river 
(pCi/l) 

 
90Sr 

 
0.56 

 
0.47 

 
0.69 

 
1.1 

 
0.8 

 
0.95 

 
1.2 

 
137Cs 

 
930 

 
350 

 
450 

 
1560 

 
 13000 

 
17900 

 
11100 

 
Activity stored 
in local 
watersheds (Ci) 

 
90Sr 

 
60 

 
30 

 
20 

 
20 

 
240 

 
280 

 
250 

 
Watershed area, km2 

 
4020 

 
1340 

 
510 

 
180 

 
2300 

 
860 

 
440 

 
137Cs 

 
0.23 

 
0.26 

 
0.88 

 
8.67 

 
5.65 

 
20.8 

 
25.2 

 
Watershed 
contamination 
density (Ci/km2) 

 
90Sr 

 
0.015 

 
0.022 

 
0.04 

 
0.11 

 
0.10 

 
0.33 

 
0.57 

 
137Cs concentration in 
bottom sediments (pCi/kg) 

 
10 

 
460 

 
550 

 
1.2*104 

 
4500 

 
6.4*104 

 
1.8*104 

 
Ke for 137Cs in river, 
measurements 

 
180 

 
4600 

 
1700 

 
1.9*104 

 
1700 

 
1.9*104 

 
2.8*104 

 
The surface contamination densities of the watershed as well as the 90Sr and 137Cs 

concentrations of in the Iput’ river water, which were averaged over the monitoring period and 
are presented in Figs. 9-11 as functions of the distance along the river flow. The contamination 
density of a particular watershed is seen to be correlated closely with the radionuclide 
concentration in the river. This is an evidence in favour of that influence of the contamination 
source has mainly of local character. 

 According to estimates made for the Ushcherp'ye gauge line, the river carried out about 
2.5 Ci of 137Cs and 0.65 of 90Sr in 1992 (the most detailed river discharges were available for 
that year). These quantities comprise some 0.015% and 0.18% of the total stores of 137Cs and 
90Sr respectively for the particular watershed section.  

This fact was supported by the following findings.      
1. There was cleared out a close correlation between the contamination density of river 

water and adjacent area. 
2. After the river have crossed a local radioactive spot there was appeared an increase of 

the radionuclide concentration in river waters followed by its (concentration) decrease 
due to dilution by uncontaminated water portions. 

3. The data for the Dniepr river evidenced that there observed a 137Cs contamination 
front which was propagating slowly across the Dniepr reservoirs cascade /40/ 

As shown in /40 /, the effective coefficient of stream-sediment interaction can be given by  
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(3.1)    C/r=K Tbe  
 
Here, Ke is the effective distribution coefficient between the concentration, rb, in the 

bottom and the total radionuclide concentration, CT, in water, Ci/l, as a sum of dissolved and 
weighted shares of the radionuclide. 

It is appeared /40/ that an effective retardation factor, R, can be introduced for 
radionuclides moving along the stream. It can be expressed in terms of the water-sediment 
interaction parameters, namely:  

 

(3.2) ,
)K+SdK(
)K+hSKK(

)SK+(1
)SK+(1

h
d+1=R

lbwp,

lwwp,s

wwp,

bbp,

�

 

 
where ks is the constant of sedimentation, s-1; α - the constant of resuspension, s-1; Kl - the 
coefficient of mass exchange between the bottom sediment and the related water column, m/s; 
Sb and Sw are the concentrations of those load fractions which are sorbing effectively impurities 
in the sediment and water fraction respectively, kg of dry mass/l; Kp,w and Kp,b the partition 
coefficients of the given radionuclide in the water-sediment system for river channel and 
bottom sediments respectively. Finally, d represents an effective thickness of the active bottom 
sediment layer and h denotes the mean depth of the river part under consideration. 

Basing on the data available, the 137Cs retardation coefficient is approximately evaluated 
as R ~40 for the contaminated areas of Bryansk region. As flow velocity along the river valley 
is averaged by the value of 0.3 m/s then the mean velocity of 137Cs transportation along the 
stream can be estimated by a figure of 200 km/yr. Thus, the mean annual 137Cs transportation 
distance in Iput’ is comparable with the contaminated river length. 

The available Iput’ observation data have obtained till now, unfortunately, do not provide 
a possibility to analyse in detail the temporal changes of radionuclide concentrations during the 
high water conditions. Therefore, those data given are most useful for describing and studying 
the long-term contamination of rivers and for testing mathematical models developed. As it is 
seen the model input parameters were the local watershed contamination density and the same 
value for the bottom sediment; the effective partition coefficients Ke and Keb for a particular 
river length and local watershed respectively; the mean depth of a particular river part; the 
active bottom sediment layer; the runoff depth for a local watershed throughout the flood 
period; the annual average discharge at the initial point of the particular river length. 

The 137Cs concentrations in the Iput’ from the 1991-1993 as averaged data are shown in 
Fig.5 together with the predicted values averaged over the flood periods. The parameters were 
Ke=7000 kg/l (6990 kg/l observed) and Keb =700 kg/l. The thickness of the flood runoff was 
h=130 mm; the mean depth of the particular river length was 2 m; the active bottom sediment 
layer had a thickness of 0.01 m; the flood period duration was 2 months; the local annual 
average discharge was 1.7*104 L/s. From computations made it appears that the predicted 
concentrations depend critically on the effective partition coefficient for the watershed and only 
slightly on the runoff thickness. It becomes apparent, when it is taken into account that the 
partition coefficient defines actually the washout coefficient. 

Our further aim is to compare the model computation results with the many year 
observational data obtained independently. The complex investigations as it has been said in the 
chapter 2 are being undertaken for this goal at the polygons “Demenka” and “Lake Kozhany” 
(basin the Iput’ river).  
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4. CONCLUSION 
 
The analysis of the natural conditions of Central Russia has shown that radionuclides 

released into the environment due to the Chernobyl accident have undergone a further 
redistribution caused by landscape features and hydrological processes. There have been 
observed an appearance of the radionuclides in shallow and even in some artesian aquifers. 

As the unsaturated zone is mainly constructed of sandy layers and has relative small 
thickness, the vulnerability of shallow aquifer is essentially depended on the infiltration 
recharge flow rate and retardation parameters of the soils. The predominant factor, from this 
point of view, is the clay particle content (“clayaety”) in the soil. This content can be most 
effectively estimated by the penetration gamma logging. Adding neutron soil moisture logging 
and gamma-gamma soil density logging allows to estimate directly the retardation factor for the 
aeration zone body and given migrant having some independent Kd data. Furthermore, having 
independent data on the infiltration water recharge through the AZ one can immediately 
evaluate the water residence time as well as the radionuclide residence time for every 
lythological layer and for AZ body as a whole. In accordance with our approach, it provides 
that initial information needed to predict the migrant transfer through AZ and, in turn, to 
forecast the shallow aquifer contamination on the base of the model presented. 

The environmental tritium seems to be very helpful in local and regional evaluation of 
the groundwater residence time. Connecting this value with an independent estimation of the 
retardation factor of the protective geological body opens one yet way to determine the 
residence time of any components (contaminants) and to predict their transfer in subsurface 
water and geological systems. In this light, the routine technology of the calculation of the 
water residence time by the environmental tritium data should be reconsidered and based on the 
multi compartment models, too. The combination of the artificial isotope tracer field 
experiments and natural isotope survey is the most effective way to get that information which 
is needed to make a relevant forecast. Proposed and developed model approach seems to be 
fruitful in interpreting and predicting of the radionuclides migration in the multi layer aeration 
zone and changes of the radioecological situation in groundwater aquifers. Further 
investigations in this direction are needed to be undertaken. 

The Chernobyl radionuclides released into the environment should be actively used to 
verify mathematical models and different methodological approaches. The best way to get more 
or less adequate prognosis about the further fate of the Chernobyl radionuclides in the 
underground hydrosphere may lay in using of alternative approaches as like as it has been 
reported. 

At the further stages of investigations the following important aspects of the real 
migration situation in the aeration zone and underground aquifers should be taken into account: 

- instability (seasonality) of the soil humidity and infiltration flow in the upper soil layers 
and as well as seasonal variability of the groundwater replenishment and water table; 

- erosion liquid and solid wash out and run off as well as an influence of possible 
accumulation erosion material and contaminants; 

- chemical contents of porous fluids as well as their other physico-chemical properties and 
conditions (pH, concurrent component, temperature, etc.), 

- possible non-linearity of interphase component exchanges as well as their kinetics that 
demands involving non-linear and time dependent retardation parameters. 
Moreover, surface and groundwater contamination models have to be united or considered 
explicitly as interconnected subsystems.  

Incorporating these aspects in prognostic models is a task of the future studies. 
In the light of said above, our further aim is to put corrections related into the prediction 

models as well as to compare model computation results with the many year observational data 
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being obtained. The complex investigations as it has been already said in the chapter 2, are 
being undertaken for this goal at the polygons “Demenka” and “Lake Kozhany” (basin the Iput’ 
river).  
 

ACKNOWLEDGEMENT 
 

 We are expressing our gratitude to the IAEA and UNDP as well as to all Russian 
organizations and specialists for supporting our work at the Russian territory affected by the 
Chernobyl accident particularly within Bryansk Region.  
 

REFERENCES 
 
1. Атлас радиоактивного загрязнения Европейской части России, Белоруссии и 

Украины. – М.: Росгидромет/Федеральная служба геодезии и картографии России, 
1998. 143 с. (Atlas of the radioactive contamination of the European Part of Russia, 
Byelorussia and Ukraine. Moscow, Roshydromet, 1988, pp. 143). 

2. Гидрогеологические основы охраны подземных вод.-М.: Центр международных 
проектов ГНТК СССР, 1984, 412 с. (Hydrogeological foundations of groundwater 
protection. Moscow, Center of International Projects of State Scientific and Technical 
Committee of the USSR, 1984, pp. 412).  

3. Гудзенко В.В., Дубинчук В.Т. Изотопы радия и радон в природных водах. М.: Наука, 
1987, 188 с. (Gudzenko V.V., Dubinchuk V.T. Radium Isotopes and Radon in Natural 
Waters. Moscow, “Nauka”, 1987, pp. 188.  

4. Дадыкин С.В., Гоголь С.Б., Лагутин Г.Н., Петрухин В.В. Геолого-экологические 
исследования в зоне радиоактивного загрязнения Брянской области. Разведка и 
охрана недр, 1998, № 9-10, 60-62. (Dadykin S.V. Gogol’ S.B., Lagutin G.N., Petruchin 
V.V. Geology-ecological investigations in the radoactive contamination zone of Bryanskaya 
Oblast (Region). “Survey and protection entrails” (“Razvedka i okhrana nedr”, a journal), 
1998, № 9-10, 60-65.  

5. Дубинчук В.Т. Построение моделей гидрогеологических систем и их идентификация 
на основе данных изотопно-индикаторного опробования подземных вод. 
Математические методы идентификации моделей в геологии. (Dubinchuk V.T. 
Creating hydrogeological system models and their identification on the base of isotope 
indicator survey of groundwaters. In: Mathematical methods of model identification in 
geology. Moscow, “Nauka”, 1983, 89-97). 

6. Дубинчук В.Т., Дубинчук Г.В. Определение фактора задержки миграции и времени 
пребывания радионуклидов в геологической среде по данным ядерного каротажа. 
Геоэкологические исследования и охрана недр. Научн. -техн. информ. сб., АОЗТ 
"Геоинформмарк". - М.: 1995, вып. 4. С. 14-22. (Dubinchuk V.T. Dubinchuk G.V. 
Determination of retardation factors and residence times of radionuclides in geological 
media on the base of nuclear logging. Geoecological study and environment protection. 
Scientific–technical issue of AOZT “Geoinformmark”. Moscow, 1995, № 4, 14-22). 

 



28 

7. Дубинчук В.Т., Поляков В.А., Дубинчук Г.В. Прогноз миграции радиоцезия и 
радиостронция в зоне аэрации и защищенности грунтовых вод на основе концепции 
времени пребывания и фактора задержки. Геоэкологические исследования и охрана 
недр. Научн. -техн. информ. сб. АОЗТ "Геоинформмарк". - М.: 1995, вып. 4. С. 22-34 
(Dubinchuk V.T., Polyakov V.A., Dubinchuk G.V. Prediction of radiocesium and 
radiostrontium migration and groundwater protectability in the aeration zone on the base of 
the concept of residence times and retardation factor. Geoecological study and environment 
protection. Scientific–technical issue of AOZT “Geoinformmark”. Moscow, 1995, № 4, 22-
34). 

8. Дубинчук В.Т., Поляков В.А., Идентификация гидрогеологических систем по данным 
изотопно-индикаторных исследований. Водные ресурсы, 1983, 4. С. 16-24. (Dubinchuk 
V.T. , Polyakov V.A. Identification of hydrogeological systems on data of isotope indicator 
studies. Water Resorces (Vodnye resursy), 1983, 4, 16-24). 

9. Дубинчук В.Т., Поляков В.А., Корниенко Н.Д. и др. Ядерно-геофизические методы в 
гидрогеологии и инженерной геологии. - М.: Недра, 1988, 224 с. (Dubinchuk V.T. , 
Polyakov V.A., Kornijenko N.D. et al. Nuclear-geophysics methods in hydrology and 
engineering geology. Moscow, “Nedra”, 1988, pp. 224) 

10. Карасев Б.В., Корниенко Н.Д., Поляков В.А., Дубинчук В.Т. Результаты 
радионуклидного опробования подземных вод на территории России в зоне влияния 
аварии на Чернобыльской АЭС. Геоэкологические исследования и охрана недр. - М.: 
АОЗТП "Геоинформмарк", 1994. Вып. 2. С. 32-41 (Karasev B.V., Kornijenko N.D., 
Polyakov V.A., Dubinchuk V.T. Results of radionuclide sampling of groundwaters at the 
territory of Russia within the zone of influence of the Chernobyl NPP accident. Moscow, 
Geoecological study and environment protection. Scientific–technical issue of AOZT 
“Geoinformmark”, 1994, № 2, 32-41) 

11.  Изотопы в гидросфере. Тезисы докладов 4-го Международного симпозиума 
«Изотопы в гидросфере», г. Пятигорск, 18-21 мая 1993 г. - М.: ИВП РАН-
ВСЕГИНГЕО, 1993 (Isotope in Hydrosphere. Report Abstracts of the 4-th International 
Symposium “Isotope in Hydrosphere”, Pyatigorsk, 18-21 May, 1993).  

12.  Миграция радионуклидов в водных системах. Обнинск: НПО «Тайфун», 1995 
(Migration of radionuclides in water systems. Obninsk, SPA “Typhoon”) 

13.  Отчет ВСЕГИНГЕО по теме 241-92д «Оценка защищенности пластовых и грунтовых 
вод от радиоактивного загрязнения на территории Брянской, Тульской и Калужской 
областей и подготовка рекомендаций по безопасному водопользованию», 
ВСЕГИНГЕО/ ИВП АН СССР. - п. Зеленый: 1992. Авт.: Дубинчук В.Т., Поляков 
В.А., Ферронский В.И. и др. (Report of VSEGINGEO, theme 241-92d “Evaluation of 
protectability of stratum and shallow groundwaters against radioactive contamination at the 
territories of Bryanskaya, Tul’skaya and Kaluzhskaya Oblasts and preparing methdical 
recommendations on safe water supply”, 1992, VSEGINGEO of Ministry of Geology & 
Water Problem Institute of the Academy of Science of the USSR, Zeleny Village. Authors: 
Dubinchuk V.T., Polyakov V.A., Ferronsky V.I. et al.) 

 



 

29 

14. Отчет ГГП «Брянскгеология» «О результатах гидрогеолого-экологического изучения 
отдельных районов Брянской и Орловской областей в условиях долговременного 
радиоактивного загрязнения за 1990-1994 гг. в 3-х томах (1 том - текст, 2 том - 
текстовые приложения, 3 том графические приложения). - п. Белые Берега, ГГП 
«Брянскгеология». Колл. авт.: Гоголь В.Б., Дадыкин С.В. и др. (Report of GGP 
“Bryanskgeologia” On results of hydrogeological and ecological studies witinf some 
regions of Bryanskaya and Orlovskaya Oblasts under the conditions of long-terms 
radioactive contamination, 1990-1994, volume I (text), volume II (textual annexes), volume 
III (graphics & maps). Belye Berega, GGP “Bryanskgeologia”. Authors: Gogol’ S.B., 
Dadykin S.V. et al.). 

15.  Современные проблемы гидрогеологии, инженерной геологии и экогеологии. - п. 
Зеленый: ВСЕГИНГЕО, 1994, 201 с. (Modern problems of hydrogeology, engineering 
geology and ecology. Zeleny Village, VSEGINGEO, 1994, pp. 201). 

16.  Ферронский В.И., Дубинчук В.Т., Гончаров В.С. и др. Радиоизотопные методы 
исследования в инженерной геологии и гидрогеологии. Изд. 2-е перераб. и доп. - М.: 
Атомиздат, 1977, 304 с. (Ferronsky V.I., Dubinchuk V.T., Goncharov V.S. et al. 
Radioisotope investigative methods in engineering geology and hydrogeology. Second 
edition, recasted & added. Moscow, “Atomizdat”, 1977, pp. 304). 

17.  Ферронский В.И., Поляков В.А. Изотопия гидросферы. - М.: Наука, 1983, 280 с. 
(Ferronsky V.I., Polyakov V.A. Isotopy of Hydrosphere. Moscow, “Nauka”, 1983, pp. 280). 

18.  Atlas the caesium deposition on Europe after the Chernobyl Accident. ISBN 92-828-3140-
X, ECSC-EEC-EAEC-Brussels-Luxemburg/EC/IGCE/Roshydromet/Minchernobyl 
(UA)/Belhydromet, 1998, 43 pp., 65 plates. 

19.  Application of Distribution Coefficients to Radiological Assessment Models. Eds. T.H. 
Sibley and C. Myttenaere. Elsevier Applied Science Publishers, Lnd-NY, 1987.  

20.  Borzilov V.A. et al. Physico-mathematical modeling of the washout of long-lived 
radionuclides from watersheds in the 30-km area around the Chernobyl Nuclear Power 
Plant.- Meteorology and Hydrology, 1989, No 1 (In Russian). 

21.  Borzilov V.A. et al. Prediction of the secondary radioactive contamination of rivers in the 
30-km area around the Chernobyl Nuclear Power Plant. - Meteorology and Hydrology, 
1989, No 2 (in Russian). 

22. Chubarov, V.N. The groundwater recharge through aeration zone in sands deserts 
(Mechanisms, study methods, evaluation). - M., Nedra, 1972, 136 pp. (in Russian). 

23. Desmet G., Nassimbeni P., Belli M., (Eds.), Transfer of Radionuclides in Natural and Semi-
Natural Environments. Elsevier, Lnd., 1990, 693 pp.  

24. Dubinchuk V.T. Physico-Mathematical Models used by Isotope Tracer Surveying of 
Ground Waters. Moscow, VIEMS, (1983), 62 pp. (in Russian). 

25. Dubinchuk V.T. A multicompartmental model based on the concept of the water residence 
time and retardation factor to predict ground water vulnerability. Expanded Synopsis of the 
Int. Symp. On Environmental Impact of the Radioactive Releases, 1995, Vienna. IAEA-
SM-339.  

26. Dubinchuk V.T. The interconnection of the solid and liquid erosion run off with the surface 
and ground water contamination by the Chernobyl fall outs. 30 Int. Geological Congress, 
Beijin, 1996. 

27. Dubinchuk V.T., Gonfiantini R., Froehlich K. Isotope Hydrology: Investigating Ground 
Water Contamination. IAEA Bull., 4 (1989), 24-27.  

28. Dubinchuk V.T., Polyakov V.A., The interconnection of the environmental isotope contents 
of ground water with their vulnerability to the technogenic contaminants. Expanded 
Synopsis. Int. Symp. On Isotopes in Water resources Management. Vienna, IAEA, 1995. 
IAEA-SM-336. 



30 

29. Dubinchuk V.T., Polyakov V.A., Ferronsky V.I. Environmental isotopes as indicators of the 
ground water vulnerability to the technogenic contamination. 30 Int. Geological Congress, 
Beijin, 1996. 

30. Dubinchuk V.T., Polyakov V.A., Karasev B.V. et al. Field and laboratory nuclear 
techniques in radionuclide transport studies: methodology, technology and case studies in 
the territory of the Russian Federation exposed to radioactive contamination due to the 
Chernobyl accident. In: Isotope Techniques in the Study of Past and Current Environmental 
Changes in the Hydrosphere and Atmosphere. IAEA, Vienna, 1993, 101-146.  

31. Ferronsky V.I., Polyakov V.A., Dubinchuk V.T. The problem of vulnerability of 
groundwater as a source of drinking water and the prevention and mitigation of radionuclide 
contamination caused by nuclear power plants (in /39/). 

32. Ferronsky V.I., Dubinchuk V.T., Polyakov V.A., Yushmanov I. Yu. An Experience in the 
Use of Models to Isotopic Research of Natural Water by Isotope Methods. Mathematical 
modeling in Isotope Hydrology. - Vienna: IAEA, 1993 (in /37/).  

33. Geidebook on Mapping of Ground Water Vulnerability. Vrba J., Zaporozec A. IAH, 
Hannover Heise, 1994, International Contribution to Hydrology, v. 16, UNESCO, Paris. 

34. Gudzenko V.V. Radiocesium in the ground water of Kiev. Journ. of Ecological Chemistry, 
1993, 4, 229-233. 

35. INTERNATIONAL ATOMIC ENERGY AGENCY, Guidebook on Nuclear Techniques in 
Hydrology. IAEA, Vienna, 1985, 456 pp. INTERNATIONAL ATOMIC ENERGY 
AGENCY, TECDOC-713. Nuclear Techniques in the study of pollutant transport in the 
environment: Interaction of solutes with geological media (methodological aspects). IAEA, 
Vienna, 1993, 343 pp. 

36. INTERNATIONAL ATOMIC ENERGY AGENCY, TECDOC-777. Mathematical Models 
and their Applications to Isotope Studies in Ground Water Hydrology. Vienna, IAEA, 1994, 
282 pp. 

37. INTERNATIONAL ATOMIC ENERGY AGENCY, TRS-228. Sediments Kds and 
concentration factors for Radionuclides in the Marine Environment. Vienna, IAEA, 1985, 
73 pp. 

38.  Hydrogeological Considerations in Relation to Nuclear Power Plants. Proceedings of the 
International Workshop (Paris, 23-25 September 1992), UNESCO-CEC-IAEA-UNEP, 
UNESCO Chernobyl Programme, International Hydrological Programme. UNESCO, Paris, 
1993, 409 pp. 

39. Novitsky M.A. A model of long-term radionuclide transfer in a river channel. - 
Meteorology and Hydrology, 1993, No 1 (in Russian). 

40. Novitsky M.A. et al. Special investigations on radioactive contamination of the Iput river 
watershed with the aim of testing prognostic models for water bodies. Proc. Conf. on 
Radionucl. Migrat. in Water Bodies, Obninsk, October 26-29 1993, Obninsk, 1995, 109-114 
(in Russian). 

41. Vulnerability of soil and groundwater to pollutants. Proceeding information No. 38 Eds.W. 
van Duijvenbooden, H.G. van Waegeningh. International Conference, Noordwijk aan Zee, 
The Netherland, March 30-April 3, 1987. The Hague, 1987, 645 pp.  

 



1 

 
 



2 

 
 
 
 



3 

 
 
 
 
 
 



4 

 
 
 
 
 



5 

 
 
 
 
 
 



6 

 
 
 
 
 
 



7 

 
 
 
 



8 

 
 
 
 



9 

 
 
 
 
 



10 

 
 
 
 



11 

 
 
 
 



12 

 
 
 
 
 



13 

 
 
 
 



14 

 
 
 
 
 



15 

 
 
 
 
 



16 

 
 
 
 
 



17 

 
 
 
 



18 

 
 
 
 
 



19 

 
 
 
 



1 

 



2 

 
 



3 

 
 



4 



5 

 
 



6 

 
 



7 

 
 
 



8 

 
 



9 

 



10 

 



11 

 



12 

 
 
 



13 

 



14 

 



15 

 



16 

 
 



17 

 
 



18 

 



19 

 
 



20 

 
 



21 

 

 
 
 
 
 
 



22 

 

 
 
 



Use of environmental isotopes to constrain regional groundwater flow 
models: Case study, Otway Basin, South Australia���� 
 
G.A. Harrington, G.R. Walker 
Center for Groundwater studies, 
CSIRO Land & Water, 
Glen Osmond, South Australia, Australia 
 
A.J. Love 
Primary Industries and Resources South Australia, 
Eastwood, South Australia, Australia 
 
 
 
 

Abstract. Transient groundwater fluxes, as calculated by a groundwater flow model (MODFLOW) 
are used as input to a compartmental mixing-cell (CMC) model to simulate the transport of 
hydrochemical and isotopic species in regional groundwater systems. Good agreement between 
modeled and measured concentrations of solutes in groundwater provides greater confidence in 
estimating aquifer parameters for the flow model. The CMC model is developed for multi-layered 
groundwater systems and allows for both recharge to the uppermost aquifer and upward or downward 
leakage between individual aquifers. The combination of the CMC approach and MODFLOW allows 
chemical and hydraulic data to be analysed simultaneously to allow for improved conceptualisation of 
the groundwater system. The use of transient fluxes reflects the temporal scale and variability of 
chemical tracers as well as the temporal variability of hydraulic conditions.The model is applied to the 
Gambier Embayment of the Otway Basin in South Australia to quantify mixing between two aquifer 
systems. This groundwater system is hydraulically connected to the ocean in the west and would have 
been affected by sea level changes over the last 30,000 years. Radiocarbon simulations helped us to 
quantify a major zone of downward leakage to the confined aquifer, with modeled leakage rates of 2-
9 mm/year. 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
� Previously published as HARRINGTON, G.A., WALKER, G.R., LOVE, A.J. AND NARAYAN, K.A., A 
compartmental mixing-cell approach for quantitative assessment of groundwater dynamics in the Otway Basin, 
South Australia, Journal of Hydrology 214 1-4 (1999) 43–63. 



1 



2 

 



3 

 



4 

 



5 



6 

 



7 

 
 



8 

 



9 

 



10 



11 



12 



13 

 



14 

 



15 

 
 



16 

 



17 

 



18 

 



19 

 
 



20 

 
 
 



21 

 
 
 
 
 
 
 
 
 
 
 
 
 



22 

 
 



23 

 
 
 
 



 

1 

Isotopes (18O, 14C, 87Sr/86Sr) and hydrogeochemical 
modelling since 11 000 years BP, Bolivian Altiplano 
 

A. Coudrain, A. Talbi 
Sisyphe UMR CNRS-Université Pierre & Marie Curie, 
Paris, France 

M. Loubet 
Unité de recherche Géochimie CNRS-Université Paul Sabatier, 
Toulouse, France 

B. Pouyaud, F. Sondag, R. Gallaire 
IRD/ORSTOM hydrologie, 
Paris, France and La Paz, Bolivia 

E. Ledoux 
Centre Informatique Géologique, UMR Sisyphe, 
Fontainebleau, France 

C. Jusserand 
Centre de Recherche Géodynamique, Université Pierre et Marie Curie, 
Thonon, France 

J. Quintanilla 
Instituto de Investigación Química, UMSA, 
La Paz, Bolivia 
 
 
Abstract. The phreatic aquifer of the central Altiplano shows a Cl concentration that increases from 
0.5 meq l-1 upstream to 150 meq l-1 downstream. Values of more than 20 meq l-1 may not be explained 
by the present hydrological conditions. The main outflow process from the aquifer is the evaporation 
(E) whose regional quantification has been conducted using the relation established for all arid zone 
areas on the base of isotopic profiles: E (mm a-1) = 63 Z-1.5 where Z (m) is the water table depth under 
soil surface. The aquifer under study may have acquired its high chlorine content during last 
lacustrine phase (Tauca, 12 ka BP). Arguments for this hypothesis are: (i) maximum level of the lake 
(3780 m) higher than present soil elevation in the area, (ii) same order of salinity in the paleolake and 
in the more saline groundwater, (iii) identical values of Sr isotopic ratio in calcareous deposits from 
the Tauca and in saline groundwater, (iv) weak molar ratio of Li/Cl in saline groundwater and in the 
Tauca, (v) modelling of Cl transport over 11 000 years consistent with observed spatial evolution of 
Cl in groundwater. To this scenario, might be superimposed the assumption of a delay for the 
convective transfer of salt towards south by the coupled effects of accumulation of salt in the 
unsaturated zone by evaporation from the aquifer during thousand or so years, and of the subsequent 
return of this salt downwards to the aquifer during some short rainy periods. 
 

INTRODUCTION AND SYNTHESIS OF HYDROCHEMICAL DATA 

The aquifer under study is situated in the central part of the endorheic catchment of 
the Altiplano (Fig. 1) between the lake Titicaca (16°S, 3810 m) and the Salar of Uyuni (21°S, 
3653 m) that are the lower hydraulic point of the two sub-catchments limited by the weir of 
Ulloma at 3770 m a.s.l. The aquifer under study of around 6000 km2 is in fluvio-lacustrine 
quaternary sediments and lies in the upstream portion of the sub-catchment Poopo-Coipasa-
Uyuni. 
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Present precipitation, concentrated during one rainy season, is of the order of 
350 mm a-1. It allows recharging the aquifer from runoff between Tertiary mountains and the 
hinge line with the flat plain at altitudes between 3900 m and 3800 m (Fig. 2). The other 
present recharge is the inflow from the Rio Desaguadero, fed by the Titicaca Lake and 
northern tributaries, mainly the Rio Mauri (Fig. 1). Chloride concentrations in the 
groundwater close to recharge area by these two distinct modes are of 0.5 and 10 meq l-1 
respectively. Hence, present day conditions may not explain the large chloride contents 
downward that reach the value of 150 meq l-1 (Fig. 2). 

 

 

Figure 1. Endorheic catchment of the Altiplano and the under study area. Dark grey: 
over 5000 m a.s.l., Clear grey (except the salars): between 5000 and 4000 m. White: 
between 4000 and 3600 m a.s.l. The weir of Ulloma (3770 m a.s.l.), upstream from the 
studied area, is limiting the northern catchment of the Titicaca and the southern one of 
the salars. 
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Figure 2. Aquifer of the central Altiplano. Cl concentrations increases from upstream 
(0.5 meq l-1) in the recharge zone (5 or less tritium unit) to downstream (150 meq l-1) 
where 3 pmC were analysed for 14C. 

 
 

After present-day hydrological study (Coudrain-Ribstein et al., 1995a) the main 
outflow process is evaporation from approximately 80% of the surface of the aquifer where 
the piezometric head is at less than 20 m below soil surface. Four main hypothesis may be 
proposed to explain present high chlorine content in the aquifer and will be discussed in the 
following four sections. 
1. inflow from possible deeper saline aquifers, 
2. inflow from brines contained in the dacitic domes close to La Joya, 
3. accumulation of salt in the unsaturated zone by evaporation of the aquifer during millenary 

arid periods and subsequent infiltration during short humid periods, 
4. diffusion of salt from the paleolake Tauca (12 000 a BP) towards underlying aquifer. 
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1. SALINISATION BY OTHER SALINE GROUNDWATER ? 

Salinisation by upward flow from deep aquifers is well documented as for example in 
the Paris Bassin (Wei et al., 1990; Coudrain-Ribstein & Gouze, 1993) or in Israël (Vengosh & 
Rosenthal, 1994). 

In order to test this hypothesis, chemical and isotopic analyses where performed on 
samples of water and rock from the lake Titicaca to the salar of Uyuni with denser sampling in 
the aquifer under study. The results may be summarised as follows. Both present recharge 
modes of the aquifer, infiltration after overland runoff on local Tertiary relieves and inflow 
from the Rio Desaguadero fed by northern Titicaca catchment present different chemical 
characteristics:  
- local recharge: 

�
18O = -15‰�2‰ 

87Sr/86Sr� 0,7103�0,0003 
high U content (1-10 ppb) 
Li/Cl molar from 0.058 to 0.008 

- northern recharge: 
�

18O = -10‰�2‰ 
87Sr/86Sr� 0.7080�0.0008 
high As content (20-2000 ppb) 
Li/Cl molar from 0.007 to 0.005 

The saline groundwater (Cl > 20 meq l-1) presents intermediate values of �18O, 
strontium isotopic ratio and trace element concentration (Fig. 3). If salinisation by upwards 
flow from deeper saline aquifers was the origin of the important salinisation of the phreatic 
aquifer of the central Altiplano, then the values of the chemical parameters in the saline 
waters would be noticeably different and not intermediate between those of both recharge 
modes. Hence, at this stage, this first hypothesis of salinisation from deeper aquifers may be 
rejected. 

Another source of salt for the quaternary aquifer could be the brines of the dacitic 
domes. A ring fracture zone of about 15 km exists around La Joya (Fig. 2) where igneous and 
hydrothermal activities have been documented between 15 and 5 Ma (Columba & 
Cunningham, 1993). Three wells of the saline groundwater are inside this ring fracture zone 
and do not present similar chemical values as the brine analysed for the dome of La Joya. 
Outside the ring zone, another well situated at 6 km at the west (upstream) of a small dacitic 
dome shows the highest values of 87Sr/86Sr with 0.711. This feature could indicate some 
bound with the brine that has a value of 0.719. However, concentrations of uranium and 
arsenic do not corroborate an hydrochemical relation of this well with the brine (Fig. 3). 
Inversely, two other wells, also outside the ring fracture zone, present uranium and arsenic 
concentration similar to those of the dacitic brines and do not present high isotopic ratio of 
strontium. Hence, even if relation with brines may occur in the vicinity of the dacitic domes, 
this hypothesis may not explain the salinisation of an important volume of water in the 
Quaternary sediments. On the base of present available data, this hypothesis can be rejected. 
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Figure 3. Trace elements and isotope of strontium in water and stromatolite. White star: 
surface and groundwater corresponding to local runoff recharge. White square: surface 
and groundwater corresponding to recharge from northern catchment. Black circle: 
saline groundwater in the aquifer under study. 

 

2. EVAPORATION FROM PHREATIC AQUIFER IN ARID ZONE AREA 
Local estimation of evaporation from aquifers were first driven on the basis of flow 

equation in the unsaturated zone with steady state assumption where the hydraulic 
conductivity depends on the suction (Gardner, 1958). These studies lead to an equation of 
evaporation from aquifer as an inverse exponential of the water table depth under soil surface: 

E = A Z-n  
with E evaporation from the aquifer per unit of time, A and n parameters depending on soil 
characteristics and Z water table depth under soil surface. Gathering results from the different 
case studies (Wind, 1955; Gardner & Fireman, 1958; Willis, 1960; Talsma, 1963; Thorburn et 
al., 1992), values of n range between 4 and 1.5 and A ranges between 8.2 and 9500 when E is 
in mm a-1 and Z in meter. Hence, for a water table depth of 1 m, evaporation would range 
between 8 mm a-1 and 9.5 m a-1 depending on the soil under study (Fig. 4), which is too large 
to be realistic. 

Since early eighty's, another method of local estimation of evaporation from aquifers 
in arid zones emerged. It is based on the interpretation of unsaturated zone profiles of isotopes 
(�18O and �2H) and Cl . These estimations are based on the use of transport equation, that is to 
say diffusion and upward convection from the aquifer. A graph of estimated evaporation vs. 
water table depth under soil surface has been established for 30 cases where these couples of 
data are available. Evaporation decreases from 900 mm a-1 to 1 mm a-1 when water table depth 
increases from 0.3 m to 18 m under soil surface (Fig. 4). Data come from Algeria, Australia, 
Bolivia, Chile, Niger, Reunion and Tunisia after different published papers (Zouari et al., 
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1985; Allison & Barnes, 1985; Colin-Kaczala, 1986; Fontes et al., 1986; Grilli et al., 1989; 
Grunberger, 1989; Woods, 1990; Taupin, 1990; Aranyossy et al., 1991; Daoud, 1995; 
Coudrain-Ribstein et al., 1997; Coudrain-Ribstein et al., 1998). On this clear inverse relation, 
an exponential curve has been fitted that leads to the following equation: 

E = 63 (�5) z-1.5 with E in mm a-1 and z in m. 

This result is in apparent contradiction with the previously established dependence of 
evaporation on soil characteristics. Do peculiar conditions exist for arid zones so that very 
different soils converge towards the same behaviour as for evaporation from aquifers ? In arid 
zones, suction near the surface soils reaches values as high as 1600 m (Scanlon, 1994) or 4822 
m (Woods, 1990). Now the majority of the previous above cited hydraulic studies were driven 
for suction lower than 150 m. Hence they are not valuable for arid zones area (Wind, 1955; 
Gardner & Fireman, 1958; Willis, 1960; Talsma, 1963). The remaining study (Thorburn et al., 
1992), that took into account a suction value as high as 4822 m, was conducted for a clayey 
soil with an hydraulic conductivity at saturation of 10-10 m s-1. Steady state assumption for the 
ascending flux from aquifer was most probably not established and it is hardly credible that 
the evaporation – water depth relation established in this case-study was valuable.  
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Figure 4. Evaporation from phreatic aquifer vs. water table depth under soil surface (Z). 
Circles: local estimations of E from isotopic profiles ; curves "sand" and "clayey soil": 
computed on the base of hydraulic conductivity measured for suction from saturation to 
very low water content; curves "previous boundaries": lowest and highest estimations of 
E from previous hydraulic studies based on insufficient data for arid zone area. 
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Recent publications report hydraulic conductivity evolution for suction range from 0 
m (equivalent to saturation) to high values greater than 1000 m (Mehta et al., 1994; Stolte et 
al., 1994). These new data allowed us to compute (Coudrain-Ribstein et al., 1998) new 
bounds of evaporative flux from aquifers in arid regions: 

28 z-1.8 < E < 205 z-1.6 

where the lower bound was computed from a sandy soil and the higher one from a clayey soil 
(Fig. 4). These results corroborate the weak influence of soil characteristics on evaporation 
from aquifers. 

This relation is used in three ways in the present study. First, it was used to constrain 
the present hydrologic mass balance by prescribing the outflow by evaporation in an 
hydrogelogic model. This allowed to compute that the present total outflow by evaporation 
from the aquifer is of the order of 18 106 m3 a-1. 

Second, it was used to test, as follows, the hypothesis of salinization bound to Cl-
accumulation in the unsaturated zone by evaporation. With a water table at 5 m below soil 
surface, evaporation from the aquifer could reach 30 m during 5000 years which is the 
duration of the very arid period between 9000 and 4000 BP. Taking into account a moderate 
Cl concentration of 10 meq l-1, the amount of Cl accumulated in the unsaturated zone over 
4000 km2 could reach 1012 eq, that is sufficient for the salinization of the groundwater. With 
an initial concentration of 100 meq l-1, the Cl content in the unsaturated zone would be 
multiplied by ten. Subsequent infiltration of these chloride toward the aquifer should have 
occured with a small amount of water in order to keep agreement with the low and decreasing 
toward South 14C activity (57 to 3 pmC). The 14C values in the aquifer could probably not be 
altered if the infiltrated amount of water was weak. As geochemical signatures of parameters 
taken into account in this study may not be modified by this scenario, it is difficult at this 
stage to discriminate the last two hypothesis (Tauca and unsaturated zone). Third, the relation 
evaporation-water depth presented in this section has been used to model the groundwater 
flow and Cl transport over 11 000 years (section 4, below). 

3. SALINISATION BY THE TAUCA PALEOLAKE? 

In the paleolake Tauca scenario, the first main question is whether this lake has or has 
not covered the aquifer. First radiocarbon dates of the paleolake Tauca in the southern part of 
the Altiplano proposed a 3720 m of elevation at about 12 ka BP (Servant & Fontes, 1978). On 
the base of further studies (Rondeau, 1990; Bills et al., 1994; Servant et al., 1995; Mourguiart 
et al., 1997) and by using recent calibrating methods (Bard et al., 1990) converge to: the 
maximum elevation might have reached 3780 m around 16 800 a BP, and this lacustrine phase 
lasted several thousand years. With elevation range of the area understudy between 3810 and 
3700 m, it may be considered that the aquifer were covered by the lake up to 3740 m during a 
period long enough to allow diffusion between these two water bodies. 

Geochemical arguments in favour to the hypothesis of Tauca influence on present 
saline groundwater exist. First, values of 14C ranging between 57 and 3 pmC (Fig. 2) show 
that the saline groundwater infiltrated 10 000 a ago or even more. The stromatolites deposited 
during past lacustrine period around 12 ka BP present values of isotopic Sr ratio of 
0.7090�0.0005 (Fig. 3) close to the saline groundwater one (0.7089<87Sr/86Sr<0.7109). The 
�

2H vs. �18O graph of saline groundwater (Coudrain-Ribstein et al., 1995b) suggests that some 
evaporation occurred prior to their infiltration. The saline groundwater present intermediate 
geochemical values (trace elements and isotopic ratio of strontium) between both present 
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recharge modes. The Tauca lake was also most probably fed by contribution from both 
catchment areas. 

Finally, in favour of this hypothesis, one argument comes from Li/Cl ratio (Fig. 5) 
after the very precise chemical study on the southern salares (Risacher & Fritz, 1991). The 
molar ratio Li/Cl after a detailed study on the chemistry of the salars (Risacher & Fritz, 1991) 
is estimated to 0.0012 for the Tauca paleolake. This value is noticeably low compared to both 
extreme northern and southern pole that could have fed the paleolake: one is the present 
Titicaca lake (0.0070) and the river (Rio Grande) that presently feeds the salar of Uyuni 
(0.0200). After this publication, the weak value of the molar ratio Li/Cl estimated for the 
paleolake Tauca may be explained by the leaching of Tertiary NaCl evaporites during earlier 
lacustrine phase. Data collected in the present study show that lowest values of the Li/Cl ratio 
are those from the saline wells. These lowest value (0.0070-0.0040) fall between the ones of 
both recharge modes and the one computed for the Tauca lake. This is a major argument in 
favour of the hypothesis of salinisation of groundwater in connection with the lake Tauca. As 
a conclusion, spatial evolution of geochemical signals (14C, U, As, �18O and 87Sr/86Sr, Li/Cl) 
are, at this stage, in favour of the assumption that the saline groundwater are mainly inherited 
from last paleolake Tauca. 

 

1E-2 0.1 1 1E+1 1E+2 1E+3 1E+4
Cl (mmol/l)

1E-4

1E-3

1E-2

0.1

Li
/C

l (
m

ol
ar

 r
at

io
)

RioGrande

Titicaca

Tauca

Tarcamaya

 
 

Figure 5. Molar ratio Li/Cl vs. Cl concentration. Rounds: groundwater of the aquifer 
understudy ; four names: after (Risacher & Fritz, 1991) where the point Tauca 
corresponds to computed values for the water composition of this paleolake. 

 
The second question of this scenario concerns the salt content of this paleolake. An 

estimation was computed (Risacher & Fritz, 1991) by dissolving the present amounts of all 
chemical components of the two wide salt crusts of the salar of Uyuni (10 000 km2) and the 
salar of Coipasa (2 500 km2) in the former lake volume. Assuming an altitude of the paleolake 
of 3720 m, its mean salinity was computed at 80 g l-1 with a chloride content of about 40 g l-1. 
With hypothesis of higher elevation, the concentrations could have been of 40 g l-1 in the 
paleolake. With a mean height of the aquifer of 50 m after some electric investigation 
(Ledezma et al., 1995), diffusion during two thousand years could have led to a mean 
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concentration in the aquifer of about 10 g l-1. The present highest concentration of Cl 
measured in the aquifer is 5 g l-1. 

The third question of this scenario is whether or not this diffused salt could still be 
present in the aquifer, which has been tested by modelling Cl transport over 11 000 years. 

4. MODELLING CL TRANSPORT OVER PAST 11 000 YEARS 
In order to test if chloride in solution of the Quaternary aquifer may remain since the 

paleolake covered the area 12 ka ago, modelling of the Cl transport has been undertaken over 
11 ka, since the lake retreat to present day. 

Reconstitution of past rains is necessary to estimate the evolution of possible 
infiltration towards the aquifer. A first estimation (Hastenrath & Kutzbach, 1985) was the 
annual rain amount of 600 mm a-1 in the southern catchment that could be linked to a 
paleolake of 3720 m elevation. On the base of the water level fluctuations of the Titicaca 
(Mourguiart et al., 1997), of the relation between surface and depth of the Titicaca (Wirrmann 
et al., 1992), of the relation between rain amount and lake surface (Hastenrath & Kutzbach, 
1983), and assuming a similar ratio of rain amounts between both catchment area than the 
present one, it has been computed in this study that lowest rain amount close to the zone under 
study (17°30 S) was about 290 mm during the arid period from 8 000 to 3 000 a BP (fig. 6). 
The evolution of the infiltration towards the aquifer has been computed proportionally to this 
reconstructed rainfall amount (Fig. 7). 

Modelling take also into account the lack of perennial flow of the Desaguadero 
between 10 ka and 2 ka BP when the low level of water in lake Titicaca did not allow outflow 
towards the Rio Desaguadero (Mourguiart et al., 1997). 

Modelling has been performed by using the NEWSAM code (Ledoux & Levassor, 
1993) where the outflow by evaporation from the aquifer has been added. Evaporation from 
the aquifer is computed at each time step of one year after the relation established for all arid 
zone area and above presented in section 2. 
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Figure 6. Computed time evolution of mean annual rainfall (mm a-1) for the Titicaca 
catchment. 
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For the groundwater flow modelling, input data of the simulation are evolution of the 

infiltration, presence or lack of the Rio Desaguadero, hydraulic parameters of the aquifer. 
Output data computed by the simulation are the time and space evolution of groundwater 
head, outflows by evaporation and toward south and inflow from the rio Desaguadero. 

Between 10 ka and 2 Ka, during lack of perennial flow in the Rio Desaguadero, the 
hydraulic head of the aquifer is decreasing and evaporative flux decreases (Fig. 7). Reversibly, 
after 2 ka when infiltration from the Rio Desaguadero is again possible and that infiltration 
from local runoff increases, evaporative flux and underground flow towards South increase 
progressively because the hydraulic head increases drawing nearer the soil surface. 

Over the period under consideration, the hydraulic regime is close to steady state, the 
sum of both inflow and outflow is close to zero (Fig. 7). Outflow by evaporation is always 
close to 2/3 of total outflow, which again demonstrates how important it is to take it into 
account. 

On the three computed piezometric maps at 10 ka, 5.5 ka and present stage (Fig. 8) it 
can be noticed that at 10 ka, the underground flow had merely the same shape than at present 
with roughly direction from NNW towards SSE. At 5.5 Ka, the piezometric had is much 
lower under soil surface and the main direction of the flow is NW toward SE. The maximum 
Darcy velocity, at each time step, is always of the order of 1 m a-1. 
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Figure 7. Time evolution of hydraulic computed inflow and outflow (m3 s-1). Infiltration 
from local runoff and from Rio Desaguadero: negative figures m3 s-1 ; Evaporation and 
underground outflow toward south: positive figures. 
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Figure 8. Computed piezometric map at three different periods. At 5.5 ka BP, the period is 
very dry, the Rio Desaguadero does not provide inflow toward the aquifer. 
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Associated to groundwater flow, the transport of chloride has been simulated by 
NEWSAM. Initial concentration of chloride was assumed to be of 200 meq l-1 where the soil 
surface is below 3740 m and of 0.5 meq l-1 above this elevation. This corresponds to the 
hypothesis that the paleolake Tauca covered the aquifer during sufficient time (2 Ka) to allow 
diffusion between the lake and the aquifer so that the concentration in the aquifer reach 
200 meq l-1. Inflow by infiltration of local runoff and by the Rio Desaguadero present Cl 
concentrations of 0.5 and 10 meq l-1 respectively. 

Output of the Cl transport modelling are the time evolution of inflow and outflow of 
chloride with respect to the aquifer (Fig; 9) and time and space evolution of the chloride 
concentration (Fig. 10). It is interesting to note that major leaching occur during the first 2 000 
years after lake retreat. Roughly, half of the initial quantity of chloride in the aquifer is leaving 
out from the aquifer by underground flow towards South and the other half by evaporation 
that lead to salt accumulation in the unsaturated zone. 

Mass balance computation on the results from the simulation shows that 4.57 1012 eq 
of chloride would be accumulated in the unsaturated zone. Such quantity corresponds roughly 
to one half of the initial quantity in the aquifer at the beginning of the simulation at 11 000 
BP. 

Three maps of chloride concentration in the aquifer are presented (Fig. 10). Because 
of the flow direction (Fig. 8), during the drier period around 5.5 ka the chloride is "pushed" 
towards the eastern part of the aquifer. At present stage, after 2 000 years of perennial flow of 
the Rio Desaguadero, the main flow direction is toward southeast. 

The model allow to reproduce the special pattern of observed chloride concentration 
similar to an ellipsoid where the more saline water are the older one. However, at this stage 
the absolute values of chloride concentrations may not still be compared between observed 
and computed values. The fitting should be done by constraining the aquifer thickness and by 
allowing subsequent downward flux of salt accumulated in the unsaturated zone. A study by 
electromagnetic investigation has been undertaken to get data on the spatial evolution of the 
aquifer thickness. On the base of such data, modelling will also take into account the 
contribution to the aquifer salinisation of the salt accumulated in the unsaturated zone that 
could return to the groundwater during short humid periods at either 4 ka or 1 ka BP. 
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Figure 9. Time evolution of chloride flux in eq s-1 corresponding to tow inflow processes 
(infiltration of runoff and inflow from Rio Desaguadero) and two outflow processes 
(evaporation and underground flow towards South). 
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At the present stage, as a summary of several other simulations of Cl transport over 
last 11 000 years similar to the one presented here, it may be concluded that: 
�� when aquifer porosity or thickness are increased the computed concentration at present is 

increased, 
�� when the evaporation is increased, the present concentration decreases, 
�� with an initial content of Cl in the aquifer of 10 1012 eq, present day conditions would 

require at least several thousand years to empty the excess of chloride inherited from 
Tauca diffusion. 

 

 
 

 
Figure 10. Computed maps of Cl concentration (meq l-1) in the aquifer at 11. ka ; 5.5 ka 
and present day. During the drier period around 5 ka BP, chloride is "pushed" towards 
the eastern part of the aquifer. 
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DISCUSSION AND CONCLUSION 
One part of this study, on evaporation from aquifers under arid climatic conditions, is 

an example of the usefulness of comparing different approaches. Results from isotopic 
approach allowed to re-analyse the previous accepted and erroneous results from hydraulic 
approach. Finally the simple relation proposed by this study may be used for local or regional 
and present or past estimation of evaporation from aquifers in arid zone area where 
evaporation is a major outflow process. 

On the dynamics of the aquifer of the central Altiplano, present groundwater flow, 
spatial evolution of geochemical parameters (14C, U, As, �18O, 87Sr/86Sr and Li/Cl) and results 
of modelling groundwater flow and Cl transport allow to conclude that the present 
concentration of chloride in the aquifer may be bound to the paleolake Tauca (12 ka BP). 
Temporary accumulation of salt in the unsaturated zone due to evaporation over long arid 
periods and subsequent down flow toward the aquifer may also have occurred. This secondary 
process might have delayed the transfer of salt towards south. The functioning proposed on 
the base of the available data is the following. 

When the aquifer was covered by the Tauca paleoke (maximum level at 12 ka BP), 
during around 2 000 a, diffusion of salt between the lake and the aquifer allowed to increase 
chloride concentration up to relatively high level. It is assumed today, as a working hypothesis 
that this concentration might be around 200 meq l-1. 

Since the lake retreat, around 11 ka BP convection pushes the bulk of saline 
groundwater toward south east. This movement was very slow between 8 ka and 2 ka during 
the period drier than present climatic conditions. During this period, the annual rainfall 
amount has been estimated at 280 mm a-1 instead of 350 mm a-1 at present. During this period, 
the Titicaca lake had a level lower than the weir allowing outflow toward the Rio 
Desaguadero. Hence, inflow toward the aquifer from the rio Desaguadero was reduced or even 
non-existent, as it has been assumed in the modelling. 

Since the lake retreat, evaporation from the aquifer led to accumulate salt in the 
unsaturated zone over the aquifer. This salt is mainly in solution that is under saturated with 
respect to halite. Subsequently, some rare short humid periods could allow this salt to flow 
down to the aquifer by a small amount of water. Such process would not modify ratio of 
lithium/chloride, nor the isotopic ratio of strontium. The humid period could have taken place 
around 4000 a BP just after the very arid period and when the level of Tititaca lake is recorded 
to have increased rapidly. Another period favourable to infiltration toward the aquifer is 
around 1.5 ka BP when the Titicaca lake showed an increasing level even higher than present 
one.  

In favour of that last period are the results from Cl profiles executed in 1993 over the 
aquifer understudy. These profiles show that very probably no infiltration occurred toward the 
aquifer in the flat plain since around two thousand years. 
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Abstract. Three selected case studies are presented in order to demonstrate applications of isotopes 
and CFC’s in different geological settings. The first study deals with young groundwater in an 
unconfined sandy aquifer with high concentrations of 3H and CFC’s. A groundwater flow and 
transport model calibrated on the basis of 3H profiles including the bomb-peak is used to model the 
transport of CFC-gases and compare them to observed data. The study demonstrates the use of 
isotopes and CFC’s in the estimation of groundwater recharge and how calibrated groundwater flow 
models can be used for estimation of solute transport and contaminant degradation rates in reactive 
zones of aquifers. The second study identifies the apparent mixing of old low 14C waters (>1000 a) and 
young waters containing 3H and CFC´s in a thick, deep-seated aquitard. That is the water samples 
might contain both an old matrix and a young fracture component. An alternative but perhaps more 
likely explanation is that the low 14C content is a result of diffusion of the dissolved 14C from fractures 
into the matrix. In both cases the results indicate preferential flow e.g. in fractures in the aquitard. The 
third study investigates the largest regional aquifer in Denmark, the Miocene Ribe Formation, and is 
part of the European project “PALAEAUX” (Management of Coastal Aquifers in Europe – 
palaeowaters, natural controls and human influence). Isotope data indicate that this deep sand aquifer 
mainly contains water of Holocene age (100-10.000 a BP), although some Pleistocene groundwaters 
have been encountered. Groundwater flow modelling and particle tracking estimate groundwater ages 
similar to 14C ages corrected for geochemical reactions and diffusion. The flow modelling indicate that 
the emplacement of the old Pleistocene groundwaters have been influenced by the lower sea levels in 
the Pleistocene.  

 
 
1. INTRODUCTION 
 

Tracers such as isotopes and CFC’s for tracing and dating groundwater are important 
tools in groundwater research and in sustainable management of groundwater resources. 
Important applications in shallow groundwater include estimation of groundwater recharge 
and evaluation of the fate of contaminants, because meaningful groundwater ages give the 
possibility to determine the residence time of groundwater and the dissolved contaminants 
(e.g. Böhlke and Denver, 1995; Cook and Solomon, 1997; Johnston et al., 1998). 
Furthermore, as shallow groundwater is increasingly contaminated new resources of deep 
pristine groundwater often thousands of years old are explored and exploited. Especially the 
carbon isotopes 14C,13C in combination with the stable isotopes 2H and 18O are important in 
order to understand the chemical evolution, estimate residence times and manage old deep 
groundwaters that in some cases date back to the last glaciation (e.g. Bath et al., 1979; 
Edmunds et al., 1982; Deák et al., 1987, Plummer, 1993; Darling et al., 1997; Clark et al., 
1998). Finally, as some sampled groundwaters are mixtures of old and young groundwater the 
combined use of tracers for both young and old groundwater are needed in order to recognise 
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the mixing (e.g. Loosli et al.1991; Clark and Fritz, 1997; Clark et al., 1998; Loosli et al., 
1999b; Plummer and Busenberg, 1999).  

 
Recently the use of CFC gases (CFC-11, CFC-12, and CFC-113) had a revival as age 

dating tools due to improved sampling and analysis techniques (Busenberg and Plummer, 
1992). This has led to a strong increase in the research on CFC-gases as tracers and age-dating 
tools in groundwater often in combination with isotopes (e.g. Busenberg and Plummer, 1992; 
Dunkle et al., 1993; Ekwurzel et al., 1994, Reilly et al., 1994; Cook et al., 1995; Oster et al., 
1996; Cook and Solomon, 1997; Hinsby et al., 1997).  

 
The objective of this report is to demonstrate some benefits from the use of CFC’s and 

isotopes in the study of flow and transport dynamics in groundwater systems and as tools for 
recognising modern water components in mixed groundwaters of different ages through the 
presentation of three Danish case studies. The first two studies have been part of Danish 
Environmental Research Programs. The third study was part of the European project 
PALAEAUX – Management of Coastal Aquifers in Europe – palaeowaters, natural controls 
and human influence, which involved 9 European countries (Edmunds and Milne, 1999a,b). 
The main objective of the project was to improve our understanding of the evolution of 
groundwaters in coastal areas along a European traverse from Estonia in the NE to the Canary 
Islands of Spain in the SW, and to investigate the importance of fresh groundwaters which 
recharged these regions during times of lowered sea levels in the Late Pleistocene. The 
Danish study investigated the largest regional aquifer in Denmark, which is a deep Miocene 
sand aquifer containing mainly Holocene (100-10.000 a BP) groundwaters, although a few 
Pleistocene (Ice Age) groundwaters were found too.  

 
All three studies demonstrate the value of isotopes and CFC’s in studies of groundwater 

flow and transport dynamics and in the sustainable management of groundwater resources. 
However, they also demonstrate the importance of a sound knowledge of the geology at 
regional and local scales, and the need for quantification of the chemical and physical 
processes in aquifers and aquitards. The recognition and quantification of geochemical 
reactions and matrix/fracture diffusion are important in order to understand the distribution of 
the isotope and CFC tracers in aquifers and aquitards and to be able to make necessary 
corrections to age estimates.  

 
1.1. Short introduction to groundwater management problems in Denmark 

 
The water supply in Denmark is based entirely on groundwater (99%) and a large 

percent is from shallow aquifers containing groundwater recharged during the last fifty years. 
The two main types of aquifers are Quaternary/Tertiary sand aquifers and Tertiary/Cretaceous 
limestone and chalk aquifers which supply about 65 and 35% of the drinking water, 
respectively. The mean abstraction depth is 30 to 40 meters below the surface, which is close 
to or in many cases below the mean sea level. The modern groundwater is contaminated to a 
considerable extent by agriculture, industry etc. and this led to the implementation of the 
comprehensive National Monitoring Network in 1987 (Czakó, 1994; Rasmussen, 1996; 
Stockmarr, 1997). Nitrate contamination from agriculture was the first concern for the quality 
of the shallow Danish groundwaters from non-point sources. Nitrate concentrations up to 2-4 
times the WHO guideline value of 50 mg/l in the shallow groundwater lead to health concerns 
and possible oxygen depletion in coastal waters. Presently, pesticides from non-point sources 
and chlorinated solvents from point sources are of major concern due to an increasing number 
of detections of these contaminants in monitoring and water supply wells (MEE, 1998; 
GEUS, 1998; NERI, 1998). The contaminated water supply wells are abandoned and often 
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new deeper aquifers are exploited as the shallow groundwater resources become increasingly 
contaminated with a large range of contaminants and metabolites. The water supply of 
Copenhagen, for instance, has shut down 80 of approximately 750 water supply wells in 
recent years, mainly due to contamination with pesticides and chlorinated solvents, and 
furthermore abstraction from four large aquifers were completely stopped due to 
contamination by pesticide metabolites (MEE, 1998). Esbjerg, the fifth largest city in 
Denmark, is exploring for new deep resources to meet about 80% of their present water 
supply demand. Large parts of the shallow water supply of Esbjerg are now either 
contaminated or threatened by chlorinated solvents originating from the bombing of a military 
airport during World War II. Chlorinated solvents and mustard gas, were disposed of in an 
unknown number of more than a hundred bomb craters.  

To decrease the risk for abstraction of contaminated groundwaters the water supply of 
Esbjerg started exploiting deep groundwater resources, which carbon isotopes suggest are 
several thousand years old. In the southern part of Jylland large farms abstract large amounts 
of old groundwaters of early Holocene or even late Pleistocene (> 10.000 a old) ages (Hinsby 
et al., 1999a,b). So far the groundwater in the Ribe Formation has not been contaminated by 
advancing young groundwaters, but increasing exploitation of the aquifer will inevitably lead 
to mining of the high quality Holocene groundwaters and to contamination risks from 
advancing young groundwaters (Custodio et al., 1999). Obviously, for sustainable 
management of these groundwaters a sound understanding of the regional geology and 
groundwater flow dynamics is strongly needed. Restrictions on the exploitation of deep 
aquifer systems may have to be introduced as has been the case for other European aquifers 
(e.g. Rauert et al., 1993; Marty and Torgersen, 1995) in order not to stress the systems and 
deteriorate the water quality.  

As a consequence of the water resource problems in Denmark considerable effort has 
been made in the last few years to establish a “National Water Resource Model” that integrate 
groundwater and surface water systems at a regional scale (Henriksen et al., 1997; Madsen et 
al., 1998; Dahl et al., 1998; Henriksen and Stockmarr; 1999; http://www.vandmodel.dk). The 
developed model(s) will be an important tool for the sustainable management of the water 
resources in Denmark. However, it must be emphasised that such models cannot be validated 
due to problems of non-uniqueness and uncertainties in parameter estimation (Konikow and 
Bredehoeft, 1992; Bredehoeft and Konikow, 1993; Konikow, 1996). It is therefore important 
to use as many different types of data as possible to calibrate the models and constrain the 
model solutions (e.g. Wagner and Gorelick, 1987; Barlebo et al., 1998). Tracers and age-
dating tools such as isotopes and CFC’s help to constrain hydraulic parameters governing 
residence times and are therefore important data for the calibration of groundwater flow 
models (e.g. Reilly et al., 1994).  

There is a vast number on publications on the use of tracers and age-dating tools in 
research and management of groundwater systems, and no attempt will be made to mention 
just a small selection of these. The following references are valuable for an illustration and 
discussion of possibilities and limitations or as an introduction to the literature (Coplen, 1993; 
Plummer et al., 1993; Torgersen, 1994; Mazor and Nativ, 1994; Zuber and Weise, 1995; 
Marty and Torgersen, 1995; Clark and Fritz, 1997; Cook and Herczeg, 1999). For a selection 
of reviews and reports on the use of isotopes and mathematical models in hydrogeology see 
International Atomic Energy Agency (1993, 1996).  

Generally, the geology on which our understanding of the groundwater flow systems are 
based is only sporadically known - one very important way to learn if our understanding of 
the geological setting is insufficient is by the integrated use of tracers and groundwater 
geochemistry and flow modelling. 
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Figure 1.1. Quaternary geology map of Denmark with the location of the Main Stationary Line (MSL) 
and the described study sites. Location 1) is the Rabis Creek test site, 2) is the Grundfør site and 3) is 
a cross section in southern Jylland, through a deep-seated Miocene sand aquifer (the Ribe 
Formation). The Ribe Formation is studied in the EU project (“PALAEAUX”, Edmunds and Milne, 
1999a,b). Location 1 and 3 is in front of the MSL while location 2 is behind. 
 
 
1.2. Geological setting of the three Danish study sites 

 
Denmark is covered by Quaternary glacial sediments, and during the last glaciation 

(approx. 120,000 - 10,000 a BP) the Main Stationary Line (MSL) of the last glacial maximum 
(LGM - approx. 20,000 a BP) was situated right through Denmark (Figure 1.1). Of the three 
described study sites, site 1 and 3 are located in front of the MSL, while site 2 is behind. The 
aquifers at site 1 and 2 were deposited by glaciers during the Quaternary (Pleistocene) period, 
while the deep-seated aquifer at site 3 was deposited by braided rivers during the Tertiary 
(Miocene).The aquifer at site 1 is composed of fairly homogeneous outwash sands. Site 2 is 
located in a complex geological setting of sandy and clayey tills, glaciolacustrine clays and 
outwash sands deposited in a glacial valley cut into Tertiary clays. Displacement of some 
layers due to glaciotectonics (“glacier movements”) have been observed. Site 3 is located in a 
deep-seated (100-200 m.b.s.) regional aquifer of Miocene age which is composed of relatively 
pure quartz sands with little or no calcite and small amounts of disseminated old (14C dead) 
organic matter (lignite). Study site 1 and 2 are small scale field sites (< 0.1 km2), while site 3 
covers nearly 1000 km2. The Miocene sand aquifer at site 3 is confined by thick marine clay 
and silt sequences in most parts, but just outside the MSL it is covered by outwash sands and 
sandy tills, and here the main groundwater recharge occurs. It has been proposed that during 
the Late Pleistocene (the end of the last Ice Age) the Devensian/Weichselian ice sheet(s) 
completely reorganised the groundwater flow systems of Northern Europe (Boulton et al., 
1993, Van Weert et al., 1997). In some North European aquifers meltwaters at the bottom of 
the glaciers may even have been forced deep into the aquifers (Boulton et al., 1993; Boulton 
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et al., 1995, Glynn et al., 1998) or resulted in catastrophic meltwater releases through tunnel 
valleys if aquifers where not able to drain the produced meltwaters (Piotrowski, 1997). At 
times of lowered sea-levels the groundwater flow might have extended far out below the the 
present day North Sea (Boulton et al., 1995; Van Weert et al., 1997). 

 
 

2. THE RABIS CREEK TEST SITE – 3H and CFC transport modelling in a  
sandy aquifer 

 
2.1. Introduction 

 
During the nineties there have been a considerable number of studies on CFC gases as 

tracers and age-dating tools in young groundwater and they have demonstrated that CFC 
gases are valuable tracers for young groundwater (e.g. Busenberg and Plummer, 1992; Dunkle 
et al., 1993; Ekwurzel et al., 1994; Reilly et al., 1994; Cook et al., 1995; Cook and Solomon, 
1997). However, it has also been shown that all CFC gases are potentially degraded in some 
anoxic groundwaters at varying degradation rates (Lovley and Woodward, 1992; Lesage et 
al., 1992; Oster et al., 1995; Hinsby et al., 1997; 1999c,d) limiting the use of the CFC gases as 
age-dating tools in anoxic environments. This study was performed to investigate the fate of 
CFC gases in an aquifer with pyrite controlled nitrate reduction resulting in a redox-boundary 
between the oxic and anoxic environment in which the CFC gases might degrade. The 
transport and degradation of the CFC gases were simulated with a groundwater flow model 
calibrated on the observed location of the tritium bomb-peaks in multisampler wells.  
 
2.2. Geological setting and earlier studies 
 

The unconfined aquifer at the Rabis Creek test site is situated in outwash sands in front 
of the MSL (Figure 1.1. and 2.1.). The test site is a transect of multilevel samplers along a 
flow line originally installed to study nitrate transport and reduction (Postma et al., 1991).  

 
Later flow and transport models have been calibrated to observed tritium distributions 

in the unsaturated and saturated zones (Engesgaard et al., 1996). This work partly builds on a 
previous tritium study presented at an IAEA meeting (Andersen and Sevel, 1974). The 
groundwater flow and transport models were used in the present study in combination with a 
transient water and air model for the unsaturated zone. The unsaturated zone model, that 
includes advection and diffusion, was used to define the CFC input functions to the 
groundwater model at the water table (Hinsby et al., 1999c). Engesgaard and Molson (1998) 
directly simulated the groundwater ages in the Rabis Creek aquifer. The Rabis Creek test site 
and the previous studies performed at the site provided a good basis for studying the transport 
and degradation of CFC’s in a relatively fine detail.  
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Figure 2.1. The Rabis Creek test site a) Plan view of study area with location of multilevel samplers 
and land use indicated. Transect of multilevel samplers is along the groundwater flow direction. b) 
Cross section showing the location of multilevel samplers with a sampling point for every meter in the 
saturated zone. At T10 soil-gas samplers are installed for every meter in the unsaturated zone. The 
location of nitrate plumes and oxic/anoxic groundwaters are indicated (after Postma et al., 1991).  
 
 

The study was performed in cooperation with the U.S.Geological Survey and the 
Technical University of Denmark to investigate the transport of CFC’s in an aquifer with 
nitrate reduction. CFC groundwater sampling and analyses were completed as described by 
Busenberg and Plummer (1992) and the analyses were carried out at the U.S. Geological 
Survey or at the Geological Survey of Denmark and Greenland by similar procedures.  
 
2.3. Groundwater flow and transport modelling at Rabis Creek 
 
2.3.1. Modelling and boundary conditions at Rabis Creek 
 

Engesgaard et al. (1996) simulated the average recharge at a depth of 1 m over a period 
from 1961 to 1970. The average recharge (0.343 m/a) was used to define a time-scaled volume-
weighted tritium input function to the unsaturated zone below 1meters depth . With this input 
function they were able to obtain a close match between simulated and observed tritium profiles 
in three multilevel samplers in the unsaturated zone using a consistent set of parameters for the 
effective vertical pore water velocity (approx. 4 m/a) and longitudinal dispersivity (approx. 1 m). 
[Infiltration was simulated with an unsaturated zone flow code (Jensen, 1983)]. Engesgaard et al. 
(1996) also estimated that over the period 1961-1989, the average recharge was approx. 
0.482 m/a. 
  

a

b
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For the soil at this site, Nielsen and Ørbeck (1995) measured an organic carbon content, 
foc, in the range of 0.005-0.014% below depths of 0.09 m and of 0.129% for the top 0.09 m. The 
top 0.09 m represents an upper organic-rich layer. The depth-averaged foc value for the profile 
below 0.09 m is estimated to 0.08%. 
 

Figure 2.2. shows the cross-section A-A´, where multi-level sampling in wells T1, T2, T3, 
T10 gave fairly complete CFC profiles. The location of the redox front is based on oxygen and 
nitrate profiles measured by Postma et al. (1991) and for T10 on an oxygen profile measured as a 
part of this study. No changes have been observed in the location of the redox boundary in the 
yearly measurements of the nitrate concentration in the multilevel samplers performed by the 
National Monitoring Programme since the test site was established.  
 

The hydrogeology of the cross-section was investigated by Olsen et al. (1993) and can be 
defined by three geological formations. Formation I is a medium-grained sand, formation II is a 
subglacial valley fill with a heterogeneous composition of gravel/sand and flood basin silt/clay, 
and formation III is a lacustrine clay layer. The horizontal bulk hydraulic conductivity of 
formations I, II, and III were found by Engesgaard et al. (1996) to be 31 m/day, 4.3 m/day, and 
0.0043 m/day, respectively, by matching a simulated steady-state water table with observations. 
Engesgaard et al. (1996) also simulated the streamlines in the cross-section and the pore water 
velocity was computed from the streamlines and the aquifer porosity (� = 0.35). Groundwater 
flow in the aquifer is dominated by horizontal flow and vertical dispersion then becomes an 
important mechanism for bringing solutes from the upper oxidized zone to the reduced zone. 
This was demonstrated by Engesgaard and Jensen (1990) who simulated nitrate transport and 
denitrification in the aquifer. Denitrification took place at the redox front between the two zones 
and consequently the denitrification capacity of the groundwater system was very sensitive to 
changes in vertical dispersion. An increase in transverse vertical dispersivity increased the 
denitrification capacity and vice versa. Later Engesgaard et al. (1996) calibrated the dispersivity 
parameters in order to match simulated and observed tritium profiles. They suggested to use �L, 
� T = 5m, 0.005m, although a unique set of parameters could not be found. 

 
2.3.2. Modelling approach and methodology  
 

Subsurface transport of CFC’s at the Rabis Creek study site was modeled in a three-step 
approach. First, the atmospheric CFC input function applicable to the considered study site 
was established. Second, transport of CFC’s in a non-steady state air and water flow field 
through the unsaturated zone were simulated above cross-section A-A’ (Figure 2.2.). Third, 
two-dimensional transport, sorption, and degradation in groundwater was simulated in cross-
section A-A’. The modeling approach and methodology behind step 2 and 3 are presented 
below. 

 
2.3.2.1. Transport in the unsaturated zone.  
 

The thickness of the unsaturated zone at the Rabis Creek field site is approximately 16 
m and consideration of the water and air transport times in the unsaturated zone is therefore 
needed (Weeks et al., 1982, Cook and Solomon, 1995). 
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Figure 2.2. Geological model of the Rabis Creek area with the numerical model cross section 
indicated. A lower tilted sequence of sand, silt/clay, and clay units of Miocene shallow marine 
origin, that forms the lower no flow boundary of the upper aquifer, is truncated by a 
Quaternary subglacial valley fill. The valley fill is composed of alternating gravel/sand and 
silt/clay deposits and is topped by a lacustrine silty clay unit. The uppermost part is composed 
of Quaternary outwash sands (after Engesgaard et al., 1996).  
 
 
Water phase 

 
To investigate the significance of dynamic unsaturated flow on CFC transport a numerical 

code based on solving the Richards' equation for one-dimensional unsaturated flow was used. 
The code was used to simulate the temporal variations in the vertical distribution of water 
content and flow for the considered time period based on local climatic information. The 
simulated flow and water contents were subsequently used in another numerical code to simulate 
one-dimensional advective-dispersive transport in the water phase. The same unsaturated flow 
code was successfully used by Engesgaard et al. (1996) to predict the average recharge in the 
period 1961-1970 at the same field site. 
 
Transport of CFC in the water phase of a variable-saturated porous media can be described by  
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where �w is the volumetric water content (-), cw is the concentration of gas dissolved in water 
(M/M), ca is the concentration of gas in the air (M/L3), Dw is the dispersion coefficient (L2/T), qw 
is the Darcy velocity (L/T), t is time (T), and z is depth oriented positive downwards (L). In (1), 
it is assumed that CFC is affected by linear sorption described by the retardation factor 
R=1+(�b/�w)Kd, where Kd is the solid-water distribution coefficient (L3/M) and �b is the bulk 
density of the media (M/L3). Furthermore, it was assumed that no microbial degradation takes 
place because earlier studies at Rabis Creek have shown that aerobic conditions exist to a depth 
of more than 10 m below the groundwater table (Postma et al., 1991). The last term on the right-
hand-side accounts for the mass exchange between the water and air phases. The dispersion 
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coefficient is given by Dw=�Lvw, where �L is the longitudinal dispersivity (L) and vw is the pore 
water velocity (L/T) given as qw/�w. 
 
Air phase 

 
Advective transport due to volumetric displacement of the two phases, for example from 

infiltration, is the only advective gas transport process included in the numerical code. Advective 
transport in air is approximated as a complementary part of unsaturated water flow as the water 
and gas filled pore volumes must equal the total porosity. Assuming that air is incompressible 
and that the water table constitutes an impermeable boundary, advective transport in the 
numerical cell located just above the water table is calculated from the volumetric changes in 
water and air from one time step to the next. If the air volume increases, gas is transported into 
the cell from the cell above, and vice versa for a decreasing air volume. Advective transport can 
then be calculated from the water table to the soil surface by keeping track of the volumetric 
changes and gas transport from the underlying cell. Using this procedure, a potentially important 
mechanism of advective gas transport is considered and a CFC mass balance over the two phases 
in the system is obtained. Advective transport due to atmospheric pressure changes (Massmann 
and Farrier, 1992, Elberling et al., 1998) is assumed not to be significant at the Rabis Creek site. 
 

In addition to advective transport, gas will penetrate the soil profile due to diffusive 
transport caused by temperature and concentration gradients with the latter being most 
important.  
 
The net transport of gas can be described by 
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where �a is the volumetric air content (-), ca is the concentration of gas in the air (M/L3), 
Da=�DCFC is the effective diffusion coefficient (L2/T), where � is the tortuosity of the porous 
media and DCFC is the self-diffusion coefficient for the CFC gas into atmospheric air, and qa is 
the advective flux of air as discussed above (L/T). The last term on the right-hand-side accounts 
for the mass exchange between the air and water phases. No sorption occurs in the air phase as 
all the solids are assumed to be fully surrounded by water.  
 

The tortuosity is related to the air-filled and total porosities, and the expression proposed 
by Millington (1959), �=�a

10/3/�2, is adopted, where � (-) is the total porosity and equal to �w+�a. 
Exchange between air and water 

 
Assuming equilibrium exchange of CFC between the air and water phases, the relation 

between the air and water CFC concentrations can be expressed by Henry's law 
 

cK= c awaw     (3) 
 
where Kwa is the water-air partitioning coefficient (or Henry's constant), which is a function of 
temperature and salinity and can be calculated from the equations provided by Warner and Weiss 
(1985) and Bu and Warner (1995). 
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Numerical and analytical solutions to initial and boundary conditions 
 
To estimate initial (1961) soil CFC concentrations the mean water content and mean 

water flux for the period 1961-1996 were calculated and used as input in a CFC transport 
simulation based on steady-state flow from the start of atmosphere CFC release (1940-1950) 
to 1961. The mean quantities were time and depth-averaged. 
 

Changes in barometric pressure have not been included in the simulations. However, this 
mechanism is assumed to cause complete mixing of soil air in the upper meter. The CFC soil 
transport simulations were thus carried out from one meter below the soil surface. The upper 
boundary condition is that of a specified concentration with the concentration in the air phase 
equal to the atmospheric concentration. The upper boundary condition for the concentration in 
water is then cw(z=1m,t)=caKwa. The lower boundary condition, at the groundwater table, is 
assumed to be in the form of a zero-gradient in concentration or �ca(z=L,t)/�z=0 and 
�cw(z=L,t)/�z=0, where L is the total length of the soil profile. For the air phase this implies a 
zero-flux boundary (impermeable) and for the water phase a pure advective flux boundary (no 
dispersion). 
 

Equations (1) and (2) are coupled through the water-air exchange terms that can be 
computed from (3). Both (1) and (2) are solved using a finite difference discretization and the 
coupled system of equations are solved with an iterative Operator Splitting method. CFC soil 
transport for steady-state water flow for the entire period can be described by adding (1) and (2), 
averaging all parameters, using (3) and the definition of the retardation coefficient, yielding:  
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Equations (4) and (5) are identical to the ones solved by Cook and Solomon (1995) in their 
steady-state flow analysis, except that degradation is not included here.  

 
For a system controlled by diffusion Cook and Solomon (1995) developed an analytical 

solution to (4) for the time lag using an upper boundary condition of an exponentially increasing 
atmospheric concentration: 
 

k
]))D/[L(k( = t

0.5**

L
�coshln  (6) 

 
where tL is the time lag (T) and k is the rate of exponential increase in the atmospheric CFC 
function (1/T). 
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2.3.2.2. Transport and degradation in groundwater.  
 

Figure 2.1.b shows that anoxic conditions occur at a depth of approx. 10 meters below the 
water table. Especially CFC-11 is known to degrade in anoxic environments and the degradation 
has been described by either zero- or first-order reactions (Cook et al., 1995; Oster et al., 1996). 
The governing equation for 2D advective-dispersive mass transport of dissolved species 
undergoing degradation in a porous medium can then be written as 
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where xi are the spatial coordinates (x,z) (L), vi is the average linear flow velocity (L/T), Dij is the 
hydrodynamic dispersion tensor (L/T), R is the linear retardation factor, t is time (T), and c is the 
CFC concentration in groundwater (M/M), and rd is either a zero-order degradation reaction, 
rd=k0, or a first-order degradation reaction, rd=k1c, where k0 (M/[M�T]) and k1 (1/T) are the zero-
order and first-order rate constants, respectively. 
 

The form of the isotropic dispersion tensor in (7) is dependent on the average linear flow 
velocities, the longitudinal (�L), and transverse (�T) dispersivity values (L), both in units of (L) 
according to: 
 

v
vv) - ( + v = D zx

TLijTij ����   (8) 

 
where v is the pore water velocity and �ij is the Kronecker delta with �ij=1 if i=j and �ij=0 if i�j. 
Diffusion is neglected. The velocity vi, in (7-8) is obtained using a steady state streamfunction 
solution, see Engesgaard et al. (1996). The retardation factor of R=1+(�b/�)Kd was calculated 
using the Kd values obtained in the soil transport simulations. 
 

From the literature it is not clear what type of degradation reaction to apply and both zero- 
and first- order reactions were tested in this study. For both reactions the rate parameter was 
allowed to vary with depth. In the aerobic zone, no degradation was allowed, k0 or k1 were set to 
zero. In the anaerobic zone, k0 or k1 were fitted to the observed CFC-profiles. 
 

Figure 2.3 shows the modelled cross-section. The left boundary was a specified head 
boundary (h0=42.5 m) and the right boundary was a no-flow boundary (water divide). A Cauchy-
type mass flux boundary condition was applied at the water table representing the mass flux out 
of the unsaturated zone predicted by the unsaturated code. At all remaining transport boundaries, 
including the left outflow boundary, a zero concentration gradient condition was applied. The 
initial (1961) background CFC concentrations were arbitrarily set to zero because simulation 
results showed that they did not influence the simulated results in the mid-90s. 
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Figure 2.3. Numerical model cross section with indication of boundaries and position of selected 
multilevel samplers. 
 
2.4. Results and discussion 
 

Comparison of observed CFC-11 concentrations in the multilevel samplers and the 
transport modelling results for CFC-11 obtained by the models described above have been 
selected for the illustration of the CFC transport in this report. Results for CFC-12 and CFC-
113 will be presented elsewhere (Hinsby et al., 1999c). 
 
2.4.1. CFC concentrations in the atmosphere  
 

Two atmospheric CFC-11 concentration curves was used for comparison, and for selection 
of the most representative atmosphere function for the test site (Figure 2.4.), one for North 
America from Niwot Ridge, Colorado (well mixed continental air), which is the curve used for 
groundwater dating in North America, and one for western Europe (Ireland/N. Atlantic air), 
which is the station closest to Denmark with a long record. To extend the monitored CFC gases 
as far back in time as possible the curve from Ireland are combined from measurements at two 
stations. The monitoring station at Agricole, Ireland that monitored from 1978 to 1983 was 
replaced in 1987 by a new station at Mace Head, Ireland. The stations at Niwot Ridge and Mace 
Head are still in operation. The Mace Head station is part of the ALE/GAGE/AGAGE global 
network (Prinn et al., 1983; Cunnold et al., 1994), while the data from Niwot Ridge is part of a 
programme run by the National Oceanic and Atmospheric Administration (NOAA)/Climate 
Monitoring and Diagnostics Laboratory (CMDL) in Boulder, Colorado (Elkins et al., 1993). The 
pre-1980 curve was calculated from CFC production and release data (Mccarthy et al., 1977, 
AFEAS, 1993).  
 
2.4.2. Unsaturated zone 
 

Observed and modelled results using the two atmospheric input functions are shown for 
CFC-11 in the unsaturated zone in Figure 2.5. The results clearly demonstrate that the modelled 
CFC distribution in the unsaturated zone based on the Niwot Ridge, Co, USA CFC-11 input 
function fits the observed data best. The Niwot Ridge input function is therefore used as input to 
the unsaturated zone model for the simulation of CFC concentrations in the air and water phases. 
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Figure 2.4. Measured and reconstructed CFC-11 concentration curves for the atmosphere at 
monitoring stations in Ireland and Colorado, USA Two different measurements of the 
atmospheric CFC concentrations at the Rabis Creek study site are also indicated. 
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Figure 2.5. Measured and modeled distribution of CFC gases in the unsaturated zone at the T10 
location in Rabis Creek. 
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2.4.3. Saturated zone 
 

The observed and modelled CFC-11 distributions in well T1 and T3 is shown in figure 2.6. 
The figure shows relatively good agreement between the observed and modelled CFC-
concentrations in the upper oxic part of the aquifer. However, below the redox-boundary in the 
anoxic part the observed CFC-11 concentrations are significantly lower than the modelled CFC 
concentrations, i.e. calculated “CFC-ages” in this part of the aquifer would be significantly older 
than the integrated unsaturated/saturated zone model predict. The abrupt change in the CFC-11 
concentrations at the redox boundary is clearly recognised in all of the wells, where the redox 
boundary is observed. This phenomenon is interpreted as degradation of CFC-11 under anoxic 
conditions. The simulated degradation with two first-order degradation constants are shown in 
Figure 2.6.. Zero-order reactions were also simulated but the first order degradation constants 
made the best fit to the observed data, and only these are shown. The first-order degradation 
constants corresponds to a half-life of a few months for CFC-11 in the Rabis Creek aquifer. 
 
 

 
 
Figure 2.6 Observed and simulated CFC-11 concentrations in well T1 and T3 with the location of the 
redox boundary indicated. Simulations of conservative and two different first order degration 
constants (“rates”) are shown. 
 
 
2.5. Conclusion 
 

The results from the modeling of the CFC distribution clearly show the value of 
combining CFC’s and isotopes as tracers as has been demonstrated in several other studies 
mainly in U.S.A, and that the CFC’s especially in combination with 3H (or 3H/3He) and 85Kr 
are very strong tools for the study of young groundwaters (Plummer et al., 1993; Ekwurzel et 
al., 1994; Cook and Solomon, 1997). The results also show, however, that CFC-11 are 
degraded in the nitrate reducing zone of the Rabis Creek aquifer, with a half life of a few 
months. A similar degradation rate were found at another site in Denmark in a partly sulphate 
reducing partly methanogenic aquifer (Hinsby et al., 1997; Hinsby et al., 1999d). Anoxic 
degradation of CFC-11 have been recognised in other field studies (e.g. Oster et al.; 1996), and in 
laboratory experiments (Lovley and Woodward, 1992).  
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3. THE GRUNDFØR TEST SITE 
Tracer transport in a deep fractured aquitard composed of glaciolacustrine clay and 
till  

 
3.1. Introduction 
 

The occurrence and hydraulic significance of fractures in surficial clay-rich deposits is well 
documented in Denmark (Fredericia, 1990; Jørgensen, 1995; Hinsby et al., 1996; Jørgensen et 
al., 1998a,b,c). However, it is unknown whether fractures are present in deep clay-rich aquitards 
and if they are present to which degree they influence the bulk movement of water and solutes. 
This study presents results from a geochemical and isotopic study of a deep clay-rich aquitard 
that was initiated to estimate the flux of groundwater through the aquitard and to determine if 
fracture flow occurs within the aquitard.  

 
Until recently clay tills were thought to be efficient barriers to the vertical migration of 

contaminants to underlying aquifers. However, over the past several years research clearly 
demonstrates that this is often not the case, and that solutes, colloides, viruses and even highly 
viscous DNAPLs (Dense Non Aqueous Phase Liquids e.g. coal tar) can migrate quite fast 
through fractures and root holes in clayey deposits (Harrison et al., 1992, Mckay et al., 
1993a,b; Hinsby et al., 1996; Jørgensen et al., 1998 b,c; Jørgensen and Spliid, 1998). 
Fractures have been described in many near surface tills to depths of 5 to 10 meters below 
ground surface and increase the bulk hydraulic conductivity to values several orders of 
magnitude greater than that of the matrix (Fredericia, 1990; McKay and Fredericia, 1995; 
Jørgensen et al., 1998a). This is now a well established fact, but the knowledge of the 
distribution and hydraulic activity of fractures in deep clayey deposits is scarce.  

 
Generally, the role of hydraulic active fractures decrease dramatically with depth and 

some studies suggest that they might have a limited influence below depths of about 10 to 
20 meters below the ground surface (Keller et al., 1988; Jørgensen et al., 1998a). This is 
supported by diffusion profiles of stable isotopes, which were observed in several thick clay 
tills in Canada. These profiles demonstrated that diffusion were the dominating transport 
process in the deeper parts of the clay aquitards i.e. that the clays were unfractured and that 
advective transport were negligible (e.g. Desaulniers et al., 1981; Remenda et al., 1996; 
Hendry and Wassenaar, 1997).  

 
However, the depositional and glacio/neotectonic history of the tills and clays are very 

important in the development and occurrence of fractures, and fractures might be important 
conduits in deep-seated tills and clays at other sites (Klint, K.E., pers. comm.). To the authors 
knowledge only few studies have suggested hydraulic active fractures in clays and clay tills at 
depths below 10-20 meters (Rudolph et al., 1991). This study indicates that fractures might be 
important conduits at depths between 30 and 60 meters at the Grundfør site.  

 
3.2. Geological setting and Groundwater Flow System 

 
The Grundfør site is situated just behind the Main Stationary Line (MSL) of the last 

glaciation (Figure 1.1). The aquifer system consists of a discontinuous surficial glacial till, a 
regional upper aquifer, a discontinuous deep aquitard, a discontinuous lower aquifer, and a 
deep till/sand unit (Figure 3.1 and 3.2). The Quaternary sediments were deposited in deep 
valleys eroded into low permeability Tertiary sediments (Figure 3.1). The thickness of the 
Quarternary aquifer system ranges from approximately 30 meters to over 150 meters. 
Recharge to the aquifer system is from the infiltration of precipitation. Mass balance estimates 
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indicate that discharge to streams and from extraction wells accounts for approximately 90% 
and 10%, respectively, of the total recharge. Leakage out of the bottom of the Quaternary 
aquifer system has been calculated to account for less than 1% of the total groundwater 
recharge. 
  

The surficial glacial till has been documented to contain fractures that increase the bulk 
hydraulic conductivity of the till and vertical flow to the underlying upper aquifer (Jørgensen 
et al., 1998a).  
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Figure 3.1. Cross section through the Grundfør test site area showing the complex geological setting 
and the deposits in a glacial incision valley. The test site illustrated in Figure 3.2. is located in the 
central area of the valley where glaciolacustrine clays and tills separates an upper and a lower 
outwash sand aquifer.  
 
 

Continuous groundwater level monitoring in the upper aquifer, aquitard and lower 
aquifer indicate that the 30 to 40 meter thick aquitard behaves as two systems: 1) an 
hydraulically-active upper zone (10 meters thick) and 2) an hydraulically-passive lower zone 
(20 to 30 meters thick). Hydraulic heads in the upper zone of the aquitard vary in response to 
water level fluctuations in the upper aquifer. Vertical and horizontal gradients in the upper 
aquitard are approximately 0.1 and 0.04, respectively. The upper zone contains laterally 
extensive sand bodies which increase the bulk hydraulic conductivity of the aquitard. 
Groundwater flows both horizontally and vertically in the upper zone of the aquitard. The 
response of groundwater levels within the aquitard to groundwater level fluctuations in the 
upper aquifer decreases with depth in the aquitard. Vertical gradients in the lower zone of the 
aquitard are approximately 0.5. Groundwater flow directions in the lower zone are considered 
to be essentially vertical.  

 
The hydraulic conductivity of the aquitard as calculated from pumping and slug tests is 

similar and approximately 10-7 m/s. This value is 2-5 orders of magnitude greater than matrix 
hydraulic conductivities for till and lacustrine clays, but typical for fractured tills (Fredericia, 
1990; McKay and Fredericia, 1995; Jørgensen et al., 1998a), indicating that the aquitard is 
fractured.  
  

In order to estimate the groundwater flux through the aquitard and to determine if 
fractures contribute to the bulk movement of water 3H, 14C, 13C and CFC’s were measured in 
the aquitard as well as in the upper and lower aquifers. The results are presented in the 
following section. 
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Figure 3.2. The test site at Grundfør. The aquitard separating the upper and lower aquifer is 
composed of glaciolacustrine clays and clay tills deposited in a Quaternary valley. The aquifers are 
composed of glaciofluvial sand and gravel. “Ages” indicated on piezometers and well screens are 
�

13C corrected 14C “ages” (Ingerson and Pearson, 1964). All piezometers in the aquitard contain 
waters with 3H and/or CFC´s (Table I). 

 
 

3.3. Results and discussion 
 

The results of geochemical and isotopic studies revealed that the upper aquifer has been 
impacted by humans as recognized by the presence of 3H, 14C, CFC’s, nitrate etc. and that the 
water is young (less than 50 years old). The lower aquifer has no recognisable human impact 
and a relatively low 14C content. �13C corrected 14C “ages” (Ingerson and Pearson,1964) 
suggest that these waters may be a few thousand years old (Table I). Similar corrected 14C 
“ages” were obtained in the aquitard. In contrast, the geochemical and isotopic results of 
water obtained from piezometers in the aquitard showed the presence of CFC’s and tritium 
indicating that the water in the aquitard is young. This indicate mixing of old and young 
groundwaters in the aquitard. However, another explanation could be that the low 14C values 
observed were a result of chemical and physical processes in the aquitard. These possibilities 
are discussed below. 
 

It is known that geochemical reactions in aquifers can have a profound affect on the 
inorganic carbon pool on which the 14C measurements are performed. Besides the dissolution 
of carbonates which were already corrected for is oxidation of fossil “dead” organic matter 
(i.e. 14C = 0 pmc) a possibility (e.g. Pearson and Hanshaw, 1970; Dörr et al., 1987; Plummer 
et al., 1990; Aravena et al., 1995; Boaretto et al., 1998). However, there are no observations in 
the general groundwater chemistry that suggest that oxidation of fossil organic matter could 
be responsible for the relatively low 14C in waters from the aquitard. No significant sulphate 
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reduction or methane production seems to occur at the site. Likewise, oxidation of fossil 
organic matter by oxygen, which was proposed as an important process in a similar 
Quaternary aquifer close to the Grundfør site (Boaretto et al., 1998), is not able to correct the 
14C values to modern values (ages) in the aquitard with exception of the uppermost 
piezometer (Table I). Furthermore, the major ion chemistry in the upper aquifer suggests that 
pyrite and not organic matter is responsible for most of the oxygen reduction (Ernstsen and 
Thorling, 1997). This indicate that physical processes might be responsible for the low 14C 
values in the aquitard. 

The fact that 3H and CFC´s are observed in the aquitard indicate that hydraulic active 
fractures are present. That is the young waters containing tritium and CFC’s in the aquitard 
may be explained by fast migration in fractures with hydraulic aperture values of only a few 
tens of micrometers (McKay et al., 1993a,b; Hinsby et al., 1996; Jørgensen et al., 
1998a,b,c,d). If this is the case then the low 14C values might be explained by diffusion from 
fractures into the matrix. All solutes are influenced by diffusion, however the relatively long 
half life of 14C make the 14C age estimations relatively sensitive to changes in the 14C 
concentrations. Diffusion in fractured and fissured aquifers and aquitards or in relatively thin 
granular aquifers between stagnant aquitards are known to affect solutes and the dissolved 
inorganic carbon in a significant way (Foster, 1975; Grisak and Pickens; 1980; Neretnieks, 
1981; Sudicky and Frind; 1981; Maloszewski and Zuber, 1991; Zuber and Motyka, 1994; 
Sanford, 1997; Zuber and Ciezkowski; this report). That is the dissolved carbon in the 
Grundfør aquitard has probably been significantly modified by diffusion between 
hydraulically active zones and “stagnant” (matrix) zones and therefore the calculated 14C ages 
probably do not represent the true groundwater age in the piezometers.  

Although the significance of the diffusion process has been recognised for some time, 
Zuber and Motyka (1994) and Zuber (1998) are able to list several recent examples, where it 
has been ignored. The reason for this might be the lack of knowledge on fracture networks 
and fracture apertures for the studied aquifers and aquitards, which in some cases make the 
quantification of the significance difficult. However, as pointed out by Zuber and Motyka 
(1994) the knowledge of the porosities of the flow and matrix (“stagnant”) zones in aquifers 
and aquitards are in many cases sufficient for an estimation of the effect of the diffusion 
process.  

We do not have any information on fracture distribution and apertures in the aquitard at 
the Grundfør site. However, for a preliminary simple assessment of the significance of 
probable fracture flow in the aquitard, we can calculate the travel time through the aquitard 
assuming Darcian flow and parameters either measured at the test site or “typical” values 
found in other studies on tills and lacustrine clay (Table II). A more complex assessment of 
the influence of diffusion on the 14C estimated groundwater ages is described in the next 
section (section 3.3.1).  

For instance if we use a bulk hydraulic conductivity value similar to the local hydraulic 
conductivity values that were estimated by slug tests (10-6 to 10-8 m/s) performed in the 
piezometers in the aquitard after techniques described in Hinsby et al. (1992) [these values are 
similar to what have been found for fractured tills in other studies in Denmark and Canada 
(Fredericia, 1990; Ruland et al., 1991; Mckay and Fredericia, 1995; Jørgensen et al., 1998a)]. 
A measured hydraulic gradient in the lower part of the aquitard of 0.5. Assumes a hydraulic 
conductivity of the matrix of 5 × 10-10 m/s (typical observed value for Danish and Canadian 
clay tills, Foged and Wille, 1992; Mckay and Fredericia, 1995). And finally use bulk and 
fracture porosity values of 0.3 and 0.001, respectively, (typical values observed in Danish tills 
at eight study sites, Jørgensen et al., 1998a), we obtain travel times through the aquitard that 
vary by 5 orders of magnitude, i.e. from days to approximately one thousand years (Table II). 
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Table II. Calculation of travel times through an aquitard under the assumptions of Darcian flow and typical 
hydraulic conductivity and porosity values measured in Danish tills. Illustration of the potential importance of 
fracture flow. 

 
Example No. k 

(m/s) 
dh/dl n v 

(m/a) 
travel time 

(a) 
      
1 5	 10-10 # 0,5 0,3* 2.6 × 10-2 1.1 × 103 
2 1	 10-7 ## 0,5 0,3* 5 6 
3 1	 10-7 ## 0,5 0,001** 1,6 × 103 0.02 

 

# Typical value of matrix hydraulic conductivity measured on danish clays (Foged and Wille, 1992). 
## Bulk hydraulic conductivity of the aquitard estimated from slug and pump tests (this study). 
* , ** Typical observed values for matrix porosity and efficient (fracture) porosity, respectively, at 8 Danish till study sites 
(Jørgensen et al., 1998a). 
 
 

The example illustrates the importance of fracture flow if hydraulic active fractures are 
present in the aquitard. The bulk of the groundwater in the aquitard, which resides in the 
matrix part, probably has a residence time of up to a few thousand years. While groundwater 
in fractures and/or high permeability sandy zones has much shorter residence times in the 
order of years or perhaps even only days. The ratio between the flux of water in the matrix 
and in fractures has been shown to be very sensitive to fracture aperture values, and flow in 
fractures may constitute over 90% of the bulk movement of water through low permeability, 
fractured media (Harrison et al., 1992). Harrison et al. show in a modelled example how a 
fracture aperture value of 50 
m results in 96% fracture flow compared to matrix flow. These 
values are very similar to values found in Danish clay tills at eight study sites (Jørgensen et 
al., 1998a). Jørgensen et al. found that hydraulic aperture values in the upper 2 to 4 m of the 
tills were between 10 and 100 
m, and that fractures were responsible for 96-99% of the flow 
through the clay. They also found very high fracture flow velocities of between 10 and 100 
m/day.  
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Due to this potential very high flow velocity in fractures in the aquitard at the Grundfør 
site a significant part of the aquitard leakage to the lower aquifer might be very young. This 
indicate that deep lacustrine clay and clay till sequences might not always be efficient barriers 
to contaminant migration. Although much of the solute transport in the fractures are delayed 
considerably by diffusion into the matrix, and the mean solute transport time through the clay 
might be described quite good by diffusion uncorrected 14C ages (Zuber and Motyka, 1994), a 
small part of the contaminants will get through the aquitard and reach the lower aquifer if 
fractures are present (Jørgensen and Spliid, 1998). Another problem regarding contaminant 
transport through fractured clays is that colloides, bacteria and viruses are too big to diffuse 
into the matrix, i.e. contaminants that are adsorbed on colloides, and bacteria and viruses can 
migrate very fast through such deposits (e.g. Hinsby et al., 1996).  
 
3.3.1. Calculation of diffusion corrected 14C ages. 
 

As mentioned diffusion will affect age dating results using 3H, 14C and other tracers in 
fractured and layered aquifer and aquitard systems (Foster, 1975; Neretnieks, 1981; Sudicky 
and Frind; 1981; Maloszewski and Zuber, 1985; Maloszewski and Zuber, 1991; Sanford, 
1997). The significance of diffusion of 14C from fractures to matrix and the impact of this 
process on 14C age estimates at the Grundfør site is evaluated below using the method 
presented by Sanford (1997).  
 
The transport equation for the flow zone in fractured media can be written as (Sanford, 1997): 
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where Dxx is the coefficient of hydrodynamic dispersion, [L2T-1]; C is the concentration of 14C 
in the flow zone, [ML-3]; V is the seepage velocity [LT-1]; k is the decay constant of 14C, [T-1]; 
� is the porosity of the flow zone, [-]; a is the width of the flow zone, [L]; x is the direction 
parallel to the zone boundaries, [L]; D is the bulk coefficient of molecular diffusion for the 
stagnant zone, [L2T-1]; and w is the stagnant zone “width factor”, and defined as 
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From equation (2) it can be observed that w goes to zero when the stagnant zone width, b, 
becomes zero, and w approaches one as “b” becomes large. The diffusive flux term is similar 
to the decay term (1). Thus the transport equation can be written as 
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where k´ is a constant associated with the rate of 14C loss due to diffusion, and defined as 
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The age of a groundwater sample without a diffusion correction can be calculated as: 
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The age of a groundwater sample with a diffusion correction (tc) can be calculated as: 
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or by combining (5) and (6): 
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In Table III these equations are used to estimate the effect of matrix diffusion for the 
Grundfør case assuming fracture aperture (a) and spacing (b) values of 20 
m and 10 m, 
respectively. These values are selected as “typical” values observed in studies of anoxic 
“deep” Danish clay tills at 8 Danish locations (Jørgensen et al., 1998a). Note that the porosity 
of the flow zone (the fractures) are assumed to be 1. If the fractures are partly filled with silt 
and clays, thereby reducing the porosity to say 0.33, the effect of diffusion would increase by 
a factor of three – and decrease the diffusion corrected 14C ages three times in the given 
example. The 14C decay constant is 3.83e-12 (s-1) and the Diffusion coefficient is assumed to 
be 1 × 10-10 (m2/s) (Sanford, 1997). From the diffusion corrected age estimates calculated 
under these assumptions (Table III) it is seen that diffusion in such a case might be the 
dominant process in the apparent 14C decay, and that the waters sampled in the aquitard in fact 
might be young, as indicated by the 3H and CFC concentrations. The transport time from the 
top of the aquitard to the sampling point could be in the order of days if fractures are the most 
important conduits for transport to the piezometers. This is also in accordance with the results 
from the example shown in Table II. 
 
 
Table III. Illustration of the importance of the application of a diffusion correction on 14C “ages” on 
groundwater samples from the Grundfør aquitard. The parameters are defined above - tc is the 
diffusion corrected 14C “age” in years in waters from the piezometers. 
 

Well 
no. 

a1 
(m) 

b1 
(m) 

�
1

(-)
w2 
(-) 

k4 
(s-1) 

tu 
(a) 

tc
7 

(a) 
988-4 2,0E-05 10 1 0,75 1,5 × 10-6 2300 5,7 × 10-3 
988-3 2,0E-05 10 1 0,75 1,5 × 10-6 3900 1,0 × 10-2 
988-2 2,0E-05 10 1 0,75 1,5 × 10-6 3800 9,9 × 10-3 
949-4 2,0E-05 10 1 0,75 1,5 × 10-6 6600 1,7 × 10-2 

 

1 assumed values, 2,4,7 are values calculated from equation 2, 4 and 7, respectively. 
tu is the �13C corrected 14C ages (Ingerson and Pearson, 1964). 
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3.4. Conclusion  
 

The results of this investigation indicate the presence of hydraulically active fractures 
throughout a clay-rich aquitard located at a depth of 20 to 60 meters below ground surface. 
The detection of CFC’s and 3H within the aquitard show the presence of young groundwater 
(less than about 50 years old) throughout the aquitard. However, the concentrations of 14C in 
water samples from the aquitard are much lower than would be expected for young 
groundwater and 13C corrected 14C “ages” yields “ages” of more than 6000 years. The CFC 
and isotope data can be explained by the presence of hydraulically active fractures throughout 
the deep-lying aquitard. Rapid transport of young groundwater from the overlying aquifer 
through fractures would emplace CFC’s and 3H at depth within the aquitard. The low 14C 
values may reflect that samples obtained from the aquitard represent a mix of old water from 
the matrix and young water from the fractures. An alternative perhaps more probable 
explanation is that the water samples obtained from the aquitard originate mainly from 
fractures and that the low 14C values are due to matrix diffusion. However, both explanations 
of the observed 14C, 3H and CFC values support the presence of fractures throughout the 
aquitard. The study demonstrates the importance of using multiple tracers, and that some deep 
clay aquitards might not be efficient barriers to contaminant migration.  
 
4. THE RIBE FORMATION IN SOUTHERN JYLLAND - a study on Holocene and  

Pleistocene groundwaters in a coastal Miocene sand aquifer 
 
4.1. Introduction 
 

This section presents results from the Danish part of the European project 
“PALAEAUX”, which involved 7 EU countries plus Estonia and Switzerland (Edmunds and 
Milne, 1996; 1999a,b). The main objective of the project was to further our understanding of 
the chemical and physical evolution of coastal groundwater systems throughout Europe from 
the late Pleistocene to present. The groundwaters were characterised using a wide range of 
isotopes and other tracers and hydrogeological and geochemical techniques. Modelling is 
presently used to shed light on hydrogeochemical and hydrodynamic evolution of the 
groundwater systems over the past 10 to 20,000 years. Finally, the response of these systems 
to human influence (Hinsby et al., 1999b) and climatic change (Harrar et al., 1999) are 
assessed to provide an improved basis for management of coastal aquifers in Europe. 

 
The Ribe Formation, a deep-seated Miocene quartz sand aquifer, was selected for the 

main part of the Danish studies (Hinsby et al., 1999a). The study focuses on an approximately 
50 km long cross-section through the Ribe Formation in Southern Jylland (Figure 1.1 and 
4.1). The cross-section is constructed on the basis of the well log database at the Geological 
Survey of Denmark and Greenland and extends through the area with the most dense 
concentration of water supply and irrigation wells in The Ribe Formation.  

 
The study area includes the island of Rømø, a popular summer vacation area, and areas 

around the city of Esbjerg at the western coast of Jylland, and extends to the Main Stationary 
Line (MSL) of the last glaciation in the eastern part of Jylland. The Ribe Formation is an 
important aquifer for water supply and irrigation in large parts of Jylland, and some counties 
have put considerable effort into mapping the extent of the Ribe Formation (e.g. Thomsen and 
Friborg, 1992).  
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Figure 4.1. An East-West cross section through the upper 250 – 350 meters of the Quaternary and 
Tertiary sediments in Southern Jylland. The shaded layer marks the quartz sands of the Ribe 
Formation which is situated at depths between approximately 100 to 200 meters below the surface and 
dips towards the west and pinch out offshore. The main recharge area to the Ribe Formation is in the 
eastern part of the cross section just outside the MSL of the last glaciation. Six of the wells listed in 
Table IV (C,F,H,L,N,O) are marked on the cross section. Well C is above the Ribe Formation in the 
recharge area. The groundwater flow is towards the west. Pleistocene waters from the last glaciation 
seem to be present in the discharge area at the coastline above the Ribe Formation (well N) and deep 
below the island of Rømø (well O). Groundwaters of Holocene age (100-10.000 a) are generally found 
in between the recharge and the discharge areas. 

 
 
4.2. Geological setting  

 
The geology of SW-Jylland consists of a westardly dipping sequence of Tertiary clastic 

sediments overlain by Quaternary glaciofluvial and marine deposits. The Tertiary consists of a 
thick sequence of Eocene, Oligocene and Miocene clays overlain by Miocene fluvial, lacustrine 
and marine deposits. The Miocene sediments are generally coarser grained in the east and fine to 
the west. The unit of primary interest in this study is the Ribe Formation which forms the most 
regionally extensive aquifer in Denmark. It consists of fluvial quartz sands which dip to the west 
and are present at a depth of 100 to 200 meters below ground surface (Hinsby et al., 1999a). 
Towards to the west, the Ribe Formation is overlain and locally interbedded with fine grain 
sediments. Seismic surveys indicate that in some areas the Ribe Formation extends offshore 
under the North Sea (E.S. Rasmussen, pers.comm.). The Quaternary sediments are comprised 
predominately of meltwater sands and gravels, sandy and clayey tills and lacustrine clays. The 
Quaternary sequence is typically 20 to 40 meters thick. Deep vallies filled with Quaternary 
sediments occur in eastern and western Jylland. Some Holsteinian marine deposits are present 
within Quaternary vallies in western Jylland. Faults are present in some areas disturbing the 
hydraulic connectivity of the Ribe Formation e.g. by replacing parts of the Ribe Formation with 
Quaternary deposits. In large parts of the study area, the Ribe Formation is overlain by Tertiary 
and Quaternary (Holsteinian) marine sediments. This has led to salinization of the fresh water 

the Ribe Formation
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sediments of the Ribe Formation at times of high sea levels, followed by freshening (Appelo, 
1994) during the Quaternary glaciations, interglaciations and interstadials. Generally the 
freshening seem to be completed in the Ribe Formation. Slightly elevated chloride 
concentrations are observed in a few wells, but these are attributed to diffusion form adjacent 
marine sediments. 

 
4.3. Hydrogeological Conceptual Model 

 
A conceptual model of the regional hydrogeology of southern Jylland is developed 

based upon geological cross-sections, observed groundwater levels, base flow data, climatic 
data and extraction data. Two types of aquifer systems exist within the study area: 1) shallow 
systems consisting of Quaternary glaciofluvial and interglacial sediments and 2) a deep 
regional system consisting of late Tertiary freshwater and marine sediments. The areal extent 
of the shallow aquifer systems is within the order of 10’s to 100’s of km2 and aquifer 
boundaries often coincide with those of surface water catchments. Recharge is from the 
infiltration of precipitation and is estimated to be 250, 275, and 180 mm/a in western, central, 
and eastern Jylland, respectively. Discharge from the shallow aquifers is to streams, wetlands, 
lakes, extraction wells and to the deeper regional aquifer systems. Discharge to surface water 
bodies accounts for 70 to 90% of the total recharge to the shallow aquifer systems. Discharge 
from the shallow to the deep aquifer systems is controlled largely by the transmissivity of the 
deep aquifers). Generally, the transmissivity of the deep aquifers is greatest in central Jylland 
and lowest in eastern and western Jylland. The primary recharge zone for the Ribe Formation 
is in central Jylland through the overlying Quaternary sediments. Here is estimated that 10 to 
20% of the recharge to the shallow aquifer system ultimately recharges the Tertiary aquifers. 
Groundwater then flows westardly within the Ribe Formation. In western Jylland deep 
Quaternary vallies are incised into the Ribe Formation. Groundwater discharges from the Ribe 
Formation is to the Quaternary vallies and offshore to the North Sea.  

 
4.4. Results and discussion 

 
Human impacts as indicated by relatively high concentrations of nitrate, sulphate and 

tritium have been recognized in shallow aquifers within the recharge zone of the Ribe 
Formation in eastern Jylland. This influence can be recognised to depths of between 60 and 
73 meters below the surface. The geochemical results from analyses of groundwater samples 
from the Ribe Formation show no evidence of human influence as indicated by the very low 
nitrate and sulphate concentrations. This is in accordance with the isotope tracers tritium and 
14C, which have values of less than 0.04 TU and between 0.6 and 47 pmc, respectively, 
indicating that the groundwater in the Ribe Formation generally was recharged during the 
Holocene (100 – 10.000 a BP). Groundwater becomes progressively older towards the 
discharge area along the west coast of Jylland. The very low 14C values (� 1 pmc) measured 
in samples from western Jylland indicate some Pleistocene groundwaters recharged during the 
last glaciation may be present within the aquifer system towards the coast (Table IV, 
Figure 4.1.).  

 
No severe salt water problems have been recognised in the Ribe Formation within the 

study area although, chloride concentrations increase slightly towards the coast. Locally, 
elevated chloride concentrations and even brackish waters associated with high dissolved 
organic matter content are encountered in western Jylland. The source of the Chloride and 
DOC is thought to be primarily from marine and lagoonal sediments adjacent to the Ribe 
Formation (Rasmussen, 1995, 1996), while lignite in the aquifer itself may also contribute to 
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the DOC. To the north, the dissolved organic matter present in the Ribe Formation was found 
to be of terrestrial origin from adjacent lacustrine sediments (Grøn et al., 1996).  

 
The 14C content in wells J, N and 0 (Table IV) is very low (< 1 pmc) indicating that 

these groundwaters are potentially of Pleistocene age. The high DOC and/or Sodium-Chloride 
concentrations in well J and O are capable of influencing the inorganic carbon pool either 
directly through production of CO2 from the fermentation process and/or indirectly through 
the triggering of carbonate dissolution/precipitation processes (Appelo, 1994). Evaluation of 
the groundwater chemistry of the two wells indicate that these processes seem to be 
insignificant in well J, but in well O they clearly affect the dissolved carbon pool as shown by 
the high DIC and CH4 concentrations and the relatively “heavy” �13C value.  

 
4.4.1. Chemical and physical processes affecting the dissolved inorganic carbon. 

 
One of the main issues in 14C age-dating of groundwater is to correct for all the 

significant chemical and physical processes that affect the dissolved inorganic carbon in the 
groundwater. Substantially different age dates than those obtained from classical correction 
models (For review see e.g. Fontes and Garnier, 1979; Plummer et al., 1994; Clark and Fritz, 
1997) are in some cases obtained when chemical (e.g. Plummer et al., 1990; Plummer et al., 
1994; Kalin and Long, 1994; Aravena et al.,1995) or physical (e.g. Neretnieks, 1981; 
Maloszewski and Zuber, 1991; Sanford, 1997) processes are considered.  

 
4.4.1.1. Assessing the effects of geochemical reactions and mass transfers in the Ribe 

Formation 
 
The two most important and common types of geochemical reactions affecting the 

inorganic carbon pool in groundwater are carbonate dissolution/precipitation and oxidation of 
fossil 14C “dead” organic matter (e.g. Ingerson and Pearson, 1964; Münnich, 1968; Pearson 
and Hanshaw, 1970; Dörr et al., 1987; Clark and Fritz, 1997). No carbonate dissolution, 
however, is generally expected to occur in the Ribe Formation because carbonates are absent 
in most parts. This is confirmed by sediment chemistry analyses and the relatively constant  

 
DIC and �13C-values in most of groundwaters in the Ribe Formation. Likewise no 

significant oxidation of organic matter seems to occur in the Ribe Formation. In the Ribe 
Formation the redox-environment seems mainly to be post-oxic (Berner, 1981; Appelo and 
Postma, 1993), because oxygen is reduced to very low concentrations in the layers above 
(Table IV) and therefore cannot react with the small amounts of organic matter in the Ribe 
Formation. Slow sulphate reduction is indicated by the relatively low sulphate concentrations 
and redox potentials in the Ribe Formation, and has been suggested in an earlier study on the 
basis of H2 measurements (Jakobsen, 1995). However, no clear trend is observed and the low 
concentrations could be a result of much lower sulphur deposition in pre-industrial times 
(Graedel and Crutzen, 1993). If slow sulphate reduction does occur, the rate is generally too 
slow to considerably affect the carbon pool. Only in the case of fresh and salt water mixing 
(well O, Table IV) does carbonate dissolution/precipitation and oxidation of organic matter by 
sulphate and methanogenesis seem to affect the inorganic carbon pool in the Ribe Formation. 

 
In the recharge zone carbonates present in the Quaternary sediments are most certainly 

dissolved and the oxygen originally present in the groundwater might have been reduced 
primarily by fossil organic matter before the groundwater reaches the Ribe Formation. The 
effect of these processes on the 14C age dating results has to be evaluated. Studies in other 
similar Danish aquifers show that the process mainly responsible for the reduction of oxygen 
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might vary significantly. Boaretto et al. (1998) argue that the oxidation of fossil organic 
matter affect 14C age dating results in an aquifer in eastern Jylland. Postma et al. (1991) 
demonstrate that pyrite oxidation is the dominant process for oxygen reduction at the Rabis 
Creek study site described in section one of this report, and finally Hinsby (1988) estimate 
that both processes are of approximately equal importance at a third study site close to the 
Rabis Creek test site. Therefore the effect of carbonate dissolution and fossil organic matter 
oxidation have to be evaluated and taken into account.  

 
In columns 19 and 20 of Table IV the two processes have been included in the 

estimation of the 14C age. Colomn 19 presents age dates based on the correction for the 
dissolution of carbonates in the aquifer by the �13C method described by Ingerson and 
Pearson (1964). It is assumed that the 14C and �13C concentrations in the initially dissolved 
soil-CO2 was 100 pmc and –25%o, respectively, and that the dissolved carbonate had 14C and 
�

13C concentrations of 0 pmc and 0%o. Column 20 includes the �13C correction as well as 
maximum correction for the oxidation of fossil organic matter (0 pmc, -25%o) by oxygen. 
The �13C values measured in the Ribe Formation indicate that about half of the dissolved 
inorganic carbonate in fact is from the dissolution of carbonates in the recharge zone above 
the aquifer. This is in accordance with what theoretically would be expected for the 
dissolution of carbonates under closed conditions (e.g. Appelo and Postma, 1993, Appelo, 
1994). This justifies the use of the Ingerson and Pearson (1964) correction as a first 
approximation to a corrected 14C age. In column 20 of Table IV a fossil organic matter 
correction is added assuming that all oxygen originally present in the groundwater (approx. 12 
mg/l) is used to oxidise fossil organic matter in the aquifer. This reaction would produce 
about 17 mg/l CO2 with 14C = 0 pmc i.e. the effect of the “oxygen correction” is significant 
especially for waters with low DIC contents. The difference in the results in column 19 and 20 
illustrates the importance of selecting the right corrections for geochemical reactions in the 
aquifer. Note that the negative “ages” in Table IV indicate postbomb waters as these are a 
result of corrected 14C values above 100 pmc. When evaluating all tracer and geochemical 
results in Table IV it is clear that some correction for the oxidation of fossil organic matter 
seems to be needed in order to obtain postbomb 14C values in some high tritium waters (e.g. 
well C). However, it is also indicated that not all oxygen could have been reduced by fossil 
organic matter (e.g. well F). For well F the most up-gradient well in the Ribe Formation fossil 
organic matter oxidation by up to 5-6 mg/l O2 seems to be reasonable. This indicates that 
about half of the oxygen originally present might have been reduced by fossil organic matter 
and that other processes also take part in the reduction of oxygen. High sulphate 
concentrations in some wells indicate that pyrite is another important reducing agent that at 
least locally reduces significant amounts of oxygen and nitrate. No attempt will be made here 
to define the needed geochemical corrections more precisely. Geochemical modelling by 
NETPATH (Plummer et al., 1994) and PHREEQC (Parkhurst, 1995; Parkhurst and Appelo, 
1997) will probably be able to constrain the age ranges further and these will be performed at 
a later stage. Only the corrections described above are applied for groundwaters from well O 
too, although redox-reactions e.g. sulphate reduction by dissolved organic matter definitely 
has a significant influence on the dissolved inorganic carbon. This is because 14C age-dating 
at such low 14C values involves a significant uncertainty due to a relatively large uncertainty 
on the estimation of initial 14C and �13C values (Van Kemp et al., 1998; Taylor, 1999), the 
risk of significant contamination by modern carbon during sampling and analysis is relatively 
high and finally the uncertainties related to the effect of aquifer/aquitard diffusion (section 
4.4.1.2., below). However, geochemical processes as well as fractionation and diffusion 
processesses will affect the estimated 14C age considerably at the Rømø well and might even 
be able to estimate Holocene waters (< 10.000 a, see discussion below). However, noble gas  
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results from the well calculate a mean recharge temperature of approx. 2.7 oC (Poole, 1998) 
indicating that the annual mean temperature at the time of recharge for this water was 5-6 oC 
lower than present day temperatures. This is in accordance with temperature differences 
between present day and late Pleistocene temperatures observed in other studies (e.g. 
Andrews and Lee, 1979; Plummer, 1993; Stute et al., 1995; Clark et al., 1998; Loosli et al., 
1999a) confirming that the sampled groundwater indeed seem to be of a Pleistocene age. This 
conclusion is also supported by a slight depletion of about 1.5%o in 18O in the Rømø water 
compared to the 18O values generally observed in the Holocene waters in the Ribe Formation. 
These values are similar to values observed in the British Isles (Darling et al., 1997).  

 
4.4.1.2. Assessing the effect of aquifer/aquitard diffusion in Ribe Formationen 

 
As discussed in section 3 (on the Grundfør test site) diffusion between fractures and the 

matrix and/or between aquifers and aquitards might affect the dissolved inorganic carbon 
considerably. The DIC is assumed to be only slightly affected by hydrodynamic dispersion 
and diffusion in the recharge zone above the Ribe Formation. However, during the flow 
towards the coast the DIC content of the groundwaters in the relatively thin Ribe Formation is 
potentially affected to a significant degree by diffusion to the surrounding clay and silt 
sediments. The effect of diffusion from the Ribe Formation to the surrounding aquitards was 
estimated by the equations described by Sanford (1997), see section 3.3.1. (equation 6 and 7). 
Assuming a uniform thickness for the Ribe Formation of 20 m, a thickness of the surrounding 
aquitards of 50 m, and a porosity of the aquifer and aquitard of 0.33. The results of these 
calculations are shown in column 21 in Table IV. The results show a significant influence of 
the diffusion process resulting in diffusion corrected 14C ages nearly three times lower than 
without the correction. This correction factor is of the same order as the correction factors 
needed for the correction of the geochemical processes (mainly carbonate dissolution) for 
most of the wells in the Ribe Formation. This indicates that the groundwaters of Ribe 
Formationen probably are between 3 and more than 10 times younger that uncorrected 14C 
ages would estimate, depending primarily on to what extent the geochemical reactions have 
modified the dissolved inorganic carbon pool and the variation of the thickness of the Ribe 
Formation and the surrounding aquitards.  

 
4.4.2. Preliminary groundwater flow modelling 
 

A 2-D vertical,numerical groundwater flow model was developed and calibrated for the 
study area. Steady-state flow simulations using MODFLOW (McDonald and Harbaugh, 
1988) and particle tracking using MODPATH (Pollock, 1989) were performed along the 
cross-section presented in Figure 4.1. The objectives of the modelling are to simulate flow 
paths and residence times within the regional Miocene aquifer and to compare these results 
with groundwater age dates estimated from isotopes. Simulations show active groundwater 
circulation and age dates of 100’s to 1000´s of years within the Ribe Formation under the 
recharge zone. Flow paths within the Ribe Formation are then towards the west and ultimately 
to Quaternary deposits within the deep valley located along the coast. Simulated groundwater 
ages dates within the Ribe Formation near the Quaternary valley range from 1000 to 
3000 years. Groundwater then flows upward through the Quaternary deposits and discharges 
to the North Sea within several kilometers of present coast line. Simulated groundwater ages 
within the Quaternary valley range from several thousand to over 10,000 years. Simulations 
also indicate that groundwater located in deep Miocene sands beneath the island of Rømø are 
essentially isolated from the present day flow system. Active groundwater flow beneath the 
Island of Rømø was simulated only under conditions of lower sea levels. The simulated age 
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dates within the regional groundwater flow system are in general agreement with the isotope 
results.  

 
4.5. Conclusion 
 

The value of the isotopes in the evaluation of groundwater flow and Holocene and 
Pleistocene groundwater resources are demonstrated. Furthermore, it is shown that chemical and 
physical proccesses might affect the calculated 14C groundwater ages by about the same 
magnitude in the Ribe Formation, and in combination they might reduce the estimated 14C ages 
by up to more than an order of magnitude, when compared to uncorrected values. 

 
5. OVERALL CONCLUSIONS. 

 
The three case studies presented illustrate the importance of isotopes and CFC’s as 

tracers in groundwater systems, and some benefits gained by using both types of tracers in 
combination. Tracers and age-dating are very important tools in understanding the dynamics 
of groundwater flow systems especially in complex geological settings. In such settings the 
data on the geological variation is very often inadequate for the description of the flow 
systems e.g. by the use of groundwater flow models. Therefore tracer techniques as isotopic 
and CFC age-dating are important in order to evaluate the history of the waters and e.g. 
calibrate the groundwater flow models. 

 
Generally, flow and groundwater chemistry (water/rock interaction) models has been 

developed to a sophisticated level during the last decade. However, the collection of a 
reasonable amount of input data is often problematic and there is a need for development of 
good and efficient tools for data collection e.g. for efficient water sampling at different 
depths, determination of hydraulic conductivities at different scales, and for fast and efficient 
geophysical surface techniques for geological mapping. It must be emphasised that the 
geology of the aquifer systems control the groundwater flow and that our understanding of the 
geology defines the quality of our hydrogeological models. In order to establish reasonable 
geological and groundwater flow models relatively detailed well data and geophysical 
surveys, as well as a sound understanding of e.g. depositional environments, are needed.  

 
For a sound understanding of groundwater flow systems and water/rock interaction the 

integrated use of disciplines such as geology, physics, chemistry, and even microbiology are 
important. Only through the combined use of the available tools like isotope and CFC tracers 
and geological and hydrological models can we hope for a successful description of the 
groundwater flow systems.  
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Compartment model simulation of groundwater flow systems 
 
M.E. Campana 
Department of Earth and Planetary Sciences and Water Resources Program, 
University of New Mexico, Albuquerque, New Mexico, United States of America 

 
Abstract. We present an approach to delineating flow in regional GROUNDWATER systems based 
upon the concept of compartment or mixing-cell models, calibrated with environmental isotopes. We 
also integrate the concept of linear reservoirs into the model so that transient conditions can be 
simulated. The particular compartment model used can also calculate GROUNDWATER residence 
times and ages and residence time and age distributions. Two models of the Nevada Test Site flow 
system, southwestern USA, are presented: one calibrated with 14C GROUNDWATER decay ages and 
the other with deuterium; both yield similar results and also compare favorably to more sophisticated 
numerical models. Both models have paleoclimatic implications in that past recharge regimes may be 
discerned, although more research is needed in this area.  

 
 

1.0  INTRODUCTION 
 
 Compartment or mixing-cell models have been applied to GROUNDWATER flow 

systems by a number of investigators. These models have been used to solve the inverse 
problem (estimating aquifer properties and recharge boundary conditions); examples of this 
include Adar and Neuman, 1986, 1988; Adar et al., 1988; Adar and Sorek, 1989, 1990. Other 
applications have sought to determine GROUNDWATER ages and residence times 
(Campana, 1975; Campana and Simpson, 1984; Campana and Mahin, 1985; Campana, 1987; 
Kirk and Campana, 1990) or analyze tracer data and delineate GROUNDWATER dynamics 
(Yurtsever and Payne, 1978, 1985, 1986). Other investigators have used them as transport 
models (Van Ommen, 1985; Rao and Hathaway, 1989).  

 Our approach will use a particular type of compartment model, one capable of utilizing 
environmental isotopes as calibration data, to delineate flow in regional GROUNDWATER 
systems. We will demonstrate that these models can estimate GROUNDWATER ages and 
residence times, recharge rates, and flow paths. Their results compare favorably with those of 
more sophisticated numerical models. Linear reservoir theory can also be incorporated into the 
model to permit the treatment of transience. With further research it may be possible to use 
these models to discern certain aspects of past climates.  

 
2.0 THE MODEL 

 
 We use a numerical compartment or mixing-cell model developed by Simpson and 

Duckstein (1976) and Campana (1975) to simulate flow in surface or susbsurface flow systems. 
The code was developed by Campana (1975) and has been applied to a variety of subsurface 
flow systems (Campana and Simpson, 1984; Campana and Mahin, 1985; Campana, 1987; Roth 
and Campana, 1989; Kirk and Campana 1990; Byer, 1991; Campana and Byer, 1996). The 
compartment model represents the GROUNDWATER system as a network of interconnected 
cells or compartments through which water and a dissolved constituent (tracer) are transported. 
Each cell in the model depicts a region of the hydrogeological system; regions are differentiated 
based upon their hydrogeological uniformity, the availability of data, and the degree of 
resolution desired. Cells can be of any desired size and can be arranged in a one-, two-or three-
dimensional configuration. 
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 Our compartment model permits the user to specify the flow paths between cells and the 
discharge from the system. Discharge can also be calculated using linear reservoir theory. To do 
so requires an initial estimate of the flow system, such that an initial set of specifications can be 
established. During the calibration process, these parameters are adjusted by the modeler to 
obtain agreement between the simulated and observed tracer concentrations. We use 
environmental isotopes as tracers. 

 The following sections describe the equations governing the flow of water and tracer in a 
network of cells or compartments. Note that the expressions “compartment”, “cell” and “mixing 
cell” are synonymous and used interchangeably in this paper.  

 
2.1 Tracer Mass Balance  

 
 The basic equation, applied to each cell, or compartment, is (Simpson and Duckstein, 

1976): 
 

S(N) = S(N-1) + [BRV(N)*BRC(N)] - [BDV(N)*BDC(N)]  (1) 
 
where: S(N) = cell state at iteration N, the mass of tracer within the cell; BRV(N) = 

boundary recharge volume, the input volume of water at iteration N; BRC(N) = boundary 
recharge concentration, the input tracer concentration; BDV(N) = boundary discharge volume, 
the output volume of water leaving the compartment or cell; and BDC(N) = boundary discharge 
concentration, the output tracer concentration. 

 Tracer concentrations and water volumes crossing model boundaries and entering/leaving 
a cell on the boundary of the model are given the prefix "system" or "S". Thus, recharge entering 
a cell from outside the model boundaries has a characteristic tracer concentration SBRC (system 
boundary recharge concentration) and volume SBRV (system boundary recharge volume). The 
similar holds for discharge from the system (SBDC and SBDV). 

 Equation (1), a mass balance equation, is applied successively to each cell during a given 
iteration; discharge (BDV and BDC) from an "upstream" cell becomes recharge (BRV and 
BRC) to a "downstream" cell. The BDC(N) term on the right-hand side of equation (1) is the 
only unknown and can be determined from one of two mixing rules, the simple mixing cell 
(SMC), which simulates perfect mixing, or the modified mixing cell (MMC), which simulates 
some regime between perfect mixing and piston flow. For the SMC: 

 
BDC(N) = [S(N-1) + BRV(N)*BRC(N)]/[VOL + BRV(N)] (2) 

 
For the MMC: 
 

BDC(N) = S(N-1)/VOL (3) 
 

where: VOL = volume of water in the cell, equal to the cell’s total volume times its volumetric 
moisture content (for unsaturated flow) or its effective porosity (for saturated flow). Note that 
the MMC simulates pure piston flow as BRV � VOL and perfect mixing as BRV � zero. 

Although pure piston flow within a cell is possible, pure piston flow for the entire array of cells 
is not implied because some degree of mixing occurs between cells (Campana and Simpson, 
1984). The same mixing rule must be used for each cell during a given model run. We used the 
MMC rule in all models described herein.  
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2.2 Transient Flow 
 
 The above equations cannot account for changes in storage within the GROUNDWATER 

system. Previous compartment models have treated transience (Yurtsever and Payne, 1986). 
Following Yurtsever and Payne (1986) and Campana (1975), we simulate transient flow by 
assuming that the outflow from a GROUNDWATER reservoir is proportional to the storage in 
the reservoir (Dooge, 1960, 1973): 

 
 S = KQ (4) 

 
where: S = storage above a threshold, below which the outflow is zero; K = storage delay 

time of the compartment; and Q = volume rate of outflow from the element. Equation (4) 
describes a conceptual element known as a linear reservoir. 

 In the context of the compartment model equation (4) for a single compartment is:  
 

VOL(N) = K*BDV(N) (5) 
 
Equation (5) does not account for the presence of a threshold in the compartment, but can 

be adapted for such a case by rewriting equation (5): 
 

VOL(N) – PHI = K*BDV(N) (6) 
 
where PHI = threshold volume of the compartment, below which the discharge from the 

compartment is defined as zero. If VOL(N) is less than or equal to PHI, then BDV(N) is defined 
as zero.  

 If K is held constant for all N, then the system described by either of the above equations 
is a linear, time-invariant system; if K is a function of time or iteration number, i.e., K = K(N), 
then the system is a linear, time-variant system (Mandeville and O'Donnell, 1973). 

 If equation (5) is rewritten for iteration N+1 and substituted into equation (7), a volume 
conservation equation for a given compartment or cell: 

 
VOL(N+1) = VOL(N) + BRV(N+1) - BDV(N+1) (7) 

 
the result is  
 

VOL(N+1) = VOL(N) + BRV(N+1) – [VOL(N+1)/K] (8) 
 
which simplifies to  
 

VOL(N+1) = [K/K+1] [VOL(N) + BRV(N+1)] (9) 
 
At iteration N+1, all quantities on the right-hand side of equation (9) are known, so 

VOL(N+1) can be calculated. Once this has been accomplished, then BDV(N+1) can be 
calculated from equation (5). 
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2.3 Age Calculations 
  
2.3.1 Constant Recharge  

 
When the recharge to the compartment model does not vary with time, calculation of 

the mean age of the water in a compartment or cell is relatively straightforward (Campana, 
1975, 1987). 

For the SMC: 
 

  � ��
�

��
�

�
�
�

	 �
�

k

1i iAGEFBRV*iFBRVDELT*
BRV

BRV  VOL AGE  (10) 

 
where: AGE = mean age of the water in the cell; DELT = real time between iterations; FBRVi 
= fraction of all incoming water to the cell (BRV) which is from cell i; AGEFBRVi = mean 
age of FBRVi; and k = number of upgradient cells which contribute water directly to the cell. 

 
For the MMC: 
 

  � ��
�

��
�

�
�
�

	
�

k

1i iAGEFBRV*iFBRVDELT*
BRV
VOLAGE  (11) 

 
 The age distribution and cumulative age distribution of each cell can be simulated by an 

impulse -response method described by Simpson and Duckstein (1976) and Campana (1987). 
The mean age of the water in each cell can be calculated by an instantaneous injection of tracer 
through the SBRV inputs to each cell, i.e., the recharge water of age zero. The mean age is then 
found by: 

 

    DELT*N

1i iC(N)

N

1i iiC(N)
A

�
�

�
�

�  (12) 

 
where: C = tracer concentration in cell; and A = mean age of the water in the cell, equal to 
AGE (equations 10 or 11) except for truncation error associated with C. The age distribution 
of A  can be obtained from C(N) because the concentration of the tracer in each cell at 
iterations (N) after the injection is a measure of the fractional amount of water age (N*DELT) 
in that cell. The cumulative age distribution can be easily determined from the age distribution 
(Campana, 1987). 

 
2.3.2 Variable Recharge 

 
 There are times when the compartment model may be operated under steady state 

conditions (for a given cell VOL = constant) but the recharge to the model may vary, perhaps to 
simulate changes in the hydrologic regime induced by climate change. Under such conditions, 
the equations given by Campana (1987) cannot be used to calculate mean ages. Sadler (1990) 
presented some relationships that can be used to calculate the mean age of the water in a cell 
under conditions of varying recharge but constant cell volume. These relationships and their 
derivations, with minor corrections made by the author, are given below. 
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 Conceptually, the mean age of water in a cell is: 
 

   �
�

�
�
��

�
��

N

1j jAGE*jFAGE      (13) 

 
where: Fj is the fraction of water of mean age AGEj. Therefore, after N iterations, the mean 
age of water in a cell that has only SBRV inputs is: 

 
  AGE = DELT[1(FS1) + 2(FS2) + 3(FS3) + …+ N(FSN)] 
 

   �
� ��

�
��
���

� ��
�

��
��

N

1j jAGE*jFS
N

1j jFS*jDELT     (14) 

 
where: FSj = fraction of water which has remained in the cell for j iterations; and N = 

number of iterations. 
If the cell also receives recharge (which does not have an incoming mean age of zero) 

from other cells: 
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� ��
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�		�

� ��
�

��
��

k

 1i

k

1i

N

1j ijFNS*jDELT]iAGEFNS*i[FNS
N

1j jFS*jDELTAGE  (15) 

 
where: FSj = fraction of water from SBRV inputs which has remained in the cell for j 
iterations; FNSij = fraction of water from cell i which has remained in the cell for j iterations; 
FNSi = total fraction of water from cell i = sum of FNSij; AGEFNSi = mean age of FNSi as it 
is discharged from cell i; and k = number of cells from which recharge is received. 

 When N approaches infinity or the cell reaches equilibrium, equation (15) is equal to 
equation (14). If the cell does not reach equilibrium (i.e., all water in the cell input during one 
recharge regime), the mean age of the water remaining from previous recharge regimes must 
be accounted for. This age is: 

    
 AGEADD = [AGEP + (DELT * N)] FP      (16) 
 

where: AGEADD = mean age added to cell mean age due to water remaining from previous 
recharge regime; AGEP = mean age of water remaining from previous recharge regime before 
the start of the present recharge regime; and FP = fraction of water in cell from previous 
recharge regime after N iterations. 

 Combining equations (15) and (16), the mean age of water in a cell after N iterations, 
which receives recharge from upgradient cells and is not in equilibrium, is: 
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� �� �FPN*DELTAGEP
k

1i

N

1j ijFNS*jDELT

k

1i iAGEFNS*iFNS
N

1j jFS*jDELTAGE
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�
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�
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   (17) 

 
 The quantities FSj, FNSij, FNSi, and FP can be calculated using the ratio of the recharge 

rate to the cell volume. This is possible because recharge equals discharge and the cell is 
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perfectly mixed at each iteration (for the MMC, this assumes that BRV << VOL). 
 

 VOL
BRV

= fraction of “new” water received by the cell per iteration;  

            (18) 
  = fraction of “old” water discharged by the cell per iteration; and 
  

 ��
�

�
�
�

�
�

VOL
BRV1 fraction of “old” water remaining in the cell per iteration.  (19) 

 
Due to perfect mixing FSj, FNSij, FNSj, and FP can be calculated by considering the 

fraction of original input with the fraction of discharge at each iteration. FP equals 1 at the 

beginning of the present recharge regime and decreases by VOL
BRV

at each iteration. The fraction 

of decrease remains constant, but the volume of decrease becomes less and less. 
 

     
N

VOL
BRV1FP �

�

�
�
�

�
��      (20) 

 

Similarly, FSj equals VOL
SBRV

at iteration one and decreases as: 

 

    
1j

j VOL
BRV1

VOL
SBRVFS

�

�
�

�
�
�

�
��      (21) 

 

FNSij equals VOL
SBRVBRV �

at iteration one and decreases as: 

 

   
1j

ij VOL
BRV1

VOL
SBRVBRV

FNS
�

�
�

�
�
�

�
�

�
�      (22) 

 
In addition, 
 

 � � � � � �FP1
BRV
BRV

FP1
BRV

BRVBRV
FP1FNS ii

i ���

�

���     (23) 

 
where: BRVi = BRV from cell i; and 
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   (24) 



 

7 

From equation (17); 

  � � � � �
�
�

�

�

�
�

�

�
�� � ��

� ��

k

1i

N

1j
ij

N

1j
j FNS*jDELTFS*jDELTAGE  

� � � � ���
�

�
��
�

�
���

�

k

1i
i
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N*DELTFP  (AGEP * FP)   (25) 

 
where: AGEBRVi = mean age of water received from cell i.  

 
 Using equation (24), we find 
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Because 
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   (27) 
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1i
ii AGEFBRV*FBRVFP1DELT*

BRV
VOLFP1AGE  (AGEP * FP)   (28) 

 
Letting ITER = number of iterations in a given recharge period; FP = F(R); AGEP = 

AGE(R-1); and AGE = AGE(R), we have 
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F(R)(AGE(R – 1))  
and 

 
ITER

VOL
BRV(R)1F(R) �

�

�
�
�

�
��          (30) 

 
2.4 Infiltration and Unsaturated Flow 

 
 The compartment model approach described above can be modified to account for 

infiltration and water movement in the unsaturated zone. Knowledge of infiltration may be 
useful in calculating recharge inputs to a saturated-zone compartment model. Since infiltration is 
important for calculating recharge, we will focus on that phenomenon. Infiltration is indeed a 
complicated process; we present a simplistic approach here to illustrate how one might simulate 
infiltration in the context of a compartment model. 

 
2.4.1 The Soil as a Linear Absorber 

 
 Dooge (1973) described a conceptual element known as a linear absorber in which the 

inflow is proportional to the storage deficit in the element; contrast this with the linear reservoir 
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element depicted by equation (4), in which outflow from the element is proportional to the 
storage in the element. He expressed the volume of potential infiltration Fp as: 

 
Fp = Fc – F         (31) 
 

where: Fc = the ultimate volume of infiltration and F = volume of infiltration, which equals the 
volume of water present minus the amount present at the start of the infiltration event. For 
simplicity we will assume that Fc is equal to the amount of water present at complete saturation 
minus the amount present at the start of the infiltration event. This implies that sufficient water 
infiltrates to saturate the soil or some subdivision thereof.  

 In the context of a compartment model, equation (31) becomes, for a given compartment: 
 
FPI(N) = FC – VOL(N)         (32) 
 
where: FPI(N) = the volume of potential infiltration at iteration N and FC = the ultimate 

volume of infiltration.  
 We can now write an equation for the infiltration rate to a compartment: 
 
BRV(N) = B*FPI(N)         (33) 
 
where: B = a constant. If BRV(N) from equation (33) is greater than the application rate 

Y(N), then BRV(N) = Y(N). The application rate might be the rainfall rate in the case of a 
compartment located right at the land surface. 

 When FPI(N) equals zero, then by equation (33) BRV(N) equals zero. This means that the 
compartment is completely saturated and can no longer store any water. However, the 
compartment will be allowed to accept infiltrating water in an amount equal to that which it can 
discharge to other compartments or across model boundaries.  

 Rules can now be promulgated for calculating cell effective volumes. For simplicity we 
will assume that no compartment can discharge water until it has been completely saturated by 
infiltrating water. For a cell receiving infiltrated water: 

 
VOL(N+1) = VOL(N) + B*[FC – VOL(N+1)]       (34) 
 

which simplifies to 
 
VOL(N+1) = [VOL(N) + B*FC]/[1 + B]       (35) 
 
In no case will the effective volume of the compartment be permitted to exceed FC. If this 

should occur, then the effective volume will be set equal to FC. 
 Once a compartment is completely saturated it will be allowed to discharge according to 

one of the saturated flow cases specified in Section 2.2.  
 

2.4.2 Concluding Remarks 
 
 The aforementioned development indicates how one might express infiltration and 

GROUNDWATER recharge in the context of a compartment model. The approach was based 
upon the theory of linear, time-invariant systems, although time-invariance could be treated as 
well. Other conceptual elements could also be employed. For example, Dooge (1973) discussed 
an element known as a linear inverse absorber, in which the infiltration rate is inversely 
proportional to the volume of infiltrated water. Nonlinear reservoir theory could also be 
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employed (Campana, 1975) although this complicates the parameter-estimation process 
immensely.  

 
3.0 APPLICATIONS 

 
 The compartment model essentially performs a mass balance on the flow system to 

determine flow rates and groundwater; it needs a tracer to do this. An ideal tracer is one that 
moves with the velocity of the water, is easy to sample for and detect, does not react chemically 
once in the saturated zone, and displays spatial variability. The stable isotopes deuterium (D) and 
oxygen-18 (18O), both of which occur as part of the water molecule, come about as close to ideal 
tracers as there are. We present two compartment models of the Nevada Test Site 
GROUNDWATER flow system, which underlies a portion of the southwestern USA: one 
calibrated with the spatial distribution of deuterium and the other with carbon-14 (14C) 
GROUNDWATER decay ages.  

 
3.1 The Nevada Test Site Flow System Model: Calibration with Deuterium 
 
3.1.1 Introduction 

 
 Four decades of nuclear testing have served as an impetus for numerous studies of the 

GROUNDWATER flow system beneath the Nevada Test Site (NTS) and vicinity, southwestern 
USA. A more recent impetus is the possible location of a high-level nuclear waste disposal site 
at Yucca Mountain, adjacent to the western boundary of the NTS. Possible radionuclide 
migration to the accessible environment is a concern; therefore, knowledge of the nature and 
extent of the NTS GROUNDWATER flow system, hereafter referred to as the NTSFS, is of 
paramount importance. We use the environmental stable isotope deuterium to calibrate a simple 
compartment model of the GROUNDWATER system beneath the NTS and vicinity. Deuterium 
has the advantage of being stable and essentially conservative once in the saturated zone. Our 
model is based upon that of Feeney et al. (1987) but encompasses a larger area, provides better 
information on GROUNDWATER residence times, and, more importantly, attempts a transient 
simulation by treating each compartment as a linear reservoir. It is similar to the models 
presented in Sadler (1990) and Sadler et al. (1992), which did not use linear reservoir theory. 

 
3.1.2 Hydrogeology 

 The study area lies between 36 and 38 degrees north latitude and 115 and 117 degrees 
west longitude and covers 19,000 km2 (Figure 1). The area is in the southern Great Basin section 
of the Basin and Range physiographic province, with a topography of north-trending, block-
faulted mountain ranges separated by alluvial basins. Elevations in the study area range from 
about 3,500 meters above mean sea level in the Spring Mountains to below sea level in Death 
Valley. 

 Precipitation, temperature, and plant communities in the area are generally a function of 
elevation. The average annual precipitation increases as a function of elevation, from fewer 
than 8 cm in Death Valley and the Amargosa Desert to greater than 70 cm in the upper reaches 
of the Spring Mountains. Houghton et al. (1975) reported annual pan evaporation rates from 58 
to over 71 cm. Therefore, the climate can be arid on the valley floors while subhumid at higher 
elevations. Most of the precipitation occurs during winter as a result of Pacific Ocean fronts, 
but some occurs during summer as high intensity thunderstorms. Winters are short and mild, 
while summers are long and hot except at the higher altitudes. Because of the primarily arid 
conditions, no major perennial streams exist in the study area except local drainage from 
major springs. 
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 Groundwater is recharged by precipitation in the higher elevations in the north, east, and 
southeast and by stream-channel infiltration during the infrequent flow events. It also enters the 
system as subsurface inflow from the north and east. Generally, groundwater flows to the south 
toward areas of discharge in Oasis Valley, Ash Meadows, Death Valley and Franklin Lake playa 
(southern Amargosa Desert). 
 The geology of the region is complex and has been well-described by Winograd and Thordarson 
(1975). They identified eleven hydrogeologic units (see their Table 1, pp. C10-C11) in the region 
ranging in age from Precambrian to Quaternary; five of these are aquitards, six are aquifers. Of 
these units, two of the most important are the lower clastic aquitard, comprised of Precambrian 
to Cambrian quartzites and shales, and the lower carbonate aquifer, comprised of Cambrian 
through Devonian limestones and dolomites. The former's great thickness, an aggregate of about 
3000 meters (m), and areal extent make it a major element in controlling regional 
GROUNDWATER flow; the latter (aggregate thickness of about 4500 m) underlies much of the 
study area and is the major conduit for regional GROUNDWATER flow in the area. The upper 
clastic aquitard and upper carbonate aquifer are similar to the lower clastic aquitard and lower 
carbonate aquifer, respectively, but are less important because of their lower thicknesses and 
more limited areal extents. Other hydrogeologic units worth noting are the basin-fill aquifer, 
important in the Amargosa Desert, and the various volcanic-rock aquifers and aquitards (Tertiary 
tuffs and associated lithologies), which are up to 4000 m thick in the western portion of the 
study area. 

 The area's structural geology has played a major role in shaping the hydrogeology of the 
region. Mesozoic and Tertiary folding and thrust faulting significantly deformed the 
Precambrian and Paleozoic rocks; Tertiary normal block faulting produced classic basin and 
range topography. These same forces were responsible for fracturing the aforementioned 
carbonate rocks, producing a very transmissive regional aquifer. The intermontane basins filled 
with sediments derived from the surrounding mountain ranges, in many cases producing a two-
tiered flow system characteristic of the region: a shallow system developed in the basin fill 
overlying a deeper regional system in carbonate and other rocks. In some cases, perched flow 
systems occur in the basin fill. Winograd and Thordarson (1975) recognized that downward flow 
occurs from the basin-fill aquifers and tuff aquitards to the carbonate rocks and that interbasin 
GROUNDWATER flow occurs.  

 The NTSFS is not an isolated regional system but one of a number of such systems in the 
carbonate-rock province of Nevada, Utah and adjacent states (Mifflin and Hess, 1979; Harrill et 
al., 1988; Burbey and Prudic, 1991; Plume, 1996). 

 
3.1.3 Model Development and Calibration 

 
 Two sets of deuterium values were used: "local" values from high-altitude springs and 

shallow wells with signatures of -90 to -102 permil, representing recharge water; and "regional" 
values from large, low-altitude springs and deep wells with signatures of -98 to -117 permil, 
representing the flow system groundwater. The latter were used in model calibration and, along 
with the hydrogeology (e.g., hydrostratigraphy, structure), used to subdivide the flow system into 
30 compartments or cells (Figure 1). The difference between the regional and local �D values 
can be explained by relatively depleted subsurface inflow from higher latitudes and possibly past 
climatic regimes entering the study area and becoming gradually enriched along flow paths by 
water recharged within the study area. The overall trend of regional �D values is gradual 
enrichment from north to south with the northwest area being the most depleted and the 
southwest being the most enriched. Some recharge �D values were estimated from the �D values 
in precipitation. Complete data can be found in Sadler (1990).  
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Initial estimates of the SBRV (both as recharge and subsurface inflow) were based on 
Rush (1970); Walker and Eakin (1963); and Malmberg and Eakin (1962). The initial recharge 
estimates were used as starting points and references during calibration. 

Flow routing inputs to the model are expressed as the percentage of total discharge from 
each cell to each of its receiving cells or out of the model boundaries. Initial flow routing values 
were based on the aforementioned publications on the hydrogeology of the area. Total discharge 
from a cell was calculated by equation (5).  

 The parameter VOL equals the volume of active water in a cell. Cell areas were measured 
with a planimeter from a 1:250,000 scale map. An effective porosity of 2 percent was used for 
the carbonate aquifer, which is the mean value of 25 samples presented by Winograd and 
Thordarson (1975). The 5 percent effective porosity measured for the welded tuff aquifer was 
chosen for the volcanic strata based on the observation that most of the flow is transmitted 
through the welded tuffs (Winograd and Thordarson, 1975); the higher porosities of the non-
welded tuffs were not used. The upper clastic aquitard (cells 13 and 19) was assigned an 
effective porosity of 4 percent, the mean values of 22 samples presented in Winograd and 
Thordarson (1975). The basin-fill aquifer was characterized as being generally poorly sorted by 
Winograd and Thordarson (1975) and was assigned an effective porosity of 15 percent. 

 The model utilized a 100-year iteration interval and the MMC (modified mixing cell) 
option. To simulate climate change we increased recharge to the model by 50% and decreased 
its �D by 5 per mil during the period 23,000 to 10,000 years before present (White and Chuma, 
1987).  

 Model calibration was accomplished by adjusting SBRV and intercellular flow routing 
values until the difference between the observed and simulated �D values was within ±1 permil, 
the analytical error for deuterium. 

 
3.1.4 Results and Discussion 

 
 The areal distribution of average annual recharge is shown in Figure 2. In general, higher 

recharge rates are present in the northern region of the model with lower rates in the southern; 
however, quasi-isolated areas which do not follow this trend have the highest recharge rates 
within the model area. The high recharge areas in Figure 2 correspond to areas of relatively 
enriched �D values: eastern Pahute Mesa (cell 8); Stockade Wash (cell 12); Fortymile 
Canyon/Wash (cell 18); the Spring Mountains (cell 28); and the Sheep Range (cell 23). 

 The total flow rate through the system averages 58.9 × 106 m3a-1 . Broad divisions of 
average flow rates are shown in Figure 3. The lowest flow rates correspond to cells that are 
dominated by the presence of an aquitard (cells 13 and 19), cells immediately downgradient 
from an aquitard (cells 9, 14, 20, and 25), and a cell which is a moderate recharge area (cell 3). 
Cells 3, 13, 19, and 20 are thought to divide the Alkali Flat-Furnace Creek and Ash Meadows 
subbasins. The highest flow rates correspond to a major potentiometric trough in the carbonate 
aquifer immediately upgradient (cell 21) from the Ash Meadows area (Winograd and Pearson, 
1976), the terminus of the Ash Meadows subbasin (cell 27), and the constriction and termination 
of the Alkali Flat-Furnace Creek subbasin (cells 26 and 30). 

 Other regional models of the area (Waddell, 1982; Rice, 1984) suggested the possibility 
of, but did not simulate, subsurface inflow from northern and northwestern areas. Therefore, all 
flow through these previous models is comprised of locally-recharged water and not a 
combination of locally- recharged and underflow water as in the present model. Our model 
indicates that a substantial amount (40%, or 23.6 × 106 m3a-1) of the average total system 
throughflow is derived from subsurface inflow. 

 Mean residence times are shown in Figure 4. The youngest values are found in the cells 
with high recharge versus subsurface flow from upgradient cells (cell 3, 18, and 28). Cells 8 and 
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12 have relatively young waters due to their high recharge rates, while cell 24 receives its 
relatively young water from cells 28 and 23. The oldest mean residence times are found in the 
upper clastic aquitard cells (cells 13 and 19), downgradient from aquitards (cells 9, 14, and 15) 
and in areas where most of the flow originates directly or indirectly as underflow (cells 5, 15, 21, 
22, 27, 1, and 6). A decrease in mean residence times along flow paths occurs in many areas and 
is caused by relatively large amounts of recharge in the direction of flow. The means represent 
all of the water in a given cell and may include a mixture of very young water recharged locally 
and very old water received from upgradient cells. 

 Residence time distributions (RTDs) provide more information on the cells’ waters than 
simply mean or median values (Campana, 1987). Cumulative RTDs for six regions are shown in 
Figures 5 and 6. Figure 5 shows the RTDs [F(N)] for cells 16 (Oasis Valley/Beatty Wash), 17 
(Crater Flat) and 18 (Fortymile Canyon/Wash); Figure 6 shows F(N) for cells 28 (northwestern 
Spring Mountains), 29 (Furnace Creek Ranch region of Death Valley) and 30 (Franklin Lake 
playa and vicinity). 

 Fortymile Canyon/Wash has the highest areally-distributed recharge rate (29.4 mm/year) 
and a volumetric flow rate second only to the Spring Mountains. Most of the groundwater 
beneath this region is very young – 60% of the water is fewer than a few thousand years old. 
Contrast this fact with the other two regions on Figure 6 – Oasis Valley and Crater Flat – where 
60% of the waters are at least 15,000 years old. Both of these areas are minor recharge areas; 
indeed, Oasis Valley is more important as a discharge area. 

Figure 6 contains the cumulative RTDs of the area’s major recharge area (Spring 
Mountains – cell 28) and two major discharge areas (Furnace Creek Ranch – cell 29; and 
Franklin Lake playa – cell 30). These latter two cells are major discharge regions and have much 
older groundwaters. Note that even though cell 30 is farther downgradient than cell 17 (Crater 
Flat) its F(N) is shifted slightly to the left relative to Crater Flat’s, indicating slightly younger 
waters. This apparent discrepancy is easily explained by noting that Franklin Lake playa receives 
relatively young water (via other cells) from the Spring Mountains and Fortymile Canyon/Wash. 

 
3.1.5 Concluding Remarks 

 
 We used a deuterium-calibrated mixing-cell model to simulate regional 

GROUNDWATER flow beneath an area of approximately 19,000 km2 in southern Nevada-
California, USA. This model consists of a network of 30 compartments delineated through the 
integrated interpretation of general hydrogeologic characteristics of the area and deuterium data 
from approximately 300 sites. 

 The model shows the significant contribution of subsurface inflow – 40% of the average 
total system throughflow – to the NTS regional GROUNDWATER system. This flow enters 
from the north and east. The eastern subsurface inflow is undoubtedly from the White River 
regional GROUNDWATER flow system. Winograd and Friedman (1972) estimated that about 
7.4 × 106 m3a-1 flowed from Pahranagat Valley (part of the White River flow system and just 
east of cell 5) to the NTS system; Kirk and Campana (1990), using a mixing-cell model, showed 
as much as 5.4 × 106 m3a-1 discharged as underflow from Pahranagat Valley. We estimate the 
underflow to be in the range 11.1 × 106 m3a-1 to 16.8 × 106 m3a-1. 

 High recharge areas within the flow system boundaries are the Fortymile Canyon/Wash-
Stockade Wash area, the Spring Mountains, the Sheep Range, and Pahute Mesa. Recharge 
accounts for 60% of the average system throughflow. 

 The model provides detailed information on GROUNDWATER residence times. The 
position of a region in the flow path does not necessarily correlate with mean residence time as 
recharge can mask the effects of old subsurface inflow to a region. 
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3.2 The Nevada Test Site Flow System Model: Calibration with 14C 
 
3.2.1 Introduction 

 
 We now present another conceptual model of the NTSFS. In contrast to previous 

hydraulic models based on finite-element (Waddell, 1982) or finite-difference (Rice, 1984; 
Sinton, 1987; Burbey and Prudic, 1991) techniques, we use a compartment model calibrated 
with the spatial distribution of the corrected 14C GROUNDWATER decay ages, expressed as 
percent modern carbon (pmc). Although our approach is less sophisticated than the 
aforementioned ones our model provides new information (e.g., GROUNDWATER ages) and 
corroborates information (e.g., recharge rates, interbasin volumetric flow rates) derived from 
other models. Our specific objectives are to: 1) calculate GROUNDWATER ages; 2) estimate 
recharge rates and compare them to previous estimates; 3) identify regions and rates of 
subsurface inflow; 4) determine the boundaries of the regional flow system; and 5) compare our 
results to those obtained with the deuterium-calibrated model, described earlier. 

 Our study successfully characterizes the regional hydrogeology, estimates 
GROUNDWATER ages and provides new insights into the sources of water in the flow system. 
It also represents the first application of corrected 14C GROUNDWATER decay ages to calibrate 
a regional-scale, three-dimensional flow model. 

 The area’s hydrogeology has been previously described in Section 3.1.2. The general 
regional flow system, shown in Figure 7, has been termed the Death Valley GROUNDWATER 
flow system by Waddell et al. (1984) and Harrill et al. (1988). It is composed of three subbasins 
whose boundaries were suggested by Winograd and Thordarson (1975) and modified by 
Waddell (1982) and Waddell et al. (1984): Oasis Valley; Alkali Flat-Furnace Creek Ranch; and 
Ash Meadows. Each subbasin has Death Valley as its terminal sink but behaves somewhat 
independently of the others (Burbey and Prudic, 1991). Interbasin flow in the region has been 
recognized for many years (Hunt and Robinson, 1960; Winograd and Thordarson, 1975; 
Winograd and Friedman, 1972). Potentiometric, hydrogeochemical and environmental isotopic 
data have been used to support interbasin flow and delineate flow system boundaries. More 
recently, numerical models have been employed (Waddell, 1982; Waddell et al., 1984; Rice, 
1984; Sinton, 1987) to simulate flow and define system boundaries. Slight differences exist 
among these models regarding flow system boundaries, recharge rates, etc., and the resolution of 
these differences is an area of continuing research. General flow directions, including regions of 
subsurface inflow, are shown on Figure 7. 

 A more recent ambitious modeling effort by Burbey and Prudic (1991) simulated flow in 
the entire carbonate-rock province of Nevada, Utah and surrounding states, a region covering 
about 240,000 km2. They used a two-layer, finite-difference model. Their Death Valley flow 
region, one of five deep-flow subregions of the carbonate-rock province, is analogous to the 
region shown on Figure 7 but covers a much larger area – approximately 50,000 km2, over twice 
as large as any of the previous versions of the Death Valley or NTS flow systems and four times 
the extent of the flow system modeled herein. Their Death Valley system extends much farther 
north than previous versions. Later we will discuss our results in the context of Burbey and 
Prudic's (1991) work. 
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3.2.2 Model Development 
 
3.2.2.1 14C Data, Cell Configuration and Cell Volumes 

 
 Spencer (1990) corrected 14C data from wells and springs at the NTS and vicinity; we 

used her corrected ages in our model. Our complete database is in Byer (1991). The data 
represent 120 GROUNDWATER samples from 99 wells and springs. Corrected 14C decay ages 
range from recent (recharged after 1950) or zero years before present (a bp) in Oasis Valley to 
approximately 30,000 a bp in Yucca Flat and Ash Meadows. Spencer (1990) used her 14C data 
to construct a simple nine-cell model.  

 We subdivided the hydrogeologic system into a series of cells or compartments based 
upon: 1) the spatial distribution of 14C data; 2) the spatial distribution of distinct transmissivity 
zones and hydrogeologic units (Winograd and Thordarson, 1975; Waddell, 1982); 3) previous 
studies (Feeney et al., 1987; Spencer, 1990); and 4) structural features and geographic locations 
of major valleys. Characteristics within any given cell were assumed to be homogeneous. 
Therefore, a cell was constructed in a region of wells and springs with similar 14C ages and/or 
similar hydrogeologic characteristics. 

 The initial boundaries of the regional flow system of this study corresponded to those of 
Waddell et al. (1984), shown in Figure 7. However, corrected 14C ages were not available for the 
entire area; hence, the boundaries were modified to eliminate those areas without data. The 
eastern boundary was moved westward and the southern boundary was moved northward along 
the Amargosa River, eliminating Death Valley. The northeast boundary was moved southward 
to northern Emigrant Valley, thereby eliminating Sand Spring Valley and southern Railroad 
Valley (Harrill et al., 1988). Figure 7 also shows the final modeled area.  

 The initial cell configuration consisted of 32 cells in a two-dimensional arrangement. 
After further redefinition of the eastern boundary due to the lack of available data, the seven 
easternmost cells were removed from consideration, leaving 25 cells. We soon realized that a 
three-dimensional configuration was necessary to simulate observed 14C ages of the eastern 
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cells. Therefore, we added cells to form a lower tier, bringing the total number of cells to 35. 
Figures 8 and 9 show the cell networks and flow directions. We do not distinguish among the 
three different subbasins as much as previous workers. As Figure 8 shows there is a fair degree 
of hydraulic communication among all portions of the model although the two-tiered eastern 
portion, which more or less corresponds to the Ash Meadows subbasin, is the most isolated 
portion. There is more hydraulic communication among the cells of the western portion of the 
model. For this reason we are less inclined to delineate two separate western subbasins, the 
Oasis Valley and Alkali Flat-Furnace Creek Ranch subbasins. In our model, the former roughly 
corresponds to the western half of cell 1, plus cells 3, 8, and 9; the latter, the remainder of cell 1, 
plus cells 2, 4, 5, 11, 17, 18, 19, 22 and 23. 
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After the cell distribution was determined, we then assigned a representative observed 
corrected 14C value to each cell. Of the final calibrated 35-cell model, only 22 contained wells or 
springs with observed 14C data. For cells with several sample locations having a wide variation 
in 14C values, a histogram was plotted. A mean 14C value was then calculated based on 
representative values from the histogram (Byer, 1991). For cells with only a few sample 
locations, a simple mean was used to represent the observed value for that cell.  

 Table 1 shows cell areas, volumes, thicknesses, 14C contents and model-calculated 
volumetric flow rates through each cell. 

 
3.2.2.2 System Boundary Recharge and Discharge Volumes and Concentrations 
 
 Two types of system boundary recharge volumes (flux boundary conditions) were 

specified for this study: 1) recharge derived from precipitation, stream-channel infiltration, or 
spring water infiltration; and 2) subsurface inflow from beyond the model boundaries. Each 
component was assigned a corresponding 14C value. System boundary recharge volumes 
(SBRV) and concentrations (SBRC) require estimates of recharge/subsurface flow volumes and 
corresponding 14C concentrations. We estimated recharge to each cell using the Maxey-Eakin 
method (Eakin et al., 1951) based on information in Rush (1970); Walker and Eakin (1963); and 
Malmberg and Eakin (1962). The method is approximate and based upon a relationship among 
precipitation, elevation, and recharge. Subsurface inflows were estimated from Winograd and 
Friedman (1972); Blankennagel and Weir (1973); and Winograd and Thordarson (1975). 
Twenty-two cells received recharge SBRVs and four cells received SBRVs as subsurface flow. 

 The 14C content of recharge water (system boundary recharge concentration or SBRC) to 
each cell was perhaps the least-known input parameter. It may be safe to assume that the 
concentration of recharge water from surface water in direct contact with the water table or 
shallow water tables is close to 100 pmc or zero age. However, when considering a thick 
unsaturated zone of several hundred meters, the residence time of recharge water in this zone 
may be on the order of a few hundred to thousands of years. As an initial estimate, the SBRC 
was assumed to be equivalent to 100 pmc for each cell receiving a recharge SBRV. Subsurface 
flow SBRC values were based upon corrected 14C ages from wells. Subsurface flow SBRC 
values corresponded to ages of 7,400, 38,100, and 7,400 a bp for cells 1, 2 and 35 respectively. 
Cell 34 had two subsurface flow inputs with ages of 18,400 and 29,000 a bp; in the second 
model variation (see next section) the second figure was 22,500 a bp. 

 The SBDV (system boundary discharge volume) is the quantity of water leaving the flow 
system as subsurface flow, spring discharge, or evapotranspiration. The quantity of water leaving 
the system via spring discharge or evapotranspiration was specified in three areas of the study 
area: Oasis Valley, Ash Meadows, and the valley northeast of Ash Meadows. The initial 
estimate of 250 × 104 m3a-1 from Oasis 

For cells with two data entries, the first entry represents the first model variation, and the 
second entry represents the second model variation.  

 
* = dead cell (see text). 
Valley came from Malmberg and Eakin (1962). The spring discharge at Ash Meadows is 

2100 × 104 m3a-1, a quantity that reportedly has been consistent since at least the early 1900s 
(Winograd and Thordarson, 1975). Discharge from the valley northeast of Ash Meadows is 
approximately 120 × 104 m3a-1 (Winograd and Thordarson, 1975). 
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Table 1. Cell characteristics 

 
Cell Area 

(107 m2) 
Thickness 

(m) 
Volume 
(109 m3) 

14C 
(pmc) 

Flow Rate 
(104m3a-1) 

1 164.82 60 106.14 - 703 
2 138.84 760 211.03 - 552 
3 30.93 760 7.29 - 693 
4 29.15 760 6.87 15.7 677 
5 
 

32.65 1830 18.52 7.4 684 

6 90.21 610 39.07 - 371 
7 13.00 1520 1.98 - 90 
8 45.73 760 10.43 21.6 983 
9 3.73 90 1.01 64.4 410 
*10 
 

-- -- -- -- - 

11 63.53 1130 22.23 16.6 1178 
12 12.98 1372 1.96 26.2 203 
13 75.88 700 35.64 9.4 99 
14 41.08 90 3.18 34.5 300 
15 
 

11.88 610 1.45 10.7 10 

16 31.15 610 2.09 7.6 9 
17 46.06 580 21.37 17.5 1373 
18 7.65 580 1.33 23.2 115, 17 
19 20.73 460 2.96 47.6 995, 771 
20 
 

54.51 1520 24.86 - 98 

21 122.16 610 14.90 18.9 143 
22 38.7 90 3.62 59.7 8 
23 42.85 70 4.86 33.0 519, 481 
24 20.23 1520 3.08 - 20 
25 21.03 90 3.18 27.9 362, 368 

 
26 10.25 240 3.94 - 209, 197 
27 58.11 610 8.51 4.7 236 
28 8.15 910 6.90 6.3 2148 
29 90.21 910 16.42 - 19 
30 41.08 1430 5.87 18.7 109 

 
31 75.88 820 24.89 - 99 
32 11.88 910 5.41 - 38 
33 31.12 910 14.16 2.5 81 
34 122.16 910 45.58 6.7 2282 
35 58.11 910 28.56 - 2373 
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3.2.3 Model Calibration and Results 
 
3.2.3.1 First and Second Variations 

 
 We investigated one basic steady-flow scenario; however, two variations of this scenario 

were considered to: 1) investigate a range of flow rates and recharge amounts at Yucca 
Mountain; 2) obtain better thickness estimates for the Ash Meadows subbasin cells; and 3) 
determine a range of concentrations of subsurface inflow to the Ash Meadows subbasin. The 
first variation involved a Darcy equation calculation using a hydraulic gradient of 6.7 × 10-3 
determined from Robison's (1984) potentiometric map to calculate the specific discharge from 
Crater Flat (cell 17) to Yucca Mountain (cell 18). In addition, under this variation, thicknesses of 
the eastern cells were estimated to be 610 m for upper-tier cells and 910 m for lower-tier cells 
for a total of 1,520 m. Upper-tier cells represent basin fill and the tuff aquitard; lower-tier cells 
represent the lower carbonate aquifer. The second variation involved using a different hydraulic 
gradient (1.6 × 10-4) estimated by Waddell et al. (1984) in the Darcy equation calculation.  

 
3.2.3.2 14C Contents 

 
 Calibration is the process whereby input parameters are adjusted to achieve agreement 

between observed and calculated cell 14C contents. To achieve agreement we adjusted 
intercellular flow paths and, to a lesser extent, the flux boundary conditions. 

 After several simulations, we realized that the relatively young ages of Oasis Valley (cell 
8) groundwater (64.4 pmc), and therefore, ages of downgradient cells (22, 23, and 25), could not 
be simulated without adding a substantial volume of recharge. An additional cell, cell 9, was 
added to represent the alluvial channel of the upper reach of the Amargosa River. Cell 9 was, in 
essence, carved out of cell 8 as opposed to the standard three-dimensional arrangement of one 
cell overlying another cell. The cell-within-a-cell arrangement allows for a quasi three-
dimensional flow pattern between the two cells. Water can enter cell 9 from cell 8 through the 
bottom and sides of cell 9. 

 With the addition of cell 9 in Oasis Valley, the model-calculated 14C content of the cell 
was approximately 40 pmc. This was well below the observed value of 64.4 pmc, even using a 
relatively large SBRV = 136 × 104 m3a-1. White and Chuma (1987) demonstrated that active 
carbon exchange is occurring between the unsaturated zone soil CO2 (modern 14C) and the 
dissolved bicarbonate in the groundwater discharging from the tuff (relatively depleted or older 
14C). To simulate exchange of modern 14C with older 14C, a "dead" cell (Simpson and Duckstein, 
1976), cell 10, was included in the model. A dead cell is one that exchanges tracer mass with 
another cell with no net exchange of water, thus simulating tracer diffusion. The 14C content of 
this cell was set to 100 pmc, representative of shallow soil gas in Oasis Valley. Cell 10 is not 
shown on any of the cell network diagrams because it is not part of the flow system; it serves 
only to exchange 14C. With the addition of cell 10, the calculated value of cell 9's state was 64.2 
pmc.  

 Most observed and simulated 14C contents were identical, the greatest difference being 1.1 
pmc.   
 
3.2.3.3 Flow Routing 

 
 Flow routing in the mixing-cell model occurs by specifying a percentage of flow from a 

discharging cell to a receiving cell. Under steady-state conditions, 100 percent of the water 
entering a cell must be discharged to adjacent cells or outside the model boundaries. Figures 8 
and 9 showed the final calibrated flow routing for the regional GROUNDWATER flow model. 
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Subsurface flow enters the regional GROUNDWATER flow system in the north (cells 1 and 2) 
from Cactus Flat and Reveille Valley, in the east and southeast (cell 34) from recharge areas to 
the east and the northern Spring Mountains, and the southeast (cell 35) from the southern Spring 
Mountains and Pahrump Valley. Groundwater is discharged via spring flow and 
evapotranspiration in Oasis Valley (cell 9), Ash Meadows (cell 28), and the valley northeast of 
Ash Meadows (cell 27). Subsurface outflow leaves the model along the southern boundary (cells 
23, 25 and 26) and along the northeastern boundary (cells 7, 14 and 30). Figure 7 showed 
general flow directions. 

 We initially estimated general flow paths, horizontal volumetric flow rates, and vertical 
volumetric flow rates from previous reports and then refined them via calibration. Estimates of 
horizontal volumetric flow from Crater Flat (cell 17) to Yucca Mountain (cell 18) and from 
Crater Flat and Fortymile Canyon/Wash (cell 19) to the Amargosa Desert (cell 23) merit further 
discussion. According to a preliminary potentiometric map of the Yucca Mountain area 
(Robison, 1984), groundwater flows south from the Pahute Mesa area (cells 3, 4, 5), through the 
Timber Mountain area (cell 11), to Crater Flat and then south to the Amargosa Desert. A small 
percentage of the flow through Crater Flat flows southeast through the Yucca Mountain area. 
Czarnecki and Waddell (1984) simulated this flow using a two-dimensional finite-element 
model. Flow directly south into Fortymile Canyon/Wash is impeded by a low transmissivity tuff 
aquitard just north of Yucca Mountain which acts to divert flow around it, through the Yucca 
Mountain area, and then to Fortymile Canyon/Wash. 

 In their model, Czarnecki and Waddell (1984) assigned a transmissivity of 78 m2d-1 to 
the aquifer in the Yucca Mountain area. To calculate a range in discharge from the Crater Flat 
cell to the Yucca Mountain cell, we used two estimates of hydraulic gradient. For variation one, 
we used a hydraulic gradient of 6.7 × 10-3 estimated from Robison's (1984) potentiometric map; 
for variation two, we used 1.6 × 10-4 from Waddell et al. (1984). Once a range of values was 
calculated, we determined a volumetric flow rate by estimating a cross-sectional area normal to 
the direction of flow. Assuming that water from the Crater Flat cell (cell 17) enters through the 
northern half of the Yucca Mountain cell (cell 18), a distance of approximately 7,240 m, with a 
cell thickness of approximately 580 m, the cross-sectional area becomes approximately 4.2 × 106 
m2. Under variation one, we calculated a value of 81 × 104 m3a-1, approximately 6 percent of the 
total flow entering cell 17 which discharges into cell 18. Under variation two, we calculated a 
value of 1.9 × 104 m3a-1 or slightly greater than 0.1 percent of the total flow. We estimated a 
range in recharge to the Yucca Mountain cell using these calculations and calibration. This will 
be discussed in the following section. 

 Table 1 showed the total volumetric flow through the cells. The largest flow rate occurs 
through cells 34 and 35 and is representative of the major potentiometric trough in the lower 
carbonate aquifer (Winograd and Pearson, 1976). Vertical leakage from the upper tier of cells to 
the lower tier of cells in the Ash Meadows subbasin represents the lowest flow rates. This is 
primarily due to the presence of the tuff aquitard overlying the lower carbonate aquifer. 
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Table 2. Recharge rates 
 

Cell  Main Region Represented  Recharge Rates 
(104 m3a-1) (mm a-1) 

   
1 Cactus and Gold Flats 456 2.8 
2 Kawich and S. Reveille Valleys 219 1.6 
3 Pahute Mesa  86 2.8 
4 Pahute Mesa 117 4.0 
5 Pahute Mesa 131 4.0 
6 Emigrant Valley 298 3.3 
7 Groom Range  90 6.9 
8 Oasis Valley  55 0.2 
9 Oasis Valley - Amargosa River  17 4.6 

*10 -- -- -- 
11 Timber Mountain 195 3.1 
12 Rainier Mesa 106 8.2 
13 W. Yucca Flat, Shoshone Mtn., and 

Eleana Range 
 91 1.2 

14 E. Yucca Flat and S. Emigrant 
Valley 

 6 0.2 

15 N. Yucca Flat  1 0.1 
16 S. Yucca Flat  2 0.1 
17 Crater Flat  65 1.4 
18 Yucca Mountain  32 

 115  
4.2 11.9 

19 Fortymile Canyon/Wash  657  
 1530  

 31.7  
 125.6  

20 Jackass Flats and Rock Valley  25 0.5 
21 Frenchman Flat  48 0.4 
22 N. Amargosa Desert  35 0.9 
23 Central Amargosa Desert  19 1.0 
24 Area North of Ash Meadows  0  0 
25 S. Amargosa Desert  0  0 
26 Area South of Ash Meadows  0  0 

27 Area Northeast of Ash Meadows  0  0 
28 Ash Meadows  0  0 

 
* = dead cell  
1 = second model variation. 
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Table 3. Recharge rate comparisons 
 

 Cell   Recharge (104 m3a-1) Reference 
   14C model Other  
1  456 221 Deuterium-calibrated model 
2  219 284 Deuterium-calibrated model 
3   86 24 Deuterium-calibrated model 
4  117 39 Deuterium-calibrated model 
5  131 178 Deuterium-calibrated model 
3,4 & 5  334 308 

240 
169 

Burbey and Prudic (1991) 
Deuterium-calibrated model 

Waddell (1982) 
4 & 5  248 185 Feeney et al. (1987) 
6  298 555 Burbey and Prudic (1991) 
6,7 & 14  394 186 Deuterium-calibrated model 
7   90 120 

37 
37 

Burbey and Prudic (1991) 
Sinton (1987) 

Waddell (1982) 
11  195 58 

142 
Deuterium-calibrated model 

Feeney et al. (1987) 
12  106 136 

87 
Deuterium-calibrated model 

Feeney et al. (1987) 
13   91 120 

27 
Burbey and Prudic (1991) 

Deuterium-calibrated model 
14   6 37 Waddell (1982) 
15   1 9 Deuterium-calibrated model 
16   2 0 Deuterium-calibrated model 
17&18  97, 179 120 

30 
112 

Burbey and Prudic (1991) 
Deuterium-calibrated model 

Feeney et al. (1987) 

19  657, 1530 624 
255 
222 

Deuterium-calibrated model 
Feeney et al. (1987) 

Sinton (1987) 
20   25 6 Deuterium-calibrated model 
22   35 34 Deuterium-calibrated model 

 
1 = second model variation. 
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3.2.3.4 Recharge and Subsurface Inflow 
  
 During model calibration, we adjusted the initial estimates of system boundary recharge 

volumes (SBRV) to achieve agreement between model-calculated and observed cell 14C 
contents. The total volumetric inflow to the regional GROUNDWATER flow system is 
approximately 5400 × 104 m3a-1 for the first variation and approximately 5200 × 104 m3a-1 for 
the second variation. This inflow has two components. The first is recharge derived from 
precipitation, stream-channel infiltration, and spring water infiltration; the second component is 
subsurface inflow. Recharge accounts for approximately 51 percent of the total flow for the first 
variation and approximately 50 percent for the second variation. Table 2 shows volumetric and 
areally-distributed recharge rates.  

 Twenty-two of the 35 cells receive recharge. Volumetric recharge rates range from a 
maximum of approximately 657 × 104 m3a-1 for cell 19 (Fortymile Canyon/Wash) to zero for 
cells 24-28. The volumetric recharge rate for each cell divided by the cell area multiplied by 
1,000 yields an average areally-distributed recharge rate in millimeters per year (mm a-1). The 
largest areally-distributed recharge rates of 31.7 (or 25.6 for variation two) and 8.2 mm a-1 occur 
in Fortymile Canyon/Wash (cell 19) and Rainier Mesa (cell 12), respectively. Winograd and 
Thordarson (1975), Claassen (1985), and Sadler et al. (1992) attributed these relatively large 
recharge rates to infiltration of surface runoff which is concentrated in relatively small areas. 
Generally, cells representing higher elevation terrain have greater recharge volumes than similar 
sized-cells representing lower elevation terrain. 

 We compare our recharge rates with those determined from other studies in Table 3. 
Feeney et al. (1987) constructed a mixing-cell model calibrated with deuterium although their 
model was less realistic than the one presented earlier; Sinton (1987) and Burbey and Prudic 
(1991) used finite-difference models; and Waddell (1982) used a finite-element model. These 
comparisons are only approximate because recharge amounts determined by other researchers 
for a given area in most cases do not directly correspond to a given cell or cells of our model. 
Volumetric recharge rates determined using the mixing-cell model compare favorably, in most 
cases, to those from other studies.  

 The Yucca Mountain region (cell 18) is of interest because of its possible location for a 
high-level nuclear waste repository. Recharge in the vicinity of Yucca Mountain is an important 
element of site characterization. We estimate long-term average annual recharge at Yucca 
Mountain to vary from a maximum of 32 × 104 m3a-1 to a minimum of 15 × 104 m3a-1. When 
areally distributed, these values are 4.2 and 1.9 mm a-1, consistent with the range 0.5 to 4.5 mm 
a-1 reported by Montazer and Wilson (1984). Sadler et al. (1992) reported an areally-distributed 
recharge rate of 0.6 mm a-1 for a region including Yucca Mountain and Crater Flat. If long-term 
average annual recharge to the Crater Flat cell is combined with recharge to the Yucca Mountain 
cell in this study, an areally-distributed recharge rate for the two cells would be between 1.5 and 
1.9 mm a-1. We note that recharge rates as a percentage of the total flow for the Yucca Mountain 
cell are 28% and 88% for model variations one and two, respectively. These disparate figures 
reflect the different contributions from Crater Flat (cell 17), which were based upon the 
aforementioned different hydraulic gradients. The latter percentage seems rather high. 

 Subsurface inflow enters the regional system from the north, east and southeast; Table 4 
shows the cells receiving subsurface inflow and the amounts and ages of the inflow. 

 The Spring Mountains, located just southeast of the modeled region, provide a 
substantial amount of water as subsurface inflow to cell 34. Despite that fact that we have 
1172 × 104 m3a-1, approximately 23% of the entire system flow, entering as subsurface flow 
from the Spring Mountains, this is insubstantial compared to Burbey and Prudic's (1991) 
estimate of 4070 × 104 m3a-1 of recharge from the same region. We are unable to explain this 
substantial discrepancy. The fact that their modeled region is quite different from ours is an 
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insufficient explanation. However, our estimate agrees better with the 870 × 104 m3a-1 of Sadler 
et al. (1992) and the 1580 × 104 m3a-1 of Winograd and Friedman (1972). 

 Subsurface inflow from the north into cells 1 (Cactus and Gold Flats) and 2 (Kawich and 
southern Reveille Valleys) is in reasonable agreement with the estimates of Sadler et al. (1992) 
and Blankennagel and Weir (1973). Each estimated 250 × 104 m3a-1 entering Cactus and Gold 
Flats; for Kawich and southern Reveille Valleys Sadler et al. (1992) estimated 490 × 104 m3a-1 
and Blankennagel and Weir (1973) estimated 120 × 104 m3a-1. 

 The subsurface inflow of 809 × 104 m3 a-1 designated as entering cell 34 "from the east" 
is worth noting. We specifically envision this water as being distinct from the Spring Mountain-
derived inflow that also enters cell 34. The likely source of this subsurface inflow is Pahranagat 
Valley, east of cell 34, which is part of another regional carbonate flow system, the White River 
flow system. Winograd and Friedman (1972) speculated that as much as 740 × 104 m3a-1 could 
enter the NTS flow system from Pahranagat Valley, a number very close to our estimate; Sadler 
et al. (1992) estimated 1680 × 104 m3a-1. Perhaps more intriguing is the estimate of Kirk and 
Campana (1990), who simulated flow in the White River flow system using a deuterium-
calibrated mixing-cell model. They estimated that somewhere between 460 × 104 m3a-1 and 
540 × 104 m3a-1 flowed west out of the White River system, presumably into the NTS flow 
system. Burbey and Prudic (1991) did not account for subsurface flow from the east but they 
acknowledged that it could be possible.  
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3.2.3.5 Groundwater Ages and Residence Times 

 We calculated GROUNDWATER ages and age distributions using a subroutine of the 
mixing-cell model. Because this algorithm requires an instantaneous injection of a conservative 
tracer, all system recharge inputs are tacitly assigned an age of zero. For systems with significant 
subsurface inflow and/or recharge moving through thick unsaturated zones, the ages calculated 
by the model will be younger than the actual ages. From the calibrated version of this model, the 
age of system recharge ranges from approximately zero to 13,000 years for recharge and from 
approximately 7,400 years to 29,000 years for subsurface inflow. Therefore, the mean ages 
calculated by the model represent minimum mean ages and indicate the minimum average 
amount of time that the water of a given cell has resided within the modeled area (Feeney et al., 
1987): they are residence times. Table 5 shows simulated decay, median and mean ages. 
GROUNDWATER decay ages for the 35 cells representing the regional GROUNDWATER 
flow system range from a low of 2,800 years for cell 7 to nearly 39,000 years for cell 24. 
Minimum mean ages range from 2,200 years for groundwater in cell 7 (Groom Range) to nearly 
100,000 years for groundwater in cell 29 (Emigrant Valley). 

 We would expect the oldest water in the flow system to occur at the major discharge area 
in Ash Meadows. However, the mean age of water in cell 28 is among the youngest at 
9,900 years, which we attribute to the relatively large input of zero-age subsurface inflow to 
cell 34.  

 The age distribution A(N) and cumulative age distribution F(N) provide additional age 
information and information on the mixing characteristics in a particular cell or aquifer region. 
Relatively large spreads about the medians of both A(N) and F(N) curves indicate cells with a 
high degree of mixing containing waters of many different ages (Campana, 1987). Age 
distributions that have 

their maximum A(N) values at the y-axis are indicative of cells which receive a large 
percentage of flow directly from outside the model and are generally not well-mixed with older 
water. As the percentage of system boundary recharge decreases with respect to the total flow 
through the cell, the maximum A(N) value occurs progressively later in time. For example, 
Figure 10 shows age distributions for cells 6, 7, and 14. All flow through cell 7 is derived from 
recharge; there are no inputs from other cells. The maximum value of A(N) occurs at the y-axis. 
Most of the recharge to cell 6 occurs as recharge; however, a small percentage enters from cell 7. 
The A(N) curve is substantially flattened with the maximum value occurring at approximately 
400 years. Conversely, flow to cell 14 is predominantly from cell 6. The maximum A(N) value 
of the age distribution curve occurs later in time, at approximately 2,500 years. The age 
distributions for the Yucca Mountain cell (cell 18; Figures 11 and 12) have the characteristic 
shapes of a cell that receives most of its flow from recharge. Apparently, the volume of very 
young recharge is sufficient to mask the entrance of the older water from Crater Flat (cell 17). 
Figure 12 also shows F(N) for the Ash Meadows discharge area (cell 28). Again, the effects of a 
large amount of zero-age water being recharged to cell 34 and flowing to cell 28 via cell 35 are 
readily seen. Figure 13 shows F(N) for the lower-tier cell of Emigrant Valley (cell 29), which 
has groundwater exceeding several hundred thousand years old. 

3.2.4 Concluding Remarks 

 We constructed a steady-state mixing-cell model of the NTS regional 
GROUNDWATER flow system using corrected 14C decay ages, expressed as the percentage of 
modern carbon (pmc), as tracer data. To replicate the flow system, we subdivided the study area 
into a three-dimensional network of 35 mixing cells. 
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Table 5. GROUNDWATER mean, median, and decay ages 

Cell Simulated Decay Age 
(years) 

GROUNDWATER Ages 
Median Mean (years) 

1  12,000 10,400 15,000 
2 24,800 26,500 38,300 
3 12,400  9,400 15,600 
4 15,300 11,100 22,400 
5 21,500 21,100 33,600 
6  8,000  7,700 10,900 
7  2,800  1,500  2,200 
8 12,700  9,500 17,500 
9 -- -- -- 

*10  -- -- -- 
11 14,800  8,800 22,200 
12 11,100  2,000 16,900 
13 19,600 25,900 37,400 
14 8,800  8,600 11,700 
15 18,500 21,400 27,200 
16 21,300 27,500 35,300 
17 14,400  9,900 20,600 
18 12,000  6,300, 6,500 16,000, 10,900 
19 6,100  350, 450  7,100, 7,000 
20 30,500 57,500 68,300 
21 13,800 15,400 21,000 
22 4,300  4,000  6,100 
23 9,200  5,300, 5,700 14,100, 14,600 
24 38,900 73,800 84,100 
25 10,600  6,100, 6,600 14,800, 14,900 
26 13,200  8,000, 8,500 16,300, 16,500 
27 25,300  6,900, 8,300 14,700, 16,000 
28 23,000  3,500, 4,700  9,900, 11,300 
29 28,500 73,200 99,900 
30 13,900 16,300 31,700 
31 29,600 49,800 60,300 
32 28,000 45,100 58,400 
33 31,600 55,600 68,300 
34 22,700  1,700, 2,700  8,000, 9,100 
35 22,600  3,100, 4,400  9,600, 11,000 

 
* = dead cell, no flow (see text). For cells with two data entries, the first entry represents the first model variation, 
and the second entry represents the second model variation. 
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Two model variations were investigated to: 1) determine a range in recharge to cell 18, the 
Yucca Mountain cell; and 2) estimate the maximum and minimum age of subsurface flow into 
cell 34 from the valleys to the east. The first model variation used a hydraulic gradient of 
6.7 × 10-3 in a Darcy equation calculation to determine the volumetric flow from cell 17 to 
cell 18. The second model variation used a hydraulic gradient of 1.6 × 10-4 in a Darcy equation 
calculation to determine the volumetric flow from cell 17 to 18. Both model variations obtained 
good agreement between observed and simulated cell states, but we are unable to say which is 
more realistic. 

 Estimates of the long-term average annual recharge amounts obtained from the 
calibrated model are in general agreement with those of previous investigators, including our 
deuterium-based model. Of the 35 cells comprising the regional GROUNDWATER flow 
system, 22 received recharge and 4 received subsurface inflow. The total volumetric flow 
through the regional GROUNDWATER system is approximately 5400 × 104 m3a-1 under the 
first model variation and approximately 5200 × 104 m3a-1 in the second model variation. 
Fortymile Canyon/Wash (cell 19), received the greatest recharge, approximately 657 × 104 m3a-1 
(31.7 mm a-1) for the first model variation and approximately 530 × 104 m3a-1 (25.6 mm a-1) for 
the second model variation, for an average percentage of total flow of 11%. Long-term average 
annual recharge to the Yucca Mountain cell ranged from approximately 15 × 104 to 32 × 
104 m3a-1, or 1.9 to 4.2 mm a-1, respectively. 

 Subsurface inflow accounts for approximately 50 percent of the total system flow or 
2600 × 104 m3a-1 for both model variations. The largest subsurface inflow component originates 
in the Spring Mountains and accounts for 1172 × 104 m3a-1, or 23% of the total flow. A small 
volume of subsurface inflow, approximately 76 × 104 m3a-1, enters cell 35; this probably 
originates in the southern Spring Mountains and flows in via Pahrump Valley. Cells 1 and 2 
receive subsurface inflow, which originates in the valleys to the north (580 × 104 m3a-1 or 11% 
of the total flow), as does cell 34, which likely receives its subsurface inflow of 809 × 104 m3a-1 
(15% of the total system flow) from Pahranagat Valley in the White River flow system. 

 Because the age of the subsurface inflow was unknown, the system boundary recharge 
concentrations for cell 34 were adjusted during calibration of the two model variations. A system 
boundary recharge concentration corresponding to an age of approximately 29,000 years was 
determined for the first model variation and 22,500 years for the second variation. Interpretations 
of data by Thomas (1990, personal communication) indicate that the age of the underflow 
component should be approximately 23,250 years.  

 GROUNDWATER decay ages for the 35 cells representing the regional 
GROUNDWATER flow system range from a low of 2,800 years for cell 7 to nearly 39,000 
years for cell 24. Minimum mean ages range from 2,200 years for groundwater in cell 7 (Groom 
Range) to nearly 100,000 years for groundwater in cell 29 (Emigrant Valley). 

 Our work indicates that the regional flow system is much larger than our model depicts. 
Others (Winograd and Friedman, 1972; Winograd and Thordarson, 1975; Burbey and Prudic, 
1991) have also suggested this. However, we purposely restricted our flow system because of the 
dearth of 14C data, most of which is clustered in and around the Nevada Test Site. The fact that 
approximately half our system's total flow emanates as subsurface inflow indicates that the 
boundaries should be extended, most likely to the east and north. Similarly, subsurface discharge 
across the southwestern boundary of our model indicates that Death Valley belongs within the 
flow system. We cannot say how much farther north and east the system should extend; Burbey 
and Prudic's (1991) Death Valley flow system, four times the areal extent of ours (50,000 km2 
versus 12,400 km2), extends about 150 km farther to the north than ours; we do not feel that is 
unreasonable. Their system does not extend as far east to include Pahranagat Valley in the White 
River flow system; we believe that the White River flow system is indeed linked to the NTS-
Death Valley system. 
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 Our work does indicate that the Ash Meadows subbasin, the eastern portion of our 
model, is indeed worth categorizing as a subbasin. However, unlike previous workers, we are 
less inclined to delineate two separate subbasins in the western portion of the study area. There 
is less hydraulic communication between the eastern and western portions of the model than 
there is within the western portion. 

 Our model is a conceptual one and not intended to provide high-resolution 
hydrogeologic information. Its purpose is to provide estimates of recharge, GROUNDWATER 
ages and flow system boundaries, or in general, to test flow-system hypotheses. Much of our 
work corroborates that of previous workers and shows the correspondence between 
interpretations based on hydrologic and environmental isotopic data. However, much work 
remains to be done in quantifying a complex subsurface flow system. 

 
4.0 SUMMARY 

 
 A simple compartment model has demonstrated its worth in extracting more 

information from environmental isotope data than is the norm. By calibrating the model with 
environmental isotopes (deuterium and 14C) we are able to obtain information on 
GROUNDWATER ages and residence times, recharge rates and flow paths. The models 
presented herein also have paleoclimatic inferences as well. The models give consistent 
results (see recharge rate comparisons shown in Table 3), although direct comparisons are 
complicated by the fact that they encompass slightly different areal extents and one model is a 
three-dimensional cell network and the other is a two-dimensional one. But in terms of flow 
rates, GROUNDWATER ages and residence times the results are good – especially in a 
relative sense. 

 Future research efforts should involve the follwing: 1) coupling of the infiltration 
algorithm to a saturated zone model to better simulate recharge; 2) continued investigation of 
the linear reservoir approach for the treatment of transient effects; 3) more rigorous constraint 
of the model's parameter estimates; 4) development of transient analogues to the steady-state 
residence time distributions; 5) further investigation of the model's applicability to 
paleoclimatic investigations; and 6) coupling of geochemical models to the compartment 
model.  
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Abstract. A model based on spatial distribution of environmental tracers was developed at the 
University Ben Gurion and Tel Aviv and tested in the central Arava valley. Environment tracers 
(dissolved minerals and stable isotopes) are used to write a set of water and mass balance equations in 
a compartmental flow system. Various solvers were tested for their ability to solve the non-steady 
algorithm using synthetic data for simple groundwater flow system. Some encouraging findings have 
emerged when the temporal variations of the calculated fluxes, rate of pumpage, and sources of 
recharge of the central Arava valley were examined.  
 

Introduction 
 
 The following report summarizes the research activities associated with the 
development of a numerical model for a transient hydrological system. The model relies on 
the so-called Mixing Cell or Comparmental approach that utilizes environmental tracers to 
elaborate and quantify groundwater fluxes in complex basins with obscured hydrological 
information. The objectives were to incorporate environmental isotopes and hydrochemistry in 
a numerical algorithm of transient hydrological scheme to solve for groundwater fluxes and 
storage capacity. The model is aimed for hydrological basins with vague hydrogeological 
systems where common numerical models can not be adopted due to lack of essential data 
such as the location and hydrological properties along the boundaries. Temporal and spatial 
variations in hydraulic heads and in hydrochemistry of groundwater are used to assemble a set 
of water and mass balance equations in which fluxes, storage and the saturated volume of the 
compartment are the unknowns.  
 

This report presents the mathematical algorithm and the up to date setup of the 
optimization scheme, which provides a reasonable solution. In addition, we present 
preliminary results obtained for the central part of the Arava rift valley.  
 
 
Description of the study area in the Arava basin 
 
 The Arava Basin in the Jordan Rift Valley is shared by Jordan and Israel (Fig. 1). Only 
ephemeral streams run into the valley with scarce floods occurring after intensive convective 
rainstorms over the surrounding mountains. Therefore, the entire local water resources rely on 
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groundwater within the alluvial sediments and in the bedrock along the foothills. The Arava 
valley is a narrow downfaulted rift valley, about 20 km. wide and extending about 220 km. 
from the southern Dead Sea to the north Gulf of Eilat. It is an extremely arid basin with 
average annual precipitation of about 50 mm in the north and less than 25 mm near Eilat. Due 
to its geological and geophysical nature, the rift forms a low base level into which surface as 
well as subsurface flows drain from the surrounding mountains. In the valley water was found 
in (a) Sandstones of Paleozoic age, (b) Sandstones of Lower Cretaceous, (c) Limestone of 
Cretaceous age, and (d) Alluvial fill of Quaternary age. Due to extremely complex 
hydrogeologic structures caused by tilted faults followed by upward and/or downward 
movement of blocks, it was almost impossible to obtain detailed and reliable information on 
the physical properties of each structural component combining of the aquifer system. Hence, 
a quantitative assessment of the flow system by numerical modeling is not possible with 
common modeling methods. 
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Figure 1. Location of the research area in the central Arava valley. 
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 Preliminary qualitative studies revealed that the alluvial aquifer is recharged by four 
major sources: 1) lateral subsurface flow originating from infiltration and deep percolation of 
water from floods generated in the neighboring mountains and over adjacent alluvial fans; 
2) lateral groundwater flow from carbonate formations along the western margins; 3) lateral 
flows and upward leakage from the Nubian sandstone aquifers, and 4) leakage from deep-
seated aquifers containing brine. For the last 20 years or so the inflows are have been more or 
less balanced by pumping. Upward leakage into the “sabhahs” where it is later evaporated, is 
an important factor in the southern Arava basin. In the southern-most part of the area, near 
Eilat, direct outflow to the Red Sea should be considered, although because of intensive 
pumping during the last 20 years, this discharge is probably very small. Thick layers of marls 
and clay where relatively big springs have emerged from different water-bearing layers block 
the northward groundwater flow toward the Dead Sea. Direct recharge from local rainfall is 
excluded due to the limited amount of precipitation and high rates of evaporation. No 
indications were found for deep percolation from floods inside the southern valley into 
underlying deep alluvial horizons, as only very extreme floods may reach the lower valley 
along a very short section. The limited infiltration is quantitatively insignificant and may only 
recharge the shallow gravel beds from which water is extracted by evapotranspiration. 
Recharge from streambed infiltration in the northern basin, however, seems to play a major 
role in maintaining high groundwater quality in the alluvial aquifer. The quantitative 
assessment of various sources of recharge is essential for safe groundwater exploitation and 
management of the local water resources. 
 
Theory 
 
 The model is based on spatial distribution of environmental tracers such as dissolved 
minerals and relies on stable isotopes of oxygen and hydrogen. It is assumed that spatial 
variations of dissolved constituents and isotopic ratios in the aquifer can be attributed to 
mixing and dilution of several sources of groundwater recharge. 
  Tracers are assumed to be conservative along the flow path. The flow domain is 
discretized into mixing cells based on the distribution of the dissolved constituents. 
Environmental tracers are then used to write a set of water and mass balance equations in a 
compartmental flow system, such that the unknowns are transmissivities, groundwater fluxes 
and recharge sources. Quadratic programming is then applied to assess the above-mentioned 
unknowns. 
 
 The water balance expression in terms of mass flux of water (m/t) for every cell n with 
a porosity f and liquid density �n is given as: 
 

  
ri

i �1

I
� qin � rn qnj

j� 1

J
� � ru

u � 1

U
� qun � rn qne

e �1

E
� � rr

r � 1

R
� Qrn � rnWn � Vn

d
dt

(fnrn )    (1) 

 
where qin, qnj, qun and qne represent rate of horizontal and vertical fluxes entering and leaving 
the compartment respectively. Qrn represents a source term (usually known), and Wn is the 
known pumpage term. As heavy deep brine deposits are assumed to leak into the upper alluvia 
aquifer all over the rift valley in the basic equations the groundwater density rn is not 
considered as a constant parameter. 
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A Darcian type of expression can replace fluxes such as qin: 
 
qin � Tin

* hin , or qun � Kun
* hun           (2) 

 

where   Tin
* (� Tni

* )  and 
  
Kun

* (�Knu
* ) are the conductance terms in the compartmental 

approach that replace transmissivity and hydraulic conductivity respectively, and 
˜ h in �˜ h i � ˜ h n . With the above-mentioned terms Equation (1) gets the following expression: 
 

  
ri

i�1

I
� Tin

* ˜ h in � rn[ Tnj
* ˜ h nj

j�1

J
� � K ne

* ˜ h ne
e�1

E
� � Wn] � ru

u�1

U
� K un

* ˜ h un � rr
r�1

R
� Qrn � Vn

d
dt

(fnrn )  (3) 

 

  
Vn

d
dt

(fnrn ) = Vnfn
dr
dt

�Vnr
df
dt

(4)

For   Vn
*

 (the saturated volume of the cell ) that is defined as  Vn
*
� f nVn , for   Sn

*  (the volume 
of water one can extract from an aquifer with porosity � under a unit decrease in the 

hydrostatic pressure) which is defined as 
 
Sn

*
� Vn dfn dpn , and if one assumes that the 

change in groundwater density is mainly due to variation in the content of dissolved minerals 
such that 

  
�n � �H2O � Cnk

k�1

K
� � �H2O �Cn

*  and   d� dc*
�1 equation 4 can be expressed in the following 

form: 
 

  
Vn

d
dt

(fnrn ) = Vn
* dr

dc*
dc*

dt
�Vnr df

dp
dp
dt

� Vn
* dc*

dt
�Sn

*r dp
dt

    (5) 

where Cn
*
 is the sum of all the K types of dissolved constituents in cell n. 

  
 Using the definition of Hubert Potential  p� rg h � z� � and following the 
aforementioned arguments: 
 

  

dp
dt

� rg dh
dt

� g(h � z) dr
dt

� rg dh
dt

� g(h � z) dr

dc*

dc*

dt
� rg dh

dt
� g(h � z)dc*

dt
  (6) 

 
Therefore the water balance equation (1) for a mixing cell configuration can be rewritten in 
the following form:  
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n

dt

    (7) 
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 For the salt balance expressions Cki or Ckj designate the concentration and/or the rate 
of every k chemical or isotopic constituent associated with inflows i and outflows j into and 
from cell n respectively. When each flux term qin is multiplied by Cki, one may obtain an 
expression that describes the mass balance for every constituent k: 
 

  

[c
ik

i �1

I
� qin�Din

* (cik�cnk)]� [c
nk

j �1

J
� qnj�Dnj
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uk
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nk
)

  (8) 

 
Following the above-mentioned arguments: 

  
V

n

d
dt

(f
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C
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) � V

n
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S
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	�
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n

dt
     (9) 

 
In the latter expression retardation and/or sinks/sources of dissolved minerals are not included. 
Here again, where fluxes are replaced by Darcian type of expression (2) equation (8) is written 
in the following form: 
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   (10) 

 
While the mass flux of constituent k due to water head gradient is described by   cikTin

* ˜ h in , 
the mass flux due to the differences in concentrations between cells is described by 

  Din
* (cik � cnk ) where D* is the dispersion coefficient of the k species across the cell 

boundary. Both T* and D* can be treated as unknown terms together with the flux terms qin. 
 For every cell n (n=1,2,3....N) or compartment in the flow domain one ends with K+1 
mass balance expressions or N*K+1 equations for the entire modeled aquifer (one water 
balance and K dissolved minerals expression for every cell). Many more equations than 
unknowns.  
 
Adar, et al. (1988), and Adar and Neuman (1988) presented a quadratic programming solution 
for quantitative evaluation of recharge along a narrow single aquifer under steady flow model. 
Rosenthal et al. (1990) and Adar, et al. (1992) adopted the steady state solution for a multi-
aquifer system in the southern Arava valley. Adar and Sorek (1989) extended the approach 
and presented a theory which enables the assessment of the physical parameters of the aquifer 
combining the mixing cell approach with the piezometric head distribution for a quasi non-
steady flow. 
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Model Simplification 
 
 Preliminary tests revealed that for a multi-compartmental flow system where no prior 
information about the magnitude of the unknowns is available, the above-mentioned 
mathematical scheme was found to be too complicated. Therefore, for simplicity during the 
process of developing an appropriate optimization scheme, the mathematical algorithm was 
simplified to solve for external recharge sources, groundwater fluxes, storage coefficients and 
the volumetric capacity of the aquifer. The input data includes temporal variations in 
piezometric heads, rate of pumping water chemistry and changes in isotopic composition. 
Following equation (1) the simplified water balance expression for cell n is given bellow 
 

  
rii � 1

I
� qin � rn ( q njj � 1

J
� � q nee � 1

E
� + Wn) � r

r
Q

r
� Vn

d
dt

(fnrn) (11)

Assuming �i, �j, and �n are almost equal for all groundwater components (neglecting brines) 

the water density is taken as constant parameter. Since in equation (6) the g(h � z)dc* dt  term 
is very small compared to �g dh dt , the right hand side term of (11) is changed accordingly to 

  
V n d(f n r n ) dt � S * rg dh dt  and the water balance equation (11) gets the following form: 

 

  
q

in
i � 1

I
� � (q

nj
)
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J
� � q

un
u � 1

U
� � q

ne
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dt
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dt
    (12) 

 
where   S

**
� rgS * . Assuming dominant advection domain, the mass transfer by diffusion can 

be neglected and the mass balance equation (8) is modified to the following form: 
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Following the aforementioned arguments and equation (6) the right hand term in (13) is 
rewritten in terms of Cnk & h  and the mass balance expression (13) for every k species gets 
the following form: 
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  (14) 

 
As the spatial distribution of dissolved constituents was discretized into mixing-cells, the 
temporal variations of the constituents and the hydraulic heads are approximated using the 
finite difference approach. Equations (12) and (14) are now written as: 
 

  
q
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I
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nj
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U
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and  

  

c
ik

i � 1

I
� q in � c

nk
j � 1

J
� q nj � c

uk
u � 1

U
� q un � c

nk
e � 1

E
� q ne � C

rn
Q rn � c nk W n =

= V * C
nk
t = 2

� C
nk
t = 1

Dt
� S * *

n C
nk
t � 2 h

n
t � 2

� h
n
t � 1

Dt

    (16) 

 
In matrix form the above two equations get the following form: 
 
C �X � P � E             (17) 
 
where: 
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    C     X  P    E 
 
 
C is a matrix of known concentrations associated with each flux component, P is a vector of 
known sinks and/or sources, and X is the vector of the unknowns that might include fluxes, 
transmissivities, sources and storage coefficients. We seek a solution for X that will minimize 
the error vector E.. 
 
Methods of Solution 
 
The large set of water and mass balance equations serve as constraints in an optimization 
scheme. A solution for the unknown is sought in only the positive domain such that a minimal 
error is obtained with the objective function. The quadratic algorithm, in general, and even 
Wolf algorithm that provides adequate solutions for steady compartmental flow systems 
(Adar, 1995, 1996) failed to provide acceptable solutions for the transient flow algorithm. The 
solution did not converge probably due to sparse magnitudes of values in the constraint 
matrix. As a result when a local optimum was identified the optimization scheme could not 
proceed toward the global optimal solution. It seems that quadratic programming can not 
handle such large and sparse matrices with up to 6 orders of magnitude differences in 
parameters for which an optimized solution is sought but only in the positive domain. It 
appears that the main obstacle is the huge values of V* and S** with respect to some of the 
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fluxes components. The problem associated with local optimum is common among those that 
rely on “hill climbing” concept which heavily relies on the initial searching point and on the 
searching radius. 
Alternative optimization methods have been investigated mainly Genetic Algorithm, Least 
Squares solvers and Linear Programming. 
 
Genetic Algorithm 
 
 In most of the optimization schemes only one solution is saved after each realization. 
Therefore, the solution is often attracted or dominated by a pronounced local solution and fails 
to proceed toward the global optimal solution. In the Genetic Algorithm (GA) process a large 
population of solutions is simultaneously maintained and, therefore, the effect of the initial 
points on the optimization scheme is negligible. It is based on the imitation of the natural 
evolution where the most fitting elements survive and proceed along the developing 
generations. The GA requires a set of population members. Each population member 
represents a trail solution to a given objective function. The trail solution, when applied to the 
GA solver will have a solution (fitness) which describes the quality of the trail solution. The 
input to the fitness function is often called genes, which in our problem consist of water and 
mass balance constraints.  
 The GA works by starting with relatively poor trail solutions, that is, population 
members with poor fitness. Three different processes are then allowed to occur: Mating, 
Mutation, and “Survival of the fittest”. Mating involves exchange or crossover of genes 
among the population members creating a new diverse “offspring”. Once the crossover has 
taken place, the offspring undergo mutation where the values of the individual genes can be 
changed or mutated. The mutation actually introduces the population members with a 
randomly selected new set of genes ensuring new population members replacing the old ones 
only if they are better, according to some criteria. In this fashion, population members 
improve fitness with each new cycle, evolution or generation of crossover. In practice, it is 
desirable to minimize fitness, so the new generation has better fitness than the previous 
generation’s fitness. The resulting process yields a steadily improving solution to the problem. 
For further information about the principals of GA the reader is referred to textbooks such as 
Davis (1991). 
 A unique GA was written for this project. A range of solutions is provided to all 
unknowns. The process begins with random selection of 300 trail solutions in the first 
generation. The resulting solutions are examined against the objective function. The best 
solution is transferred to the next generation in which an additional 300 trail solutions are 
produced with mutations and crossover. Again all the solutions from the new generation are 
examined together with the best solution from the previous generation. The best fitting 
solution is again transferred to the next generation. The generator stops as soon as no 
improvements can be noticed in 10 sequential generations. In our code the fitting to the 
objective function is tested against one of the following criteria: minimum of the sum of the 
square errors, minimum of the sum of the absolute errors, and minimum of the maximum 
absolute errors.  
 
Results 
 
 All solvers were tested for their ability to solve the non-steady algorithm using 
synthetic data for simple groundwater flow system. In this chapter we present only meaningful 
results which elaborate on the advantages and the limitations associated with each method. In 
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the following flow system we assume that the concentrations of the external sources do not 
change with time. Therefore, any change in concentration within the cells is mainly due to 
various rates of mixing and dilution associated with changes in fluxes. 
 
Results obtained with the Genetic Algorithm 
 
 The Genetic Algorithm code was tested with synthetic hydrological data applied to 2, 
4 and 8 mixing cells with 8, 17 and 35 unknown parameters, respectively. For each cell we 
assigned one water and twelve chemical balance equations. The schematic flow configuration 
for two and four cells including the assigned values of the “unknowns” is illustrated in Figure 
2. The table within the figure elaborates on the data across one time step: t1 and t2. The 
complete set of data used for the 4 cells GA analyses is given in Table 1. 
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Figure 2. Schematic configuration of 4 cells with synthetic parameters for the Genetic 
Algorithm. The table provides the values of the assigned unknowns for time level 1 and time 
level 2. 
 
Figure 3 presents the average deviations (%) from the true values obtained for 4 cells with 
17 unknown parameters after 80 generations with 300 rounds within each generation. The 
curve of Maximum Allowed Error illustrates the width of the maximum allowed deviation for 
each parameter. It is shown that a relatively close solution for most of the parameters was 
obtained by averaging the top 16 or even the best 54 generations. Except for parameters 4 & 5, 
the deviations are lower than 20%. It seems that the large deviations for the above-mentioned 
parameters are associated with the wide band of boundaries assigned to those parameters. The 
effect of the range of the boundaries assigned to each parameter on the accuracy of the 
solution can be seen in Figure 4. Results from the narrow range represent bends in the same 
magnitude as the parameters themselves, while the “wide” bend was twice as much. It is clear 
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that increasing the magnitude of the bend of solutions provides much greater deviations. An 
attempt to reduce the deviations of the calculated parameters by scaling the constraints matrix 
(data in Table 2) and work with the same order of magnitude of coefficients did not reveal a 
significant improvement. The above-mentioned tests performed with Table 2 provided similar 
results to those obtained with Table 1. 
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Figure 3. Differences between calculated and assigned values in percents obtained with GA 
for 4 cells configuration. 
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Figure 4. The effect of the assigned width of boundaries on the accuracy of the GA results (4 
cells with 17 parameters). 
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ERRORS OF CALCULATED VALUES
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Figure 5. The effect of the number of parameters on the accuracy of the GA (2 versus 4 cells 
and 8 versus 17 unknown parameters). 
 
 In addition to the effect of the assigned width of boundaries on the solution’s accuracy 
we tested to effect of the number of unknown parameters. For that, the data in Table 1 was 
used except for the first 2 cells (Figure 2). In this test we end up with 26 equations and 8 
unknowns versus 52 equations with 17 unknown parameters, almost the same ratio between 
parameters and equations. The same range of boundaries was given to the common 8 
parameters. Figure 5 shows the average top 16 generations. It illustrates the tremendous effect 
of the number of parameters (or the size of population) on the accuracy of the results. In the 2 
cells configuration, except for Parameter 3 with a deviation of about 12.5 %, the rest are 
within only 5%. The latter experiment was also used to examine the number of rounds 
necessary to guarantee good average solution. Four runs with different initial “seeds” were 
performed. Figure 6 shows that for a small flow system (up to 8 unknown parameters) and 
boundaries width within the magnitude of the associated parameters, averaging of the top 4 to 
8 rounds provides the best solutions.  

Comparison of the results between 2 cells (8 parameters) and 4 cells (17 parameters) 
results revealed the high sensitivity of the GA to the magnitude of the assigned range of 
solutions (boundaries) and to the size of population. An additional synthetic test with 8 cells 
and 35 unknown parameters was performed to examine the possibility of utilizing the GA 
with the Central Arava data. Figure 7 illustrates the simple layout of the 8 cells with the 
associated parameters. The complete set of data for one time step (t1 - t2) is given in Table 3. 
Results with boundary width of 100% to 500% of the magnitude of the parameters provide up 
to 50% errors (Figure 8). When the range of the boundaries is reduced to the same order of 
magnitude as that of the unknown parameters the deviations decreased to 0 –25% (Figure 9). 
The major conclusion from the GA analyses is that reasonably good solutions can be obtained 
providing that the width of the solutions’ bends is quite narrow. Boundaries within the 
magnitude of the unknown parameters provided solutions accurate within of 20 to 25%. This 
accuracy decreases, however, with the increase of the size of the unknown population. Such 
results are well accepted as preliminary assessment of the flow system. However, we aim for 
better accuracy. 
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VALUES of OBJECTIVE FUNCTION
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Figure 6. Absolute values of the best GA solutions versus GA rounds obtained with 2 cells 
configuration. 
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Figure 7. A schematic flow system with synthetic data: 8 cells and 35 unknown parameters. 
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Figure 8. Results from the GA solver for 8 cells, 35 parameters with broad initial boundary 
width. 
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Figure 9. Results from the GA solver for 8 cells, 35 parameters with narrow initial boundary 
width. 
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Results obtained with Least Square analyses 
 
 The expected magnitude of most of the external fluxes (recharge components) as well 
as the internal (in-between-cells) fluxes are usually not known. Therefore, when the GA is 
considered, one has to assign quite a wide range for the boundaries of the unknown 
parameters. Many attempts were performed to overcome the lack of sufficient accuracy 
associated with the GA. This is not a trivial task as we limit our solutions to the positive 
domain only. Potential libraries such as IMSL® and NAG® were searched for potential codes. 
Several linear programming and least square codes were identified as potential solvers 
adequate for the positive domain. Among them is the E04NCF of the NAG® Library.  

The same chemical information for 4 cells configuration with 17 unknowns were used 
in an inverse mode to calculate the vector P containing the known terms associated with rates 
of pumping. The complete data set ready for the above-mentioned Least Square algorithm is 
presented in Table 4. It is important to note that source1 (External-1) contributes to both cells 
1 and 3, source 2 is considered for both cells 1 and 4, and source 3 is assumed to recharge 
both cells 2 and 3. 

 For a precise (perfect match) set of constraints with minimal associated errors 
the E04NCF code of the NAG® Library provides the best solution. Results are presented in 
Table 5. Unfortunately this algorithm is very sensitive to even small variations in the matrix of 
constraints. Therefore, the implementation of this method to real data is restricted to well-
established flow system with accurate concentrations and rates of pumping in each cell. For 
the time being, we could not guarantee such quality of data. The results obtained for the 
central Arava utilized the Least Square as well as the quadratic programming solvers but to a 
quasi-steady flow where the chemical and isotopic evolution over 20 years of records were 
divided into 5 segments.  

 
Table 4. Synthetic data for 4 cells run (1) Solution - using Least Squares method (procedure 
dlclsq) 
 
(A) - Parameters, Fluxes, & Rates of Pumping 

 
 
 

 
CELL-1 

 
CELL-2 

 
CELL-3 

 
CELL-4 

H (t1) 45 25 15 8 
H (t2) 34.4 27.542 9.0 7.313 

S* 5000000 6000000 4000000 8000000 
V* 7000000 4000000 8000000 1500000 

PUMPAGE 8000000 3250000 5400000 2600000 
q (external)-1 1600000 0 700000 0 
q (external)-2 800000 0 0 1000000 
q (external)-3 0 1500000 200000 0 

Q (CL-1 to CL-2) -5000000 5000000 - - 
Q (CL-2 to CL-3) - -200000 200000 - 
Q (CL-3 to CL-4) - - -500000 5000000 

     
DT (time step) 5 5 5 5 

 
(B) - Concentrations of various chemical components. 
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Table 5. Results obtained from the E04NCF NAG® code running on the Alpha Digital
Unix Computer

________________________________________________________ 
 

*** E04NCF*** 
 

*** Start of NAG Library implementation details *** 
  
 
*** Implementation title: DEC Alpha Digital Unix, Digital Fortran 90*** 
 
 Precision: Double 
 Product Code: FLDAU18DB 
 Mark: 18A 
  
 *** End of NAG Library implementation details *** 
  
 Parameters 
 
  
Problem type:  LS1  Hessian:  NO 
  
Linear constraints:  0  Feasibility tolerance: 1.05D-08 
Variables:   17  Crash tolerance:  1.00D-02 
Objective matrix rows.: 52  Rank tolerance:  1.11D-14 
 
Infinite boundary size: 1.00D+20 COLD start 
Infinite step size:  1.00D+20 EPS (machine precision):1.11D-16 
  
Print level:  10   Feasibility phase itns. 85 
 Monitoring file: -1   Optimality phase itns. 85 
  
 Workspace provided is IWORK( 200), WORK( 100000). 
 To solve problem we need IWORK( 17), WORK( 153). 
  
  
 Itn.   Step Ninf Sinf/Objective Norm Gz 
 0 0.0D+00 0 3.863058D+16  3.5D+09 
 1 1.0D+00 0 1.681604D-16  0.0D+00 
  
 Exit from LS problem after   1 iterations. 
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******** - RESULTS - ******** 
 
 Varbl State Value  Lower Bound. Upper Bound. 
  
 V 1 FR 1.600000E+06 2.000000E+07. 1.6000E+06 
 V 2 FR 800000. 2.000000E+07. 8.0000E+05 
 V 3 FR 1.500000E+06 2.000000E+07. 1.5000E+06 
 V 4 FR 700000. 2.000000E+07. 7.0000E+05 
 V 5 FR 200000. 2.000000E+07. 2.0000E+05 
 V 6 FR 1.000000E+06 2.000000E+07. 1.0000E+06 
 V 7 FR 5.000000E+06 2.000000E+07. 5.0000E+06 
 V 8 FR 200000. 2.000000E+07. 2.0000E+05 
 V 9 FR 500000. 2.000000E+07. 5.0000E+05 
 V 10 FR 5.000000E+06 2.000000E+07. 5.0000E+06 
 V 11 FR 6.000000E+06 2.000000E+07. 6.0000E+06 
 V 12 FR 4.000000E+06 2.000000E+07. 4.0000E+06 
 V 13  FR 8.000000E+06 2.000000E+07. 8.0000E+06 
 V 14 FR 7.000000E+06 2.000000E+07. 7.0000E+06 
 V 15 FR 4.000000E+06 2.000000E+07. 4.0000E+06 
 V 16 FR 8.000000E+06 2.000000E+07. 8.0000E+06 
 V 17 FR 1.500000E+06 2.000000E+07. 1.5000E+06 
  
 Exit E04NCF - Optimal LS solution. 
  
 Final LS objective value = 0.1681604E-15 
________________________________________________________ 
 
Preliminary results from the Central Arava Basin. 
 
 A complete hydrogeological database was established. It contains both physical 
isotopes and geochemical information. The first section includes lithology configuration, type 
of wells, altitude and depth. The second section contains both geochemical and isotopic 
information of all known springs, wells and flood water. The hydrochemical data and the 
environmental isotopes were used to classify potential sources of groundwater recharge and to 
discretize the alluvial aquifer into water bodies or compartments. Multi-variable cluster 
analyses were performed on both isotopes and ions. The results are presented in a form of a 
dendogram (Fig. 10) which suggest groups of wells that might form groundwater 
compartments. The dendogram might also suggest possible hydrological connection between 
cells. The final discretization of the alluvial aquifer into mixing cells within the central Arava 
Valley is given in Fig. 11. The arrows designate potential fluxes among cells deduced by 
hydrogeological and a hydrochemical assessment. 
 
 For each time interval, average concentrations for every species were calculated for 
each cell. However, it was assumed that the quality and the isotopic composition of each 
source remained constant. As the number of production and observation wells has increased 
with the development of the central Arava Valley, the setup of the groundwater flow 
configuration and the number of compartments at each time interval have been changed 
accordingly. 
  
 The results for each time interval (approximately 5 years each) are presented in 
Figures 12 to 15 respectively. At this stage we managed to identify and assess the fluxes from 
various sources of recharge and groundwater fluxes within the central Arava valley. It can be 
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seen that several potential subsurface fluxes resulted in zero. Some indicate a no flow 
boundary or hydrological discontinuity, while others testify that the considered potential 
inflow simply does not exist. Figure 16 illustrates the solution obtained for the hydrological 
year 1994/5. Due to lack of complete relevant fresh data it relies partially on isotopic and 
chemical data from the previous time step. As stated before, these are only preliminary results 
and further assessment has to be performed. However, some encouraging findings have 
already emerged when the temporal variations of the calculated fluxes, rate of pumpage, and 
sources of recharge were examined. This can be exemplified by the findings obtained for cells 
I and VI. 
 Figure 17 shows the calculated changes in fluxes associated with Cell I. The top 
diagram illustrates the changes in the amount of recharge and fluxes leaving to Cells II & III 
versus the rate of pumping. The lower diagram presents the variations in hydraulic heads 
versus rate of pumping in Cells I, II, & III. Results indicate that before massive groundwater 
exploitation the major sources of recharge into this section were from streambed infiltration 
during floods (~5.6 * 106 m3/5 years). About ~1.1 * 106 m3/5 years originated from the 
Eocene aquifer, and about 0.5 seeped from the L.C. (Lower Cretaceous) deep sandstone 
aquifer. At this initial stage the steady flux into Cell II is estimated by 1.9 * 106 m3/5 years 
with only a small amount (0.07) flowing into Cell III. At time level 1 only a small amount of 
groundwater was pumped from the L.C. aquifer. Increasing the pumping rates at time level 2 
mainly from the upper alluvial aquifer was associated with decrease of water levels and 
increasing of the local gradients. As a result, the contributions from the L.C. and the Eocene 
aquifers were increased to 2.5 * 106 m3/5 years and 1.8 respectively.  
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Figure 10. Results from a multi-variable cluster analyses from the central Arava Valley. 
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Figure 11. Discretization of the central Arava aquifer into mixing cells. 
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Figure 12. Calculated fluxes into and within the central Arava Valley for the years  
1974-1978. 
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Figure 13. Calculated fluxes into and within the central Arava Valley for the years  
1979-1983. 
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Figure 14. Calculated fluxes into and within the central Arava Valley for the years  
1984-1988. 
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Figure 15. Calculated fluxes into and within the central Arava Valley for the years  
1989-1994. 
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Figure 16. Calculated fluxes into and within the central Arava Valley for the years  
1994-1995. 
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Figure 17. Calculated fluxes associated with Cell I. 
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 Toward the end of the 70’s and the early 80’s the pumping rates in Cells I & II were 
increased by 30% and 50% respectively. As a result, the groundwater fluxes between these 
cells were increased to 1.5-2.0 * 106 m3/5 years associated with an increase in the piezometric 
gradients. Almost steady groundwater production from the alluvial aquifer, combined with an 
increased pumping from the sandstone L.C. aquifer in time levels 3 and 4, almost eliminate 
(0.4 versus 2.0 * 106 m3/5 years ) the contribution from the L.C. aquifer into the alluvial unit. 
In principal, the recharge from floods should not be affected by factors that are associated with 
the management of the aquifer. However, as most of the floods recharge the alluvial aquifer 
through percolation over the alluvial fans, lowering the water table and therefore increasing 
the gradients also increases the relative contribution of floods.  
 Groundwaters in Cell VI (Hatzeva) were the first to be developed and over the years 
the heaviest pumpage took place in this cell. In spite of the massive groundwater exploitation 
over more than 20 years, the piezometric surface dropped by only 7 m. Figure 18 demonstrates 
the temporal variations of groundwater recharge from nearby aquifers and floods. The lower 
diagram shows the variations in fluxes between nearby cells. Results from level 1 indicate that 
before the massive production began, the chemical and isotopic composition of groundwater 
was a combination of floods (~0.2), contribution from the Senonian (~3.2) and the Eocene (~ 
0.44) aquifers, and (~ 0.6 * 106 m3/5 years) from a brackish eastern source. During the second 
time level, pumpage was increased by 8 *106 m3 that caused the water level to decline by 6 m 
with only negligible effect in adjacent cells. The increases in the piezometric gradients were 
associated with an increase in groundwater recharge from all aforementioned sources and the 
enlargement of fluxes from the bordering cells (Figure 19). 
 Additional increase in groundwater production (7*106 m3/5 years) was recorded 
during the third time level, even though groundwater levels remained almost unchanged. This 
is explained by relatively high transmissivities in the eastern alluvial fans that provide 
additional fluxes of floodwater together with massive increase in fluxes from the Senonian 
and Eocene formations. A small increase in pumpage (up to 26.3*106 m3/5 years) was 
recorded during the fourth time level while the water table dropped by only 1.7 m. Most of the 
additional water came from enhanced internal flows from upstream cells, and some from the 
Senonian formations as well as from the alluvial fans. 
 The above-mentioned analyses of the results are at the preliminary stage. The GA code 
applied to the Arava data provided inadequate solution. Refinement of the transient computer 
solver code is expected to provide a novel groundwater flow model that is based on the 
Mixing Cell approach. At this stage only a semi-quantitative assessment can be obtained for 
the transient flow system. However, for basins with scarce hydrological and geological 
information even such rough assessment is essential for preliminary management of the local 
groundwater system. 
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Figure 18. Calculated fluxes into Cell VI. 
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Figure 19. Fluxes versus rates of pumpage associated with Cell VI. 
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Dıstrıbuted modelıng of flow and transport dynamıcs ın  
large scale karst aquıfer systems by envıronmental ısotopes 
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Ankara, Turkey 

Abstract. A distributed conceptual model is proposed in the analyses of the groundwater flow and 
transport dynamics in large scale karst aquifer systems by using mixing cell approach and the power of 
the terrain analysis. The model is developed for the aquifer systems where the knowledge about the 
hydraulic and the transport characteristics is limited. The aquifer systems is discretized into finite 
number of the cells in three dimensions, and the transport processes is simulated by the mixing cell 
approach whereas the surface and subsurface flow processes are simulated by the flow routing. The 
special characteristics such as the distribution of the recharge, flow and storage properties of the karst 
terrain are considered in the dynamics of the flow.  

1. INTRODUCTION 

The modeling of the karst groundwater flow systems has long been recognized as the 
identification of the system response function parameters of the discharge hydrograph of the 
natural outputs of the system such as springs, rivers fed by karst aquifers, etc. The quantitative 
definition of the karst system has been based on this approach as recession hydrograph 
analysis for a long time, and the recession coefficient has been used for the representation of 
the storage and conductivity properties of the system. This is a lumped parameter approach 
and provides a single parameter for the whole system without regarding the spatial pattern of 
the hydrologic conditions. Since the parameter is not physically based, it cannot reflect the 
processes inside the system.  

The combined use of the flow data with quality variables became very popular in 
modeling the hydrogeologic systems following the realization of the contributions of the 
environmental isotope studies. These models have been used mainly in the interpretation of 
the radioisotope data, without regarding the characteristics of the flow system. The models 
used in this respect generally produce turnover time of the water in the system, but they are 
far away from being a representation of the flow system. These kind of models based mostly 
on the lumped parameter modeling approach which is ignoring the spatial variations of the 
parameters controlling the groundwater flow and assumes the flow is in steady state. Thus, 
this approach is valid only for the homogeneous and steady systems. The karst systems, on 
the contrary, exhibit heterogeneity and anisotropy, and the flow is generally unsteady. 
Therefore, modeling of environmental isotope evolution as well as the groundwater flow in 
karst aquifers requires a distributed parameter modeling approach, which considers both the 
temporal and spatial properties of the parameters defining the flow and transport domains.  

Recent developments in the field of the "Geographic Information Systems" have 
accelerated the development of the distributed parameter modeling approach that is 
attempting to represent the hydrologic processes in a realistic and comprehensive manner 
through the use of equations involving space coordinates. These highly complex physically 
based models are especially appropriate when the primary aim is the understanding of the 
hydrologic processes [1]. Many aspects of hydrologic response depend on topography. The 
accurate representation of the catchment topographic characteristics is fundamental to 
accurate representation of surface and subsurface runoff processes. Terrain analysis 
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techniques are an important development that has potentially improved the accuracy of the 
distributed parameter hydrologic models [2]. Many physically based-distributed parameter 
models have been developed in this regard to simulate the surface and subsurface runoff in 
small hydrologic catchments, incorporating all the hydrologic processes in detail.  

The groundwater flow models are generally based on the prediction of the 
consequences of a proposed action to the flow system. In complex cases, models can be used 
as an explanatory tool to provide additional information and interpretation on the flow 
domain, which is especially important in karst terrain where the knowledge about the flow 
and transport system is limited. The complex organization of the flow domain and the 
heterogeneous recharge distribution causes difficulties in understanding groundwater flow 
pattern in the karst aquifers. The groundwater flow models developed for the granular 
aquifers, based on Darcy's law is not applicable for the karst aquifers, where the groundwater 
generally moves through the conduits, and the velocity is extremely higher than that of the 
granular systems. The discontinuity in the flow domain limits the expression of the flow 
system by the differential equations based on the continuity and the representative elementary 
volume approach.  

The model developed in this study is a first attempt to identify the karst groundwater 
flow system by a terrain based distributed parameter hydrologic model coupled with mixing 
cell approach for the environmental isotope transport. This distributed flow and transport 
model considers the spatial variations of the parameters in three dimensions and is applied to 
the highly karstified Beydaglari Aquifer system located at the Mediterranean coast of Turkey.  

2. CHARACTERIZATION OF THE KARST AQUIFERS 

The success of the modeling of a system requires detailed definition of the system, 
well-defined and representative system parameters, and high quality of the input and output 
data that are generally not available in karst basins. Furthermore, even the basic definition of 
the karst hydrogeologic system is based on the experience and senses of the hydrogeologist 
instead of the physical laws. The descriptive data are generally scarce in space and time, and 
far from a well-defined reflection of the system behavior. The size of the subsurface drainage 
area and the extent of the hydrologic boundaries of the karst system are other unknowns and 
time-dependent parameter as opposed to granular flow media. The groundwater flow equation 
developed for the granular porous media exhibiting a continuum is not valid for the karst 
groundwater flow because of the discontinuities, high groundwater flow velocity, and 
incredible hydraulic gradients. In addition to these constraints, it is generally impossible to 
characterize the karst groundwater flow by using the hydraulic parameters such as hydraulic 
conductivity, transmissivity, etc., since the definition of these concepts is also based on the 
continuity approach. Thus, the model for the karst flow system should overcome the problems 
related to the heterogeneity of recharge, of the system geometry, of the structure (organization 
of the flow paths inside the aquifer), of the hydraulic head distribution; and inability to define 
a “Representative Elementary Volume” (REV), and to express the mass, energy and 
momentum transfer as a continuos function of time and space.  

The major parameters controlling the dynamics of the karst system are the recharge, 
storage, and flow characteristics [3]. All these parameters exhibit both spatial and temporal 
heterogeneity. The size of the karst system is too large and changes in time. The spatial and 
temporal data characterizing the system are generally scarce. The only available data are the 
discharge rates of the large springs discharging the system. The water entering the system as 
recharge reaches to the storage and flows to the spring according to the properties of the 
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system and being marked by the processes in the system. Therefore, the discharge hydrograph 
characterizes the overall continuing response of the system to the previous hydrologic events, 
and it is a function of the above mentioned parameters.  

The recharge of the karst system lies between two end members: concentrated 
recharge through the sink points and dispersed recharge through the pervious formations. The 
concentrated recharge occurs in a short period and in large amounts. Dispersed recharge takes 
place over large areas but limited amounts and relatively in longer period. The recharge 
characteristics of a karst system can be identified by the discharge hydrographs of the large 
springs. Under concentrated recharge conditions, the discharge hydrograph reflects a sudden 
and intense peak. In case of dispersed recharge conditions, the increase of the discharge 
requires a long period and the rate of the increase is small. 

The groundwater flow in karst aquifers ranges between diffuse and conduit flow 
systems. The conduit flow takes place through the large solution channels with high velocity. 
Under conduit flow condition, the ratio of the maximum discharge to the minimum discharge 
is very high (10:1; 1000:1). The hydrochemical parameters exhibit a great variation in time. 
The diffuse flow occurs in the porous media formed by the fissures, fractures and openings. 
This kind of flow occurs generally in less karstified aquifers. The groundwater velocity is 
very low, and Darcy's law could be valid. The ratio of the maximum discharge to the 
minimum discharge is about 4:1 or less. The hydrochemical and hydraulic parameters do not 
show significant temporal variations.  

The storage capacity of the karst aquifers is another important factor controlling the 
groundwater flow dynamics. Low capacity reservoirs transmit the recharge water to the outlet 
in very short time. High capacity reservoirs reduce the effect of the recharge pulse and the 
discharge and hydrochemical properties of the water do not exhibit significant temporal 
variations. 

3. DISTRUBUTED GROUNDWATER FLOW AND TRANSPORT MODEL  

The hydrologic models can be referred as conceptual and physically based according 
to the description of the physical processes; and lumped and distributed, according to the 
spatial description of the hydrologic system.  

The conceptual reservoir theory based on the linear system analysis has been used by a 
number of authors for karst groundwater flow system simulation [4-7]. These studies have 
attempted to model the groundwater flow circulation by discretizing the aquifer into 
subsystems in order to evaluate the radioisotope data and determine the groundwater age. This 
approach has exhibited significant differences from the conventional tracer transport 
modeling approaches (such as piston flow model, exponential model, etc.) in determining the 
groundwater age, where the groundwater flow system is not considered as a physical 
component of these models. Discretizing the hydrogeologic system into subsystems (cells) for 
the evaluation of the isotope data provides a conceptual consideration of the groundwater flow 
dynamics among these cells. The transport of the water and the isotopes between the cells is 
evaluated by the finite state mixing cell approach, as defined by [4]. They proposed a discrete 
state compartment model that represents the physical system as a set of interconnected cells, 
through which water and dissolved material are transported according to physical laws. 
Transport of water and isotope was governed by a set of recursive equations that represents 
the physical system as a series of discrete states. The conservation of the mass restraints the 
derivation of the recursive equations. The same approach has been applied by using tritium 
and 14C isotopes in several studies [6-8]. However, these mixing cell model studies was based 
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on the limited number of the cells (subsystems) and did not provide detailed information 
about the hydrogeologic system since the cells are still characterized by lumped parameters 
and represent very large volumes.  

Distributed hydrogeologic models are structured to enable the spatial characteristics to 
be represented by a network of the grid points. The system may be represented by thousands 
of the grid points, each of which is characterized by several hydraulic and transport 
parameters and variables. Advances in raster based Geographic Information System (GIS) 
enhance the capability to handle large databases describing the detailed spatial information 
about the hydrogeologic system. The consideration of the spatial and temporal variability of 
all the hydrologic system in detail within the GIS amplify the development of the more 
physically based models for the flow and transport processes. The hydrogeologic system to be 
modeled is assumed to be composed of either triangular or rectangular cells, and values of 
hydrologic variables such as slope, aspect, lithology, morphology, infiltration type and 
capacity, storage and conductivity properties, etc. are defined for each element. These values 
may be derived either from digital maps or from the interpolation of the point data. Several 
physically-based mathematical relations are used to describe the hydrologic processes, e.g. 
interception, infiltration, drainage, overland flow, channel flow, subsurface and groundwater 
flow, and transport processes. Additionally, the karstic system is more sensitive to the 
morphological variability than the granular media. The 3D-location of the sinkholes 
tremendously effects the recharge and the groundwater flow regime. The existence and the 
distribution of the karstic conduits, caves and fractures control the groundwater circulation 
and storage system.  

3.1. Model Structure 

A three dimensional groundwater flow model has been developed for complex karst 
aquifers in order to simulate the groundwater flow and transport processes. The model 
simulates the groundwater system by the distributed parameter approach by discretizing the 
flow media into volumetric cells, that are characterized by their geographic, geologic, 
structural, and hydrogeologic properties. All the properties are assumed homogeneous in a 
cell. The groundwater flow between the cells is simulated by the flow routing technique. The 
routing approach is very popular in modeling the hydrologic systems and first proposed by [9] 
as the linear reservoir theory, and widely accepted and used by the hydrologists [10-13]. The 
flow routing technique is based on two approaches: the hydraulic approach uses the Saint 
Venant continuity equation, whereas the hydrologic approach uses the reservoir water balance 
equation. In the hydrologic approach, each cell of the model represents linear or nonlinear 
reservoirs in which the relationship between the storage (S) and outflow (Q) is given by; 

nKQS �  (1) 

where K and n represent the constants for the physical process. The water balance or the mass 
conservation within �t time interval for each cell can be expressed as: 

Total Inflow - Total Outflow = Change in Storage 

dt
dS)t(Q)t(R ��  (2) 

This relation can be rearranged for an input (R) to the linear reservoir (n=1) by continuity: 
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RQ
dt
dQK ��    (3) 

This differential equation results: 
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The above given convolution integral represents the outflow (Q(t)) from a reservoir 
recharging by R(t) and is given in discrete form as: 
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The flow between the cells is then expressed by the following equation: 
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This equation is the discrete form of the flow routing equation and could be derived by 
finite difference approximation of the continuity equation [14] or time series analysis [15]. 
The equation represents the outflow (Qt) of the reservoir at time "t" as a function of the 
previous outflow (Qt-�t), present (Rt), and previous (Rt-�t) recharge rates (Fig. 1). The 
parameter K is the storage constant that has the dimension of time. Under no recharge 
condition, the equation becomes the well-known Maillet equation of the hydrograph recession 
curves. 

R

R Q R

Q

 

�Rm

�Qm

FIG. 1. The convolution of the recharge to the discharge through interconnected reservoirs. 
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3.1.1. Physical Framework of the Model 

The hydrogeologic system is simulated as it is composed of interconnected reservoir 
systems. The hydrogeologic system is discretized into volumetric cells (�V����x·�y·�z) in 
3D coordinate system and all the variables and parameters representing the flow and transport 
in the cell are defined as 3D functions of geographic (topographic) coordinate system (Fig. 2). 

An equal grid spacing is used in x-y surface, whereas the thickness of the layers can be 
variable and being assigned by the user for each layer at the beginning of the simulation. Then 
the numbers of the layers is calculated for each grid according to the topographic elevation of 
the grid. An additional layer may be located at the bottom of the system to consider the dead-
storage, submarine discharge, or deep percolation.  

Each cell is attributed by a cell type code ("GeoCode") representing the hydrogeologic 
properties of the cell based on the lithology. The cell type code is taken as negative for 
impervious (non-active) units, zero for constant head cells such as sea, and positive for 
pervious (active) units. Infiltration or groundwater circulation does not take place over the 
negative coded cells, instead the overland flow occurs according to the aspect and the slope of 
the terrain in these cells (Fig. 3). 

 

�x �y

�z

1
2
3
4

 
FIG. 2. Representation of the hydrogeologic system by interconnected volumetric cells. 
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FIG. 3. The discretization of the active (+) and non-active (-) cells by "Geocode". 
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The "GeoCode" is a 3D array and it is read for the top layer as input to the model. The 
deeper extinction of the lithology that is cropping out at the top layer is calculated in the 
model by using the depth of the cell/layer and the thickness, dip, and strike of the outcropping 
material. The "GeoCode" of the lower cells below the top layer is then assigned by the model. 

The structural features (faults, folds, and lineaments) are defined by their directions. 
The direction of these features is limited to eight direction, North, Northeast, East, Southeast, 
South, Southwest, West, and Northwest. The cells are attributed by the code ("StrCode") for 
structural features. If the cell is not crossed by any structural feature, the "StrCode" of the cell 
is assigned to zero. The "StrCode" is attributed with numbers from 1 to 8 (N, NE, E, SE, S, 
SW, W, NW) representing the direction of the groundwater flow controlled by the structure. 

The location of the sinkholes and springs are expressed by similar codes ("SnkCode" 
and "SprCode"). The cells including a sinkhole/spring are assigned by the value 1, whereas all 
the remained are expressed by zero. The terrain slope represents the slope at any grid node on 
the surface and is reported in degrees from -90 (vertical downhill) to 90 (vertical uphill). For a 
particular point on the surface, the terrain slope is based on the direction of steepest descent or 
ascent at that point so that across the surface, the gradient direction can change.  

The aspect of the terrain is the direction of the steepest slope at each grid node. It 
represents the direction that water would flow over the surface or the angle that is exactly 
perpendicular to the contour lines on the surface. Terrain aspect values are calculates as 
azimuth, where 0 degrees points due North, and 90 degrees points due East. In calculation of 
the overland flow the flow direction is expressed in eight major direction: N (337.5º – 22.5º), 
NE (22.5º – 67.5º), E (67.5º – 112.5º), SE (112.5º – 157.5º), S (157.5º – 202.5º), SW (202.5º – 
247.5º), W (247.5º – 292.5º), and NW (292.5º – 337.5º). 

3.1.2. Hydrologic Model 

The model is designed to simulate the surface water and groundwater circulation on 
the karst terrain. The terrain is described by topographic, geologic, and morphologic aspects 
as outlined above. The hydrologic system is expressed by the recharge, storage, and discharge 
events. The model considers precipitation and evaporation, infiltration, overland flow, surface 
storage, percolation, groundwater storage and flow processes. The water balance is calculated 
for each cell at every time steps by considering the recharge from precipitation, infiltration, 
percolation, evapotranspiration, overland flow, surface storage, and groundwater flow. The 
time step in the model is selected as one day, but selection of the more frequent time steps is 
also possible. The general structure of the flow model is indicated in Fig. 4. 

 Precipitation and Evapotranspiration 

The precipitation observed in the meteorological observation stations is being 
considered as the recharge source of the model area. The stations are defined by their 
topographic coordinates in the model. The model checks the records of the precipitation 
stations at all time steps during the simulation whether point rainfall events are recorded for 
those particular time step. The point precipitation values are then interpolated all over the 
model area by either ordinary kriging or inverse distance techniques. For every time steps, if 
precipitation happens in one or more stations in the model area, the values are interpolated for 
each cell. The kriging technique is more reliable to represent the precipitation distribution, but 
inverse distance method is faster for computational time. Potential evapotranspiration is also 
given to the model for the observation sites and then extrapolated over the model area. The 
net recharge is calculated as precipitation surplus over evapotranspiration. In case of greater 
evapotranspiration than the precipitation amount, the deficiency is supplied from the surface 
storage (if any). 
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FIG. 4. The structure of the distributed model of the karst flow and transport processes. 

  

 Infiltration 

Infiltration takes place over the pervious geologic units as defined by positive 
"Geocode" values. The source of the infiltration are the precipitation surplus, the amount of 
water flowing from upstream cells as overland flow, and the surface storage of the previous 
time step in the cell. The infiltration is simulated in the model as either concentrated or 
diffused process. If the cell consists of sinkholes, all the recharge water will infiltrate to the 
top layer in that particular time interval as point/concentrated recharge, and the surface 
storage will be zero. In absence of the sinkholes, the Hortonian infiltration will take place for 
the diffuse recharge. 
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 Overland Flow 

Overland flow may occur in both negative and positive geocoded cells where a surface 
storage available. The negative Geocode means that the geologic unit does not allow the water 
to infiltrate in, so all the water will flow over the surface. In positive geocoded cells, overland 
flow occurs if there is water remained after the infiltration event in that particular time step. 
The water at the surface may be the excess of the infiltration, but it may be the amount 
coming from upstream cells. The direction of the overland flow is due to the aspect value of 
the cell. The water may flow to the one of the eight neighboring cells in the direction of the 
aspect of the cell. The overland flow for per unit width of the cell is calculated by the routing 
equation given above.  

 Surface Storage 

The volume of the water in a particular time step remained after all the hydrologic 
events is called as the surface storage, and is calculated by the balance equation at each time 
step. 

Sstor = Sstor(t-�t) + P(t) + OFlowUp(t) - Et(t) – I(t) - OFlowDown(t) (8) 

The overland flow coming from upstream cells (OFlowUp(t)) , precipitation (P(t)) and 
the surface storage of the previous time step (Sstor(t-�t)) are the gains of the balance 
equation, whereas evapotranspiration (Et(t)), infiltration (I(t)), and the overland flow to 
downstream cells (OFlowDown(t)) are the losses at the surface of the terrain. 

 Cell by Cell Flows 

The cell by cell flow process is simulated by the Equation (7). The flow between the 
cells as a function of time is controlled by the storage constant (K), which represents the 
turnover time for the reservoir. Each cell can be recharged from or discharge to the 
neighboring six cells. The partitioning of the flow between the neighboring cells is estimated 
by the volumetric gradient between the cells. The model calculates the current volume of the 
neighboring cells and compares with the current cells volume. If the neighboring volumes are 
lower than the volume of the cell of interest, the flow partition to the cell is estimated by the 
percentage of the total gradient with the neighboring cells. The flow does not occur to the 
neighboring cell whose volume is higher than the cell of interest. If the volume of the any 
neighboring cell is at its maximum value, the flow will not take place to that cell.  

The porosity of the cell is an important factor to define the karst circulation path. If a 
cave, conduit, or similar secondary porosity feature exist in the cell, the porosity value may be 
as high as 100%. Any known value for the secondary porosity value may increase the 
representability of the model. 

The model allows downward movement of the groundwater from the lowest cell to 
outside of the model region, but does not allow an upward recovery. The release of the water 
from the model region to outside may be interpreted as the deeper circulation, or dead storage 
for the modeled region. To simulate the interrelations with the neighboring aquifers, the outer 
cells accept recharge as specified flux through the horizontal model boundaries.  

It is assumed that the direction of the karst groundwater flow in the area is mainly 
controlled by the tectonics and the geology. As outlined above each cell is attributed by a cell 
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type code, which is the indicator of the lithology. The following assumptions are considered 
for the preferential direction of the flow: 

i) groundwater preferentially flows to the cell of the same type of the lithology, 
namely if there is a change in cell type code in the flow direction or the 
groundwater meet with a impervious boundary, the flow is redirected to the 
nearest direction where the same unit is available 

ii) preferential groundwater routes lie parallel to the major faults 

iii) the major flow direction is towards the major spring 

The flow model outputs the discharge hydrographs of the cells representing the 
springs of the interest. The calibration parameters are the storage constant (K) and the 
infiltration constant. 

3.1.3. Mixing Cell Transport Model 

The karst groundwater flow model is based on the linear reservoir theory whereas the 
transport process is simulated by the mixing cell concept. The model is designed to simulate 
the spatial and temporal distribution of the up to five conservative (non-reactive) tracers 
(isotopes, CFC, EC, Cl, etc.) in the groundwater. The model simulates only the advective 
transport and does not consider dispersion and diffusion processes. 

Mixing cell models have been used by several authors to simulate the environmental 
isotope transport processes [4-5]. In these studies, the aquifer is discretized into finite number 
of the cells (compartments) and it is assumed that complete mixing for all quality variables 
(isotopes, hydrochemical properties) takes place within each cell over discrete time intervals. 
Under complete mixing conditions in each cell, the recursive state equations for each tracer 
can be represented by: 

St = St-�t + Rt Cint - Qt Coutt (9) 

where "St" is the cell state at time step t represent the mass of the tracer in the cell, "Rt Cint" is 
the incoming mass flux with recharge, and "Qt Coutt" is the outgoing mass flux with discharge 
from the cell [4]. The above given equation represent the mass of the tracer at each time step 
as a function of the incoming and outgoing mass flux. The recharge water volume (Rt) and the 
tracer concentration of the recharge (Cint) are the known parameters whereas the discharge 
volume (Qt) at each time step is evaluated by the routing equation given above. The tracer 
concentration of the discharge is evaluated by using the mass balance approach as: 
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where "Vol" is the volume of the water in the cell. 

The mixing cell method is analyzed by [16] in detail. They have grouped several 
mixing cell approaches and concluded that the mixing cell algorithm is either explicit or 
implicit backward finite different approximation of the advective term in the general solute 
transport equation. [17] have compared this approach with the analytic solution of the one-
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dimensional transport of reactive and non-reactive constituents. The 1-D solute transport 
equation can be expressed as: 
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where C=C(x,t) is the concentration, Ds is the dispersion coefficient and V is the average 
groundwater velocity. The second term of this equation represents the advection transport and 
can be approximated by the following finite difference scheme: 
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where (V�t/�x) is the Courant number and should be less than 1 to affirm the finite difference 
solution is stable. [17] indicated that this scheme provides the same solution with the analytic 
solution of the advective solute transport equation. [16] indicated the mixing cell approach is 
also capable to simulate the dispersive transport. 

4. FIELD APPLICATION 

4.1. Beydaglari Karst Aquifer System 

The model outlined above is applied to the complete Beydaglari karst aquifer system 
composed of autochthonous and allochthonous carbonate aquifers and the Antalya travertine 
aquifer. The carbonate rocks of the Taurus Mountain Range of southern Turkey are important 
sources of fresh water supply. These carbonates are discharged mainly by large springs 
characterized by high discharge rates (generally over 10 m3/s), large residence or turnover 
times of many years or decades of years, and large and well-regulated spring flows. 
Understanding the hydrogeologic structure of these karst systems is a complex and difficult 
task. Determination of the recharge areas, recharge regime, storage, and flow properties of 
these springs requires detailed investigations.  

4.1.1. Geographical Setting 

Beydaglari aquifer, located at the Mediterranean coast of Turkey (Fig. 5), has been 
studied in detail for the management of the water resources. The storage capacity of the 
aquifer is very high, and the aquifer is a potential water supply source for the entire region. 
The aquifer extends from Finike town at the south to the Egridir Lake at the north in the SW-
NE direction. The aquifer is mainly drained by various springs with discharge rates ranging 
from few liters to 20 m3/s. Large solution channels, sinkholes, large karst springs, resurgence, 
and collapse dolines are the characteristic karst features of the Beydaglari system.  

The Beydaglari massif forms a broad north-south-trending anticlinorium 
approximately 300 km long � 50 km wide. The total outcrop area of the massif is about 11000 
km2. The sharp ridges of the Beydaglari Mountains reach up to 3000 m asl. Antalya travertine 
plateau is located at the Mediterranean coast of Turkey and bounded by the Aksu River basin 
at the east, Beydaglari Mountain at the northwest and Antalya Bay at the south. The plateau 
has an approximate area of 615 km2, and the average thickness of the travertine deposits is 
estimated as about 300 m. The travertine comprises three levels and extends from the foothills 
of the Beydaglari Mountains whereas the altitude of the surrounding mountain ridges reach to 
an elevation of 1500 m in very short distances. The travertine ends sharply at the east towards 
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the Aksu valley, and at the south towards the coast. The topographic heights around the 
Antalya travertine comprise Mesozoic carbonates of the Beydaglari formation and the Antalya 
nap units.  

The surface drainage pattern is not well developed in the area, due to the extensive 
karstification of the Mesozoic carbonates and travertine. There are some small intermittent 
rivers coming from the north of the travertine area, and disappears into swallow holes in the 
travertine. After heavy rain events, these rivers carry considerable amount of water from the 
steep slopes of the Taurus mountains and feed the travertine through the sink points. The 
major river in the study area is north-south directed Alakirçay river, starting from the foothills 
of Beydag Mountain and flows to the south to the Finike Bay. The river flows through the 
contact zone of Beydaglari Mesozoic carbonates and impervious Antalya Nappes. On the way 
to the sea, the river gains and loss of its water by the karst features developed in Beydaglari 
aquifer. The average discharge reaching to the Mediterranean sea is about 2 m3/s whereas the 
losses estimated as 10 m3/s.  

 

FIG. 5. The location, relief and general geology maps of the study area. 
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4.1.2. General Geology 

The study area is located in a complex geological and structural environment of the 
Taurides, which is an extension of the Alpine orogenic belt into southwestern Turkey. The 
Western Taurides in the study area form an arcuate belt divided into two limbs on either side 
of Antalya Bay. The Antalya travertine plateau is just situated in the mid of those two limbs. 
Western Taurids consists of a central relatively autochthonous unit, Beydaglari autochthon, 
and either side of which lie two allochthonous units, Lycian Nappes to the northwest and 
Antalya Nappes to the east. The generalized geology map of the study area is given in Fig. 5. 

The central unit, Beydaglari Autochthon comprises a regionally extensive shallow 
water limestone with a thickness of up to 2500 m belonging to a carbonate platform ranging 
in age from Liassic to Lower Miocene. In general, the Beydaglari massif forms a broad north-
south-trending anticlinorium. Structural trends are mostly northeast-southwest and north-
south. To the north, this anticline is truncated by a major northwest-southeast-trending, almost 
vertical fault, which runs into the Antalya Nappes. The carbonate platform exhibits 
spectacular karst solution features, and forms the reservoir rock of the large springs in the 
area. The Cenozoic starts with olistostrome melange indicating the emplacement of the 
Antalya Nappes over the Beydaglari Autochthon. Following the emplacement of the Antalya 
Nappes in the area, thick sequences of up to 1000 m of flysch-like Miocene clastic sediments 
deposited unconformably over the carbonate platform. Pliocene deposits constitutes shallow 
water limestone of 100 m thick, and marl, mudstone, sandstone sequences. 

The Lycian Nappes comprise a regionally extensive series of allochthonous 
formations emplaced during the Late Cretaceous and Early Tertiary. Mesozoic sedimentary 
facies within the Lycian Nappes range from shallow platform carbonates through redeposited 
slope sequences, to pelagic limestone and chert. Early Tertiary sediments comprise a flysch 
sequence of Eocene. Ophiolitic units in the Lycian Nappe consist of slices of peridotite and 
diabase intercalated with the nappes.  

The Antalya Nappes comprises a variety of Mesozoic sedimentary facies, including 
turbiditic sandstone, pelagic limestone, radiolarites, redeposited limestone and ophiolite 
derived sandstone. Shallow water carbonates and a Cretaceous ophiolite, which is represented 
by pillow lava, dolerite, gabbro, and peridotite, are also occur.  

Quaternary is represented by the Antalya travertine plateau, which is an essential 
subject in understanding the groundwater flow circulation and the occurrence of the major 
springs. All the studies carried out in the region imply that the occurrence of the travertine is 
due to the highly saturated carbonate waters discharging from the carbonates of the 
Beydaglari Autochthon along the Kirkgözler spring zone at the northwest of the travertine 
plateau. The Kirkgözler discharge zone lie parallel to the thrust line of the Antalya Nappes 
over the Beydaglari Autochthon. The nap units are disappeared along the zone, and crop out 
in the north and south of the zone.  

4.1.3. Hydrogeology 

At least three distinct groundwater bearing bodies occur in the study area (Fig. 6). In 
downward succession they are the Mesozoic carbonate rocks of Beydaglari Autochthon and 
Antalya Nappes, Quaternary aged Antalya travertine and alluvial deposits of recent age lie in 
the plains.  
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FIG. 6. Water bearing rocks and major structural features in the study area. 
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The carbonate rock units outcropping in the north and northwest of the travertine 
deposits exhibit aquifer with large storage reservoirs. The carbonates of both Beydaglari 
Autochthon and Antalya Nappes act as aquifer, but the carbonate rocks of Antalya Nappes are 
bounded by the impervious nappe units. These aquifers discharge by small springs whereas 
the Beydaglari Autochthon Aquifer discharges through large springs at different elevations 
such as Karaagaç, Kirkgözler and Düdenbasi springs.  

The Beydaglari Autochthon Aquifer outcrops in high mountainous areas with an 
elevation range of 0 m to 3000 m. The aquifer is bounded by the Lycian Nappes at the west, 
Antalya Nappes at the east and north, and Miocene deposits at the south. The recharge area of 
the aquifer extends in SW-NE direction from the north of the Finike to the Egridir lake. The 
major natural discharge of this large area is the Kirkgözler Springs whereas some small size 
discharges are observed at the Miocene boundary at the south, and Lycian nappe boundary at 
the west. The extensive karstification of this aquifer causes high infiltration and storage 
capacities, and relatively longer travel time for the aquifer. The Beydaglari Autochthon 
Aquifer acts as an unconfined aquifer in general, the Antalya Nappes, however at the east and 
Miocene deposits at the north of its extent confine the aquifer in relatively small areas. Part of 
the aquifer is also covered by recent impermeable alluvial deposits in the northwest of the 
Kirkgözler Springs at the Korkuteli-Kestel-Bozova plains. The aquifer is generally recharged 
by infiltration of rain and snow waters through the relatively large poljes, collapses, uvalas, 
and sinkholes lie at an elevation range of 800 m to 2700 m.  

The Antalya travertine acts as an unconfined aquifer. Due to the karstic structure of 
the travertine, upper plateau is generally poor in terms of groundwater whereas the lower 
plateau offers a continuous water-table aquifer. The aquifer is discharged by some relatively 
small size springs and lots of exploitation and shallow wells for water supply to the city of 
Antalya. The recharge of the aquifer is mainly provided by the lateral inflow from the 
Beydaglari Autochthon Aquifer and fast infiltration of the storm water. The porosity of the 
travertine aquifer ranges between 0.25 to 0.52, and the infiltration rate ranges between 8 to 80 
l/min. The hydraulic conductivity of the travertine is between 8 to 50 m/d estimated by the 
pump tests carried out in the lower plateau whereas no groundwater is located by the wells 
drilled in the upper plateau. The water table of the lower plateau is generally lies at the 
elevation +5 m asl in most of the wells and do not change significantly through the time. The 
water level of the springs of the lower plateau ranges 2 m to 20 m asl. in the study area.  

The karstic springs in the study area constitute the most significant discharge agent of 
the large carbonate reservoirs. The largest of these springs are Kirkgözler Springs, and 
Düdenbasi Spring, and Karaagaç Springs. All of these springs are discharging from the 
Beydaglari Autochthon Aquifer. Other major springs in the area are discharging from the 
lower travertine plateau and from the carbonates of the Antalya Nappes. The travertine 
springs are Duraliler, Arapsuyu, Magara, Kemeragzi, and Iskele springs, whereas the Hurma 
and Kapuz springs are discharging from the Upper Antalya Nappes. There are also numerous 
small springs discharging at the coastal line. The general groundwater flow and the major 
spring occurrences are indicated on Fig 7. 



16 

 

FIG.7. The groundwater circulation and occurrence of the Kirkgözler and Düdenbasi Springs. 

Kirkgözler Springs are a group of the springs discharging from the eastern foothills of 
the Beydaglari mountain along a zone of 1 km length at the elevation of 300 m. All the outlets 
are discharging from the same reservoir of the Beydaglari Autochthon Aquifer through well-
developed conduits and fractures. The spring zone is located at the contact zone of the 
Beydaglari Autochthon limestone and the travertine. However, the occurrence of the springs 
are controlled by the subsurface extension of the impermeable Antalya Nappes units, mainly 
the melange units. All the outlets of the Kirkgözler Springs have the same discharge elevation 
of 300 m. The speleologic and diving surveys have indicated the existence of a huge karstic 
reservoir behind the discharge zone. The reservoir reaches approximately 100 m depth from 
the water level and extend hundreds of meters inland. All the outlets of the Kirkgözler Springs 
reach to this common reservoir via conduits differing in depth and dimensions. The intake 
elevations (and the hydrostatic pressure) of these conduits are controlling the discharge rate of 
the outlets. The tracer tests carried out in the region indicated the extension and 
interconnection of the outlets with the reservoir system. 

Karaagaç Springs are discharging from the Beydaglari autochthonous unit at the 
contact with the Antalya nappes at an elevation of 1000 m. The discharge occurs from several 
outlets as Kirkgözler Springs, and feeds the Alakirçay river. 

Düdenbasi Spring is discharging at an elevation of 80 m, 9 km northeast of the 
Antalya City. The outlet of the spring is located on the lower travertine plateau, however it 
discharges the Beydaglari Autochthon aquifer. The spring resurgences from the bottom of a 
collapse with a diameter of 40 m. The groundwater of the Beydaglari Autochthon aquifer is 
conveyed via a conduit directed to NW, towards the Beydaglari Autochthon limestone units. 
The outlet of the conduit is started just below the water level. The spring water creates the 
Düden river flowing south to the Düden regulator, and then to the Mediterranean sea along a 
route of 15 km. Part of the river water is used for irrigation by the local people.  

Apart from the Düdenbasi Spring, there are numerous other springs discharging 
through the travertine plateau over the lower plateau. The significant outlets observed in this 
plateau are Duraliler, Arapsuyu, Magara, Kemeragzi, and Iskele springs. These springs are 
close to the sea level and their elevations are in agree with regional water table. Kemeragzi 
spring is discharging at the SE of the travertine plateau where all the others are concentrated 
on the western part of the travertine area. Kemeragzi spring area marks the contact of the 
travertine with the impervious Miocene deposits at the east.  
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There are also considerable amount of submarine discharge in the study area. The total 
amount of those springs is estimated as 5 m3/s. These springs are concentrated along the 
coastal line of the travertine and represents the discharge of the system at the escarpments 
between the lower plateau and submarine plateau. 

4.1.4. Water Budget 

Precipitation is the major source of all the groundwater available in the study area. The 
precipitation observations are carried out up to the elevation of 1270 m asl, and the stations 
are concentrated between 800-1200 m. The precipitation decreases as elevation increases. The 
mean annual precipitation at lower altitude stations is above 1000 mm, whereas it decreases to 
450 mm at 800-1200 m elevations. The areal average of the annual precipitation is estimated 
as 680 mm by isohyetal method. The evapotranspiration is not measured in the study area and 
need to be calculated as a function of temperature and precipitation for water budget studies. 
The mean annual evapotranspiration loss is calculated as 433 mm (70% of the annual 
precipitation) by Turc method. Thus, the sum of the surface flow and the infiltration over the 
whole drainage area is 247 mm. Groundwater discharge through the springs is one of the 
major components of the water budget. There are many springs discharging in the study area 
and only a small portion of their discharges has been measured. The discharge rate of the 
coastal, submarine and small mountainous springs has been never measured. The major 
springs and their long-term average discharge rates are as follows: 

 
 Spring Average Flow (m3/s) 
Düdenbasi Spring  18.3 
Kirkgözler Springs  15.3 
Karaagaç 10.0 
Coastal Springs 5.0 
Duraliler 1.8 
Magara 1.5 
Kemeragzi 1.4 
Arapsuyu Total 0.9 
Kapuz Total 0.8 
Hurma 0.6 
Total 55.6 

 

This high value of the groundwater discharge takes place in all the aquifer materials 
including the Beydaglari Autochthon Aquifer, Travertine Aquifer, and Antalya Nappe 
Aquifer. The discharge of the Kirkgözler Springs and Düdenbasi occupies the 73% of the total 
measured flows in the area. The water budget equation is expressed as: 

Total Inflow - Total Outflow = Change in Storage 

In this equation, "Total Inflow" represents the mean annual precipitation, and "Total 
Outflow" includes evapotranspiration, discharge, and other consumption. In long term, 
assuming the steady state conditions total inflow should be equal to the total outflow. In 
water-budget estimation of a large-scale karst system, the size of the drainage area of the 
springs is an unknown and time-variable parameter. The total potential drainage area of the 
Beydaglari Autochthon aquifer is about 11000 km2, as determined by the geological 
boundaries. The elevation range of this system is 0-2700 m. The effective recharge over this 
area is the precipitation minus evapotranspiration, that is 247 mm. Thus, the total inflow to 
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the system is about 86 m3/s. However, this value depends on the size of the recharge area, and 
should be interpreted as the maximum (potential) inflow rate.  

4.2. Model Application 

Following the definition of the physical structure of the Beydaglari aquifer system, an 
interpretive, discrete state model has been established for the system. The Beydaglari Aquifer 
System is discretized into cubic cells of 250 m in x-y dimension. The number of the cells in x-
y plane are 256x560 (row x column), covering the entire outcrop of the Beydaglari carbonate 
rocks. The system is discretized into a total 8 layers. The thickness of the layers are different. 
The bottom layer located below the sea level and has a thickness of 100 m. The layers are 
identified by their bottom elevations. The bottom elevations and the maximum thickness of 
the layers are as follows: 

Layers Bottom Elevation 
(m asl) 

Thickness of the 
Layer (m) 

1 -100 100 
2 0 100 
3 100 200 
4 300 200 
5 500 500 
6 1000 500 
7 1500 500 
8 2000 1000 

 
There are 22 different cell codes, 0 is given to cells occupied by the Mediterranean 

sea, positive values for aquifers, and negative values for impervious units in the area. Each 
unit is attributed with the stratigraphic thickness of the material, and the GeoCode of the 
bottom unit. The distribution of the aquifer and the impervious units at 7 layers above zero 
elevation have been indicated on Fig. 8. The Geocode values of the formations, their 
maximum thickness', and the unit below are listed in the following table: 

GeoCode Unit Bottom Unit Area (km2) Thickness (m) 
0 Sea 0 1894.3 100 
1 Dolomite 1 24.6 500 
2 Limestone  1 1746.9 3000 
3 Limestone  2 0.0 250 

-4 Impervious sediments  2 40.8 100 
-5 Impervious sediments  -4 110.8 250 
-6 Impervious sediments  -5 20.4 300 
-7 Impervious sediments  -6 403.8 2000 
-8 Impervious sediments  -7 154.8 1000 
-9 Impervious sediments  -8 0.0 100 

-10 Impervious sediments  -9 50.4 500 
11 Travertine  2 550.0 300 

-12 Impervious alluvium  -7 175.4 100 
-13 Impervious nap units  2 124.9 800 
-14 Impervious nap units  -13 987.6 1000 
15 Pervious nap units  -14 599.9 2000 

-16 Peridotite  -14 164.3 1000 
-17 Flysch  -7 122.2 250 
-18 Impervious sediments  -17 343.6 1000 
19 Alluvium  2 1075.1 20 
20 Alluvium  -10 27.8 50 
21 Alluvium  -14 342.5 50 
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The linear features affecting the groundwater flow direction (Fig. 6), spring and 
sinkhole locations, and topographic aspect and slope values are determined for each cell.  

The time interval for the simulation is selected as day, and the simulation covers the 
period January, 1954 to January, 1996. The daily precipitation values observed in 17 stations 
have been extrapolated over the model area for each day, and each cell has been attributed by 
daily values. The evapotranspiration values estimated by Thornthwaite method by using the 
monthly average temperatures of 5 station, and then the evapotranspiration values have 
interpolated for each cell. The tritium content of the precipitation observed at the Antalya 
meteorological station, which is involved in IAEA-WMO network, has been used for the 
tracer input function.  

The control values of the model are the discharge rates and the tritium contents of the 
spring. The observation period for the tritium contents of the Kirkgözler Springs cover a large 
period. The data were collected by various researchers between 1963 and 1996 [18]. 
However, the tritium contents of the other springs are not enough to form a time series.  

 

FIG. 8. The distribution of the aquifer boundaries at 7 layers. 
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In order to minimize the differences between the observed and estimated values of the 
discharge rates and the tritium contents; storage parameter (K) and the infiltration constants 
are being calibrated for each cell. The comparison of the observed and calculated discharge 
hydrograph and the tritium contents are given in Fig. 9. A satisfactory match is achieved for 
the majority of the flow occurrences, whereas there are some deviations at high and low-flow 
conditions. The general trend of the observed tritium content is matched specially after the 
year 1968.  

The distribution of the storage (sum of the water volumes of the cells at 7 layers) and 
the groundwater discharge for January 1990 is given on Fig. 10 as an example. The model can 
produce areal distribution of all the variables for any date 
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FIG. 9. The calculated and observed tritium and discharge values at Kirkgözler Springs. 
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FIG 10. The distribution of the groundwater discharge and the storage on January 1990. 

 

5. CONCLUSION 

A distributed physically based model is proposed in the analyses of the groundwater 
flow and transport dynamics in large scale karst aquifer systems by using mixing cell 
approach and the power of the terrain analysis. The model is developed as compatible with 
the data processing structure of the GIS approach. The cell configuration, geologic and 
hydrogeologic system and the recharge and discharge events are all defined in space 
coordinates. This will help in further associations of the model to a GIS system.  

Discrete state models such as proposed by [4-6] are the initiative works of the 
distributed parameter modeling of the environmental isotope data. These studies have 
provided turnover time and dynamic volume of the compartments representing part of the 
groundwater system by calibrating the isotope contents [4,6] and additionally the flow rate at 
the single outlet [5] of the system. The model proposed in this study differs from these earlier 
works by producing output of the isotope and flow rates for all the cells in the system and 
allows to estimate the calibration variables at multiple outlet points (springs, wells, etc.). The 
structure of the model is similar to the finite difference flow models such as "MODFLOW" 
[19] in terms of the grid design and the discrete structure of the flow and transport equations. 
As in the deterministic groundwater flow and transport models [20], the model impose large 
requirements for data to define all the parameters at all nodes of the grid, and it is inherently 
impossible to obtain a unique solution and the parameters and the variables obtained by the 
model are not the real and unique values representing the physical system. These are 
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approximate values based on the limited knowledge about the system. The quality of the 
model depends to the quality of the data. Due to the tremendous size of the aquifer system 
knowledge of the spatial and temporal distribution of the input data (recharge, tritium) is not 
satisfactory. Therefore, the model calibration does not necessarily produce an exact match of 
the observed isotope data. Instead, a good representation of the observed discharge and 
isotope distributions should be achieved at all the observation points. The calibration may be 
constrained by using several transport variables (isotopes, CFC, hydrochemical variables, 
etc.) and by considering several outlets of the system. 

REFERENCES 

[1]   BEVEN, K., Changing ideas in hydrology - the case of physically based models, 
Journal of Hydrology, 105 (1989) 157-172. 

[2]  GRAYSON, R.B., MOORE, I.D., MCMAHON, T.A., Physically based hydrologic 
modelling, 1. A terrain based model for investigative purposes, Water Resources 
Research, Vol. 28(10) (1992) p. 2639-2658. 

[3]  SMART, P. and HOBBS, S.L., Characterization of carbonate aquifers: A conceptual 
base, Proceedings of the Environmental Problems in Karst Terranes and Their 
Solutions, October 28 - 30, Kentucky (1976). 

[4]  SIMPSON, E.S. and DUCKSTEIN, L., Finite state mixing cell models, In: V. 
Yevjevich (Ed.), Karst Hydrology and Water Resources, Vol. 2, Water Resource 
Publications, Fort Collins, Colo., pp. 489 - 508 (1976). 

[5]  YURTSEVER, Y., PAYNE, B., A digital simulation approach for a tracer case in 
hydrological systems (multicompartmental mathematical model), Int. Conference on 
Finite Elements in Water Resources, London (1978).  

[6]  CAMPANA, M.E., MAHIN, D.A., Model derived estimates of groundwater mean 
ages, recharge rates, effective porosities and storage in a limestone aquifer, J.Hydrol., 
76: (1985) 247 - 264. 

[7]  TEZCAN, L., ARIKAN, A., Modelling of groundwater flow in karstic areas by using 
environmental isotopes, The First International Symposium on Application of 
Tracers in Arid Zone Hydrology, Vienna (1995). 

[8]  YURTSEVER. Y., Models for tracer data analysis, in Guidebook on Nuclear 
Techniques in Hydrology, IAEA, Technical Report Series No. 91, Vienna (1983). 

[9]  ZOCH, R.T., On the relation between rainfal and runoff, Weather Rev., 62, pp.315-
322 (1934). 

[10]  NASH, J.E., Systematic determination of unit hydrograph parameters, J. Geophys. 
Res., 64, p.111 (1959). 

[11]  DOOGE, J.C.I., Linear theory of hydrologic systems, Technical Bulletin No. 1468, 
Agricultural Research Service, U.S.Dept of Agriculture, Washington (1973) 

[12]  CLARKE, R.T., A review of some mathematical models used in hydrology, with 
observations on their calibration and used, Journal of Hydrology, Vol 19 (1973) 1-
20. 

[13]  BEVEN, K., KIRKBY, M.J., A physically based, variable contributing area model of 
basin hydrology, Hydrol. Sci. Bull. 24: 1-3 (1979). 

[14]  DOOGE, J.C.I., Theory of flood routing, in River Flow Modeling and Forecasting, 
D.A. Kraijenhoff and J.R. Moll (Eds.), Dr. Reidel Publ. Co., Dordrecht (1986). 

[15]  YOUNG, P.C., Time series method and recursive estimation in hydrological systems 
analysis, in River Flow Modeling and Forecasting, D.A. Kraijenhoff and J.R. Moll 
(Eds.), Dr. Reidel Publ. Co., Dordrecht (1986) 

[16]  BAJRACHARYA, K., BARY, D.A., Note on common mixing cell models, Journal 
of Hydrology, 153, (1994), 189-214. 



23 

[17]  VAN OMMEN, H.C., The mixing cell concept applied to transport of non-reactive 
and reactive components in soils and groundwater, Journal of Hydrology, 78 (1985) 
201-213. 

[18]  YURTSEVER, Y., Progress report on the environmental isotopic studies, DSI-
UNDP project, TUR/77/015, Technical Report No 33, Ankara (1979). 

[19]  MCDONALD, M.G., HARBAUGH, A.W., A modular three-dimensional finite-
difference ground-water flow model: U.S. Geological Survey Techniques of Water-
Resources Investigations, Book 6, Chapter A1, (1988) 586 p. 

[20]  KONIKOW, L., Numerical models of groundwater flow and transport, In:Manual on 
Mathematical Models in Isotope Hydrogeology, IAEA TECDOC, Vienna (1994). 

 

�

�



1 

Coupled inverse groundwater flow and geochemical modeling of the  
Sherwood sandstone aquifer in Northern Ireland 
 
A.A. Cronin, R.M. Kalin, Y. Yang 
Environmental Engineering Research Centre,  
The Queen’s University of Belfast,  
Belfast, United Kingdom 
 
 
Abstract. The Lagan River Valley is by far the most densely populated region in Northern Ireland 
with much of the province’s industry located here. The principal underlying aquifer is the Triassic 
Sherwood Sandstone formation but other formations such as the Permian Sandstone and the overlying 
Quaternary sands & gravel are also important water supply sources locally. Currently in excess of 
10,000 m3/d is withdrawn from the Sherwood Sandstone Group in the Lagan Valley, about 8000 m3/d 
is withdrawn for public supply from the Sherwood Sandstone Group at Newtownards, about 3500 
m3/d from the Permian Sandstone, and 1000 m3/d from the sand/ gravel deposits at Comber. With 
good hydrological data, a groundwater model can be a useful tool employed to simulate the effect on 
the aquifer resources by present and future developments. The Visual MODLFOW interface from 
WHI was used to model this study area. Groundwater models are difficult to calibrate due to lack of 
data, interplay between complex factors and also difficulties in assigning stress periods in transient 
runs. A parameter estimation package (PEST in this case) is being used to minimize discrepancies 
between model-generated values and corresponding measurement data sets. Fieldwork to collect 
geochemistry and isotopic measurements is on-going to determine the chemical evolution of the 
groundwater and its flow path through the aquifer. Comparison of flow paths from the geochemical 
interpretation and particle tracking in the model should finally allow a comparison of both outputs to 
be useful to constrain the number of plausible aquifer systematics. A preliminary approach for the 
concurrent modeling of a system using inverse flow and geochemical models is presented and the 
importance of automated inverse modeling in calibrating these models is stressed. 
 
 
1 INTRODUCTION 
 
1.1 General Introduction & Description of Study Area 
 

The Triassic Sandstone aquifer underlies Belfast and the areas to the East and South of 
the city and is Northern Ireland’s most important aquifer. The study area is a relatively 
complex aquifer system (Figure 1). The principal aquifer is the Sherwood Sandstone 
formation but other formations such as the Permian Sandstone and the overlying Quaternary 
sands and gravel are also important water supply sources locally. The study area can be 
subdivided into two main regions: a) The Lagan Valley to the South of Belfast and b) the 
Newtownards region from the head of Strangford Lough to the East of Belfast.  

The Lagan River Valley (Figure 2) is three or four miles in width and includes some 
of the richest agricultural land in the province of Ulster (Manning, 1972). To the north of the 
valley lies Belfast and its surrounding urban conurbation. This is by far the most densely 
populated region in Northern Ireland with much of the province’s heavy industry located here. 
The River Lagan rises as a spring in the Mourne Mountains, southeast of Dromore, Co. 
Down, and flows in a northwesterly direction over ground underlain by greywackes and grits 
of Ordovician and Silurian age, and finally north to Belfast through the glacial valley carved 
into the Triassic Sandstone. The valley is flanked by a Basalt escarpment to the west and 
north (the Antrim Plateau) reaching 480m elevation on the high moorlands of Divis and Black 
Mountain. The area to the southeast of the Valley is notable for its abundance of drumlins. 
Drainage in the Lagan River Valley is by a network of small streams which form small 
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alluvial flats between the drumlins and occasionally open into small lakes, and is towards the 
Ravernet River which flows west to join the Lagan near Lisburn (Manning 1972).  

The Triassic aquifer extends from Belfast eastward to the towns of Comber and 
Newtownards. Dolerite dykes and sills intrude the Sherwood sandstone resulting in a 
topographic relief that is one of the most outstanding natural features in the North Down 
(Hutchinson, 1979). There is only one major river of interest here, the Enler River, which 
flows from Dundonald to Comber, and then into Strangford Lough. Comber is situated on the 
river, at the point where it becomes tidal and is called the Comber River. The river valley 
upstream of the town consists of a broad floodplain flanked on both sides by drumlin hills. 

 
 

FIG. 1. Solid geology of the Lagan Valley area. 
 
 

 
 

FIG. 2. Water bodies of the Lagan Valley and its surroundings. 
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1.2. History of Exploitation & Study of the Sherwood Sandstone aquifer 
 

Groundwater provides just over 108 Ml/d of the 730 Ml/d or so for public and private 
supply in Northern Ireland (Robins 1996). For the most part private abstraction (Industry 17% 
and Agriculture 11% of the total abstracted volume respectively) is modest compared with 
public supply sources (72% of total). These sources are nevertheless of great social 
importance and economic benefit to the rural community and industry alike. The obvious 
advantages of groundwater are its widespread distribution, and hence availability throughout 
the Province, and its stable quality. It is often the only reliable and potable source for rural 
communities. The British Geological Survey has completed a borehole inventory for the 
whole of Northern Ireland, and it is estimated that there are much more than 1000 boreholes 
sources (Robins et al., 1995). In the absence of abstraction licensing it is difficult to determine 
an exact number however, for this research nearly 7,000 wells have to date been identified in 
N. Ireland. 

The Triassic Sherwood Sandstone is Northern Ireland’s most important aquifer. It has 
been supplying water to farmers for centuries and also provided water for the thriving mineral 
water trade of the nineteenth century. It was used substantially by local industries to feed 
steam boilers up to the 1930s. Abstraction declined after this due to the demise of steam 
power. However Lisburn Borough Council continued using groundwater for public supply 
after constructing their first deep well in 1934. In the 1970s there was renewed interest in the 
use of groundwater to supplement public supply in the Lagan Valley area. In 1971 the 
Ministry of Development commissioned a hydrogeological study of the Lagan Valley. A.C. 
Benfield (1971) wrote a paper with a preliminary appraisal and recommendations for further 
investigations from which came J.R.P. Bennett’s report (1976) for The Geological Survey of 
Northern Ireland titled ‘The Lagan Valley Hydrological Study’. Subsequent to this pilot 
supply wells were sunk and Smith (1985) revised the geology of the area. The Dept. of 
Environment, Environment & Heritage Service, commissioned a Management Strategy for 
the Catchment which W.S. Atkins produced in 1997. This emphasised how poorly understood 
the hydrology and hydrogeology of the Lagan and the underlying Sherwood Sandstone 
aquifer are. Public Supply Wells are by far the most dominant groundwater abstraction points 
in the valley at present (extracting approx. 3000 to 10,000m3/d) with a number of industries 
also utilizing this resource. 

The Triassic Sherwood Sandstone Group has been in use as an aquifer in the 
Newtownards/Comber area since the end of the last century (Manning 1971). In 1923 the first 
borehole for public supply was drilled at Ballycullen to the west of Newtownards. On 
completion the overflow from the well was at a rate of 35 gpm (gallons per minute; 
Thompson 1938). In the 1950s Newtownards Borough Council began using the Sherwood 
sandstone between Newtownards and Comber as a source of public supply (Bennett 1976). 
Currently about 8000 m3/d is withdrawn for public supply from the Sherwood Sandstone 
Group at Newtownards, and about 3500 m3/d from the Permian Sandstone and 1000 m3/d 
from the sand/ gravel deposits at Comber. There are several major industrial users in the 
Newtownards area. Smaller abstractions are also made from all aquifers for agriculture use. A 
few agricultural wells also draw small amounts from the greywacke in the area.  

 
1.3.Significance of Research 
 

This work was undertaken to establish a methodology of coupled inverse modeling of 
groundwater flow and geochemistry, leading to a reduction of uncertainty associated with the 
modeling. The automated identification and calibration of hydrogeological parameters of 
groundwater flow and geochemistry are fundamental for protection of natural groundwater 
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resources. Understanding these issues is vital if sustainable management of groundwater 
quality and quantity is to be achieved. 

Coupled inverse modeling of groundwater flow and geochemistry may provide not 
only an efficient means of aquifer parameter identification, but also useful insights into the 
functioning of the physical system. The challenge for the coupled inverse groundwater and 
geochemical modeling is to develop a useful representation of an aquifer system and 
framework of modeling procedure from necessarily limited data. This data is collected from a 
finite number of observations made in a continuous spatial domain which may exhibit 
considerable heterogeneity.  

Use of inverse models, such as non-linear least squares regression and associated 
statistics, facilitates assessment of prediction reliability because the results yield not only 
parameters estimates, heads and concentrations simulated for the stresses of interest, but also 
confidence intervals for both the estimated parameters and heads and concentrations, which 
are convenient for conveying the reliability of results to regulators. Sensitivities, parameter 
standard deviations and correlations, and prediction standard deviations can be used to help 
evaluate whether model parameter estimates and predictions are reliably calculated with the 
available limited data and what additional data could be most useful in improving the models.  

The fundamental benefit of inverse modeling is its ability to automatically calculate 
parameter values that produce the best fit between observed and simulated hydraulic heads 
and solute or contaminant concentrations for a given conceptual model. A calibration obtained 
via a non-automated approach alone is not optimised, and numerous runs are spent changing 
parameters and relatively few runs are adjusting the conceptual model. Whilst coupling the 
flow and geochemistry in inverse modeling, the flows are constrained by geochemical or/and 
biochemical reactions along the flow paths, which makes the modeling of groundwater more 
robust and more effective. Another benefit is the quantification of a) the quality of calibration, 
b) data shortcomings and needs, and c) confidence in estimates and predictions that help 
communicate the results of coupled modeling studies. Such quantification is a natural result of 
coupled inverse modeling for groundwater flow and geochemical model calibrations. The 
third benefit is that the coupled inverse modeling reveals issues that even an experienced 
modeler can easily overlook during non-automated calibration efforts. For example, 
parameter correlations (e.g. ratios of parameters rather than their individual values can be 
determined), which can be difficult to identify during non-automated calibration, are clearly 
delineated in automated inverse calibration run. Impact of both available data and anticipated 
(soft) data on the uncertainty can also be quantified through coupled inverse calibration. With 
the advent of practical non-linear least-square inverse software such as PEST and UCODE, 
and the stochastic uncertainty modeling such as UNCERT, the use of coupled inverse 
modeling for model calibration and alternative conceptual analysis is more readily 
accomplished with reduction of the uncertainty. 

Our studies of the Sherwood Sandstone aquifer in N. Ireland have revealed that 
regional groundwater modeling is constrained by lack of information and understanding of 
conceptual complexes of the urban aquifer systems. Thorough understanding of recharge, 
sound estimate of parameters and reasonable representation of aquifer structure are crucial for 
the numerical simulation of flow and, for contamination studies, advective transport. Much of 
the uncertainty is associated with all the representation and interpretation processes, such as 
estimates of recharge and solute load, initial and boundary conditions, aquifer properties, 
system 2D/3D structure and so on. A comprehensive understanding of the systems in both 
flow and geochemical manners is needed. Studies regarding the coupled inverse modeling of 
flow and geochemistry and associated uncertainty management in UK aquifers are scarce. The 
robust and effective automated parameter estimates and consideration of conceptual 
alternatives of aquifer modeling will have long term implications for high quality simulation 
of groundwater flow and transport of contaminated groundwater.  
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FIG. 3. Coupled Geochemical and Inverse Modelling Framework. 
 
 

1.4. Methodology to achieve Objectives 
 

The underlying methodology is to employ popular packages of MODFLOW, 
NETPATH, PhreeQC and PEST as numerical simulation tools with proper modifications. 
From conceptual model, flow model and geochemical model, to inverse parameter 
optimization and uncertainty management, a series of comprehensive modeling research will 
be carried out. The framework of the research is shown in Figure 3. The identification of flow 
components and chemical/biochemical species (minerals, gases and ions) along typical flow 
paths and the interpretation of uncertainty from geostructure, parameter representation will be 
critical parts of the research. Additional geochemical sampling will support the further 
understanding of flow and geochemical evolution. Eventually, the sound estimates of 
parameters and better understanding of sub-surface structure of the urban aquifers will prove 
beneficial to sustainable management, protection and optimum use of the urban groundwater 
and delineation, definition and remediation of contamination in the urban aquifers. At present 
it is felt that recharge through the glacial till could be a critical factor which this approach will 
shed more light on. Mechanism and amount of recharge to the aquifer, largely covered by till, 
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are unknown so any total resource calculation is open to challenge (Robins 1995). Other 
issues include the sensitivity of the boundary conditions and the impact of urbanization on the 
region. Fieldwork in the form of geochemistry and isotope hydrology can help to determine 
the chemical evolution of the groundwater and its flow path through the aquifer and age 
dating of the groundwater can help to determine the residence time of the groundwater. Travel 
times to the various abstraction wells can be calculated and relative vulnerability of various 
areas to different sources can be mapped via a Geographical Information System which can 
link all the different data sets together. This can help protect the resource from over 
abstraction and contamination.  
 
 
2.1. GEOLOGY, HYDROLOGY & HYDROGEOLOGY OF STUDY AREA 
 
2.1.1 Introduction to the Geology of the Study Area 
 
 Structurally the Lagan Valley exhibits a typical Caledonian northeast southwest trend, 
and the Scottish Upland fault may have been instrumental in the formation of the valley. 
Geological terrains to the north and south have their equivalents in Scotland and the Western 
Isles. Glacial action has had a significant impact on the landform. During the various Ice Ages 
the catchment was covered by an ice sheet that extended from the north. The glaciers carved out 
the Lagan Valley and Belfast Lough and gave the valley its U-shape. The basalt hills to the west 
of Belfast were more resistant to glacial erosion than the shale. The river Lagan itself has had 
little impact on the overall shape of the valley. Originally the path of the Lagan to the sea was 
blocked by glacial till and the Lagan flowed into Lough Neagh. This led to the development of 
the ‘flood-plain’ reach in the Lisburn area. As a result of the glacially induced erosion the 
Lagan Valley has very little exposed rock, with thick drift covering the majority of the area. A 
detailed description of the area is in the Belfast Memoir (Manning et al., 1970). The Enler 
valley and the lowlands around Newtownards have been formed by the differential erosion of 
the softer Permian, Triassic and Carboniferous rocks lying on the Newtownards trough. The 
geology of the area is described in detail by Smith et al., (1991). A revised nomenclature for the 
Triassic rocks of the British Isles was developed by Warrington, (1980) with the formal 
introduction of the ‘Sherwood Sandstone Group’ for Keuper Sandstone and ‘Mercia Mudstone 
Group’ for Keuper Marl. Alan Smith’s 1985 report updated the geological description of the 
area to take into account the new knowledge gleaned from the Lagan Valley Groundwater 
Development program (1977-1984). Figure 1 presents the regional geology of the study area 
(from Geological Suvey of N. Ireland (1:250,00 Solid Geology Map). 
 
 
2.1.2 Structure 
 
 The geology of the Lagan Valley is further complicated by the presence of numerous 
faults running parallel and at right angles to the axis of the valley. It has been suggested that the 
main structural trends were established in Caledonian times and that the main faults inherit their 
directions from that tectonic network. Most important structural lines are the faults trending 
East-North-East (Manning et al., 1970). The continuation of the Scottish Southern fault appears 
to run just north of the Lagan Valley and strongly influenced the present form of the 
basalt/chalk escarpment. It may be that exposed faults are surface expressions of the Southern 
Upland fault at depth and this may be an important preferential path for groundwater flow 
(Kalin & Roberts 1997). Jointing is associated with faulting and joints can significantly increase 
the storage potential and especially the permeability of the aquifers. The open joints in the 
Lagan Valley have an important role in the storage and transmission of groundwater. Vertical 
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movements on faults must displace the marl horizons which act as aquicludes within the Permo-
Triassic aquifers. Also sandstone bands of different ages, which would have little or no 
hydraulic connection vertically due to intervening marl bands, must be brought in juxtaposition 
in adjacent faulted blocks. Thus the net effect of such faults can be expected to cause an 
increase in hydraulic conductivity between the permeable sections of the aquifers 
 
 
2.1.3 Quaternary Geology 

 
Several glacial periods affected the whole of the Northern Hemisphere during the Ice 

Age which started about 1.5million years ago. Two periods, the Munsterian and the 
Midlandian, have been identified during which virtually the whole of Ireland was 
overwhelmed by a great thickness of ice (Doran, 1992). Glaciation removed all previous 
unconsolidated material and left a variety of drift materials in its train. Dissolution of the last 
Ice Age was a gradual process with sporadic advances and retreats of the ice fronts. As the ice 
advanced, it picked up superficial material and abraded the underlying rock. This was then 
transported in the lower layers of the ice sheet and eventually deposited, what we now term, 
drift. Virtually all other glacial deposits in the region are fluvio-glacial. When the ice melted 
huge quantities of water were released. Sand and gravel deposited in tunnels at the base of the 
ice sheets formed eskers and widespread deposits of sand and clay were laid down on outwash 
plains and in glacial lakes dammed off by the ice. 

It is believed that the Ice moved down the Irish Sea as far as the mouth of the Lagan, a 
conclusion based on the evidence of glacial drainage channels and ice-ponded lakes (Wilson, 
1972). The ice-dammed Lake Lagan over-flowed westwards towards the Soldierstown Gap 
towards Lough Neagh. Later it over-flowed at Dundonald and sands, gravels and clays were 
deposited at Newtownards and Comber (Doran, 1980). The lake gave rise to the deposition of 
two glacial tills, separated by the Malone Sands, and these are very different in physical 
properties with the upper glacial till exhibiting characteristics of much lower loading. Malone 
sand is typically a fine to medium sand with layers of gravel. It is found along the South-East 
shoreline of the lake where it is exposed in the Malone Ridge. The glacial till mantle is fairly 
complete. It thins towards the high ground North-West of Belfast but even here packets of 
drift or ice-borne erratics are present at high levels. The Glacial sands and gravels represent 
variable sands and gravels laid down by meltwater close to, or beneath, an ice-sheet including 
morainic sand and gravel, eskers, deltas, and in some cases, such as the deposits south of 
Belfast, glacial lake clays (GSNI Quaternary Map of N. Ireland 1991). These are a valuable 
source of water but are vulnerable to pollution. A few masses of fluvio-glacial sands and 
gravels, all restricted in area, are free from glacial till cover and retain their form, apparently 
unmodified by subsequent denudation. Examples are the eskers between Dunmurry and Red 
Hill and those west of Moira and Hillsborough (Manning et al., 1970). 

The disappearance of the ice led to a period of fluctuating sea level. Peat was 
deposited in a layer up to 9m thick according to Hartley (1940) but this has been largely cut 
away by man for fuel. After this a period of relative submergence ensued in which estuarine 
clay was deposited. Its greatest known thickness is 17m. River alluvium deposits are 
widespread along the course of the River Lagan. It is usually a brown, fine sandy loam or 
reddish clay with subordinate layers of fine to coarse gravel and organic layers at some 
horizon. The Lagan has few extensive river terraces, probably as it merges into the estuarine 
clay (Manning et al., 1970). The Ravernet does have two extensive terraces on the north bank 
to the north of the village of Ravernet. All the various layers are shown and described in 
Figure 4. 

In the Newtownards area rock is exposed or occurs near the surface over about one-
third of the map area with most of the remainder covered by glacial drift. Glacial till is 
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dominant with fluvio-glacial sand and gravels well developed in the Enler Valley, and in the 
area around Newtownards town. On the hills to the north and south of the Enler Valley the 
Quaternary deposits are thin and patchy. Unconsolidated clays and silts underlie the ground to 
the south of Newtownards. A raised beach is present along most of the Strangford Lough 
shoreline. This raised beach stretches inland from the present day storm beach to a well-
developed cliff-line cut into the glacial till. The only widespread river alluvium in the area 
occurs in the Enler Valley. This alluvium is usually a fine clay with subordinate layers of fine 
to coarse gravel. 

 

 
FIG. 4. Quaternary geology of the lagan Valley area. 

 
 

2.2 HYDROLOGY 
 
2.2.1 Climate 
 
 Mean air temperature in Northern Ireland varies from approx. 5.0oC in winter to around 
15oC in summer. Relative Humidity is often about 85% with cloud and rain as the common 
features. Rainfall is partly orographic but is essentially cyclonic, arriving from the Atlantic in 
discrete fronts. In the Lagan Valley, the Department of the Environment quote an average figure 
of 953mm of rainfall per annum and a figure of 404mm per annum for evapotranspiration. Thus 
the effective annual rainfall, or the total available natural water resource to the catchment, is 
549mm approximately. Soil moisture is maintained at field capacity throughout much of the 
year in many areas so that groundwater recharge may occur independently of the season, as 
noted by Bennett (1976). However strong winter recharge and summer recession of 1 to 4mm is 
common. 
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2.2.2 Rivers 
 
 River flow stations are maintained by the Dept. of the Environment (N.I.) at various 
points on the Lagan, the main tributary the Ravernet River and below the junction of the 
Newtownards and Comber rivers. The Blackstaff and the other smaller tributaries that join the 
Lagan in the Belfast area are known as the Belfast streams. Many of these are culverted and 
may also serve, like the Blackstaff as conduits for storm overflows or sewage works. The high 
peaks in these graphs are perhaps attributable to rapid surface runoff from the glacial till. The 
low baseflow may be a sign of the small degree of connectivity between the aquifer and the 
river. If hydrographs mirror rainfall then they may be runoff fed while if they lag a little then 
they are possibly connected to the aquifer. In this case the impermeability of the bedrock 
throughout much of the catchment means that flows in the Lagan respond rapidly to storm 
events. Q5 to Q95 ratios can be used to indicate how much seasonal groundwater transfer takes 
place in the catchment, low ratios indicating high transfer rates, high ratios indicating limited 
transfer. The Lagans value is 20.81 and this would indicate limited transfer (Criuckshank, 
1997). 
 The aquifer in the lower parts of the Lagan catchment is well below the river and not 
thought to be in direct connection with the river (W.S. Atkins, 1997). Flows in the Lagan 
(averaging 9 cubic metres per second discharge into Belfast Lough) are therefore attributable to 
immediate run-off and the limited storage provided by soils and glacial drift. Sewage and 
industrial discharges to the Lagan are in the region of 0.54 cubic metres per second (pers. comm 
DoE 1999). The sands and gravels around Lisburn may contribute water to base flows but the 
extent of this has not been examined (Bennett 1976). During summer months flows in the Lagan 
become very small as a consequence of the limited storage available in the surface soils and 
antropogenic inputs often make up the majority of the river flow. Some preliminary studies 
have shown that water may flow into underground strata downstream of Magheralin and 
groundwater possibly enters the river downstream of Lisburn (W.S. Atkins, 1997). The average 
flow in the Enler is 0.82 cubic metres per second and this has no sewage and little industrial 
discharge to it. There is no known local hydraulic connection between surface water and 
groundwater in the Newtownards area (Robins & Shearer 1994). Investigations by Clarke et al, 
(1990) led them to conclude that ‘the data did not provide any evidence that the river is a major 
source of water to the supply wells’  
 
2.2.3 Soils 
 
 There are wide variations in the soils of the area (Figure 5), which may be attributed 
mainly to differences in parent materials and topography (Manning et al., 1970). In the area 
around and to the west of Belfast, the soils overlie till mainly derived from the Basalt, Triassic 
and Silurian formations. Very different soils are derived from the two dominant Triassic 
formations. The glacial till derived from the Mercia Mudstone result in heavy stiff reddish 
soils. The Sherwood Sandstone derived soils are sandy, usually sandy loams and with 
moderately good or free soil drainage (Cruickshank, 1997). Soils developed on the Basalt and 
Lower Palaeozoic strata often show signs of gleying due to imperfect or impeded drainage. 
The area underlain by the Lower Palaeozoic rocks is thickly dotted with drumlins. The drift 
on these drumlins is usually brownish in colour and contains 25% to 30% clay. The Basaltic 
glacial tills generally give rise to medium to heavy loams. Apart from the parent materials, the 
main factors influencing soil formation are the duration and intensity of weathering processes 
and the extent to which the soluble weathering products are removed from the soil (Manning 
et al., 1970). Soils in the Enler catchment range from free draining Brown Earths, which have 
little differentiation between horizons and provide excellent agricultural soil to impeded 
drainage Pelosols which that exhibit varied hydraulic properties (Cruickshank, 1997). 
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Average permeability values of 0.138m/d are quoted by McConville et al, (1998) for soil 
profiles in the Enler Valley. 

Soils are important in a pollution context as they may be susceptible to preferential 
flow. This is a transport mechanism by which relatively large amounts of water flow through 
a small portion of the whole soil volume (Stam et al., 1998). Preferential flow may be caused 
by such processes as plant root giving rise to a network of interconnected pathways; animal 
burrowing, clay swelling and cracking and weathering of parent rock fragments. Preferential 
flow is very important in vulnerability assessment as it is in the soil zone that significant 
amounts of chemicals are broken down by micro-organisms; chemical and physical processes; 
or taken up by plants (Vrba & Zoporozec, 1994). It exercises a major control over the rate of 
leaching of nutrient and pesticides as well as influencing the range of crops grown (Robins et 
al, 1994). Andersen & Gosk (1987) see the evaluation of the soil zone protective properties as 
the most important task for vulnerability assessment.  
 

 
 

FIG. 5. Soils map of the Lagan Valley area. 
 
 
2.2.4 Hydrological Conclusions 
 
 Thus trying to quantify total water inputs and outputs of these catchments and quantify 
the component of groundwater recharge and discharge is not an easy calculation. The lower 
Lagan River gauging station has a catchment area of 490 km2 in which elevation varies from sea 
level to over 500m OD. The highly variable rainfall pattern means estimates are likely to have 
an error of a few percent. Aquifer throughput at Belfast has been estimated at 10.95 million m3 
per annum (Bennett, 1976). This figure is less than 3.5% of the annual average rainfall and so is 
well within the limits of accuracy for a regional rainfall estimate (Kalin & Roberts, 1997). 
Another complication is that most of the public water supply in the Lagan Valley originates 
outside the catchment. Surface water is piped from Stonyford, Lough Neagh and the Mourne 
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mountains and is eventually voided into the River Lagan and its tributaries and so augmenting 
river flows. Quantifying these artificial inputs is problematic. Thus at the moment, given the 
uncertainties in the available data, an accurate representation of the hydrologic balance seems 
unrealistic (Kalin & Roberts, 1997) though an attempt is made below. Indeed the W.S. Atkins 
report (1997) recommends further investigation in this area. On-going work at present is 
examining salinity data for Belfast and Strangford Loughs to try and calculate the mass of 
freshwater entering these Loughs via groundwater discharge. 
 
2.3  HYDROGEOLOGY 
 
2.3.1 Introduction 

 
J.J. Hartley was the first to take an active interest in studying the hydrogeological 

regime in the study area. In his report to the Institution of Civil Engineers in Belfast in 1935, he 
recognised several important points about the hydrogeology of the area including (a) the 
importance of faulting and fracturing in enhancing permeability, (b) the detrimental effect of 
dykes on the potential flow to wells, and (c) the fact that soil and vegetation can aid recharge to 
aquifers. The considerable influence exerted by hill masses in distributing the sub-surface 
contours is well seen around Scrabo to the west of Newtownards. 

Bennett’s work on the Lagan Valley was the first major hydrogeological study of the 
area. The first stage in this project was the initiation of a water level monitoring programme, 
which were used in the model calibration. This suggested that groundwater flows through the 
sandstone towards the centre of the Lagan Valley from the north-west side all along the length 
of the valley, and from the south-east side at least in the area south-west of Lisburn. Also the 
topography falls along the length of the aquifer towards Belfast so there must also be a 
component of flow through the sandstone in that direction. Flowing artesian conditions have 
only been encountered in a few locations (Englishtown, Newforge, Shaw’s Bridge) but where 
the piezometric surface is above the river level, there may be an upward component of 
groundwater flow through the drift deposits to the surface along the central area of the valley. In 
the British Isles, the groundwater of aquifers is usually recharged during the months 
September/October to March/April when precipitation is greater than evapotranspiration. Water 
levels therefore rise during this period reaching a peak; the timing of which depends on the 
recharge/discharge relationship. Therefore levels go down as the evapotranspiration increases in 
the summer with less infiltration and discharge/abstraction continuing. Borehole monitoring in 
the study area during the 1970s broadly followed these patterns. Some showed seasonality 
however so that it is possible for significant amounts of recharge to occur during relatively short 
periods during the summer (Bennett, 1976). 

 
2.3.2 Property data & Groundwater Flow 

 
The hydrogeological properties of the Sherwood and Permian Sandstone aquifers are not 

as well known as would be liked because most of the exploratory drilling in the area was carried 
out during the late 1960s before the systematic collection of hydrogeological data had begun 
(Robins & Shearer, 1994). Nevertheless a substantial amount of pump test data has built up for 
the Lagan Valley especially and some for the Newtownards area. The Permian Sandstone has a 
typical transmissivity of 70-105 m2/d with storativity in the order of 2 × 10-4. Mercia Mudstones 
and Permian marls both have extremely low permeabilities in general, in the order of 1 × 10-5 
m/d (Kalin & Roberts, 1997). The Sherwood Sandstone has a typical transmissivity of 130 m2/d 
and a storativity in the order of 2 × 10-3 (Kalin & Roberts, 1997). This transmissivity may 
extend up to 200-250 m2/d in the Newtownards/Comber region (Robins, 1995). The glacial till 
on the floor of the Lagan Valley has been tested in consolidometer equipment in Queen’s 
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University (Kalin & Roberts, 1997) and permeabilities were in the range of 1.0 to 5.9 × 10-6 m/d 
for sandy clay at 2m depth and at 10m depth were 1.6 to 3.0x10-6 m/d. However it is extremely 
difficult to estimate values for till permeability due to its extreme variability and heterogeneous 
nature.  

P.E.R. Lovelock in a study of aquifer properties of the Permo-Triassic sandstones in the 
UK (1977), found that there was an especially high degree of anisotropy in Northern Ireland 
sandstones which decreased with increasing magnitude of permeability. Porosity also had wide 
variations, normally being in the range of 25 to 30%. He concluded that the Sherwood 
Sandstone was essentially a fissure flow aquifer while it may be more intergranular flow in the 
case of the Permian Sandstone. Price (1994) agrees with him and states that there is evidence 
that fissures are important locally in Permian-Triassic sandstones and may play a major role in 
allowing water to flow easily into wells.  

The Triassic Sherwood sandstone aquifer overlies the Permian sandstone aquifer 
(Kennel Formation) in the vicinity of Comber/Newtownards and in the east of the Lagan Valley 
but because of the intervening Permian marl they are reportedly not in hydraulic connection 
(Robins, 1995). The Lower Palaeozoic rocks are regarded as poor aquifers because the 
permeability of the greywacke sandstones, siltstones and mudstones are low (Smith et al., 
1991). Some fractured and faulted zones in the greywacke have been reported as producing 
small yields. It could therefore be assumed that the primary mechanism for groundwater flow 
through the greywacke is by fracture flow. The Lower Palaeozoic rocks are important as an area 
for surface reservoirs (Manning, 1971). Many of the boreholes sunk into the Sherwood 
sandstone in the area encountered Tertiary dolerite dykes and sills. This, as reported by Hartley 
(1935), may be the reason why groundwater flow in some of the boreholes is restricted due to 
the dolerite intrusions acting as barriers to flow. The Tertiary dolerite intrusions are generally 
considered to be impermeable unless they are well jointed and weathered (Smith et al. 1991). 
More important to groundwater movement is geological faulting and this has an especially great 
influence on the area between Lisburn and Belfast where much drilling has shown the 
variability of well yields over short distances (pers. comm. P. Bennett, 1998).  

 
2.3.3 Water Balance  
 
 Hartley (1935) took an 8% percolation rate on a yearly rainfall of 890mm. This led him 
to deduce approximate figures of 4000m3 per hour recharge for the Lagan Valley and 400m3 per 
hour recharge for Newtownards/Comber. He estimated that flow through the Lagan valley into 
Belfast Lough was about 1300m3 per hour and the rest was water returned to the surface as 
springs, from the pumping of wells, or drained away through the chalk and basalt towards 
Lough Neagh. The abstraction quantity from Belfast wells at that time was in the region of 
1200m3 per hour. The outflow from Newtownards into Strangford Lough, he estimated, was 
about 800m3 per hour. Manning et al., (1970) felt some of Hartley assumptions were suspect. It 
was felt that Hartley’s figure of 8% perculation was too low for the sandstone outcrop but not as 
a general catchment-wide figure. Manning et al (1970) estimated that a figure of 37,000m3 per 
hour was more accurate for rainfall minus evaporation and taking an average river flow of 
34,000m3 per hour from this gave a figure of 3000m3 per hour for infiltration. Even just 
assuming recharge through the outcrop area at a 40% percolation rate gives an infiltration rate 
of approximately 2000m3 per hour (Manning et al., 1970). 

If the amplitude of the annual fluctuation of water level of an aquifer can be established, 
preferably as an average of at least several years, and if the storage coefficient (i.e. the volume 
of water released from storage per unit area for unit change in head) of the aquifer can be 
determined, then the product of these two parameters and the area of the aquifer gives a useful 
estimate of the annual average recharge to the aquifer. Bennett (1976) divided the area into 
three separate zones. The first of these was the Lisburn dyke belt (10 km2) with an annual 
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fluctuation of 2m and a storage coefficient of 1.5 × 10-4 giving an annual figure of 3100m3. The 
second area was north-east of Lisburn (33km2) with an annual fluctuation of 1m and a storage 
coefficient of 2.5 × 10-3 giving an annual figure of 84,000m3. The third area is south-west of 
Lisburn (48km2) with an annual fluctuation of 1.5m and a storage coefficient of 8x 10-4 giving 
an annual figure of 58,000m3. He stated however that these figures were absolute minima. 
Bennett points out that it is academic to estimate the total storage of the aquifer, as only a tiny 
fraction of that storage can be exploited, as in most solid rock aquifers. Assuming absolute 
minimum values for all the necessary parameters, area (91km2), specific yield (0.1) an effective 
aquifer thickness of 30m, he produced a lower limit for the storage volume of the entire aquifer 
of 270 × 106 m3 or 60,000 million gallons. Salinity profile measurements by the Dept. of 
Agriculture gave estimates of 1022 × 106 m3 per annum of freshwater entering Belfast Lough 
and approximately half that figure for Strangford Lough (Service et al., 1997). On-going efforts 
are trying to calculate the groundwater component of this volume. 

 
2.3.4 Recharge 

 
Bennett (1976) concluded that direct recharge to the aquifer occurs along relatively high 

ground to the north-west and south-east sides of the valley, where the drift is absent or thin but 
the amount of recharge appears to be limited. He stressed that the aquifer does not terminate 
against the north-west side of the valley but continues at depth beneath the Mercia Mudstone, 
Chalk and Basalt. Its boundary with the Mercia Mudstone is gradational and somewhat 
subjective with perhaps a continuous piezometric connection from one to the other. The 
Sherwood Sandstone therefore receives significant but undetermined recharge from the 
overlying formations along the north-west side of the Lagan valley. Bennett concludes that the 
aquifer porosity is moderate, its intergranular permeability fairly low and that most groundwater 
movement is by fissure flow. The Sherwood Sandstone Group in the Enler Valley has a 
considerable outcrop to the north-west of Scrabo Tower through which recharge is likely to 
occur. Elsewhere, the aquifer is entirely concealed by till which is generally thought to be 
impermeable, and would therefore inhibit infiltration and promote runoff. However, 
hydrochemical and available radiometric evidence, though not as yet conclusive, suggest that 
recharge through the till does occur (Robins, 1995). The till is certainly heterogeneous and 
anisotropic and may have preferential pathways for infiltration along discontinuities and sandy 
patches. The till and associated soils retain moisture and keep soils at or near field moisture 
capacity throughout most of the year. This counters the low permeability of the till and enables 
recharge to take place at virtually any time of the year. The Permian sandstone aquifer is not 
exposed at the surface but appears to recharge from the overlying drift in the Enler Valley 
(Smith et al., 1991). It is thought that abstraction also induces recharge through the till, e.g. in 
the case of Dunmurry where relatively young water was measured via tritium testing (Bennett, 
1976). 

 
2.3.5 Quaternary Property Values 

 
There are widespread sand and gravel deposits in the Lagan Valley. In the Belfast area 

these proved to be sources of very pure water for the mineral trade before contamination 
occurred. Examples of eskers occur at Lisburn (Irish grid ref.: J245 646). The storativity of a 
typical superficial deposits ranges from 0.05 to 0.25 for sand and gravel, and values for 
hydraulic conductivity range from less than 1m/d to 102 m/d for sand and up to 104m/d for 
gravel (Robins, 1995). Further development of Quaternary aquifers for public development in 
Northern Ireland is unlikely because of their vulnerability to pollution (Robins, 1995) 

The only Quaternary deposits, which have proved to be a reliable aquifer, are the sand 
and gravel beds along the Enler Valley near Comber. Intermittently during 1963-1969 these 
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drift deposits were explored as a source of additional municipal supply for the Newtownards 
area (Price & Foster, 1974), as sand and gravel aquifers offer some of the most favourable 
properties for groundwater exploitation. Along the valley axis, peaty or gravelly alluvial clays 
overlie a belt of fluvial or fluvio-glacial sand and gravel about 10 m thick and 500 m wide. 
Below this there is, in some places, a lens of glacial sand and gravel partially intercalated in 
the till infilling the valley. The water in the glacial sand and gravel is considered to be in 
hydraulic continuity with that in the Permian sandstone below (Smith et al., 1991). 
Clarke et al., (1990) found contradictory evidence in pump tests carried out on Murdocks 
shallow well and Enler well 1. They concluded the results showed that the bedrock aquifer 
was hydraulically separate from the gravel aquifer.  

 
2.4 GEOCHEMISTRY  

The major ion chemistry of groundwater in the Lagan Valley appears to be dominated 
by calcium-magnesium-bicarbonate, depending on the degree of dolomitization in the 
granular cement (Robins, 1998), with some sulphate. Sodium, potassium and chloride appear 
to be of lesser importance. The Triassic water is slightly mineralised with a mean HCO3

- 
concentration of 293mg/l (Kalin & Roberts, 1997). The lower Permian sandstone unit results 
in groundwater that tends towards SO4

-2 dominance rather than HCO3
- with a mean 

concentration of 108 mg/l SO4
-2 against only 47 mg/l SO4

-2 in the Sherwood Sandstone 
(Robins 1995). This may be due to mixing between waters of different chemistry of possibly 
the geochemical evolution of water along the flow path (Kalin & Roberts, 1997). Kalin & 
Roberts, (1997) also found that the water in Newtownards had a lower calcium and sulphate 
concentration than in the Lagan Valley which is overlain by the Mercia Mudstone. Kimblin 
(1995) studied the Permo-Triassic sandstone in NW England and found that where confined 
by Mercia Mudstone, dissolution of sulphate materials is the dominant process which controls 
the major ion chemistry by contributing Ca and SO4

-2 to the water and promoting Ca/Na and 
possibly Ca/Mg exchange with the solid phases in the aquifer. Drift with erosion products 
from the Mercia Mudstone, also affects the geochemistry. At present on-going geochemical 
fieldwork is being undertaken with specific emphasis on stable isotope analysis to 
geochemically model the flowpaths in the aquifer. 
 
 
2.5  CHEMICAL DATING OF GROUNDWATER 

 
Dating of groundwater is important in that it can give an idea of the different sources 

of the groundwater, how long it has been there for and its travel path underground. Tritium 
samples from the mid-1970s (Bennett, 1976) indicate very little post-1953 rain in the 
Sherwood Sandstone. High values at Lisburn were due to abstraction speeding up the through 
flow of water and drawing in relatively recent water. High values at Dunmurry suggest active 
recharge in that area. However it would appear that throughout the central area of most of the 
Lagan the groundwater is fairly old; the fact that there is no direct recharge to the aquifer in 
the central area of the valley supporting this (Bennett 1976). Testing of 14C has also been 
carried out and is currently being expanded upon (Figure 6). A rough estimate may be made 
that the results around 55% modern carbon are less than 1000 years old but a complete model 
of the geochemical evolution has yet to be carried out. 

 
3 GROUNDWATER POLLUTION RISK ANALYSIS 

 
When the coupled inverse modelling and geochemistry lead to better understanding of 

the groundwater flow regime in the area, the vulnerability of the aquifer to contamination can 
be more easily assessed. It is important that this resource be protected from contamination 
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from both diffuse and point sources of pollution. Many other UK cities overlying Triassic 
sandstone have had problems with organic pollutants (Lerner and Telham, 1992) or with 
sewer infiltration (Misstear et al., (1996). In the Belfast hills, a large number of poorly 
constructed landfills are found from which solutes could be leached (Roberts 1995). All these 
pose a threat to the potential of good quality groundwater being available for utilization. A 
report by EHS Ltd. (1997) on groundwater quality of the springs to the west of Belfast 
concluded that various landfills were causing localized pollution of mainly basalt springs. The 
Chalk springs were not found to be generally contaminated though this may reflect 
considerable dilution in the aquifer. 
 
 

 
 

FIG. 6. Radiocarbon activity in the Triassic aquifer. 
 
 
The Department of the Environment (N. Ireland) has collated data on the various activities in 
the area that pose a threat to groundwater pollution. These activities have then been classified 
into high, medium or low risk categories. These are outlined in the table below: 
 
Risk 
Level 

Activity 

High Asphalt Works, Landfills, Chemical Works, Gas Works, Iron & Steel Works, 
Lead Works, Metal Finishing & Electroplating, Petrol Stations & Fuel Storage, 
Paper & Pulp Manufacturing, Plastics, Scrap Yards, Shipbuilding, Tanneries, 
Timber Treatment. 

Medium Mechanical Engineering, Sewage Works, Railway Land, Tobacco Works. 
Low Mineral Workings, Reclaimed Land, Textiles, Food Processing, Printing Works. 
 
 There is a widespread distribution of theses potential hazardous activities. They 
overlie all solid and quaternary combinations. The type of contaminants the main high-risk 
activities are connected with are outlined in the table below (from DoE (U.K.) Industry 
Profiles, 1995). 



16 

 
Activity Contaminant Type Contaminants 
Chemical 
Works 

Solvents Halogenated & non-halogenated, 
e.g.Toluene, xylene, benzene, petroleum 
naphtha,  
chlorinated solvents 

 Polycyclic aromatic 
hydrocarbons 

anthracene, phenanthrene, 
benzo(a)pyrene 

 Phenols  
 Amines  
 Oils Fuel Oil 
 Acids and alkalis sodium hydroxide 
 Metals and metal 

compounds 
zinc and iron compounds, aluminium, 
bronze, arsenic, barium, cadium, 
chromium, cobalt, lead, manganese. 

 Combustible materials rubber crumb, elemental sulphur or 
sulphur compounds 

 Plating chemicals  
 Polychlorinates biphenyls  
 Asbestos  
   
Gas Works Coal Tar Creosote 
 Phenols Phenol 
 Cyanide free/complex 
 Sulphur sulphide/sulphate 
 Acids sulphuric, hydrochloric 
 Alkali sodium hydroxide, sodium carbonate, 

arsenic salts, cadmium 
   
Landfill Organic Solvents, Pesticides, Phenols, TOC's 
 Inorganic Arsenic, Lead, Cadium, Chromium, 

Copper, Nickel, Mercury, Zinc, Phenols, 
Fluoride, Ammonium, Chloride, Cyanide, 
Sulphate, Nitrite 

   
Iron & Steel 
Works 

Metals and metalloids iron, manganese, aluminium, arsenic, 
nickel, chromium, vanadium, 
molybdenum, lead, zinc, tin. 

 Inorganic compounds phosphates, sulphates, sulphides, 
sulphur,  
cyanides, thiocyanates, 

 floride 
 Acids sulphuric, hydrochloric, hydrofluroic, 

nitric 
 Alkalis sodium hydroxide, calcium oxide 
 Fuels and Oils fuel oils, lubricating oil, coal and coke 
 Organic solvents  
 Asbestos  
 Polychlorinated biphenls 

(PCB's) 
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Petrol & Fuel 
Storage 

Organic petroleum spirit, diesel, paraffin, linear 
alkyl sulphonates, 
ethylenediaminetetracetic acid (EDTA), 
nitrilotriacetic acid (NTA) 

   
Timber 
Treatment 

Organochlorines gamma-hexachlorocyclohexane 
(LIndane1)  
dieldrin (Banned) 

 Phenolics pentachlorophenol, sodium 
pentachlorophenoxide 

 Organotin compounds tributylin oxide, tributylin phosphate, 
tributylin naphthenate 

 Metal carboxyylates copper and zinc naphthenates, 
acypetacs zinc (petroleum acids), zinc 
versatate (c10 petroleum acid) 

 Pyrethroids permethrin, cypermethrin 
 Creosote a coal tar derivate which may contain  

phenols and polyaromatic hydrocarbons 
(PAHs) 

 Copper/chrome/arsenic 
preparations 

copper sulphate/sodium 
dichromate/arsenic pentoxide, or copper 
oxide/chromium trioxide/arsenic 
pentoxide 

 Organic solvents petroleum distillates: kerosene, white 
spirit,  
halogenated solvents 

 Additives organic resins and waxes, anti-bloom 
agents,  
water repellants, pigments and dyes 

 Tars Polycyclic aromatic hydrocarbons 
(PAHs) 

 Polychlorinated biphenyls 
(PCB,s) 

 

 Asbestos  
 Diesel, oil and other fuels  
 Coal and associated ash  
 Effluent treatment 

chemicals 
Hydrochloric acid, sodium bisulphate (pH 
adjusters) 

 
It is not only industrial activities which can degrade water quality. Agricultural 

practices can seriously affect groundwater quality also. The most common contaminant 
identified in groundwater is dissolved nitrogen in the form of nitrate (NO-3) (Freeze & Cherry, 
1979). Given that 70% of nitrate in surface water derives from agricultural fertilizer and that 
nitrogen application has increased in recent years, it follows that the principal source of 
nitrogen in groundwater is fertilizer (Robins, 1996). Fertilizer application in the catchments is 
extensive and in the River Enler nitrate levels have increased from 5mg/l to peak levels of up 
to 40 mg/l in 1997 (McConville et. al., 1998). Crop protection chemicals (pesticides) are an 
integral part of intensive arable agriculture, responsible in part for helping to produce 
abundant food supplies that keep consumer food costs relatively low (Kiely, 1996). These 
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organic substances have extremely low solubility in water, which generally limits the 
possibility for appreciable migration of large quantities in groundwater. However because 
these substances are toxic at low concentrations, solubility constraints are often not capable of 
totally preventing migration at significant concentration levels (Freeze & Cherry, 1979). 
Kavannagh (1998) did not find appreciable levels of pesticides in the Lagan and Enler rivers. 

It is not only water quality, but also quantity available for sustainable yields, which 
determines the usefulness of an aquifer. Despite the fact that abstractions in the area have 
decreased over the last 60 or so years, Robins (1996) points out that ‘The Sherwood sandstone 
is a critical aquifer unit in which the potential for overdrawing suggests that local licensing of 
major groundwater abstractions might be worthwhile but would require an adequate 
knowledge of the resources within the aquifer unit’. Its importance is increased when one 
considers that further development of Quaternary aquifers is unlikely because of vulnerability 
to pollution (Robins 1995). Therefore the key issues affecting quantity and quality of the 
aquifer need to be addressed. This is backed up be Grey et al. (1995) who stressed two of the 
three key issues for groundwater management are determination of recharge and protection of 
groundwater from both diffuse and point source protection. 
 
4 MODELLING WORK COMPLETED 
 
4.1 The Conceptual Model 

 
The study area is within a rectangular area of (310 000, 350 000) to (360 000, 

390 000) in the Irish Grid Reference System, which is a relatively complete aquifer system. 
Hydrologically, the groundwater systems have apparent recharge and discharge 
characteristics, as well as coastal fresh-sea water interaction (Hartley, 1935). The spatial 
distribution of groundwater systems is identical with surface water catchments in the Lagan 
valley and Newtownards.  

There are several layers of Quaternary in the region (Figure 4). They are extremely 
variable in thickness and extent. These layers were reduced down to the following three for 
representation in the groundwater flow model: River Alluvium, Fluvio-glacial Sands & 
Gravels and Glacial till. The topsoil/fill and the peat layers were discounted due to their 
relatively thin thickness. River Alluvium and Estuarine Clay were banded together because of 
their similar properties, as were Glacial Lake Clay and Upper Glacial till. Because of the 
localised nature of the Malone Sands in the Glacial Lake Belfast area, this and the two Glacial 
till layers were banded together into one layer in order to simplify the representation of the 
Glacial till. The drilling borehole records of the Geological Survey of Northern Ireland were 
examined to try and build up a profile on the various stratigraphic units. Approximately 700 
of such records were entered into a spreadsheet and then profiles developed in the 3-D 
contouring package SURFER. Therefore, the Quaternary deposits are conceptualised as three 
layers as the main objective is to model the groundwater flow in the Triassic Sandstone. The 
Quaternary needs to be simplified due to its relatively small thickness in regional scale, even 
though it may be important for groundwater supply in the Lisburn and Newtownards areas.  

The solid geology of the modeling area was digitized from a more recent 1:250 000 
edition of Geological Survey of Northern Ireland (GSNI, 1997). Six layers, the Ordovician 
and Silurian greywackes, Permian Sandstone and Marl, Triassic Sherwood Sandstone, Mercia 
Mudstone, Cretaceous Limestone (Chalk) and Tertiary Basalt, were used in developing the 
region’s geology in the computer model. In the light of complex topography, fracture 
development and hydrogeological significance of the rocks, a vertical profile was adopted. 
Two layers of solid geology were conceptualised to represent the depth profile of aquifer 
properties and groundwater movement. The lower layer was considered to have a tighter 
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permeability due to the fact that the cracks will close with increasing weight of material acting 
down on them. 
4.2 Groundwater modeling 

 
Groundwater numerical modeling research was carried out based on the conceptual 

model of the study area. The Graphical User Interface, Visual MODFLOW (Waterloo 
Hydrologic, 1997) for USGS MODFLOW (McDonald and Harbaugh, 1988) was used for this 
regional groundwater modeling. A steady-state groundwater model was used to simulate the 
regional natural groundwater field so as to provide a better understanding to a transient flow 
model. A regular model grid of 500 metre squares was used. This was refined to 250m for 
greater precision but as the main aim to begin with is to achieve the general flow 
characteristics, associated increase in computational time did not warrant this decrease in grid 
size. Inactive cells were place all around the border of the model. In order that no initial 
assumptions would bias the model, this inactive cell boundary was pushed well back from the 
geological and topographical divides in the study area. Thus the whole of the Enler catchment 
and the majority of the Lagan hydrological catchment area was included. Apart from the 
Quaternary, a thickness of 60-120 metres and 50-80 metres were used respectively for the 
solid geological layers 1 and 2 of the Sandstone aquifer in most of the modeling area. 
Exceptional thickness was considered in topographical complex areas like the high regions to 
the west of the study area. Solid geology layer thickness of 100m approximately was used for 
layer 4 of the model as this reflected, it was felt, the effective depth of the aquifer which 
would be most productive in water transport terms. 

An extensive data gathering exercise was carried out to collect the input data 
necessary to run the model. This data consisted of meteorological data, river stages and flows, 
borehole monitoring information, abstraction records, pump test data etc. A constant head of 
0m was placed at Belfast and Strangford Loughs to simulate the groundwater entering these 
areas at 0m OD. For recharge estimation, a final figure of actual water reaching the 
groundwater system was taken so the evapotranspiration package was not used. An initial 
figure of 80mm was taken for the amount of precipitation, minus runoff and evaporation, 
reaching the water table (Hartley, 1935). This was found to be high in the thick clay areas and 
so was reduced to 30mm in the steady state model in the centre of the valley. A higher value 
of 150mm was used to simulate the recharge areas outlined by Bennett (1976) and Robins and 
Shearer (1994). This was slightly higher than the value of 128mm from Foster (1969). In a 
few cells at higher elevations where the till cover was thin, it was felt more recharge might be 
getting in so a figure of 250mm was used here, and 10mm for areas underlain by impermeable 
rocks such as Basalt and Greywacke as most of this comes out in the springs at the 
Basalt/Chalk escarpment to the west of the Lagan Valley (pers. comm P.Bennett 1998). 
Drains could have been used to simulate this but it was felt that the drain conductance would 
just be another unknown parameter to consider in PEST. The rivers in the region assigned in 
the model were the Lagan, the Ravernet, and the Enler/Comber. For this assignment of rivers, 
river bed and river stage elevations were taken from maps and flow data supplied by the 
Rivers Agency. The value of riverbed conductance varied from 2000 to 3400 m2/d, depending 
on the width of the river in that cell. A nominal bed thickness of 1m was taken and a 
permeability of 3m/d was taken (after Price & Foster, 1974). The aquifer property values are 
outlined below and are taken from various pump test results and reports carried out in the 
study area. Care has to be taken in using permeability values of sandstone calculated from 
cores. This would result in underestimation of water transport times through the media as it is 
essentially a secondary permeability system. A figure of 1% of horizontal permeability was 
taken to represent vertical permeability values. The dyke band around Lisburn was taken into 
account when assigning permeability values in this region and so these permeabilities are 
substantially lower than other sandstone areas.  
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FIG. 7. Model grid: 500 metre squares with rivers and geological boundaries overlain. 

Inactive cells are darkened. 
 
 

Drift/Solid Layer Kx Ky Kz Ss Sy n 
 m/d m/d m/d 1/m   
Alluvium 2.6 2.6 0.026 4e-6 0.2 0.4 
Sand/Gravel 1.27 1.27 0.0127 6.66e-

6 
0.3 0.35 

Glacial till 0.06 0.06 0.0006 8e-6 0.1 0.45 
Basalt 3.45 3.45 0.0345 1e-10 0.1 0.4 
Chalk 2.0 2.0 0.02 1e-5 0.2 0.25 
Silurian 0.6 0.6 0.006 1e-10 0.2 0.6 
Permian Sandstone 1.4 1.4 0.014 2.8e-6 0.1 0.16 
Permian Marl. 0.1 0.1 0.001 1e-10 0.2 0.25 
Mercia Mudstone 0.005 0.005 5 e-5 1e-10 0.2 0.25 
Sherwood Sandstone 0.2 to 6 0.2 to 6 1% of 

Kx 
0.000
1 

0.2 0.24 

 
 
The model output calculates recharge at 40,000 m3/d which according to Hartley and 
Manning (see water balance) would be extremely low but is well in excess of Bennett’s 
calculations, albeit minima values. A value of 21,000 m3/d flowed to Constant Head cells, 
again lower than Hartley’s estimate of 30,000 m3/d. With the steady state model run 
accomplished, heads distribution was used as the initial head for the transient model. A 
feature of the region is the quite steep gradients in the hills to the west of Belfast. This 
complicates the model in that cells can dry out quite quickly and are not easily rewetted so 
this option was not used. Thus only the active cell heads were exported to an ASCII file as the 
initial starting point for the transient. Pumping wells and observation wells were included in 
this model run. The period looked at was from August 1971 to September 1975 and was 
divided in to 15 stress periods, one per season. Pumping records for this period are poor but 
apart from the public supply wells at Lisburn (abstracting around 2000 m3/d) and 



21 

Newtownards (7000 m3/d), and the industrial use of the aquifer. Most of the wells are within 
3m of the observed value with the biggest variations occurring in the hypothesized recharge 
areas at the Lagan valley edges. Travel times in the sandstone layer are of the order of 0.1m/d 
which if one takes an approximate distance from the recharge point to the sea of 30km, then 
groundwater ages in the vicinity of the 14C results of 1000 years are achieved. Particle 
tracking carried out by MODPATH took similar lengths of time for particles to travel to their 
discharge points. Obviously this is not a properly calibrated model but this is the stage at 
which the trial and error procedure is done away with by the inverse modeling calibration. 
 
4.3 UTILIZATION OF PEST  
 
 PEST requires template files for each model-input file, instruction files for reading 
after the run and a control file to bring it all together. First, all data must be in the correct 
format prior to creating the template files. The process is started by interpolating the heads 
calculated by MODFLOW to the measurements site locations as these rarely coincide (i.e. an 
observation borehole is rarely at the centre of a call). This is sufficient for Steady State 
models but Transient models will also need to be interpolated spatially as in most cases 
observation times usually do not correspond with the end of a time step. MODFLOW arrays 
may also need to be manipulated. Each adjustable parameter requires a template file. 
Adjustable model inputs can be present in one or more input files. A template file can be 
created by replacing each adjustable parameter value by an appropriate ‘parameter space’ and 
writing the PEST template file header to the first line of the file. Next, a PEST control file is 
needed to read the entire model generated observations and the actual measured field data. 
The preparation of a control file is simplified greatly by using the program PESTPREP. It 
automatically assigns names for the observation sites and will write the output control PEST 
file. In the control file, a parameter must be designated as either untransformed, log-
transformed, fixed or tied. PEST allows for logarithmic transformation of parameters that can 
speed up the parameter estimation process and increase its stability. A parameter can be 
identified in a template file yet take no part in the parameter estimation process. Then it has to 
be declared fixed so that its value does not vary from that assigned to it as its initial estimate 
in the PEST control file. One or more parameters can be tied to a ‘parent parameter’ so it 
maintains the same ratio with its parent parameter throughout the estimation process. It is 
important also to choose reasonable upper and lower bounds to define maximum and 
minimum values that a parameter is allowed to assume during the optimisation. Otherwise 
convergence and accuracy problems can result. After creation of the control file it is checked 
and now the PEST analysis is ready for commencement. 

The model of the area throws up a lot of important issues to a PEST analysis. One 
such issue is that of drying and re-wetting of cells. This is important because heads calculated 
during re-wetting are non-unique. Also convergence problems are experienced. This can be 
overcome in a single layer model and it is recommended (Doherty 1998), that for large 
regional aquifer systems where hydraulic properties vary with elevation, a single layer model 
should be used. Modifications can be made in MODFLOW to allow this. This may be 
superior to the use of two or more layer models, especially where the water table crosses layer 
boundaries and use of MODFLOW rewetting functionality is thereby required (Doherty 
1998). However in our model the sand and gravel aquifer is of great importance for two 
reasons. First of all it is a water supply resource for the expanding urban areas of 
Newtownards and Comber. Secondly, it interacts significantly in the Lagan Valley, especially 
in the region around Lisburn, with the underlying Sherwood sandstone layer with leakage 
possibly in both directions, especially in the vicinity of abstraction wells. Thus the re-wetting 
function looses its appeal even further for this reason when a model must be coupled with 
PEST. Because of the complex geology of this area with its wide spatial variations in 
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parameters, coupled with the topographical differences, it is indeed a complex modelling 
problem and a worthy challenge of a parameter estimation package. It may well be that 
simplifications made to the regional model, or smaller models constructed with such 
processes as Telescopic Mesh Refinement may prove more useful in getting a PEST 
calibrated model.  

We undertook a detailed series of analyses with PEST in which we chose a reasonable 
initial dataset of the adjustable parameters for the convergence of inversion process and the 
overall iterations of optimization. The initial parameters of the hydraulic conductivity and 
recharge of rainfall were estimated based on previous investigations. The observation data 
were taken from the means of 1973-1974 at 18 targets and 4 recent supplementary 
measurements in the Newtownards area. Wide upper and lower bounds of the adjustable 
parameters were set to give more searching space for the optimization. The parameters were 
adjusted until the fits between model-generated and borehole groundwater heads were 
reduced to a minimum in the weighted least squares result. PEST 98 for Windows (WPEST) 
was run with a Pentium 233 machine running Windows 95. As the time required to run each 
groundwater flow model was about 20-30 minutes, use of WPEST for optimization was 2 to 3 
days. 

System uncertainty arose due to the limited observation data in the region and the 
different data measurements. To regularize the parameter estimation problem and reduce the 
uncertainty, less weights were assigned for the 4 observations in the Newtownards area in the 
inversion parameter optimization (Doherty, 1998). The optimal objective function, the sum of 
squared weighted residuals of groundwater heads, was achieved after 5 inversion iteration 
runs. The sensitivity of each parameter with respect to all the weighted observations during 5 
optimisation iterations is shown in Figure 8. The inversion of the regional flow model was 
sensitive to the parameter values of sand and gravel, glacial till, Sherwood Sandstone in the 
middle part of the Lagan valley, and then to basalt and greywackes. Zonation of hydraulic 
conductivity was determined upon the basis of geology, hydrology, topography, and land use.  

Based on the spatial zonation of the adjustable parameters, the automated calibration of 
the parameters was conducted for groundwater flow model. The values of the Quaternary are 
greater than the initial estimations, especially for the sand and gravel deposit, which may 
indicate an exaggeration phenomenon of the model to the Quaternary in spatial scale. The K 
values of the solid geological strata are all located within a reasonable range and identical to 
the initial estimations. The much smaller value of the Mercia Mudstone, conformably lying 
over the Sherwood Sandstone, suggests a very slow velocity and long travel time of 
groundwater recharge through the escarpment and hills in the western part of Belfast 
(Bennett, 1976). For the Sherwood Sandstone aquifer, the spatial distribution of the hydraulic 
conductivity K is characterised by a general decrease, without surprise, from shallow to deep 
in the vertical direction. Horizontally, K is relatively greater in the north and middle (around 
Lisburn) of the region than in the rest of the area. This shows the high anisotropy of the 
Sandstone aquifer as a result of the geological structures (Kalin and Roberts, 1997).  

The overall 95% confidence limits of the adjustable parameters are very wide. These 
limits in the inversion provide only an indication of parameter uncertainty which relies on a 
linearity assumption. The very large margins of uncertainty indicate that they probably extend 
further into parameter space than the linear assumption itself and may be exaggerated in 
logarithmic transformation (Doherty, 1998). Even so, it still demonstrates that there are too 
few observations and relatively too many parameters in the automation process. This shows 
that coupling of geochemical data may provide significant information that will allow for 
constraining of the distribution of results from inverse modeling. 

Through comparison of the values of confidence intervals, we can also find out the 
relative correlation and sensitivity between the parameters. The Quaternary deposits, Chalk, 
and Mercia Mudstone are well correlated with less certainty, whilst the Basalt and Permian 
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Marl and Sandstone are well correlated with more certainty. The parameters of the Sherwood 
Sandstone have relatively small confidence intervals, however the hydraulic conductivity in 
the north and east zonations, where there is no or less observation data, contains more 
uncertainty. The contours of automated and measured groundwater heads are shown in Fig. 8, 
which shows overall good match even with the uncertainty on the sparse distribution of 
observations. After the model automation, the groundwater mass balance is within a 
reasonable range.  
 
 

 
 

FIG. 8. Groundwater head contour and weighted residuals of the calibration. 
 
 
5  CONCLUSIONS 

 
The use of inverse modeling and the use of geochemical modeling of groundwater are 

not new. However, the coupled inverse modeling of geochemistry and groundwater is a novel 
area, which has not yet been studied extensively, especially for UK aquifers. The temporal 
and spatial variations of natural isotopes and geochemistry in groundwater systems can be 
used to constrain the flow systems and improve our understanding of system boundaries, 
sources and sinks, aquifer properties and the like. The quantification of dynamic parameters 
of a groundwater system and reduction of uncertainty associated with the quantification will 
be better achieved with constraints of groundwater flow and geochemistry. The state-of-the-
art methodology for interpretation of groundwater flow using geochemistry and natural 
isotopes considers forward and inverse modeling based on the geochemical evolution of 
groundwater and isotopic composition, which is the novel feature of the study. The system is 
currently being applied to the Triassic Sandstone aquifer of Belfast, Northern Ireland and will 
be further refined as a complete geochemical and isotope hydrology data set is obtained. 
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Abstract. Principles of the lumped-parameter approach to the interpretation of environmental tracer 
data are given. The most frequently used models characterised by different transit time distribution 
functions are considered. The applicability of these models for the interpretation of different tracer 
data is discussed. The determination of hydrologic parameters from tracer ages is additionally shown. 
Some case studies are given to demonstrate the applicability of the lumped-parameter approach. 
Description of the new version of the user-friendly computer software FLOWPC (version 3.1) is 
given. 
 
 
1. GENERAL DESCRIPTION  
 
1.1. INTRODUCTION 
 
In this manual a comprehensive description of the lumped-parameter models applicable to the 
interpretation of environmental tracers in groundwater systems is given. It will be shown that 
the lumped-parameter models are particularly useful for interpreting the tracer data which 
were obtained at separate sampling sites, when it is neither possible, nor justified, to use 
distributed-parameter models, as the latter require more detailed knowledge of the 
investigated system, which is often unavailable. This manual is based on earlier reports 
(Maloszewski and Zuber, 1996 and Zuber and Maloszewski, 2000) and other references given 
further. A diskette with a new version of the user-friendly programme (FLOWPC 3.1) and 
examples is included. 
 
For a better understanding of the tracer method and the interpretation of the tracer data, 
several definitions are recalled. Some of these definitions are more or less generally accepted 
and frequently used (e.g. Gardner and Ely 1967, Levenspiel 1972, Lohman et al. 1972, NEA 
1990); whereas remaining are unfortunately used only occasionally. As a consequence of 
infrequent use of adequate definitions, a lot of misunderstandings occur in literature, 
especially when radioisotope ages versus water ages are considered, or when mathematical 
models equivalent to the behaviour of a well-mixed reservoir are used for groundwater 
systems in which good mixing never occurs. As explained further, some misunderstandings 
also result from a common identification of tracer ages with water ages in fractured rocks 
whereas in fact these two physical quantities differ considerably. 
 
The tracer method is a technique for obtaining information about a system or some part of a 
system by observing the behaviour of a specific substance, the tracer, which has been added 
(injected) to the system. Environmental tracers are added by natural processes whereas their 
production is either natural or results from the global activity of man. 
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An ideal tracer is a substance behaving in the system exactly as the traced material, at least as 
far as the sought parameters are concerned, and which has one property that distinguishes it 
from the traced material. For an ideal tracer, there should be neither sources nor sinks in the 
system other than those related to the sought parameters. In practice a substance which has 
other sources or sinks can also be regarded as suitable tracer, if they can be properly accounted 
for, or if their influence is negligible within the required accuracy. 
 
A conservative tracer is an ideal tracer without sinks (there is no decay, sorption or 
precipitation). 
 
A conceptual model is a qualitative description of a system and its representation (e.g. 
description of geometry, parameters, initial and boundary conditions) relevant to the intended 
use of the model. 
 
A mathematical model is a mathematical representation of a conceptual model for a physical, 
chemical, and/or biological system by expressions designed to aid in understanding and/or 
predicting the behaviour of the system under specified conditions. 
 
In a lumped-parameter model (black-box model) spatial variations of parameters are ignored 
and the system is described by adjustable (fitted) parameters. 
 
Verification of a mathematical model, or its computer code, is obtained when it is shown that 
the model behaves as intended, i.e. that it is a proper mathematical representation of the 
conceptual model and that the equations are correctly encoded and solved. 
 
Model calibration is a process in which the mathematical model assumptions (e.g. type of the 
model) and parameters are varied to fit the model to observations. Usually, calibration is 
carried out by a trial-and-error procedure, and it can be quantitatively described by the 
goodness of fit. Model calibration is a process in which the inverse problem (ill-posed 
problem) is solved, i.e. from known input-output relations the values of parameters are 
determined by fitting the model results to experimental data. Sought (fitted, matched) 
parameters are found in the process of calibration. The direct problem is solved if for known 
or assumed parameters the output results are calculated (model prediction). In the FLOWPC 
programme an option is included (when no observations exist) which serves for direct 
calculations. Testing of hypotheses is performed by comparison of model predictions with 
experimental data.  
 
Validation is a process of obtaining assurance that a model is a correct representation of the 
process or system for which it is intended. Ideally, validation is obtained if the predictions 
derived from a calibrated model agree with new observations, preferably for other conditions 
than those used for calibration (e.g. larger distances and longer times). Contrary to calibration, 
the validation process is qualitative and based on the modeller’s judgement. In the case of the 
tracer method the validation is often performed by comparison of the values of found 
parameters with the values obtainable independently from other methods. In such a case it is 
perhaps more adequate to state that the model is confirmed, or partially confirmed. In spite of 
contradictions expressed by some authors (e.g. Konikov and Bredehoeft 1993), the difference 
between validation and confirmation is rather verbal, and, according to Zuber (1994), mainly 
depends on the definitions used and their understanding (e.g. some authors by the working 
definition of validation understand the process of calibration). 
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Partial validation can be defined as validation performed with respect to some properties of a 
model. For instance, in the modelling of artificial tracer tests or pollutant transport, the 
dispersion equation usually yields proper solute velocities (i.e. can be validated in that 
respect), but seldom adequately describes the dispersion process in predictions at much larger 
distances. 
 
The turnover time (tw; other terms: age of water leaving a system, mean exit age, mean 
residence time of water, mean transit time, hydraulic age, kinematic age) is usually defined as 
the ratio of the mobile water volume (Vm) to the volumetric flow rate (Q) through the system: 

 
tw = Vm/Q                                                                                                            (1) 
 

For vertical flow in the recharge area, especially in the unsaturated zone, Q in eq. (1) can be 
expressed by recharge rate (I): 
 
  tw = Vm/I                                                                                                           (1a) 
 
If a system can be approximated by unidimensional flow pattern, this definition yields tw = 
x/vw, where x is the length for which tw is determined, and vw is the mean water velocity, 
defined below. Darcy’s velocity (vf) is defined as the ratio of Q/S, S being the cross-section 
area perpendicular to flow lines. The effective porosity is understood as that in which the 
water movement takes place (Lohman et al. 1972). Consequently, the mean water velocity 
(vw) is defined as the ratio of Darcy’s velocity to the effective porosity, vw = vf/ne (other 
equivalent terms: pore velocity, interstitial velocity, travel velocity, transit velocity). Other 
definitions of the effective porosity are also common. For instance, it is common to define the 
effective porosity as that which is effective to a given physical process, e.g. diffusion. Of 
course, in such cases, the effective porosity differs from that which is directly related to 
Darcy’s law. 
 
The mean tracer age (tt; other terms: mean transit time of tracer, mean travel time of tracer) 
can be defined as: 
 

� �
� �

�

0 0
IIt )2('dt)'t(C/'dt)'t(C'tt

 

where CI is the tracer concentration observed at the measuring site (the outlet of a system) as 
the result of an instantaneous injection at the entrance. 
 
The mean tracer age is equal to the mean water age only if there are no stagnant zones in the 
system, and the tracer is injected and measured in flux. Flux injection and measurement mean 
that at both the entrance and outlet the amounts of tracer in particular flow lines are 
proportional to their volumetric flow rates. That condition is automatically satisfied in natural 
systems for tracers entering the system with infiltrating water and measured in outflows. 
However, if sampling is performed at a certain depth of a borehole, that condition may 
perhaps be satisfied for the sampled flow line, but surely not for the whole system. 
Radiocarbon most probably does not satisfy in some cases the flux injection because it enters 
groundwater systems mainly due to the production of CO2 by plant roots. Therefore, its 
natural injection is not necessarily proportional to the volumetric flow rates. The problem of a 
proper injection and measurement is more acute in artificial tracing, however, one should be 
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aware that even an ideal environmental tracer may in some cases yield an age which differs 
from the water age. The problem of stagnant zones, which is of particular importance for 
fissured rocks, will be discussed further. 
 
Immobile systems are beyond the scope of this work, but for the consistency of age definitions 
they should be mentioned. The water age of an immobile system is usually understood as the 
time span for which the system has been separated form the atmosphere. In such cases, the 
radioisotope age of an airborne radioisotope, which has no other sources and sinks than the 
radioactive decay, can be identified with the age of water. The radioisotope age (ta) is defined 
by the radioactive decay: 

C(ta)/C(0) = exp(��ta)                                                                                         (3) 
 

where C(ta) and C(0) are the actual and initial radioisotope concentrations, respectively, and � 
is the radioactive decay constant.  
 
Unfortunately, few radioisotope tracers are available for dating both mobile and immobile old 
groundwater systems. Therefore, for such systems, the accumulation of some decay products 
is rather used (e.g. 4He and 41Ar). Similarly, the dependence of �2H and �18O in meteoric 
waters on the climatic conditions which existed when the recharge took place may supply 
information on the age of both mobile and immobile systems in terms of geological periods of 
known climates. Obviously, the ages of immobile systems, or systems which were immobile 
for some time, should not be interpreted directly in terms of hydraulic parameters. 
 
1.2. BASIC PRINCIPLES OF THE LUMPED-PARAMETER APPROACH FOR 

CONSTANT FLOW SYSTEMS 
 
In the lumped-parameter approach the groundwater system is treated as a whole and the flow 
pattern is assumed to be constant. Usually the flow rate through the system is also assumed to 
be constant because variations in the flow rate and volume were shown to be negligible when 
distinctly shorter than the mean age (Zuber et al. 1986). Detailed description of the lumped-
parameter approach can be found in a number of papers (Amin and Campana 1996, 
Maloszewski and Zuber 1982, 1996, Zuber 1986a). For the most commonly applied models, 
the schematic presentation of underground water systems is given in Fig. 1, and the relation 
between the variable input (Cin) and output (C) concentrations is: 
 

 
 
An equivalent form is: 
 

 
 
where t� is time of entry, t-t� is the transit time, and the g(t�t�) function is called the response 
function, which describes the output distribution of a conservative substance (tracer) injected 
instantaneously at the inlet, and the integration from or to infinity means that the whole input 
curve (Cin) has to be included to get a correct output concentration (Fig. 1). Other common 
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terms for the g(t) function are: transit time distribution, residence time distribution (RTD) of 
tracer, tracer age distribution, and weighting function. As discussed further the RTD of tracer 
is not necessarily equivalent to the RTD of the investigated fluid. 
 
Sometimes it is convenient to express eq. (4), or (5), as a sum of two convolution integrals, or 
two input functions. The most common case is that one component is either free of tracer, or 
the tracer concentration can be regarded as being constant. As shown further in some cases 
such approach is justified by independent information, which defines the fraction of tracer-
free component, or component with approximately constant tracer concentration. In other 
cases, the fraction of tracer-free component is used as an additional fitting parameter. In the 
FLOWPC programme an option is included for such an older fraction of water (�) which 
either contains a constant tracer concentration, or is free of tracer. The flow rate is assumed to 
be constant, which is a good approximation if the duration of changes is shorter than the mean 
age (Zuber et al. 1986). 
 
 

C(t)Cin(t)

EM and DM models
Parameters
EM   (tt)
DM   (tt,PD)
EPM (tt,����) 

EPM model

Cin(t) C(t)
EM (PFM) PFM (EM)

tt=tw=Vw/Q=const.
 

 
Fig. 1. Schematic presentations of groundwater systems in the lumped-parameter approach. 

 
 
The response function represents the normalised output concentration, i.e. the concentration 
divided by the injected mass, which results from an instantaneous injection of a conservative 
tracer at the inlet. It is impossible to determine the response functions of groundwater systems 
experimentally. Therefore, functions known from other fields of science are used. The 
response function, which is either chosen by the modeller, or found by calibration, defines the 
type of the model whereas the parameters of the model are found by calibration. Calibration 
means finding a good fit of concentrations calculated by eq. (4), or (5), to the experimental 
data, for a known or estimated input function (time record of Cin weighted by precipitation 
rates). Usually, when referring to a model its type and the values of parameters are reported. 
 
In chemical engineering, the response function is often identified with the E(t) function which 
describes the exit time distribution (or the residence time distribution, RTD) of the 
investigated fluid. By definition, the mean value of the E-function is equal the volume of the 
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system divided by the volumetric flow rate, and is equal to the mean exit age of the fluid (i.e. 
to the mean residence time of the fluid). For groundwater systems, the tracer response 
function can be identified with the exit time distribution of water only under favourable 
conditions, i.e. when there are no stagnant zones. When stagnant zones are present, even an 
ideal tracer may be delayed in respect to the water flow due to diffusion exchange between 
mobile and immobile zones. That problem will be discussed further in more detail. 
 
 
1.3. MODELS 
 
1.3.1. Piston flow model 
 
In the piston flow model (PFM) approximation the flow lines are assumed to have the same 
transit time, and the hydrodynamic dispersion and diffusion are negligible. Therefore, the 
tracer moves from the recharge area as if it was in a can. The response function is given by the 
well-known Dirac delta function, g(t�) = �(t� – tt), which inserted into eq. 4 yields: 
 

 
 
Equation 6 means that for the PFM the output concentration at a given time is equal to the 
input concentration at the time tt earlier, and changed only by the radioactive decay during the 
time span tt. The transit time of the tracer (tt) is the only parameter of the model, and the shape 
of the input concentration function is followed by the output concentration in the case of a 
conservative tracer. In the case of a radioactive tracer, the output concentration is decreased by 
decay. It will be shown further that the PFM is applicable only to systems with constant tracer 
input. The most commonly used are the three models considered in the following sections. 
 
1.3.2. Exponential model 
 
In the exponential model (EM) approximation, the flow lines are assumed to have the 
exponential distribution of transit times, i.e. the shortest line has the theoretical transit time 
equal to zero, and the longest line has the transit time equal to infinity. It is assumed that there 
is no exchange of tracer between the flow lines, and then the following response function is 
obtained: 
 

 
 
This relationship is mathematically equivalent to the response function of a well-mixed 
reservoir, known in chemical engineering. Some investigators reject the EM because in 
principle no good mixing may occur in aquifers whereas others claim the applicability of the 
EM to be indicative of good mixing conditions in a groundwater system. Both opinions are 
wrong because, as mentioned, the model is based on an assumption of no exchange (mixing) 
of tracer between particular flow lines (Eriksson 1958, Maloszewski and Zuber 1982, 1996, 
Zuber 1986a). If tracer exchanges between the flow lines with an exponential distribution of 
travel times, its distribution will tend to be described by the dispersion model discussed 
further. Expected effects are similar to the effects shown for tracer distributions in a laminar 
flow in a capillary (Maloszewski and Zuber 1996, Fig. A.1). Understanding of all effects 
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which may lead to differences between the tracer response function and the distribution of 
flow lines is very useful for a proper interpretation of tracer data. 
 
For the exponential model approximation, mixing occurs only at the sampling site (spring, 
abstraction well, stream or river). In general, groundwater systems are never well mixed. They 
may contain mixed waters in drainage zones where different flow lines converge, in case 
when two flow meets (e.g. in the case of an outflow from deeper formation to the overlaying 
sediments), or in transition zones where the hydrodynamic dispersion and diffusion play an 
important role. 
 
Similarly to the PFM, the mean transit time (age) of tracer is the only parameter of the EM, 
which unambiguously defines the whole transit time distribution (Fig. 2). Therefore, when 
reporting the tracer age, the model used, or the response function should also be given. The 
response function of the EM shows the model to be inapplicable to systems in which 
infinitesimally short flow lines do not exist. In other words, the EM is not applicable when 
samples are taken well below ground surface, e.g. from boreholes screened at large depths, 
mines, and artesian outflows. Experience shows that very often, due to a too short record of 
the tracer data, the exponential model yields a good fit though its use is not justified. In such 
cases, it should be remembered that the obtained result is a rough approximation, and the real 
situation can be described more adequately by one of the models discussed in the next 
sections. Evidently in such cases no unique solution is available. 
 
The EM and other models with a broad distribution of ages describe situations in which only 
the shortest flow lines supply to the sampling site a decaying tracer (e.g. tritium), or a non-
decaying tracer with the input function starting from zero (e.g. freons). Therefore, in the case 
of a large value of the mean tracer age, no information is in fact available on the part of the 
system with flow lines without tracer. In consequence, the knowledge on the whole system is 
derived from the information available for its fraction with low ages (short transit times). In 
other words, the remaining part of the system, which practically does not supply tracer to the 
sampling site, may have a quite different distribution of flow lines than that assumed in the 
model (e.g. see Fig. 17 in Chapter 1.8). 
 
 

 
 

Fig. 2. Examples of response functions of the exponential model (EM). 
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Fig. 3. Examples of response functions of the exponential-piston flow model (EPM). 
 
 
1.3.3. Combined exponential-piston flow model 
 
In the exponential-piston flow model (EPM) approximation, the aquifer is assumed to consist 
of two parts in line, one with the exponential distribution of transit times, and another with the 
distribution approximated by the piston flow. The response function of the EPM is: 
 

g(t�) = (�/tt) exp(��t�/tt + � � 1)                   for t� � tt(1 � �-1)                            (8) 
                          = 0                                                        for t� < tt(1 � �-1) 
 
where � is the ratio of the total volume to the volume with the exponential distribution of 
transit times, i.e. � = 1 means the exponential flow model. The response function is 
independent of the sequence in which EM and EPM are combined. The EPM has two fitting 
(sought) parameters, i.e. tt and �. Examples of the response functions are shown in Fig. 3. For 
low values of � that model is close to the EM whereas for large values of � it is somewhat 
similar to the dispersion model with a low value of the apparent dispersion parameter. That 
model is somewhat more realistic than the exponential model because it allows for the 
existence of a delay of the shortest flow lines. 
 
Graphical presentation of C/Co values yielded by different models is given in Fig. 6, which is 
particularly useful for 14C dating. Note that when the inverse solution is sought it is 
impossible to get a unique answer for known C/Co, if a model with two or more sought 
parameters is used. Therefore, if no other information is available, bracket age values yielded 
by the PFM and EM should at least be given. However, when �tt is low, all the models yield 
similar ages, as it can be seen from Fig. 6. 
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Fig. 4. Examples of response functions of the dispersion model (DM) for most typical bracket 
values of the dispersion parameter. 

 
 
1.3.4. Dispersion model 
 
In the dispersion model (DM), the following uni-dimensional solution in the flux mode to the 
dispersion equation for a semi-infinite medium is used as the response function (Kreft and 
Zuber 1978): 

 

 
 

where PD is the apparent dispersion parameter (= D/vx, reciprocal of the Peclet number), 
which is practically unrelated to the common dispersivity (D/v) of groundwater systems, and 
mainly depends on the distribution of travel times. The higher the value of the dispersion 
parameter, the wider and the more asymmetrical the distribution of the travel times. Examples 
of the response functions are shown in Fig. 4, for the PD values of 0.05 and 0.5, which bracket 
the most common situations. However, in some published case studies, the interpretation of 
tritium records yielded the values of the dispersion parameter as high as 2.5 (Maloszewski and 
Zuber 1982, Zuber 1986a, Zuber et al. 2000) whereas lower values than 0.05 are rather 
unexpected. Some authors, instead of eq. (9), apply the solution to the dispersion equation for 
an infinite medium, which is an approximation inadequate in the case of a high value of the 
dispersion parameter (Kreft and Zuber 1978, Maloszewski and Zuber 1982, Zuber 1986a). 
Graphical examples of the response function for wider range of PD values, as well as 
normalised response functions for other typical models, can be found in Maloszewski and 
Zuber (1996) and Zuber (1986a). 
 
1.3.5. Linear and combined linear-piston flow models 
 
The linear model (LM) and the linear-piston flow model are seldom applicable and therefore 
they are not discussed here though they are included in the FLOWPC programme. Their 
description can be found in Maloszewski and Zuber (1982, 1996) and Zuber (1986a). 
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1.4. APPLICABILITY OF THE LUMPED-PARAMETER MODELS 
 
In principle, the distribution of flow lines within the system is not considered in the lumped-
parameter approach. However, in the interpretation of environmental tracers, the records of 
data are usually too short to select the most adequate models only by fitting procedure 
(calibration). Therefore, the model selection should be performed on the basis of available 
geological or technical information, or by making use of other environmental tracers. Such 
selection can be performed prior to or after the fitting procedure. In Fig. 5 several idealised 
geological situations are shown, which correspond to particular types of models. 
 
1.5. CASES OF CONSTANT TRACER INPUT 
 
The lumped-parameter approach is applicable for any tracer with variable input. It is also 
applicable for radioisotopes with a constant input concentration. However, in the latter case, a 
unique interpretation is possible only for models with a single sought parameter, because two 
unknown values cannot be found from a single equation. The most typical solutions to eq. (4) 
for a constant input (Co) are: 
 
 C = Co exp(��tt)                                                      for PFM                                     (10) 
 
 C = Co/(1 + �tt)                                                       for EM                                       (11) 
 
 C = Co[�/(� + �tt)] exp[–�tt(� – 1)/�]                    for EPM                                    (11a) 
 
 C = Co exp{(2PD)-1�[1 – (1 + 4PD�tt)1/2]}                for DM                                       (12) 
 
Those who apply eq. (10) for dating with understanding of its limitations often use the term 
apparent tracer age for the PFM tracer age (e.g. Solomon and Cook 1996). Equations (10)-
(12) demonstrate that the radioisotope age found from eq. (3) is a correct representation of the 
mean tracer age (tt) only for the PFM, which, as mentioned, is equal to the mean water age (tw) 
under favourable conditions. In spite of a number of works, in which differences between the 
ages resulting from particular models and the radioisotope age were shown, it is a quite 
common mistake to identify the radioisotope age, given by eq. (3) with the mean tracer age. It 
is especially common in the case of 14C measurements of samples taken from systems with 
either unknown flow patterns, or with flow patterns described evidently by another model than 
the PFM. 
 
In the case of constant tracer input and a single-parameter model, the age can be found from a 
single measurement. The only way to validate, or confirm, the model is to compare its results 
with other independent data, if available. However, the environmental tracers are particularly 
useful in investigations of little known systems, where no other data are available for 
comparisons. Therefore, the validation process cannot be performed, and the general validity 
of particular models is judged on the basis of vast literature of the subject. 
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Fig. 5. Schematic situations corresponding to possible applicability of particular models 
(Maloszewski and Zuber 1982, Zuber 1986a). Cases a, b, c and d correspond to sampling in 
outflowing or abstracted water (sample is averaged by volumetric flow rates = flux 
concentration denoted as CFF). Case e corresponds to samples taken separately at different 
depths (e.g. during drilling) and next averaged by the depth intervals (depth averaged 
concentration = resident concentration resulting from flux input, denoted as CFR). 
 

 
 
Fig. 6. C/Co as a function of normalised time (�tt) for several typical models (Maloszewski 
and Zuber 1982, 1996; Zuber 1986a). 
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1.6. CASES OF VARIABLE TRACER INPUT 
 
1.6.1. Tritium method (T1/2 = 12.43 years) 
 
Tritium (3H) concentrations in atmospheric waters were constant and very low (5-10 T.U.) 
before the hydrogen bomb tests in the atmosphere, which started in 1954. The highest 
concentrations, up to about 6000 T.U. during summer months in the north hemisphere, were 
observed in 1962-63. Since then, the atmospheric concentrations exponentially decrease 
reaching 10-20 T.U. in late 90-ties, with characteristic maximum contents in spring and 
summer months and minimum contents in autumn and winter months. High tritium 
concentrations in the precipitation of early sixties offer a unique opportunity for dating young 
groundwater systems in a relatively wide range of ages. In the case of piston flow, or systems 
with very low dispersivity, the tritium method yields ages of waters recharged after 1954 
because for older waters the present concentrations are close to zero. However, for systems 
approximated by the exponential model, even the ages of the order of 1,000 can be 
determined. For typical dispersive systems, the ages up to about 100-200 years are often 
observed. Therefore, the environmental tritium is still the most useful tracer for dating young 
waters (5-50 years), especially in the north hemisphere. Unfortunately, in the tropics the 
atmospheric tritium peak was much lower, and in the south hemisphere its was even more 
damped and delayed (Gat 1980), which makes the dating more difficult or sometimes even 
impossible. 
 
Seasonal variations of the tritium concentration in precipitation as well as variations in the 
precipitation and infiltration rates cause difficulties in the estimation of the input function, i.e. 
Cin(t). For each calendar year the value of the input can be expressed as: 
 

 
 
where Ci, Pi and Ii are the tritium concentration in precipitation, precipitation rate, and 
infiltration rate for the i-th month, respectively. The infiltration coefficient (	i = Ii/Pi) 
represents the fraction of precipitation which enters the groundwater system in the i-th month. 
The record of Cin values, calculated for each year prior to the latest sampling date, represents 
the input function. For the interpretation of old tritium data, the record of Cin should include 
constant Cin values observed prior to the beginning of the rise in 1954 caused by hydrogen 
bomb test in the atmosphere, in other cases the calculations of the input function can be 
started since 1954. 
 
Some authors tried to estimate the infiltration coefficients for particular months (Andersen 
and Sevel 1974, Przewlocki 1975). In general, these coefficients usually remain unknown, and 
approximations have to be applied. If it is assumed that the infiltration coefficient in the 
summer months (	s) of each year is the same fraction of the infiltration coefficient in the 
winter month (	w), i.e. 	  = 	s/	w, eq. (13) simplifies into eq. (14) (Grabczak et al. 1984). 
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Fig. 7. Tritium concentration (logarithmic scale) in precipitation (� = 1.0) and input 
functions for � = 0.7 and 0.0 calculated for Cracow (Poland) station. Shown for comparison 
is the input function for Swieradów station (Sudetes Mts. Poland), and one of the input 
functions corrected for the radioactive decay to 1998. 

 
In the north hemisphere the summer months are from April to September (from the fourth to 
the ninth month), and the winter months are from October to March (from the tenths to the 
third month of the next calendar year). Monthly precipitation amounts should be taken from 
the nearest meteorological station, and the tritium data should be taken from the nearest 
station of the IAEA network. As complete records are usually unavailable, the record of a 
given station has to be completed by extrapolating correlation with another station for which a 
complete record exists, either in original or correlated form (Davis et al. 1967). Experience 
shows that in a rough approximation, the input functions from distant stations, with climatic 
conditions similar to those of the investigated area, can be used, especially for ages larger than 
about 20 years. Tritium concentrations in precipitation and examples of the input functions are 
given in Figs. 7 and 8. The logarithmic scale of Fig. 7 gives a better idea about the 
concentrations which have been observed since 1954, and the long tail of the tritium pulse 
whereas the linear scale of Fig. 8 serves for a better understanding of the pulse character of the 
tritium input. That pulse character and low values of the tail gave reasons to opinions that the 
tritium method would be of little use in near future. However, it seems that the tritium method 
will remain the best method for dating young waters for the next two decades at least. It is also 
evident that for large values of 	 no drastic changes in the input function are observed. 
 

 
Fig. 8. The same as in Fig. 7 but the tritium concentration is in linear scale. 
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It is well known that under moderate climatic conditions the recharge takes place mainly in 
winter months. Therefore, in some early publications the � coefficient was assumed to be 
equal to zero or 0.05. However, the isotopic composition of shallow groundwater is usually 
equal, or close, to the yearly mean weighted isotopic composition of precipitation, even in 
areas of prevailing potential evapotranspiration over precipitation in summer months. It means 
that in the summer months the evapotranspiration partly removes water stored in the 
unsaturated zone both during the summer and winter months. In consequence, the remaining 
water, which reaches the groundwater table, also represents the winter and summer 
precipitation. When local precipitation and isotope data exists, or if they are available from a 
nearby station, the value of the 	 coefficient can be estimated from eq. (15). 

 
In that equation �is, �iw are the stable isotope compositions of the precipitation in the summer 
months and winter months, respectively; and � is the mean isotopic composition of local 
groundwater (�18O or �2H) (Grabczak et al. 1984). Equation (15) is useful if a sufficiently 
long (a few years) record of the isotopic composition and precipitation rates is available. 
However, for moderate and humid tropical climates, the 	 coefficient is usually within the 
range of 0.4-0.8, and experience shows that within this range the accuracy of modelling only 
slightly depends on the assumed 	 value, if the ages are greater than 10-20 years. In general, if 
the input function is not found independently, the 	 coefficient is either arbitrarily chosen by 
the modeller, or tacitly used as a hidden fitting (sought) parameter. As mentioned, the larger 
the number of sought parameters, the lower the reliability of modelling. Therefore, the number 
of sought parameters should be kept as low as possible. In any case, the method used for the 
calculation of the input function should also be reported. It is a common mistake to assume 	 
= 0 on the basis of conventional hydrological observations, which indicate the lack of net 
recharge in some areas during summer months, because it does not mean the lack of the 
summer tritium in recharging water, as explained above. 

The tritium age should not be identified with the retention time determined for springs from 
the decline of flow rate curve. The role of particular parts of a groundwater system is shown 
schematically in Fig. 9 (Zuber 1986b). The turnover time of groundwater system (the mean 
water age, or the mean residence time) is defined as (Vu + Vd + Vm)/Q, where Q is the spring 
discharge. If there is no escape of tritium to stagnant water zones, e.g. to Vs in Fig. 9, or to 
stagnant water in the matrix, the mean tritium age is equal to the mean turnover time of water. 
In shallow groundwater systems the age in the unsaturated zone can be larger than that in the 
saturated zone, whereas the age corresponding to the dynamic zone (Vd) is usually much 
smaller than the total age. 
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Fig. 9. Schematic presentation of a groundwater system in relation to the concept of the mean 
water age in the lumped-parameter approach (Zuber 1986b). Vu - volume of water in the 
unsaturated zone; Vd - dynamic volume which is variable and influences the outflow rate, Q; 
Vm - minimum volume observed in periods with Q = 0; Vs - stagnant water in a sedimentation 
pocket. That stagnant water volume may influence the tracer age due to the delay of tracer 
caused by its diffusion exchange between mobile and stagnant water. 
 
 
1.6.2. Tritium-helium-3 method 
 
Tritium concentrations in the atmosphere are now much lower than during the bomb test peak 
and they still decrease, which cause the tritium method to be less useful in near future than in 
the last four decades. In consequence, other tracer methods are considered as potential tools, 
which may either replace the tritium method or prolong its applicability (e.g. Plummer et al. 
1993). As tritium decays to 3He, the measurements of the tritiugenic 3He accumulated in 
groundwater systems potentially prolong the dating range resulting from the tritium peak 
(Maloszewski and Zuber 1983). In the 3H-3He method the 3He to 3H ratio is usually 
considered, which for the PFM yields a well-known formula in which the tracer age is 
independent of the input (Torgersen et al. 1979): 
 

  
 
where �T is the radioactive decay constant for tritium (1/�T = T1/2/ln2 = 17.9 a), 3H is the 
tritium content, and 3HeT is the tritiugenic 3He content expressed in tritium units (for 3He 
expressed in ml STP of gas per gram of water, the factor is 4.01�1014 to obtain the 3He 
content in T.U.). 
 
Unfortunately, eq. (16) is not applicable to other flow models. If eq. (5) is used for the 
calculation of the theoretical tritium output function, the following expression should be used 
for the daughter 3He theoretical output (Maloszewski and Zuber 1983): 

 
where CTin is the tritium input function, and CHe is the helium concentration expressed in the 
same units as in eq. (16). 
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Several recent studies showed the applicability of eq. (16) for vertical transport through the 
unsaturated or saturated zone, where samples are taken at different depths of a chosen profile, 
and the dispersivity is negligible. Then, the 3H-3He method in the PFM approximation is 
advantageous to the tritium method because only several samples taken at different depths 
close to the surface supply the same information as the tritium peak and allow to determine 
recharge rate (eq. 1a) as shown by Cook and Solomon (1997). That is especially important as 
in most cases the tritium peak, which corresponds to the atmospheric peak in 1963, has 
disappeared, or is preserved in vertical profiles only under exceptionally favourable 
conditions, and at large depths. The method can also be used in horizontal flow in the 
saturated zone, if the particular flow lines are observed with the aid of multi-lever samplers. In 
the latter case the 3H-3He method has been shown to be particularly useful to calibrate flow 
and transport models in shallow aquifers. As mentioned, another advantage of the method is 
its potentially longer applicability in near future in comparison with the tritium method. 
 
Poreda et al. (1988) reported the use of eq. (16) to interpret data from a shallow aquifer. In 
their study, the use of eq. (16), instead of more adequate eq. (17), can partly be justified by 
very low values of ages (up to 5 a, mainly about 1 a). In such a case, similarly to the case of 
the steady-state tracer input, the differences between particular models are not essential. 
 
Specific limitations of the 3He method result from the need to separate the tritiugenic helium 
from helium originating from other sources (atmospheric solubility, excess air and radiogenic 
production) as discussed in detail by Torgersen et al. (1979), Weise and Moser (1987), and 
Schlosser et al. (1989). For the PFM approximation, age uncertainties caused by these 
sources, and by fast diffusion of 3He in comparison with the diffusion of 3H1HO, were shortly 
reviewed by Solomon et al. (1998). 
 
Other difficulties are common to all gaseous tracers and they are mainly related to possible 
escapes or gains by enhanced diffusion when water is in contact with air in the unsaturated 
zone or in karstic channels. For instance, Grabczak et al. (1982) determined the models and 
tritium ages for withdrawal wells exploiting an unconfined aquifer with thick loess and sandy 
covers, and for several karstic springs. In all the cases the concentrations of 85Kr, 3He and 
freon-11 (CCl3F) were in disagreement with the values expected on the basis of the tritium 
models. These disagreements were explained as diffusion losses or gains caused by sharp 
differences in concentration between water and air either in the unsaturated zone of the 
recharge areas or in channels partly filled with water near the outflows from a karstic aquifer. 
In the case of tritium and tritiugenic helium, the age is counted from the moment of recharge 
at the surface. For other gas tracers, which gain their concentrations in water from the 
atmosphere the beginning of the age scale is rather at the water table (Solomon et al. 1993, 
1998). There are some differences in opinions because some authors describe the transport of 
gases with water in the unsaturated zone, others consider their diffusion in the gas phase to be 
quick enough to neglect that part of the travel distance in the age studies of the saturated zone. 
In any case the difference between tritium and gas tracers in the unsaturated zone has to be 
taken into account. 
 
1.6.3. Krypton-85 method (T1/2 = 10.76 years) 
 
The presence of radioactive 85Kr in the atmosphere results from emissions from nuclear power 
stations and plutonium production for military purposes. In spite of large spatial and temporal 
variations, the input function based on yearly averages is quite smooth as shown in Fig. 10 for 
the north hemisphere. 
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Fig. 10. Specific activity of 85Kr in the air of the north hemisphere (Cook and Solomon 1997, 
Sartorius 1998, and CGGC 1999), directly applicable as the input function. 
 
For the south hemisphere, the specific activity is about 0.2 Bq/m3 lower (Sartorius 1993). The 
85Kr concentration is expressed in units of the specific activity, and, therefore, it is 
independent of the krypton solubility in water, and of the possible excess of air in water, 
which is related to a common effect of incorporation of air bubbles in the recharge area. The 
krypton-85 method was initially hoped to replace the tritium method in near future. However, 
serious limitations result from large samples required due to low solubility of Kr and low 
concentrations of 85Kr, and possible excess or deficit of 85Kr caused by exchange with the 
atmosphere, especially in karstic channels and thick unsaturated zones, similarly to the 
discussed earlier 3He tracer. In spite of these limitations the krypton-85 method is probably the 
most promising replacement of the tritium method in future. Other potential gaseous tracers 
are discussed further. 
 
Depth profiles for vertical flow or multi-level samplers make the method useful for studies of 
recharge rates (Cook and Solomon 1997). However, for the typical applications of the lumped 
parameter models (interpretation of data obtained in abstraction well and springs), the 
solutions of the direct problem, i.e. the calculations of the output concentrations show a need 
of prolonged records of sampling (Maloszewski and Zuber 1983). For short tracer ages, say, 
up to about 5 years, the differences between particular models are slight, similarly to the case 
of constant tracer inputs. For larger ages, the differences are not negligible. 
 
1.6.4. Carbon-14 method 
 
Usually the 14C content is not measured in young waters in which tritium is present unless 
mixing of components having distinctly different ages is investigated. However, in principle, 
due to a distinct bomb peak of 14C concentration, the lumped-parameter approach for variable 
input can also be applied. A high cost of 14C analyses and a low accuracy related to the 
problem of the so-called initial carbon content make that approach impractical. However, it is 
suggested that when the 14C data are available, the lumped-parameter approach can be used to 
check if they are consistent with the results obtained from the tritium modelling. 
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1.6.5. Oxygen-18 and deuterium method 
 
Seasonal variations of �18O and �2H in precipitation are under favourable conditions observed 
in outlets of small catchments with the mean ages up to about 4 years (a common definition of 
a small catchment is that with the surface area up to 100 km2, Buttle 1998). Due to a strong 
damping of the seasonal input variations in outflows, a frequent sampling over several years is 
usually required both at the input and the outlet. The input data should be taken from a local 
precipitation collector and the outlet data from a chosen drainage site, i.e. a spring or stream 
draining the investigated retention basin (Bergman et al. 1986, Maloszewski et al. 1992). 
 

 
 
where 
� is the mean input which must be equal to the mean output of �18O or �2H values and 
n is the number of months (or weeks, or two-weeks periods, because in that method a shorter 
time unit is preferable) for which the observations are available. When the information on 	i 
is not available, it can be replaced by 	, similarly to the tritium method. Then 	 is either 
calculated from eq. (15), or assumed, and appears as a coefficient for the precipitation of the 
summer months whereas 	 = 1 is put for the winter months. 
 
The stable isotope method is also useful for determining the fraction of river, or lake, water 
flowing to pumping wells near rivers (lakes), and the travel time of that water from a river 
(lake) to a well, if the isotopic composition of river (lake) water sufficiently varies seasonally. 
An example is discussed farther. 
 
1.6.6. Other potential methods 
 
Among other environmental tracers with variable input the most promising for age 
determinations of young waters are freons (chloroflourocarbons), particularly freon-12 
(CCl2F2), and sulphur hexafluoride (SF6) which has been shown to be a good atmospheric 
tracer. Their input functions monotonically increase due to the global contamination of the 
atmosphere by industry (Fig. 11). In the south hemisphere their concentrations are somewhat 
lower. Freons enter groundwater systems similarly to other gases with infiltrating water in 
which they are dissolved in low concentrations. Excess air and exchange with the air in the 
unsaturated zone makes the input function less accurately defined than for the tritium. Under 
extremely favourable conditions (low filtration rate and high diffusion coefficient in the 
unsaturated zone), the response function should probably start at the water table. The use of 
freons is also limited due to sorption effects, which are still little known. Another difficulty 
results from the dependence of the input function on their solubility, i.e. on the pressure and 
temperature at the recharge area, which is especially serious when the altitude of the recharge 
area remains unknown. However, the most serious difficulties are related to possible local 
contamination of shallow groundwaters by industry, and legal and illegal disposal sites (e.g. 
disposal of refrigerators into sinkholes in karstic areas). Therefore, chlorofluorocarbons are 
more commonly used to observe the contaminant transport in groundwater systems, and to 
calibrate numerical transport models, than to determine the age of water by the lumped-
parameter approach. Due to stripping effects, all gaseous tracers are not applicable in 
investigations of waters rich in gases causing bubbling (CO2 or CH4 and N2). 
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Fig. 11. Atmospheric concentrations of freons and SF6 in pptv (10-12 parts per volume).   F-11 
and F-12 after ORNL (1993), Cook and Solomon (1997) and CGGC (1999); F-113 after Cook 
and Solomon (1997) and CGGC (1999), and SF6 after Mais and Levin (1994), Mais et al. 
(1996) and CGGC (1999). The input functions are obtainable by applying appropriate gas 
solubility for the estimated recharge temperature and pressure (altitude). 
 
 
Increased tritium concentrations in groundwaters is a temporary phenomenon due to a short 
half-life of that radioisotope and a short duration of the atmospheric peak. Theoretically, the 
atmospheric peak of bomb produced 36Cl, with half-life of about 3.01�105 years, should be an 
ideal tracer for relatively young groundwaters. However, spatial differences in peak 
concentrations make this tracer difficult to apply in a similar way to tritium in the lumped 
parameter approach. Favourable conditions existed in early recharge rate studies when the 
position of the peak in vertical profiles was measured and interpreted by the PFM 
approximation (see Bentley et al. 1986 for a review). 
 
1.7. AN EXAMPLE OF THE USE OF 180 FOR DETERMINING THE BANK 

INFILTRATION OF RIVER WATER (Stichler et al. 1986) 
 
When a well situated near a river is exploited the isotopic composition in the pumping well 
can be a mixture of river and groundwater. Then: 

 
where p is the fraction of the river water and subscripts w, r and g stay for the pumped, river 
and local groundwater, respectively. The value of p can be found by rearranging eq. (19) and 
using the mean isotopic compositions of particular components: 

 
The isotopic composition of local groundwater (�g) is either constant or only slightly varies in 
comparison with the isotopic composition of river water (�r). In consequence, the travel time 
from river to the withdrawal well is found by fitting eq. (21) whereas the fraction of the river 
water is obtained from eq. (20). 
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An example of a fit obtained for a pumping well on an inland on Danube near Passau is given 
in Fig. 12. A similar study was presented by Hötzl et al. (1989) whereas Maloszewski et al. 
(1990) described a more complex case. 
 
For the identified input-output relation (i.e. for found type of the model and its parameters), it 
is possible to predict the response of the wells to any appearance of a conservative pollutant in 
river or lake water. For sorbable pollutants it is necessary to know their sorption parameters 
(the delay factor at least). 
 
The stable isotope method used for small retention basins or bank filtration usually requires a 
frequent sampling in a relatively long time period. Therefore, for small retention basins its 
applicability is limited to research purposes. However, in the case of bank filtration studies, 
the method is very practical and undoubtedly cheaper than a number of wells drilled to obtain 
data needed for a numerical flow and transport model. In addition, a numerical model without 
validation by the tracer method would be little reliable. For instance, Stichler et al. (1999) 
used the lumped-parameter approach to find the velocity and proportion of lake water in a 
pumping station near a lake. They also showed that without making use of isotope data it is 
possible to calibrate the numerical flow model in such a way that no lake water flows to the 
pumping station. 
 

 
Fig. 12. Observed and fitted �18O output function in a well in Passau for DM with tt = 60 
days (1.9 months), PD = 0.12, 1 – p = � = 0.20, and �g=C� = –10.4 ‰ (Input and 
observation data are given in Chapter 2. FLOWPC - Manual). 

 
1.8. EXAMPLES OF TRITIUM AGES DETERMINATIONS 

There is a vast literature on the interpretation of tritium ages. For the presentation in this 
chapter, two studies have been selected, which can be used by the reader as exercises. The 
following study is related to a phreatic aquifer in eastern Poland (Zuber and Michalczyk, 
2000). Tritium data of selected sampling sites are presented in Table 1 whereas in Table 2 the 
fitted models and their parameters are given. In Figs. 13-16 the same data and chosen models 
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are given in graphical form. Considering the error bars (�1 standard deviation) it is evident 
both from the table and figures that unique solutions are not available due to low number of 
data and a relatively short period of observations. In other words, the models selected yield 
only rough estimations of possible ages. However, as all the sampling sites yield more or less 
similar values of age, some assurance of the correctness of the whole approach is obtained. 
Additional assurance is obtained by comparison of the values of hydraulic conductivity 
obtained from tritium ages and pumping tests as discussed further. 

In Fig. 17 the response functions of models fitted to the tritium data of springs 1 and 2 
(Fig. 16) are shown. It is self-evident that the existence of great ages in the case of modelling 
with tritium cannot be directly verified. That difficulty is demonstrated by tritium curves 
obtained from the response functions by taking into account the decay of tritium. These curves 
represent the distribution of tritium concentration, which would be measured if the tritium 
were injected instantaneously over the whole recharge area. It is clear that flow lines with the 
largest values of ages are not measurable, their presence is simply deduced from the model 
assumed.  

In Fig. 18 observation data and the “best fit” model are shown for an Alpine spring (DM with 
tt = 5.5 a, PD = 0.6, � = 0.26 T.U. and ME = 74 %.) The model of “best fit” differs somewhat 
from that given in the original work (Maloszewski et al. 1992) due to a different value of the 
	 coefficient used. From the precipitation and outflow data in the basin the 	 coefficient was 
estimated to be about 1. However, the stable isotope method showed that the outflow in the 
summer months was in a large part caused by melting snow, which was stored in the winter 
months. The value of the 	 coefficient found from the stable isotopes was about 0.15, and that 
value is used in the example given in Chapter 2 and graphically presented in Fig. 18. Input and 
observation data for all the examples presented above chapter are given in Chapter 2 and on 
the diskette attached. 
 
TABLE 1. TRITIUM DATA OF SELECTED SAMPLING SITES IN THE BYSTRZYCA 
CATCHMENT 

Site No. Date of sampling and tritium content 
 02.08.1995 17-18.06.1997 20.06.1999 
 T.U. T.U. T.U. 

Spring 1 4.9�0.5 5.6�0.5 5.2�0.5 
Spring 2 2.1�0.5 3.1�0.5 4.4�0.5 
Well 6 7.8�0.6 5.9�0.5 4.6�0.5 
Well 7 6.7�0.5 5.6�0.5 5.1�0.5 
Well 9 5.4�0.5 4.2�0.5 5.3�0.6 
Well 11 5.7�0.5 n.m. 5.7�0.6 
Well 12 3.4�0.5 3.7�0.5 4.5�0.5 
Well 14 8.5�0.6 7.6�0.5 6.3�0.6 

n.m. – not measured 
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TABLE 2. MODELS, THEIR PARAMETERS, ASSUMED DISTANCES (x), MEAN 
HYDRAULIC GRADIENTS (H/x), AND CALCULATED VALUES OF THE 
REGIONAL HYDRAULIC CONDUCTIVITY (K) FOR THE TRITIUM DATA OF 
TABLE 1 

No. Model � Mean age PD � � x H/x K 
   Years   T.U. km  10-5 m/s
1 EPM 0.00 236 - 1.15 0.09 1.9 0.0035 2.9 
2 DM 

DM 
0.00 
0.50 

61 
54.5 

0.025 
0.020 

- 
- 

0.02 
0.02 

2.3 
- 

0.002 
- 

24 
- 

6 EM 
DM 
DM 

0.00 
0.63 
0.64 

268 
14.3 
14.4 

- 
0.050 
0.050 

- 
- 
- 

0.48 
0.07 
0.04 

2.0 
- 
- 

0.0015 
- 
- 

6.3 
- 
- 

7 EM 
EPM 

0.00 
0.00 

282 
290 

- 
- 

- 
1.02 

0.14 
0.14 

- 
5.7 

- 
0.0018 

- 
14 

9 EPM 0.00 237 - 1.15 0.41 3.3 0.0025 7.0 
11 EPM 0.00 228 - 1.15 0.11 3.3 0.0025 7.3 
12 DM 0.00 92 0.100 - 0.07 2.0 0.0015 18 
14 EM 

EPM 
0.00 
0.00 

215 
219 

- 
- 

- 
1.02 

0.18 
0.18 

- 
2.9 

- 
0.0035 

- 
4.8 

 
 
 
 

 
 
Fig. 13. Examples of tritium data obtained for withdrawal wells and interpretable by the 
exponential model (EM). The same fitting is obtained for the exponential-piston flow model 
(EPM) with a low value of � parameter (Table 2). 
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Fig. 14. Examples of tritium data obtained for withdrawal wells and interpretable by the EPM 
with a large value of �-parameter. 
 
 

 
 
Fig. 15. Examples of tritium data obtained for withdrawal wells and interpretable by the 
dispersion model (DM). For site 6, The DM yield good fit only in the case of a large value of 
� (two-component flow) whereas the EM yields in a rough approximation the total age. 
 
 
 



24 

 
 
Fig. 16. Examples of tritium data obtained for springs and interpretable by the dispersion 
model (DM) with a low PD value (spring 2), and by the EPM (spring 1). 
 
 

 
 
Fig. 17. Response functions of models shown in Fig. 16, which give the time distribution of 
assumed flow lines. In addition, there are shown tracer curves (multiplied by 10) which would 
result from an instantaneous injection of tritium over the whole recharge area. 
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Fig. 18. Tritium contents in an Alpine spring and fitted model (see text). 
 

 
1.9. GOODNESS OF FIT AND MODEL EFFICIENCY 
 
In the case of variable tracer input, the model is fitted (calibrated) to the set of output 
observation data. The goodness of fit (�) in the FLOWPC is defined as 

where Cmi is the i-th measured concentration, Ci is the i-th fitted (calculated) concentration, 
and n is the number of observations. 
 
The model efficiency (EM) is introduced in the version 3.1 of FLOWPC according to 
Hornberger et al. (1992): 
 

 
 
where Cmean is the arithmetic mean of the measured values. A model efficiency EM = 1 
indicates an ideal fit of the model to the concentrations observed, while EM = 0 indicates that 
the model fits the data no better than a horizontal line through the mean concentration 
observed. It is evident that eq. (23) is useful for testing breakthrough curves in artificial tracer 
tests and the periodic output functions as it is in the case of stable isotopes, where the seasonal 
variations are used to find a model. For other environmental tracers, eq. (23) is of little use. 
 
1.10. DETERMINATION OF HYDROGEOLOGIC PARAMETERS FROM TRACER 

AGES 
 
Principles of the interpretation of tritium data, especially in combinations with other 
environmental tracer data, can be found in a number of text books, manuals, and reports. 
However, the hydrologic meaning of the tracer age in double porosity rocks (fractured rocks), 
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or triple porosity rocks (karstic rocks) differs from that in granular rocks where it is related 
directly to the flow rate. The difference in the meaning of the tracer age between single 
porosity and double porosity rock is schematically shown in Fig. 19. For fractured rocks, due 
to diffusion exchange between the mobile water in fractures and stagnant or quasi stagnant 
water in the micropores of matrix, the tracer transport at large scales can be regarded as if it 
were flowing through the total open porosity (Neretnieks 1980, Maloszewski and Zuber 
1985). Unfortunately, that problem is tacitly omitted in a number of research papers and text 
books. Therefore, basic formulas relating the mean tracer ages obtained from lumped-
parameter models with hydrologic parameters are recalled below. However, it should be 
remembered that these simple relations for the fractured rocks are of approximate character, 
and they are valid only at large scales and for dense fracture networks (Maloszewski 1994). 
 
 

C(t)Cin(t) tw= Vf /Q
tt = (Vf+Vp)/Q

tt = tw (nf+np)/nf
vt= vw nf /(nf+np) 

Vf - mobile
    water in
    fissures

Diffusion

Vp - stagnant
       water in
    micropores

 
 
Fig. 19. Schematic presentation of the tracer transport in fractured rocks at large scales when 
the tracer is able to penetrate fully into the stagnant water in the matrix. 
 
 
The volume of water (Vw) in the part of a given system drained by a spring, or withdrawal 
well, is given as: 
 

Vw = Q�tt                                                                                                          (24) 
 
where Q is the outflow rate. That volume of water in granular systems is practically equal to 
the volume of mobile water because fraction of water in the micropores of grains is negligibly 
low). For fractured rocks, that volume is equal to the total volume (mobile water in fractures 
and stagnant or quasi stagnant water in matrix (Fig. 19). Consequently, for a single porosity 
rock, the rock volume (Vr) occupied by Vw is given as: 
 

Vr = Vw/ne                                                                                                         (25) 
 
where ne is the effective porosity, which is close to the open porosity and total porosity (n). 
 
For fractured rocks, the following equation applies: 
 

Vr = Vw/(nf + np) � Vw/np                                                                                   (26) 
 



27 

where nf and np are the fracture and matrix porosities, respectively. The approximate form of 
eq. (26) is the result of the fracture porosity being usually negligibly low in comparison with 
the matrix porosity (nf << np). A similar equation applies for triple porosity rocks (karstic-
fractured-porous), where the karstic porosity is usually low in comparison with the fracture 
porosity (Zuber and Motyka 1998). The approximate form of eq. (26) and the following 
similar approximations are of great practical importance because the fracture porosity (plus 
karstic porosity in triple porosity rocks) usually remains unknown whereas np is easily 
measurable on rock samples (taken from unweathered rock at the outcrops, or from drill 
cores). Matrix porosity based on literature data can be used when no samples are available. If 
the dimensions of the investigated system are known from the geological map and cross-
sections, the rock volume is also known, and it can serve for the verification of the age by 
comparison with the volume found from eq. (26). 
 
When the mean distance (x) from recharge area to the sampling site is known, the following 
relation applies for single porosity rocks: 
 

tt = tw = x/vw =x/vt                                                                                             (27) 
 
which means that the tracer age (travel time) and velocity are equal to those of water. 
 
For fractured rocks (double porosity), instead of eq. (27) the following relations are applicable 
(Fig. 19): 
 

tt = x/vt = tw(nf + np)/nf = (x/vw)(nf + np)/nf                                                        (27a) 
 
In consequence, the tracer travel time is 1 + np/nf times longer than the travel time of water 
(i.e. tracer velocity is 1 + np/nf times slower than water velocity). The fracture porosity is 
difficult to estimate, and, therefore, if the tracer velocity is known, the water velocity remains 
unknown, and vice versa, if the water velocity is known, the tracer velocity remains unknown. 
 
For single porosity rocks, Darcy’s velocity (vf) is related to water and tracer velocity by 
effective porosity: 
 

vf = nevw = nevt                                                                                                  (28) 
 
For fractured rocks, Darcy’s velocity is related in a good approximation to water velocity by 
fracture porosity, because that porosity is usually close to the effective porosity: 
 

vf = nevw � nfvw = nfvt(nf + np)/nf = vt(nf + np) � vtnp = (x/tt)np                       (28a) 
 
The approximate form of eq. (28a) means that from the tracer velocity (or age) it is easy to 
calculate Darcy’s velocity without any knowledge on the fracture system. The hydraulic 
conductivity (K) is defined by Darcy’s law, i.e. vf = (H/x)�K, where (H/x) is the 
hydraulic gradient. In consequence, Darcy’s law yields the following relations: 
 
 K = nex/[(H/x)tt]                                                                                                    (29) 
 
for a single porosity rock, and 
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 K � (np + nf)x/[(H/x)tt] � npx/[(H/x)tt]                                                             (29a) 
 
for a fractured rock with a porous matrix. 
 
In both eq. (29) and (29a), the hydraulic gradient represents the mean value along the flow 
distance. The simplified form of eq. (29a) is of great practical importance because it allows 
estimation of the regional hydraulic conductivity from the tracer age without any knowledge 
on the fracture network (Zuber and Motyka 1994). 
 
A number of examples of different applications of the lumped parameter approach can be 
found in Maloszewski and Zuber (1996), Zuber and Ciezkowski (in press) and in references 
given in their works. Below a brief summary of the study presented in the previous chapter is 
given (Zuber and Michalczyk, submitted). The tritium ages together with mean distances of 
flows and hydraulic gradients estimated from the hydrogeologic map allowed the estimation 
of the values of the hydraulic conductivity from the simplified form of eq. (29a) (Table 2). 
These values are in the range of (2.7-54)�10-5 m/s, with the geometric mean of 8.1�10-5 m/s 
and the arithmetic mean of 11�10-5 m/s.  Pumping tests yield values generally in the range of 
(2.9-12)�10-5 m/s, with (58-350)�10-5 m/s in the tectonic areas (river valleys). The matrix 
porosity of the investigated chalk formation is about 0.40 whereas the fissure porosity about 
0.006 (Motyka 1998). According to eq. (27) the tracer age is related to the water age by a 
factor of about (0.40 + 0.006)/0.006 = 70. This means that the tracer ages are about 70 times 
larger that the ages of mobile water in the fissure network, or the tracer (solute) velocities 
about 70 times lower than the mobile water velocities. For instance, for site 9, the mean tracer 
velocity is x/tt = 3300/273 = 12 m/a, and the mean water velocity is x/tw =(x/tt)�(nf + np)/nf = 
12�70 = 840 m/a. 
 
1.11. THE LUMPED-PARAMETER APPROACH VERSUS OTHER APPROACHES 
 
The multi-cell approach has been introduced to the tracer method in hydrology by Simpson 
and Duckstein (1976), and Przewlocki and Yurtsever (1974). When uni-dimensional 
arrangement of cells is applied the method can be regarded as a less versatile version of the 
lumped-parameter approach. For a single cell, it is equivalent to the EM, and for a very large 
number of cells, it approaches the PFM. However, when more complicated arrangements are 
applied (e.g. different volumes of cells, two- and three-dimensional cell arrangements) the 
number of sought (fitted) parameters increases and unique solutions are not available. 
Therefore, the multi-cell models can be regarded as a distributed parameter approach with 
lumping. When interrelated tracer data distributed in time and space are available, the multi-
cell modelling of flow and tracer data is definitely advantageous over the lumped parameter 
approach. Unfortunately, quite frequently publications appear in which a single tritium 
determination, or a mean value of several samples taken in a short period of time, is 
interpreted either with the aid of the EM or the multi-cell approach. Such publications should 
be regarded as examples of incorrect interpretation. 
 
As mentioned, the lumped parameter models are particularly useful when no sufficient data 
exist to justify the use of multi-cell models, multi-tracer multi-cell models (Adar 1996), or 
numerical solutions to the transport equation. They are also very useful in early investigations 
of little known systems. For a separate sampling site (e.g. a spring, or a withdrawal well), only 
the use of the lumped parameter models is sufficiently justified. Some investigators express 
opinions that in the era of numerical models, the use of a lumped-parameter approach is out of 
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date. However, it is like trying to kill a fly with a cannon, which is neither effective nor 
economic. Experience shows that a number of representative hydrologic parameters can be 
obtained from the lumped-parameter approach to the interpretation of environmental tracer 
data in a cheap and effective way. 
 
1.12. CONCLUDING REMARKS 
 
The lumped parameter approach is particularly useful for the interpretation of tritium data in 
groundwater systems with separate sampling sites as, for instance, in investigations of the 
dynamics of small catchments (Kendall and McDonell 1998). Oxygen-18 has also been shown 
to be applicable in investigations of small retention basins and bank filtration from rivers and 
lakes. As mentioned, the 3H-3He method is advantageous over the tritium method for recharge 
rate measurements. The use of 85Kr is still troublesome and costly, and its advantages have not 
been proved so far. Measurements of freons have become routinely used in some countries 
(especially in the USA), though, most probably, due to a lower accuracy inherent to their 
character, they cannot so far compete with the tritium method. 
 
When solving the inverse problem it should be remembered that in general the lower the 
number of fitted (sought) parameters, the more reliable the results of modelling (Himmelblau 
and Bischoff 1968). A better fit obtained with a larger number of parameters does not 
necessarily mean that a more adequate model was found. The modelling procedure should 
always start with the simplest models. More sophisticated models with additional parameters 
should be introduced only if it is not possible to obtain a good fit with a simple model, or if 
other information excludes a simpler model. However, it should be remembered that if a 
single parameter model yields a good fit, an infinite number of two parameter models also 
yield equally good fits. Therefore, in such situations other available information should be 
used for the final selection of the most adequate model. As the inverse solutions belong to the 
category of ill-posed problems, and the record of the experimental data is usually very short, 
exact and unique solutions are in general not available. However, even non-unique and/or 
non-exact solutions are better than a lack of any quantitative, or semi-quantitative, 
information. 
 
A significant difficulty results from heterogeneity of groundwater systems. As shown by Varni 
and Carrera (1998), and Maloszewski and Seiler (1999), in highly heterogeneous systems, the 
mean tracer age may considerably differ from the mean water age. In some cases the tracer age 
practically represents the upper, more active part of the system, whereas in strongly stratified 
systems, dispersive losses of tracer to deeper layers may result in an apparent value of the � 
coefficient. Similarly other parameters do not necessarily represent properly the system 
investigated. However, in spite of all the limitations, experience shows the lumped-parameter 
approach to the interpretation of environmental tracer data is of practical importance and 
usually yields representative results. Experience also shows that even such heterogeneous 
systems as karstic rocks can effectively be interpreted by that approach (e.g. Maloszewski et 
al. 1992, Rank et al. 1992). 
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2. FLOWPC - MANUAL 
 
2.1. GENERAL DESCRIPTION OF THE FLOWPC PROGRAM 
 
The FLOWPC program is designed to work on any PC, preferably with a colour monitor. The 
calculations based on eq. (5) (see Chapter 1.2) yield the output function (output concentration 
as a function of time) for a chosen environmental tracer, chosen model type, and assumed 
parameters. The program can be used to calculate: tritium, helium-3, tritium/helium-3 ratio, 
Carbon-14, Kr-85, freons, and stable isotopes (H-2 and O-18). The input function is either 
known (Group 1) or can be calculated from the available precipitation rates, tracer 
concentration in precipitation and infiltration coefficient (Group 2). The preparation of the 
input files for both Groups is described further.  
 
The program solves the direct problems. To solve the inverse problem, it means to find model 
parameters (mainly transit time of tracer), the trial-and-error procedure must be used. The 
modeller selects the type of the model on the basis of hydrogeological knowledge of the 
investigated groundwater system. The following models are included in FLOWPC: 
 

(one-parameter models) 
PISTON FLOW MODEL (PFM), 
EXPONENTIAL MODEL (EM), 
LINEAR MODEL (LM);  
 
(two-parameter models) 
DISPERSION MODEL (DM), 
EXPONENTIAL-PISTON-FLOW MODEL (EPM), 
LINEAR-PISTON-FLOW MODEL (LPM). 
 

The parameter(s) are to be found by trial-and-error procedure, i.e. by fitting the calculated 
output concentration curves to the concentration curve measured. The user has to assume the 
values of parameters step by step till the “best fit” is obtained. In each run the theoretical 
(calculated) and the experimental curves are seen on the screen after the completion of the 
calculations. The goodness of the fit is given by the value of SIGMA (�), which appears on the 
screen with the mean transit time of tracer (denoted as T). SIGMA is calculated from eq. (22) 
(see Chapter 1.9). Additionally, the model efficiency (ME) is calculated from eq. (23), which 
enables a direct comparison of the goodness of fits of different observation sites for stable 
isotopes. 
 
In all calculations it is possible to include a constant flow component with the fraction of 
volumetric flow rate given by Beta (�) parameter. That component is usually older than the 
remaining part given by 1 � �, and may have any constant tracer concentration CBeta (C�). In 
the case of tritium, C� is usually equal to zero. 
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2.2 HOW TO USE THE PROGRAM 
 
Copy the content of the diskette to hard disk. To start the program type FLOWPC.EXE and 
press [ENTER] (further “press [ENTER]” is expressed by [-]).  
 
Now follow the instructions or answer the questions which appear on the screen: 
 
(1) give the name of the INPUT FILE: 
 
Type the name of the file and [-] (e.g. PASSAU.OXY for the input function file of oxygen-18 
given in Example 1.1. WIMBACH.TRT or LUBLIN.TRT are given as examples of the input 
files with tritium data from which the input functions are calculated, Examples 2.1 and 3.1). 
 
(2) write the number ”1” or ”0”: 
  1 - when the file with observations exists 
  0 - when the file with observations does not exist 
 
In order to solve a direct problem no observations are needed (type 0 [-]). Then the following 
command will not appear. Type 1 [-], if you want to fit a model to available observations. In 
that case the following command appears: 
 
(3) give the name of the FILE with OBSERVATIONS 
 
Type the name of the file with observation data and [-]. (For the PASSAU.OXY input file, the 
observation file given as an Example 1.2 is ps1.oxy; for the WIMBACH.TRT input file, the 
observation file given as an Example 2.2 is spring.trt. For the LUBLIN.TRT input file, the 
observation files are  l-well*.trt, Examples 3.2) 
 
(4) from the list below select the NUMBER determining the MODEL to be applied 

0. -COMBINED EXPONENTIAL-PISTON-FLOW or EXPONENTIAL MODEL 
1. -DISPERSION MODEL 
2. -PISTON FLOW MODEL 
3. -COMBINED LINEAR-PISTON-FLOW MODEL or LINEAR MODEL 

 
Type the selected number and [-]. That command selects the type of the model. 
 
(5) For extra component ���� give its portion ”Beta” and concentration ”Cbeta”: 
 
In that option you may assume that an extra water component exists with a constant 
concentration. (For instance if you type 0.2  5  [-], it means that a 20% fraction of volumetric 
flow rate exists with the concentration of 5 units. Remember that by using “Beta”> 0, which 
often is not exactly known, practically an additional fitting parameter is introduced. This may 
lead to ambiguous solutions). If no extra component is assumed just type: 
 
 0  0  [-] 
 
and the command appears dependent from the model chosen in point (4)  
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(6.1) give parameter ETA 
 
This command appears for EM, EPM, LM and LPM models. For EM or LM type: 
 1.0  [-] 
In the case of EPM and LPM type the chosen value of the parameter � (�>1.0), e.g.: 

1.5  [-] 
 

When DM was chosen, the following command appears  
 
(6.2) give the dispersion parameter PD 
 
Type the value of the chosen dispersion parameter (usually a value between 0.05 and 0.8 is 
chosen) and  [-]. 
 
The following command appears: 
 
(7) give the number of runs (up to 5) with mean transit times T 
 
Type the chosen number (**) of the mean transit times and  [-] 
 
After that the following command appears: 
 
(8) give the mean transit times of water T (** numbers) 
 
Give here as many values of the parameter T as it was declared in the previous command. For 
example if 3 runs were chosen, you must declare three values of the mean transit times 
separated by spaces, e.g. 2.5 5.0 7.5  [-]. 

 
The unit of T is chosen in the input file. If the input file contains yearly means (as usually for 
radioactive tracers) the transit time is in years. If the input file contains weekly or monthly 
means (as usually used for stable isotopes), the transit time is in weeks or month, respectively. 
There is no recalculation of units in the program. 

 
The calculation starts after the command (8), and when completed the theoretical 
concentration curves (colour solid lines) and the observation values (yellow points, if the file 
with observations exists) appear on the screen. In addition the chosen mean transit times (T), 
and the corresponding SIGMA values (if observations exist) are listed. 

 
By pressing enter [-] the plot is cancelled on the screen and the following question appears: 

 
(9) do you need calculations for a new T ? (y/n) 
 
If the answer is yes (y  [-]), the programs returns back to the command (7). Additionally a 
table appears on the screen with the values of the parameters used in the last run. All the 
further steps are now repeated. 
 
If the answer is no (n  [-]), the following question appears: 
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(10) do you need calculation for a new PD or ETA ?  (y/n) 
 
If the answer is yes (y  [-] ) the program returns back to the command (6.2) for DM, or to the 
command (6.1) for EPM (EM) and LPM (LM). In both cases the old values of PD or ETA are 
given on the screen. 
 
If the answer is no (n  [-]), the following question appears: 
 
(11) do you new calculation for new Beta and CBeta ? (y/n) 
 
If the answer is yes (y  [-]), the program returns to the command (5) and the old values of Beta 
and Cbeta appear on the screen. 
If the answer is no (n  [-]), the following question appears: 
 
(12) do you need calculation for a new model ? (y/n)  
 
If the answer is yes (y  [-]), the program returns back to (4) and all the steps are repeated. 
 
Answer no (n  [-]) ends the calculations, and the transit time distribution function, g(�), 
appears on the screen. This function corresponds to the last value of the mean transit time, 
which was earlier chosen for calculations. The type of model and the parameters are also 
shown. The time scale of the function is normalised ( real time divided by the mean transit 
time, �/T) and the range is from zero to 4. At the vertical scale the real value of the g(�) 
function is given, with dimension 1/(time unit). 

 
The figure will disappear after pressing  [-] and the information given below about the files 
which were automatically stored by the program will appear on the screen. 
 
 FLOW.OBS - file with measured output tracer concentrations  
 FLOW.FIT - theoretical output curve (or the best fit curve) 

FLOW.INP - calculated tracer concentration in inflow (part of the input function  
   for the time period in which flow.fit is given) 

 FLOW.WFU - weighting function (transit time distribution function) 
 FLOW.LST - the listing with all informations shown on the screen during the work  

   with FLOWPC (without figures). 
 

Attention � all above files will be overwritten by a new run of the program. If you need the 
files, copy them before you start a new run. 
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2.3. PREPARATION OF THE INPUT FILES 
 
There are two main types of the input files. Group 1 is when the input function (i.e. tracer 
concentration in infiltrating water as a function of time) is known. Group 2 is when the input 
function has to be calculated from the monthly mean concentrations, precipitation rates, and 
infiltration coefficients. In both groups all numbers and comments in the data file are written 
in free format. Remember that there is no any recalculation of the time units and 
concentrations in the program. For both Groups the first two lines of the input file are nearly 
the same. 
 
First line 
Contains a comment, i.e. the station name from which the data are taken or the study title of 
the problem investigated. 
 
Second line 
Specifies the values of the following parameters:  

TN, TP, TK, DT, XT, RF, RW, CMIN, CMAX 
 
TN the first calendar year for which the mean yearly tracer concentration is given or will be 

calculated, if the calendar years are not used put TN=1;  
TP the time moment (or calendar year) for which the output concentrations and plots are 

requested (time scale is always between TP and TK); 
TK the last calendar year for which the mean yearly tracer concentrations are given (or 

calculated). If the calendar years are not used, TK is the number of time steps in which 
the concentrations are given or will be calculated; 

DT time step of given (or calculated) input concentrations (usually DT = 1, which means 
that the units in which the half-life time is given are the same as units of the mean 
transit time); 

XT half-life time of radioactive tracer, or a dummy parameter for conservative tracers; 
RF parameter determining the type of the input function, 
 RF=0 input function will be calculated, 
 RF=1 input function is known (given); 
RW parameter determining type of tracer used: 
   RW =  1  Tritium 
   RW =  2  Oxygen-18 
   RW =  3  Carbon-14 
   RW =  4  Krypton-85 
   RW =  5  Deuterium 
   RW =  6  Freons (XT is dummy parameter) 
   RW =  7  Helium (input concentrations taken for tritium) 
   RW =71  Tritium/Helium (input concentrations taken for tritium) 
CMIN, CMAX minimal and maximal expected output concentrations, respectively. These 

parameters determine the range of the y-axis of the plot on the screen. However, if they 
are wrongly chosen, the program will automatically find a more proper range of the axis. 

 
Comment to the TN-parameter: there is no general rule on that how early in the past the 

calculation of the input function should start. It depends on both the shape of the input 
function and the parameters of the model. For Kr-85 and freons it is sufficient to start 
the calculations at the beginning of the rise of their concentrations in the atmosphere. 
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For tritium it is sufficient to start just before the bomb peak (i.e. in 1950-1952), however 
for 3H-3He method the problem is not so simple. For C-14 and stable isotopes the 
calculations should start at about 2 to 5 mean ages (transit times) earlier than the date of 
the first observation. For instance, if the observation of the output concentrations begins 
in 1995 and the transit time is about 2 years, the input concentration should be given 
since 1985. However, in Example 1 the time span of about 2 transit times was sufficient. 

 
Third line  
From the third line the data must be given according to the form of input function. 
 
Group 1 - the input concentration is known or given (RF=1) (see Example 1.1). 
 

The third line starts with the tracer concentrations in the infiltrating water for the time 
t=TN with time step DT (one week, one month or one year). The following lines with 
concentrations end with the input concentration given for the time t=TK.  

Group 2 - the input concentrations has to be calculated (RF=0) (see Example 2.1 or 3.1). 
 
The input function is calculated from the monthly precipitation rates (Pi), mean monthly 
tracer contents in precipitation (Ci) and monthly infiltration coefficient (	i) based on eq. 
18 for stable isotopes and on eq. 14 for tritium and tritium-helium. For Kr-85 and C-14 
	i = 1, whereas for freons and SF6, corrections for the excess air have to be applied (not 
considered in the present manual). 
 
Third line starts with monthly mean tracer content in precipitation (Ci). The data must 
be given for whole years, i.e. begins in January and ending with December. 
After the concentration data, one gives in the same order the precipitation data (Pi) 
beginning in a new line. 
The last line gives specified the values of the infiltration coefficient (	i) beginning for 
January and ending for December. These values are the same for each year. 
 

2.4. PREPARATION OF THE FILE WITH OBSERVATIONS 
 
The first line must contain the number of observations (FORMAT I3) and the name of the 
observation site. (Format I3 means that for a three-digit number, it starts in the first column, 
for a two-digit number it starts in the second column, and for one-digit number, it is given in 
the third column). 
 
Starting in the second line, two columns must be given in the free format. The first column 
must contain dates of observation in decimal system (see Examples 1.2, 2.2 and 3.2). For 
instance 01.01.1990 must be given as 1990.00 while 01.07.1990 must be given as 1990.50 
because 1 June is equal to the 182nd day of the year, and 182/365 = 0.5. In the case of stable 
isotopes, the first column can contain the times of observations in decimal system correlated 
with the input data and in the same units as the input data (see Example 2.2). The second 
column must contain the concentrations (or the delta values for stable isotopes) measured at 
corresponding time moments. 
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It is not necessary to have a continuous series of data. The program accepts files with 
concentration values, which arbitrarily distributed in time. However, the file must be written 
as continuous columns without breaks for the time steps at which the samples were not 
collected. 
 
 
2.5. EXAMPLES OF FILES 
 
 
Example 1.1 Input file for Oxygen-18 ( PASSAU.OXY ). 
   (Group 1: RF=1 - Cin(t) is known for 36 months, beginning in January 
1980). 
 
 SOLDATENAU DANUBE  (O-18) 
1. 1. 36. 1. 3. 1. 5. -14. -11. 
 -11.84 -11.98 -12.22 -12.63 -13.25 -13.85 
 -13.41 -13.63 -12.52 -12.54 -12.30 -12.12 
 -11.84 -11.98 -12.22 -13.27 -13.10 -14.58 
 -13.27 -12.93 -12.59 -12.40 -12.49 -12.41 
 -12.43 -12.45 -12.76 -13.19 -13.54 -14.31 
 -13.55 -12.77 -12.58 -12.40 -12.49 -12.41 
 
Comments: An example of the input file for the bank filtration problem on Soldatenau, 
Danube island. Oxygen-18 data are given on the monthly basis for 36 months. The output 
concentrations should be plotted from the 1-th month. In that example monthly oxygen-18 
contents were used, however any time unit can be used, e.g. a week or two-weeks. The mean 
values for a given time unit either are directly measured by applying a proper sampling 
procedure, or separately calculated from more frequently taken samples. 
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Example 1.2 File with observations for Oxygen-18 (ps1.oxy). 
 
  27  PS I      (4.80-10.82) 
  4. -11.79 
  5. -11.99 
  6. -12.69 
  7. -12.82 
  8. -12.79 
  9. -12.65 
10. -12.29 
11. -11.99 
12. -11.94 
13. -11.89 
14. -11.75 
15. -11.64 
16. -11.79 
17. -11.93 
21. -12.58 
22. -12.38 
23. -12.02 
24. -12.00 
25. -12.02 
26. -12.13 
27. -12.15 
28. -12.25 
29. -12.30 
30. -13.33 
31. -13.44 
32. -12.88 
33. -12.63 
 
Comments: An example of the file with observations for the bank filtration problem on 
Soldatenau, Danube island (at the end of FLOWPC it is also given as the output file flow.obs). 
Oxygen-18 data are presented on the monthly basis for 27 months beginning in April 1980 
and ending in October 1982. The time scale is correlated with the time scale of the input 
function, i.e. for the time unit 1 month, and for the beginning of the time scale in January 
1980, the observation in April 1980 has the time 4, and in October 1982 has 33. Remember 
that for the observation file it is not necessary to have a continuous series of data. In the above 
example the tracer concentrations observed in the pumping well have a constant component 
with Beta=0.2 and Cbeta= -10.4%o. The best fit was obtained for the input file PASSAU.OXY 
using DM with T=1.9 months, PD=0.12 (SIGMA=0.0319, ME=84%). 
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Example 2.1 Input file for tritium ( WIMBACH.TRT ). 
   (Group 2: RF=0 � Cin(t) will be calculated for the period of 1951-1991). 
 
 WIMBACH - TRITIUM            comments (do not include!)  
1951.  1987.  1991.  1.  12.3  0.  1.  10.  40. 
     10.0     10.0     10.0     10.0     10.0     10.0     tritium data from January 1951 
     10.0     10.0     10.0     10.0     10.0     10.0 
     10.0     10.0     10.0     10.0     10.0     10.0 
     10.0     10.0     10.0     10.0     10.0     10.0 
     10.0     10.0     10.0     10.0     10.0     10.0 
     10.0     19.8     26.3     24.3     39.0     27.2 
     28.0   429.0   830.0   724.0   894.0   309.0 
   233.0   134.0     66.0     33.0     42.0     27.0 
     23.0     35.0     46.0     51.0     92.0     99.0 
     37.0     27.0     49.0     23.0     24.0     31.0 
     66.0     64.5   108.0   110.0   205.0   227.0 
   226.0   451.0   114.0     82.0     49.0     46.0 
   100.0   139.0     98.0     92.0   161.0   141.0 
   181.0   149.0   130.0     96.0     73.0     85.0 
   243.0   275.0   275.0   390.0   570.0   850.0 
   800.0 1475.0   330.0   140.0   236.0   600.0 
   731.0   883.0 1246.0   996.0   648.0   705.0 
   582.0   260.0   127.0   101.0   107.0     99.0 
   110.0   133.0     92.0   144.0   182.0   250.0 
   292.0   186.0   133.0   104.0     53.0     82.0 
     95.0     39.2     43.2   123.0   174.5   125.5 
   140.5   104.0     61.8     56.0   101.0   136.0 
   563.0 1232.0 1078.0 1032.0 1210.0   990.0 
 1228.0   877.0   550.0   521.0   647.0   648.0 
 1265.0 1900.0 2900.0 3363.0 5930.0 4960.0 
 5950.0 3010.0 2200.0 1753.0   788.0 1334.0 
 1664.0 1171.0 2745.0 2973.0 2686.0 2365.0 
 2610.0 1783.0 1073.0   649.0   384.0   432.0 
   475.0   719.0   582.0 1094.0   889.0 1266.0 
   950.0   680.0   455.0   267.0   242.0   205.0 
   255.0   306.0   356.0   603.0   743.0   746.0 
   716.0   737.0   417.0   260.0   236.0   135.0 
   137.0   176.0   196.0   319.0   422.0   507.0 
   361.0   298.0   216.0   144.0   103.0     81.0 
     60.0   146.0   163.0   255.0   249.0   316.0 
   333.0   314.0   164.4   104.0     93.1   106.0 
   103.0   150.0   197.0   179.0   287.0   330.0 
   328.0   232.0   156.0   117.0   104.0     92.8 
     95.8     85.8   154.0   171.0   263.0   356.0 
   313.0   324.0   171.0   134.0   125.0     88.0 
   171.0     90.0   174.0   319.0   389.0   344.0 
   257.0   206.0   164.0   198.0     83.0     77.0 
   117.0   113.0     64.0   138.0   156.0   267.0 
   164.0   112.0   116.0     54.0     51.0     65.0 
   101.0   102.0   172.0   201.0   147.0   176.0 
   159.0   245.0   131.0     78.0     98.0     94.0 
     54.0   108.0   144.0   124.0   220.0   315.0 
   144.0   160.0     78.0   153.0   508.0   190.0 
   175.0   325.0   668.0   208.0   272.0   254.0 
   216.0   139.0   222.0     80.0     66.0     71.0 
   175.0   156.0   226.0     94.0   233.0   106.0 
   118.0   130.0     69.0     34.0     71.0     31.0 
     46.0     38.0     59.0     77.0   151.0   219.0 
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   197.0   113.0   133.0     59.0     47.0     69.5 
     79.8   106.0     66.6   135.0   132.3   143.0 
   108.6   121.0     71.9     58.9     76.8     41.7 
     53.0   185.0     59.0     71.1     71.6     87.4 
   100.3     71.2     50.1     59.6     61.7     35.6 
     48.4     33.1     52.5     50.8     70.5     75.4 
     57.5     63.2     43.4     33.8     43.8     46.7 
     63.2     41.1     43.2     87.6     69.6     67.3 
     62.1     72.4     41.0     23.7     23.2     22.8 
     25.2     46.1     45.5     47.1     43.3     41.1 
     50.6     43.5     48.9     30.2     20.7     19.6 
     24.6     20.1   130.8     39.1     30.9     51.7 
     94.7     40.2     39.7     30.1     20.3     15.5 
     28.4     22.1     27.2     34.4     41.5     45.7 
     49.9     39.1     32.9     47.9     25.3     15.5 
     19.2     19.2     30.6     34.1     36.9     37.1 
     34.1     20.1     34.0     25.3     17.0     37.1 
     21.1     20.0     17.5     30.5     33.1     33.4 
   142.2     25.5     19.4       8.8     14.5     14.3 
     14.9     15.9     31.6     27.0     35.2     23.5 
     43.6     32.6     24.7     20.7     19.3     11.4 
     16.7     20.9     15.7     29.0     29.6     32.2 
     25.6     24.8     24.3     15.9     15.6       9.6 
     12.6     13.8     15.0     39.2     37.1     35.3 
     23.8     25.0     22.8     18.6     13.4       9.6 
     15.8     17.1     22.2     30.9     30.9     21.4 
     20.9     24.7     13.5       9.8       9.4     21.1 
       9.7     19.7     12.2     15.0     15.0     15.0 
     15.0     15.0     15.0     15.0     15.0     15.0          last line of tritium data 
   194.6     67.6     74.9     68.7   144.7   201.6   precipitation data from January 1951 
   223.9   132.6     95.9         .7   125.9   103.5 
   102.2   169.0   235.0     41.5   221.5   172.6 
     96.4   132.1   124.3   173.6   194.7     88.2 
     44.3     84.1     54.7   124.5   176.8   181.3 
   279.9   141.8     89.0     31.8     12.8     69.7 
   241.3     28.2     65.2   143.3   227.9   184.0 
   456.5   160.4   169.4   178.2     89.2   205.9 
     47.7   134.4     44.0   214.1   141.9   171.1 
   350.2   177.6   146.2     75.7     65.1   128.8 
   100.1     46.0   232.2     87.1   163.0   245.4 
   155.6   279.2   163.8   152.1     88.4   115.5 
     79.0   168.7     57.0   152.9   120.0   115.8 
   307.8   183.0   140.1     20.2     35.1     37.4 
   103.7   188.9   133.2   109.5     69.1   286.9 
   122.3   144.0   118.5   274.0     48.8     97.1 
     90.5     30.3     51.8   144.9   117.8   279.1 
   193.5   314.2     49.7     28.6     39.4   125.0 
   108.5     89.4   112.6     82.9   124.9   210.8 
   207.6   233.7   138.9     70.4     91.8     48.1 
     29.0   129.9   111.9   113.2   279.0   166.6 
   168.0   196.5     42.8     44.3     62.3   235.3 
   155.3   145.3     58.4     80.3   221.1   134.2 
   249.5   115.1   124.7     45.6     64.7   184.3 
     72.2     19.2     99.9     64.8   110.5   174.1 
   148.5   250.4   104.8     65.8     94.4     34.9 
     15.8     95.8     92.1   156.2   186.4   166.1 
   162.0   216.0     97.9   256.3   204.4   124.4 
   117.4   148.0   138.9   198.8   275.8   269.3 
   189.5   157.4   146.2       8.2     68.1   179.6 
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   101.4     86.1   171.1   125.0   222.5   228.9 
   300.4   295.0     88.6     53.5     84.3   213.7 
   164.4     68.7   223.1   198.6   125.8   145.5 
   130.1   127.5   132.2     63.0     67.2   101.3 
   230.1     37.0     86.4     62.6   100.4   141.0 
   282.5   181.8   201.8   148.6     49.6     68.2 
     98.0     47.4     46.0   119.9     71.0   193.9 
   121.0   258.1     53.1     34.4     99.0     64.9 
     58.6   247.2     95.3   151.0   158.0   189.5 
   286.8   292.6   148.1   178.0   122.4     66.6 
     10.4   113.5     88.8     34.9   120.1   270.0 
   108.6   177.9     96.3     24.8     88.4   116.9 
     13.0     41.7     20.0   172.7   159.0   144.5 
   198.0   120.5     39.7   148.9   184.1     17.4 
     73.1   132.6     61.2   119.0     99.4   221.7 
   125.1   114.1   112.1   123.4   293.7   207.1 
   193.4     75.1     68.0     93.7   182.9   282.3 
   285.9   207.4   173.6   143.5   150.8   331.3 
   199.1     31.8   135.1   122.7   130.0   324.4 
   303.4   220.0     55.0     49.7   102.5     13.3 
   266.5       9.1     36.2     82.2   197.6   165.5 
   167.9   228.6   147.9     58.2   155.8   107.9 
   105.7   125.8     97.3   202.7   102.4   151.4 
   303.5   136.1     91.9     43.5   129.2   151.8 
     85.0     58.1   176.5     53.7   176.0   186.7 
   157.8   126.9   263.6   166.5     25.2     71.5 
     89.1     56.2   177.5   154.9     90.7   258.7 
   246.9   198.4   132.3     56.8   304.2   113.7 
     85.8   100.9     84.2   233.1     94.7   224.0 
   193.4   273.4   102.5   192.7     93.7   132.8 
   250.0     63.0   108.0     24.0   107.0   148.0 
   328.0   246.0   115.0   160.0   155.0   131.0 
   169.0     32.0     88.0     68.0   112.0   216.0 
   207.0   166.0     58.0     85.0     46.0   126.0 
   267.0     59.0     55.0   109.0   134.0   275.0 
     84.0   182.0   142.0   113.0   104.0   103.0 
     91.0   109.0     70.0     70.0   151.0   154.0 
   151.0   162.0   197.0     38.0     27.0     70.0 
     87.0   186.0     62.0   129.0   145.0   242.0 
   178.0   366.0   120.0     55.0   101.0   108.0 
   246.0     28.0   125.0     74.0   117.0     96.0 
   140.0   194.0     59.0     87.0     39.0   164.0 
   124.0   126.0   142.0   113.0   208.0   143.0 
   207.0   190.0   132.0     45.0   152.0   172.0 
   118.0   117.0   302.0     69.0   125.0   154.0 
   206.0   198.0   177.0   106.0   171.0   314.0 
     84.0     97.0     63.0   140.0   107.0   212.0 
   258.0   230.0   149.0     94.0     49.0     71.0 
       1.4   128.6     85.7   135.8     94.8   266.9 
   214.0     98.7     88.7   137.0   150.0     70.6 
     48.2     28.5     50.6     72.4   240.0   100.0 
   100.0   100.0   100.0   100.0   100.0   100.0         last line of precipitation data 
1. 1. 1.  0.15  0.15  0.15  0.15  0.15  0.15  1. 1. 1.  infiltration coefficients Jan.-Dec. 
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Comments: These data serve for the calculation of the input function from eq. (14). The first 
line gives the name of the station from which tritium and precipitation data were taken. The 
second line specifies the parameters described in the text. The output concentrations will be 
plotted from 1987. Tritium concentration data of precipitation start in the third line (in that 
case in January 1951 with 10.0 TU, and end in December 1991 with 15.0 TU. Directly after 
the concentrations, beginning in a new line, the monthly precipitation rates are given in the 
same order as concentrations. The last line gives 12 values of chosen infiltration coefficients 
(beginning in January and ending in December). These values are the same for each year. 
 
By putting TP = 1951 instead of 1987 the complete input function is obtained in the flow.inp 
file.  
 
Example 2.2 File with observations for tritium (spring.trt). 
 
   18 WBQF 
 1988.51  26.0 
 1988.57  27.9 
 1988.67  27.7 
 1988.82  28.2 
 1988.99  25.7 
 1989.50  25.0 
 1989.57  23.3 
 1989.66  26.5 
 1989.69  24.0 
 1989.84  22.7 
 1989.90  23.5 
 1990.01  22.6 
 1990.10  22.1 
 1990.26  23.8 
 1990.36  23.7 
 1990.50  24.1 
 1991.10  21.4 
 1991.20  20.9 
 
Comments: An example of the file with observations for the Spring QF in Wimbach Valley (at 
the end of FLOWPC it is also given as the output file flow.obs). Tritium data are given in 
different time moments in the time period of 1988-1991. For the input file WIMBACH.TRT, 
the best fit was obtained for the dispersion model (DM) with T=5.5 years, PD=0.6 
(SIGMA=0.26, ME=74%) 
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Example 3.1 Input file for tritium (LUBLIN.TRT). 
   (Group 2: RF=0 � Cin(t) will be calculated for the period of 1950-1999). 
 
   Lublin 
1950. 1990. 1999. 1. 12.4 0. 1. 0. 10. 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
     7.5       7.5       7.5       7.5       7.5       7.5 
    12.0     350.0     786.0     686.0     851.0    284.0 
  210.0     114.0       48.0       16.0       25.0      10.0 
    10.0       18.0       29.0       34.0       73.0      90.0 
    20.0       10.0       32.0       10.0       10.0      14.0 
    48.0       47.0       89.0       91.0     183.0    204.0 
  203.0     422.0       95.0       64.0       32.0      29.0 
    39.0       58.0       48.0       24.0       12.0      19.0 
  130.0       70.0       60.0         4.0       55.0      40.0 
    34.0       57.0       73.0       25.0       18.0    150.0 
    50.0       99.0       24.0       66.0       27.0      70.0 
    24.0       19.0       35.0       86.0       46.0    151.0 
  151.0     104.0         5.0       11.0       59.0    105.0 
    46.0         8.0       41.0       25.0       54.0      79.0 
    87.0       71.0       52.0       63.0       18.0      27.0 
    79.0       39.0       43.0     123.0     175.0    126.0 
  141.0     104.0       62.0       56.0     101.0    136.0 
  487.0   1232.0   1078.0   1032.0   1210.0    990.0 
1229.0     877.0     550.0     521.0     647.0    648.0 
1265.0   1900.0   2900.0   3035.0   5930.0  4960.0 
5950.0   3010.0   2200.0   1558.0     788.0  1334.0 
1664.0   1171.0   2745.0   2973.0   2686.0  2305.0 
2610.0   1783.0   1073.0     649.0     384.0    432.0 
  475.0     719.0     582.0   1003.0   1080.0  1193.0 
1575.0     941.0     548.0     350.0     275.0    213.0 
  322.0     368.0     432.0     579.0     780.0    835.0 
  792.0     703.0     373.0     235.0     229.0    134.0 
  189.0     237.0     241.0     323.0     475.0    423.0 
  359.0     299.0     252.0     280.0     139.0    162.0 
    65.0     237.0     266.0     302.0     277.0    349.0 
  301.0     299.0     164.0     287.0     153.0    150.0 
  123.0     140.0     211.0     213.0     270.0    315.0 
  342.0     267.0     169.0     240.0     105.0    119.0 
  120.0     101.0     176.0     172.0     310.0    333.0 
  319.0     266.0     191.0     114.0     107.0    124.0 
  144.0       86.0     550.0     300.0     385.0    335.0 
  250.0     182.0     196.0     188.0       67.0       65.0 
    90.0       98.0     118.0     121.0     160.0     215.0 
  205.0     198.0       92.0       46.0       49.0       39.0 
    55.0     148.0     118.0     126.0     190.0     170.0 
  124.0     144.0       57.0       99.0       54.0       80.0 
    45.0       58.0       93.0     138.0     267.0     379.0 
  226.0     166.0       83.0       82.0     103.0       76.0 
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    74.0     105.0     132.0     111.0     136.0     148.0 
  189.0     131.0     122.0       56.0       53.0       38.0 
  105.0       21.0     194.0       96.0     176.0     118.0 
    99.0       78.0       68.0       53.0       50.0       51.0 
    36.0       43.0       59.0     103.0     116.0     143.0 
  147.0     108.0       72.0       71.0       61.0       48.0 
    62.0     246.0       86.0     105.0     128.0     144.0 
  106.0       88.0       56.2       40.4       35.4       26.7 
    32.8       39.2       61.5       58.3     100.0       67.0 
    70.0       64.5       66.0       34.1       26.1       48.6 
    20.3       28.7       36.1       38.8       68.0       66.1 
    85.5       52.5       40.7       22.4       20.5       23.7 
    22.2       46.4       42.7       61.5       72.5       61.0 
    61.5       69.5       49.4       26.0       24.5       18.8 
    15.5       38.2       52.5       36.0       34.9       44.4 
    38.6       35.6       28.9       20.1       25.8       14.8 
    13.9       12.2       19.6       22.1       30.2       40.3 
    42.1       46.2       25.9       35.2       20.2       25.5 
    10.5       11.2       19.6       29.1       28.1       31.4 
    29.6       36.1       19.1       23.9       21.2       19.3 
    10.8       19.5       20.2       26.7       30.2       29.3 
    27.9       24.5       26.3       21.9       15.3       16.3 
    13.5       18.0       23.4       29.9       25.0       32.5 
    25.7       23.6       11.9       10.3       16.1       11.2 
    17.0       17.0       16.0       19.3       22.2       24.3 
    28.5       22.6       22.7       17.0       13.6       12.2 
    10.2       12.7       16.9       22.6       27.9       30.3 
    24.5       20.8       18.0       16.0       15.0       13.8 
    19.7       17.5       13.0       17.7       22.5       27.7 
    27.0       25.4       19.5       13.6       12.4       15.7 
    11.7       12.6       14.3       13.8       17.8       17.8 
    19.7       19.5       17.6       10.8         9.5         8.0 
    12.4       16.5       17.0       16.7       20.6       18.2 
    23.5       25.8       21.1       12.8         9.9         9.5 
    10.5         9.3       11.9       12.0       20.6       24.6 
    19.0       16.0       13.2         9.1         9.1         7.7 
      7.9       10.6       14.3       14.9       21.8       20.4 
    17.0       15.2       11.4         9.3       11.9         8.2 
      7.4       10.8       13.1       12.6       16.0       17.5 
    20.6       18.2       10.6       10.3         8.8         8.3 
      8.3       12.5       15.0       13.9       16.7       19.8 
    19.8       19.1       14.6       11.8       11.6         9.5 
      8.2       11.2       13.9       16.1       33.3       17.1 
    17.9       20.3       18.6         9.6         5.2         9.2 
      6.6         9.3       10.9       12.8       15.4       15.0 
    18.9       17.2       14.8       12.2         7.6         8.2 
      7.2         8.9         9.9       11.6       16.2       14.1 
    13.8       18.0       10.9         7.0         9.2         8.9 
      7.0         9.0       10.0       11.0       15.0       13.0 
    15.0       17.0       10.0         8.0         9.0         9.0 
  27    4   21   46   89   81   90   18   36   20   22   76 
  27    4   21   46   89   81   90   18   36   20   22   76 
  27    4   21   46   89   81   90   18   36   20   22   76 
  27    4   21   46   89   81   90   18   36   20   22   76 
  27    4   21   46   89   81   90   18   36   20   22   76 
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  32  34   19   28   88   45   74   60   17   40   36   73 
  14  27   35   36   24   70   53 110   42   67   26   68 
  25  37   20   18   46   74 128   77   58   15   23   37 
  56  44   65   46   54   60   85   67   37   33   39   23 
  21    8   14   52   20 137   66   88     4   16   30   82 
  31    9     9   42   75   42 163   61   45   75   48   33 
  18    9   30   37   41   55   66   35   10     4   50   36 
  23  48   56   44 109 123 115   61   81     2   54   16 
  26  23   23   22   49   40   84   47   62   44   54   15 
  10  58   40   22   28   47   28   67   40   29   58   41 
  38  27   17   43   49   82   59   87   44     6   46   23 
  51  56   21   93   69   85   84   52   18   81   72   70 
  34  44   36   56   43 109 110   45     6   41   35   61 
  47  42   23   37   77   76   96   47   66   31   41   14 
  13  18   36   24   29   41   45   61   11   16   41   30 
  62  31   22   80   87   21   81   94   53   42   55   50 
  16  34   27   34   58   86   45   17   54   31   25   17 
  26    3   13   38   34   74   75 193 108   21   29     2 
    9  39   25   33 102   78   66   30   50   46   38   27 
  23  22     5   18   64 140 128   89   49 205   38   49 
  22  11   12   47   62   88 124   53   27   53     7   18 
  64    1   26   19   40   33   45   30   37   18   31   30 
    4  75   38   56   41   41   56 117   50     4   33   29 
  26  36   17   37   57   59   47 148 138   46   22   46 
  80  12   27   49   45   55   56 118   24   13   28   60 
    9  20   25   56   57   73 106   91   44 104   37   19 
  29  15   44   12   58   67   64   56   40   56   63   56 
  25  20     4   23   26   29   25   44     9   25   16   59 
  31  30   47   33   54   22   70   39   44   16   13   23 
  31  10   13   33   87   51   69     6 106   21   32   15 
  26  30   15   28   25   96   68   60   49   31   30   56 
  43  15   11   15   71   35   78   64   29   16     9   22 
  35    9   50   27   41   31   50   68   37   16   25   47 
  32  40   39   13   39 111   40   75   32     4   28   39 
  10  18   21   47   22   82   83   85   33   18   46   27 
    8  21   15   56   14   47 133   84   94   18   71   20 
  14  37   13   13   47   75   45   87   67   18   36   26 
  15  30   27   66   65   28   55   11 109 110   48   30 
  29  20   40   19   31   64   91   26   32   26   15   31 
  37  21   48   80   61   14   13   81   70   75   22   33 
  16  25   42   34   39   95   38   47 116   13   20   16 
  15  32   22   19 101   32   57   57   70   47   52   11 
   3   14   18   42   65   32   57   57   70   47   52   11 
  15  32   22   19 101   32   57   57   70   47   52   11  
  15  32   22   19 101   32   57   57   70   47   52   11 
1. 1. 1.  0.7  0.7  0.7  0.7  0.7  0.7  1. 1. 1. 
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Example 3.2 Observation files with tritium (data shown in Figs. 13-16, Chapter 1) 
 
 
File  l-well.14.trt       File  l-well7.trt 
     3  well14           3  well13 
 1995.60 4.5       1995.60 6.7 
 1997.41 3.5       1997.41 5.6 
 1999.42 3.7       1999.42 5.1 
 
 
File  l-well9.trt       File  l-well11.trt 
     3  well9            2  well11 
 1995.60 5.4       1995.60 5.7 
 1997.41 4.2       1999.42 5.7 
 1999.42 5.3 
 
 
File  l-well6.trt       File  l-well12.trt 
     3  well6            3 well12 
 1995.60 7.8       1995.60 3.4 
 1997.41 5.9       1997.41 3.7 
 1999.42 4.6       1999.42 4.5 
 
 
File  l-s1.trt        File  l-s2.trt 
     3  spring1           3 spring2 
 1995.60 4.9       1995.60 2.1 
 1997.41 5.6       1997.41 3.1 
 1999.42 5.2       1999.42 4.6 
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2.6. EXAMPLE OF FILE FLOW.LST 
 

               **************************************************************** 
               *****              PROGRAM FLOWPC                       ***** 
               *****              Version 3.1 (02.2000)                        ***** 
               *****           ******************************                    ***** 
               *****         Prof. Dr. Piotr Maloszewski                    ***** 
               *****         GSF - Institute of Hydrology                   ***** 
               *****         D-85764 NEUHERBERG b. Munich       ***** 
               *****         Fed. Rep. Germany                               ***** 
               *****         Tel.: ** 49 89 3187 2583                        ***** 
               *****         Fax.: ** 49 89 3187 3361                       ***** 
               *****         E-mail:  maloszewski@gsf.de                ***** 
               *************************************************************** 
 
                       ***** STATION WIMBACH - TRITIUM   ***** 
 
               *****   O U T P U T   C O N C E N T R A T I O N  ***** 
 
                                    T R I T I U M  in [TU] 
 
   ** Alpha ( 1.00 1.00 1.00  .15  .15  .15  .15  .15  .15 1.00 1.00 1.00) ** 
 
                                   DISPERSION MODEL 
 
                                   * *  D/vx =    .600  * * 
 
                         ***** TURNOVER TIME T =    5.5     ***** 
                                                               ************ 
 
              TIME              1987.5       1988.5         1989.5        1990.5        1991.5 
             C INP         .2088E+02  .1601E+02  .1810E+02  .1625E+02  .1451E+02 
             C OUT .3186E+02  .2802E+02  .2462E+02  .2219E+02  .20001E+02 
 
               *****   Beta =  .000      CBeta =     .0000        ***** 
 
                                 ********************************************** 
                                 *  OBSERVATION WELL NO.  WBQF * 

********************************************************************** 
                * *   NOB = 18        ME =    .741           SIGMA =    .261    * * 

********************************************************************** 
                I=   1  Tob= 1988.5 Cob= .2600E+02  Cob-Cth= -.1985E+01 
                I=   2  Tob= 1988.6 Cob= .2790E+02  Cob-Cth=  .1187E+00 
                I=   3  Tob= 1988.7 Cob= .2770E+02  Cob-Cth=  .2582E+00 
                I=   4  Tob= 1988.8 Cob= .2820E+02  Cob-Cth=  .1268E+00 
                I=   5  Tob= 1989.0 Cob= .2570E+02  Cob-Cth= -.6551E+00 
                I=   6  Tob= 1989.5 Cob= .2500E+02  Cob-Cth=  .3766E+00 
                I=   7  Tob= 1989.6 Cob= .2330E+02  Cob-Cth= -.1153E+01 
                I=   8  Tob= 1989.7 Cob= .2650E+02  Cob-Cth=  .2266E+01 
                I=   9  Tob= 1989.7 Cob= .2400E+02  Cob-Cth= -.1605E+00 
                I= 10  Tob= 1989.8 Cob= .2270E+02  Cob-Cth= -.1095E+01 
                I= 11  Tob= 1989.9 Cob= .2350E+02  Cob-Cth= -.1490E+00 
                I= 12  Tob= 1990.0 Cob= .2260E+02  Cob-Cth= -.7810E+00 
                I= 13  Tob= 1990.1 Cob= .2210E+02  Cob-Cth= -.1062E+01 
                I= 14  Tob= 1990.3 Cob= .2380E+02  Cob-Cth=  .1028E+01 
                I= 15  Tob= 1990.4 Cob= .2370E+02  Cob-Cth=  .1172E+01 
                I= 16  Tob= 1990.5 Cob= .2410E+02  Cob-Cth=  .1913E+01 
                I= 17  Tob= 1991.1 Cob= .2140E+02  Cob-Cth=  .5191E+00 
                I= 18  Tob= 1991.2 Cob= .2090E+02  Cob-Cth=  .2369E+00 

********************************************************************** 
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Preface 
 
The following MIG computer code is restricted to a steady flow and steady hydrochemical 
system. The code for a non-steady hydrological system is still heavily dependant on external 
optimization libraries, such as the NAG® Library. Therefore, a stand-alone “friendly” code or 
solver for the non-steady system has yet to be compiled. Readers looking to implement the 
mixing-cell approach in a non-steady hydrological flow system are encouraged to contact the 
authors.  
 
In order to simplify the procedure of preparing the data and running the Mixing-Cell Model 
for steady flow system (MCMsf), a special Mixing Input Generator (MIG) has been 
programmed. MIG is a Visual Basic Microsoft® application that runs within Excel 5.0 (and 
with more advanced versions such as Office 2000) via Windows95 or newer environment. 
The program has been tested and used successfully in Windows NT, Windows 95 and 
Windows 98 together with Excel 5.0, 7.0 & 2000. The development of the standalone Version 
MIGSA that will run on a Windows system without Microsoft Excel is under development. 
Section 1 provides some clarifications of terms that are used both in MCMsf and MIG, 
whereas Section 2 briefly reviews the mathematical algorithm. For elaboration of the basic 
assumptions and for further mathematical description, the user is referred to the explanations 
provided in the Model Simplification and to the references provided in this publication. 
 
 
1. Basic Terminology 
  
Source 
A source term is any flow component that contributes water and mass of dissolved 
constituents to any cell within the modeled aquifer. A source is used to represent external 
inputs into the flow system (for example: sources of groundwater recharge or any genuine 
contribution from outside the modeled aquifer). It is considered to be a potential end-member 
with a constant chemical and isotopic composition. A source can also be used to simplify part 
of the modeled system, such that a complex subsystem can be introduced as a source of inflow 
into the modeled area.  
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Cell 
The modeled aquifer is discretised into homogeneous compartments within which all the 
considered parameter are assumed to be constant, such as hydraulic heads, isotopic 
composition and the ionic concentrations. Mixing and dilution of contributors, such as 
upstream compartments and external sources, control the characteristic chemicals and the 
isotopic compositions of each compartment. Every well-mixed or homogeneous aquifer 
section (or compartment) characterized by a unique representative chemical and/or isotopic 
composition and receiving input fluxes is referred to as a cell.  
 
 
 
 
 
 
 
 
 
 
 
 
A cell must have input and output fluxes, either as an out flux into a downstream cell or the 
withdrawal of water by pumping. It can have a number of sources and can contribute water to 
downstream cell(s). In the above example, cell I receives inflows from sources 1, 2 and 3 and 
contributes flux to cell II. Cell II receives inflow from source 3 and from cell I. Any 
connection between two components will have a unique flow direction. Fluxes into and out of 
cells are proposed along the downstream gradients. Possible hydraulic connections among 
cells based on groundwater heads’ gradients are proposed prior to the optimization process, 
i.e., the assigned flow vector cannot change its direction during the optimization. As a result 
of the optimization process a flow rate (= 0) is attributed to each potential flow component. 
Some flow fluxes might end up with an effective flow rate that equals 0. It means that this 
specific flow component does not really exist. However, the model cannot assign a flux value 
to missing flow components that were not identified or introduced into the model. 
 
2. Mathematical description 
 
A set of balance equations for the flux of water and for the associated flux of solutes is written 
for each cell n over a given time period dt. For a simplified flow model of water with a 
constant density the mass balance for the cell n is expressed by the following equation: 
 

 
  

Qrn
r�1

R
� � qin � q nj � Wn � Sn

j�1

J
�

i�1

I
�

dh n
dt

 (1) 

 

 Source 1 

 Source 2  Compartment I 
 Cell I 

 Source 3 

 Compartment II  
 Cell II 
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The symbol Qr denotes sources into cell n, and qin denotes the flux from the ith compartment 
or cell into the nth cell. In the above example, for cell I, I=0 (no internal fluxes from upstream 
cells), and there are the 3 external sources, r=1,2 and 3. In a similar way, qnj stands for the 
outflow from the nth cell into the jth one. Wn accounts for withdrawal of water from cell n, i.e. 
a sink term or pumping rate in the nth cell. The inflows and outflows are iterated over the 
number of inflows I and the number of outflows into cells J. Sn represents the storage capacity 
within cell n and hn denotes the hydraulic head associated with that cell. 
 
For a steady flow system or by integrating the flux terms in Equation 1 over a sufficiently long 
time interval and dividing by t, we obtain an average water balance for the specific time 
interval: 
 

 

  
Qrn

r�1

R
� � qin � qnj � Wn � �n

j�1

J
�

i�1

I
�  (2) 

 
The notation is the same as in Equation 1 except that each term represents the average fluxes. 
An error term enk is introduced in order to account for measurement errors and other 
deviations from flux and solute balances in cell n.  
 
For a quasi-steady state variation of the dissolved constituents, the mixing cell concept is 
applied, based on mass balance expressions for each tracer k (k=1,2,…K) in cell n: 
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  CrlkQrn denotes the average flux of the kth constituent from source l into cell n. inq  represents 

the average flux from the ith cell into the nth cell, having an average concentration inkC  of 

solute k. In equation (3) nkC  denotes the concentration of the kth constituent within cell n and 

njq  stands for the average outflow from the nth cell into the jth one. The average pumping 

from the nth cell during a specific time interval is expressed by  Wn , and   � nk is the error 
associated with the mass balance of the kth constituent or the deviation from the flux and 
solute balance in cell n. Upon combining the into a matrix form for each cell, n, we obtain: 
 
   CnXn � Pn � En  (4) 
 
where Cn is a matrix with known concentrations in cell n, Xn is a vector of the unknown 
fluxes through the boundaries of cell n, Pn is a vector containing elements with known values 
in cell n (such as known fluxes of pumping) and En the error vector in cell n. (For further 
elaboration on Equation 4, the reader is referred to Adar and Sorek (1989) and to Adar, 
(1996). The total flux components in the aquifer can now be estimated by a minimization of 
the sum of square error J. By assembling the square error terms over all cells we obtain: 
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where T denotes transpose and W represents a diagonal matrix comprised of weighting values 
about estimated errors (independent of each other) expected for each of the terms, which 
compose the mass balance for the fluid and the dissolved constituents. The weighting matrix 
W also reflects the degree of confidence to which the tracers are assumed conservative and the 
degree of accuracy of the analyses.  
 
As a result of the mathematical optimization, a flow rate is attributed to each potential flow 
connection. Depending on the results obtained from the mathematical optimization, the flow 
model might be changed by modification of the proposed flow pattern and the potential 
sources. Repeated failures of a model optimization scheme indicate a complete disagreement 
between the hydrogeological and hydrochemical flow pattern versus the proposed set-up of 
the model. This implies the need for modification of the proposed compartmental flow pattern 
associated with a revision of the hydro-chemical system. In some cases, problems with model 
optimization even necessitate a review of the hydrogeological system analysis, i.e., the 
definition of compartments and possible flow connections. 
 
3. MIG Program installation and execution 
 
3.1 System requirements 
 
A PC with Windows operating system (Windows 95 or newer) is needed. MIG, itself, is an 
Excel file that contains a number of “macro” routines for processing other Excel files. 
Therefore, Excel 5.0 or newer versions, such Excel 2000 with the installed Visual Basic, 
application is required. To check whether, the Visual Basic component is installed on the 
system run the Microsoft Office or Excel installer. To install Visual Basic open the Control 
Panel under Settings and select Add/Remove Programs Properties. Select Microsoft Office 
2000 Professional (or another available Office version) for installation. The language of the 
system (English, German, International versions) does not seem to make any difference in 
program execution. All the comments and commands of MIG, however, are in English. 
 
3.2 Installation of MIG 
 
The installation file setup.exe contains the necessary software. Go to Windows Explorer, 
choose the appropriate installation drive and activate (double click) setup.exe. A window 
with the caption ‘Archiver shell’ will appear and now prompt for the selection of a program 
directory into which the software will be installed.  
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The suggested directory is c:\mixcel. Please confirm or choose an alternative directory 
using the ‘Browse’ button. Clicking the ‘Extract’ button will start the extraction of three files 
to be put in the program directory (here the default directory). In this directory you will find 
the following files: 

 
c:\mixcel\Mig.xls 
c:\mixcel\Multi.exe 
c:\mixcel\Data.xls 

 
The file Mig.xls is the Excel file that contains the Visual Basic code. The file 
Multi.exe is the optimizer, an executable Fortran file that can be called by MIG. Finally, 
Data.xls is an example file with some chemical data. After the extraction of these three 
files, MIG can be operated from Excel. 
 
Tip: If MIG is used regularly, it might be useful to copy the program Mig.xls into the Excel start-up folder. 
Every time, Excel is executed, the program checks the start-up folder and loads all the *.xls files (and add-ins) 
contained in this folder. As a consequence, MIG will always be loaded and present on your system. In order to do 
this, please locate the folder ...\Microsoft Office\Office\XlStart\XlStart. The beginning of the path depends on 
where you chose to install your Microsoft Office program. The default location is in C:\Program 
Files\Microsoft Office\Office\XlStart\. 
 
3.3 MIG menu structure 
 
MIG is a tool for preparing the data in an appropriate format and for producing input files for 
a solver that contains the structure of linear equations. In order to guide the user through the 
procedure of defining the mixing cell model, a certain procedure, which described below has 
been followed:  
 
After selecting some straightforward program options, first the cells, and then the sources will 
be selected. As described in the terminology, any compartment (flow component) that has no 
inflows from other components is called a source. Any compartment (flow component) that 
has an input from or is receiving at least another inflow is called a cell.  
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In the next menu, the user is asked to define the flows from sources to cells, followed by a 
menu where the user can define the flow between cells. After this menu, the user can enter or 
modify pumping/discharge rates – these are fluxes that are extracted from the system by 
pumping or natural discharge. Next, the tracers are selected and the weights (of conservancy) 
are modified. Finally, the user is asked whether the data should be normalized or not. At this 
stage, the user can generate input files for the Solver, save them and activate the Solver 
directly from the MIG program. Detailed descriptions for each step are given below. 
 
3.4 Loading and running MIG 
 
In order to use MIG, two files are always required. First, one needs to open and load 
c:\mixcel\Mig.xls with the Excel program. Please start Excel, go to the ‘File/Open’ 
menu and open the file Mig.xls from the directory that you have selected during the 
installation. The program is loaded and you should see the image below. 

Options 

Define flows 
from cells to cells 

Define pumping 
rates 

Choose tracers 

Select sources or 
cells for 
normalisation 

Select cells 

Select sources 

Define flows 
from sources to 
cells 

Generate input file  
Save input file 
Start Solver 
Exit 
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Tip: Your system might have a warning system switched on that informs you that you are about to open a file 
containing macros – This is an additional safety against macro-viruses. Choose the option ‘Activate Macros’. If 
you use MIG regularly, you can switch off this warning. 

 
In order to activate the program, the user now open the data file. As indicated by the message, 
the mixing cell generator is a macro file – The user always needs to open a data file in 
order to work with MIG. 
  
Go to ‘File/Open’ and select the file with hydro-chemical and/or isotope data. Some 
instructions and limitations about the format of the data file are given below.  
 
�� The data file should be an Excel file format 5.0 (or newer version). Of course one may 

use imported dBase, Lotus or other files as well.  
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�� The uppermost row in every data column should contain the column names. The samples, 
which characterize each cell and/source, should be arranged in rows. Columns represent 
the properties (sample name, co-ordinates, heads, chemical concentrations, etc.). It does 
not matter in which column the sample names are found and where the first column with 
the chemical data starts. The location of the sample name column and the location of the 
first column with chemical data can be specified and later introduced into the MIG data 
processor (see ‘Program settings’). However, it is useful (set the default) place the 
column names in the first column and to have the sub-matrix with chemical data in one 
block (sub-matrix) that is uninterrupted by other descriptive information not used for the 
modeling. 

 
�� The data file should contain one column with sample names. The sample names should be 

shorter than 16 characters. (This limitation is caused by a limitation of the sample name 
length in the Fortran solver: Multi.exe). If these samples names contain more than 
16 characters you will be warned to shorten them during program execution.  

 
�� The matrix with chemical data should be complete and should not contain null values, 

strings or empty cells. Please, remove any row or samples that do not contain a full 
complete analysis. However, MIG checks also whether the chemical data-set is complete 
and only offers samples for selection as cells or sources that contain meaningful values: 
zero (real zero values) and above. 

 
�� It can be useful to include groundwater levels, if these are available. MIG performs an 

automatic check of flow directions, which are consistent with water levels. The location 
of the column with water levels can be configured within MIG. 

 
An example file, of data data.xls, is installed in the MIG directory (see table above). 
This example file contains only the sample names, the x - y co-ordinates and the chemical 
data for the major elements (in mmol/l).  
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After opening and selecting the data file in the menu ‘File/Open’ two files should be already 
loaded and listed in the menu ‘Windows’: data.xls and MIG.xls (see circle on the 
figure above). MIG.xls is loaded in the background.  
 
Adding menu items 
 
In order to simplify the use of MIG, the program contains a macro that adds two menu 
elements to your Excel program. This step has to be executed only the first time one uses MIG 
and after any re-installation of MIG or Excel. In order to add the menu items, press ALT+F8, 
select the macro MIG.xls(See below: Startup [circle] and click on the button 
‘Run’[arrow]).  

 

 
 

 

If the key combination ALT+F8 fails for any reason, the user may also reach this window by 
going to ‘Tools/Macro/Macros’. After executing the macro, the user should see two extra 
menu items in the menu ‘Tools’. These are ‘Mixing Cell Model’ and ‘Start Solver’. (See 
below) 
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Important: When using MIG for the very first time, please define the path to the Solver as described below in 
the section ‘Program settings’ before clicking on the button ‘Start Solver’. 
 
 
Starting MIG operation 
 
Now start MIG by clicking on ‘Tools/Mixing Cell Model’. After selecting this menu element, 
a window should appear with the caption ‘Program Settings’. 
 
Problems: If you do not see the menu item ‘Mixing Cell Model’ in the ‘Tools’ menu the user must go back to t 
Adding menu items (see above) and execute the described steps. Alternatively, the user might have left out the 
data file, or the path to the data file has not been properly established. In this case, the user has to go back to the 
menu ‘Window’, select the desired data file or re-open it if it had been closed. If a message says that another 
mig.xls is already open, then re-execute the procedure described in Adding menu items (ALT+F8, execute 
MIG.XLS!Startup). 
 
 
Program Settings 
 
The first window, ‘Program Settings’ allows you to configure MIG and to define default 
values. It contains the option sheets ‘Locations’, ‘Dimensions’ and ‘Paths’.  
 
Please note that any changes that one makes in the program settings become permanent if you 
save MIG at the end of the session. 
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Locations 
The structure of the data file is defined in the sheet ‘Locations’. The ‘column containing the 
cell names’ (default = 1) option specifies in which column the well names are listed. These 
names are later used to identify the samples in the configuration of the mixing cell model 
structure. The ‘column containing the water levels’ shows in which column the water levels 
are written. If this column is set to a column containing real water levels, an automatic check 
will be made during the selection of flow pattern (cell’s connections), whether this flow 
connection is hydraulically possible. If both elements have real values for water levels (not 
null values) flows will only be allowed downward head gradients. If one or both of the 
elements do not contain water level data, this check will not be performed.  
Tip: If you do not have water level data or if water levels are not reliable, select the number of a column that is 
completely empty (for example 256; Excel sheets have a maximum of 256 columns). This will not activate the 
water level checking routine. 

The ‘first column with chemical data’ indicates which column begins the chemical data. The 
‘first row with data’ is the number of the first row containing chemical data beneath the 
column names. The default is 2.  
 
Paths 
This option sheet contains the path name for the locations of the FORTRAN solver 
Multi.exe. If this path is not set correctly, the solver will not be accessed successfully by 
MIG. Please check that this path is set correctly. The default is c:\mixcel\multi.exe. 
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Dimensions 
The third sheet with options in the ‘Program settings’ is hidden. Here, the maximum number 
of samples (default = 1024), tracers (default = 128), sources (default = 512) and inflows 
(default = 512) are selected. The default values are more than sufficient for natural and 
solvable problems. If you need to increase these values, please consult an Excel programmer. 
 
After all the settings have been completed, click ‘OK’. (With ‘Exit’ you leave MIG and for re-
start, just go to ‘Tools/Mixing Cell Model’.) Now, a message appears indicating the number 
of loaded analyses and tracers. If the loading of this data file is successful, 25 analyses and 8 
tracers from the example file should have been loaded. If the number of loaded analyses is 
zero, or if the number of loaded tracers is zero, MIG will inform the user that the number of 
cells and/or tracers is not sufficient and will abort. In this case, start MIG again 
(‘Tools/Mixing Cell Model) and check the settings in ‘Program settings/Location’.  
 
Program has loaded the analyses successfully. 
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If the following prompt messages appear the MIG program failed to load analyses or tracers. 
The user is asked to check the settings in ‘Program settings/Locations’. 
 

  
 
Possible problems: The program stops reading data as soon as it encounters an empty row. Please check the data 
file and delete the row with any empty (not defined) concentrations. If the loading still fails, try the standard 
format exactly as in the example file data.xls: Column names in the first row, sample names in the first 
column and tracers starting from column 5. Then use the default values: 
 

Column containing the well names  1 
Column containing the water levels 4 
First column with chemical data:  5 
First row with data    2 

 
Selection of cells 
 
The next form that appears is called ‘cell and index definition’. The user selects the cells that 
are used for the mixing cell model. (Sources will be selected in the next step). The list in the 
left window contains the sample names from the sample name column that was previously 
defined. By double clicking on these sample names in the list, the collection of cells can be 
completed. It is recommended to have prepared a schematic cell configuration for the flow 
pattern so that cells from upstream to downstream can be chosen in order, with lowest cell 
selected last. The ‘Clear All’ button can be used to completely clear the list of selections. ‘Re-
Read Data’ allows the user to return to the Window form ‘Parameter Settings’ and to re-read 
the data. The ‘Exit’ terminates ‘MIG’. However, Mig.xls is still loaded (See the list of files 
under Windows’), by choosing and MIG can easily be re-started by going to ‘Tools/Mixing 
Cell Model’.  
 
In the example presented below, cells CN007, CN008, CN0010 and CN0011 were selected 
(right window). 
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On the right-hand side a new list of selected cells is shown. It is composed of two columns. 
The first column lists the row number, the same number as the row in the data file. The 
second column contains the sample name. A small message appears after pressing the ‘Done’ 
button, which indicates the number of selected cells. When ‘Done’ is clicked, this form is 
closed, all the selections are saved and the next form is loaded. 
 
Select sources 
 
The next menu is used for the selection of sources. As defined above, sources are flow 
components (clusters or single bore holes) that do not receive any other potential inflow but 
contribute to specific cell or cells. A source can be used as a potential contributor to more than 
one cell if hydrologically and hydrochemically justified. Sources can also be used to represent 
subsystems for a simplification of the model. In the list on the left hand-side in the window 
below, cells that have been selected previously will not be listed again. From this list, all the 
sources that will be used for the definition of the mixing cell model structure must be selected. 
Choosing more sources than cells does not pose a problem. Sources can be omitted during the 
following definition of inflows. Again, the ‘Clear All’ button can be used to completely clear 
the list of selected sources. With ‘<Back’ the user can return to the form ‘Cell and index 
definition’. With ‘Exit’ the ‘Mixing Cell Model’ is terminated. With ‘Done’, this form is 
closed and all the selections are saved and the next form is loaded. Again, a small message 
box indicates the number of selected sources. 

 

 
  
Assigning inflows from sources to each cell 
 
Now the user comes to the form on which the sources for each cell are defined and selected. 
Potential inflows are selected for each cell by “double-clicking” on a certain cell in the 
window on the upper left first. Then the user double-clicks on the source that feeds this cell in 
the window on the lower left. As a result, this flow connection will appear in the large result 
window on the right. 
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The right window displays four columns, two columns for the sources and two columns for 
the cells. For both, the row index (from the data file) and the sample name are listed. Of 
course several sources can be selected for one cell. Therefore, this procedure is repeated until 
all the required inflows from sources for a certain cell are listed. Now, the user proceeds to the 
next cell by double clicking on the desired cell and then selecting the respective inflows from 
the sources. 
 
If a certain connection between source and cell exists already, the connection will not be 
accepted and a warning appears. Also, if the user has specified a column with water levels for 
both sources and cells, and if these contain contradicting data, a warning will appear if this 
connection is hydraulically impossible. To avoid this, go back to ‘Program Settings’ and 
specify an empty row for the column with water level data. However, this constraint is very 
helpful for avoiding hydraulically impossible models! 
 
Again, the ‘Clear All’ button will completely clear the list of selected inflows. With ‘<Back’, 
the user can go to the form ‘Selection of sources’. Choosing ‘Exit’ terminates the ‘Mixing cell 
model’. With ‘Done’ this form is closed, all the selections are saved and the next form is 
loaded. A small message box indicates the number of flows from sources into cells. 
 
Select flows from cells to cells 
 
In the next form, the user is asked to specify the flows between cells. In order to avoid 
confusion, it is recommended (although not necessary for the correct solution of the problem) 
to choose the flow connections from the highest to the lowest potential. A warning will 
appear: 
 

1. double click 
on cell 

2. double click 
on source 
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��if a connection is re-entered that exists already 
��if a connection is entered that exists already, but in the opposite direction 
��if water level data has been specified and does not allow this “upstream” connection 
 
As in the previous form for each cell, the flows to other cells are now selected. This is done by 
double-clicking on the discharging cell in the window on the upper left first. Then double-
click on the receiving cell in the window on the lower left. As a result, this flow connection 
will appear in the large result window on the right. For both cells, the row index (from the 
data file) and the sample name are listed. This procedure is repeated until all the required 
flows between cells are listed.  
 

 
 

 
The ‘Clear All’ button can be used to completely clear the list of selected flows. With 
‘<Back’ the user returns to the previous form. With ‘Exit’, the ‘Mixing cell model’ is 
terminated. With ‘Done’ this form is closed, all the selections are saved and the next form is 
loaded. A small message box indicates the number of flows from cells to cells. At this stage 
the flow connections have been defined, hence the structure of the model is ready. 
 
Abstraction rates 
 
In the next form, the user can enter the abstraction rates of water (e.g., pumping rates). These 
are pumping rates by which groundwater is abstracted from each cell before flowing into other 
cells according to its flow connections. For the last cell, the abstraction rate corresponds to the 
total outflow of the system. (The user is urged to use the same units for rate of pumping as for 
the rates of discharge.) 
  
Comment: By default, the abstraction rates are set to 0 for all cells except for the last cell. The last cell has a 
default outflow rate of 1. These are normalized abstraction rates. Later, the normalization is made by dividing the 
abstraction rate of each cell by the sum from all the cells.  

1. double click 
on cell 

2. double click 
on cell 
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The default abstraction rates can be changed in this form. Click first on the cell that needs 
modification. Then, clicks on the text-field ‘Change Rate’ and enter a new value. When the 
ENTER key is pressed, the new value will appear in the list to the left. The total sum of 
abstraction/outflow is now calculated automatically. Here, as previously, the cells should be 
arranged according to the cascade of flows from higher water levels to lower. The outflow rate 
of the lowest cell corresponds to the output of the system. It needs to be larger than zero, 
otherwise the whole system has no outflow and – due to a simple mass balance – all flows 
will be zero as well. 
 

 
 

 
With ‘<Back’ the user returns to the previous form. ‘Exit’ terminates the ‘Mixing cell 
model’. With ‘Done’ this form is closed, all the selections are saved and the next form is 
loaded. 
 
Selection of tracers 
 
The tracers found in the matrix starting from the ‘first column with chemical data’ are 
displayed in the left window. The tracers used in the mixing cell model can be selected by 
double clicking on the names (these are the same names of constituents that appear in the first 
row of the data set). The program automatically prevents the user from choosing the same 
tracer twice. In the right result window, the selected tracers are shown with the index, the 
name and the default weight. For now, the default weight (given for the assigned level of 
conservancy) cannot be modified. This list of selected tracers can be reset using the ‘Clear 
All’ function. After the selection is made, click ‘Done’ to call to the next window.. At least 
one tracer needs to be selected in order to proceed. (More than one tracer, however, is needed 
to obtain a good solution. Note that the number of tracers plus 1 times the number of cells 
must be greater by far than the number of unknowns) A small message window indicates the 
number of selections. 
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Selection of a source for normalization 
 
In the next final form the source or a cell for the normalization of the chemical data is 
selected. The program automatically checks which sources and cells are suitable for 
normalization and these are listed in the next window.  
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To normalize, double click on the selected source/cell. A prompt will appear asking for 
confirmation. If normalization is not wanted, select ‘Don’t normalize’. 
 
The last toolbar before running the program has several buttons: With ‘< Back’ the user 
returns to the previous form to insert changes. 
 

 
 
With ‘Build Input for Wolff’, an input file is generated using all the settings that were made 
in the previous forms. Before the file is produced, the user is asked to enter a descriptive name 
for the model. The input file is generated and formatted as an Excel table. It is helpful, 
however, to adjust the table name according to the description of the run by double clicking 
on the table name-tag (See circle: Goblenz) to change the table name. Note to provide just the 
desired descriptive name of the file without the whole path. It will automatically save in the 
MIXCELL folder. 
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The next step is to save this input file by choosing ‘Save Input File’. You need to enter a 
name for this run. This operation cannot be cancelled - a name must be given. An ASCII file 
will be written that is used with the solver Multi.exe. If the path to the solver is set 
correctly, the solver can now be started by clicking on the button ‘Run Wolff Algorithm’.  
 
Potential problem: If program does not execute the solver, the path is probably incorrect. Identify the location 
of the file multi.exe. It should be contained in c:\mixcel (or in the alternative directory that the user had specified 
when installing the program). Restart the ‘Mixing Cell Model’ and adjust the path on the second sheet of 
‘Program settings/Path’. 

 
The solver (the FORTRAN code) now prompts for the name of an input file and for the name 
of an output file. Type the names of the input and the output files with one space before the 
names. If the set up of the flow pattern is also supported by water and chemical balance it will 
also produce a result. 
 
3.5 Terminating MIG 
 
Before quitting the program save Mig.xls if you want to save the program settings to be used 
in further runs and of alternative flow configurations. The name of the data file needs to be 
reset to the original name and the file type specified as Excel file. Choose ‘File/Save as...’ and 
select ‘Excel file’, specify a name and save. 
 

 
 
3.6 Example  
 
An example file in Excel (file: example.xls) with chemical data for a meso-scale application 
of MIG is in the installed folder. This file contains chemical data for sources and cells and can 
be used for testing the MIG program and training.  
 
As it has been outlined before, a hydro-geological conceptual model needs to be developed 
before starting the calculations. Based on the conceptual scheme of possible flow connections 
in the groundwater system the flow rates are determined by optimization. 
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3.6.1 Example for single-cell modelling (‘Cell4’) 
 
The most common case is the quantification of flow rates from different sources into one cell. 
In general, one-cell or single-cell and multi-sources models are also used as a preliminary 
assessment before more complex multi-cell flow configuration is analyzed. Therefore this 
case is shown in the first example. The printout of the results for the following specific 
example is given in the output file “Cell4” that is provided by SETUP.exe. The idea for using 
the Multi-Cells code for solving a Single-Cell problem is to create two cells with identical 
chemical and isotopic composition. The first cell represents the chemical composition of the 
modelled cell and the second is a fictitious cell, which corresponds to its outflow. The 
program mig.xls needs to be started as described in 3.4. The data file ‘example.xls’ must be 
opened and loaded (See chapters 3.4.1-3.4.2). 
 
In the menu “Program Setting” (3.4.3) the column containing the cell names is 1, water 
levels are listed in column 4, the first column with chemical data is 5 and the first row with 
data is 2. Upon confirmation of these default settings messages indicating the download of 25 
analyses with 9 tracers are displayed and need to be confirmed.  
 
In the following menu ‘cell and index definition’ (3.4.4) select the lines ‘cell4’ and ‘o-cell4’ 
by double-clicking. Please note that both cells are identical and carry the same chemical 
composition (See ‘cell and index definition’ window below). After clicking the button 
‘Done’ in the ‘cell and index definition’ menu the message ‘2 cell(s) selected’ should appear.  
 
 

 
 
 

In the following menu for the ‘Selection of sources’ (3.4.5) the user will notice that 
the list in the menu does not contain, and therefore does not allow the selection of ‘cell4’ and 
‘o-cell4’ as sources. The list contains all the potential sources and cells as listed in 
‘example.xls’ except the ones that have already been selected in the previous menu as cells.  
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Select ‘B-Nta’, ‘Flood’. ‘D1-fresh’, ‘D1-salty’ and ‘E2-Fl’ as sources (the order is not 
important). These sources will be stored as a sub-set of sources from which the user can 
attribute sources to individual cells in the following menu. After pressing the button ‘Done’ 
the message ‘5 Sources selected’ should appear. 

The menu ‘Selection of sources for each cell’ will be shown next (3.4.6). For this example 
‘cell4’ should be selected first by double-clicking on the corresponding item in the list of 
cells; then the corresponding sources ‘B-Nta’, ‘Flood’, ‘D1-fresh’, ‘D1-salty’ and ‘E2-Fl’ are 
selected. The result of the configuration will be written into the window on the right hand 
side. When all 5 sources are listed as sources to ‘cell4’ the ‘Done’ button can be pressed 
invoking the message ‘5 Flows from sources into cells have been defined’. Note that no 
potential sources are allocated to ‘o-cell 4’ as this cell is in fact fictitious accounting only for 
the outflow. 
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The configuration of the flow system will now be finalised by defining the flow from the 
modelled cell into the receiving cell: ‘Definition of flows between cells’ (3.4.7). Double click 
on ‘cell4’ in the window above, and then double-click on ‘o-cell4’ in the window below. A 
line with the discharging and receiving cells and their corresponding row numbers will appear 
on the right hand side. A message confirms that one flow has been defined. 
 

 
 
The menu with abstraction rates and outflows does not require any changes in this case 
(3.4.8). The abstraction for ‘cell4’ is set to zero as no additional pumping or losses are 
accounted for. The abstraction from the last cell – in this case this is ‘o-cell4’ – is set to 1 by  
default. 
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By clicking ‘Done’, the menu for the selection of tracers will be opened (see ‘Selection of 
tracers’ (3.4.9)). In this example ‘Mg’, ‘Na’ and ‘Cl’ were selected as tracers as they are more 
or less conservative in the corresponding hydro-geological system. 
 

 
 

The tracers are selected by double-clicking on the corresponding items in the list. In the right 
window the list of selected tracers is shown. The message box (‘3 Tracers have been 
selected’) indicates the number of tracers. In the actual version a modification of the tracer’s 
weight (column 3, default=1) can only be made in the file produced by MIG. 
 
Selection of a source for normalization (3.4.10) 
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The last menu offers a list of all sources and cells that have been used in the flow model and 
that can be used for normalisation of the data matrix. By default all sources or cells containing 
a zero element are eliminated from the list of potential candidates to be used for 
normalization. The normalisation improves the optimisation process if the absolute 
differences between tracer concentrations are significant. In this case the chemical data of cell 
‘cell4’ was chosen for normalisation. Double-click on the item ‘cell4’. A message box will 
pop up indicating the name of the cell to be used for normalisation. At this stage the final 
stage of the configuration has been reached. 
 
By pressing on the button ‘Build input for Wolff’ an Excel table will be written that contains 
the configuration in a conceptualised format. Type a descriptive name for this specific data to 
be executed by the MIG model, for example ‘test4’. In the background a format table will 
appear summarising the chemical data and the information on the number of sources, cells and 
their respective connections.  
 

 
 
This table must be saved as an ASCII file before it can be processed by the optimiser. This is 
performed by pressing ‘Save Input File’. Type the name for the ASCII file (in this case: 
‘test4’). In the final step the optimizer is started by pressing ‘Run Wolff algorithm’. This 
program processes the ASCII file that has been produced in the previous step. It works 
automatically on the directory in which the configuration will be saved. Re-type the same 
name of the ASCII data file as name of the input file. Then type any name for the output file.  
 
Possible Problem: On some systems when the user is asked for the input data file (test4), it might be useful to 
leave a single space before the typed file name. 
 
The optimiser now asks the user whether the concentration data should be printed: Type ‘1’ 
for yes. Finally, the number of iterations for the Wolff optimisation needs to be specified. In 
general a number between 100 and 500 will be sufficient. In some rare cases the user needs to 
increase the number of iterations up to 5000. The message ‘Program Germany terminated’ 
indicates that the optimisation was successful. By typing any key, the user will leave the 
window of the optimiser. The result in the specified Results File can now be checked with any 
text editor in the working directory. Pressing ‘Exit’ can terminate MIG or going backwards in 
the menu structure can generate other runs. 
 
The results of this run are listed in Cell4 file. The contribution from B-Nta amounts to 94 %, 
about 6 % (5.7%) derive from floods. A minor contribution of less than 1 % comes from the 
saline end-member ‘E2-Fl’. 
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The unknown inflows are: 
 
 Name of Rate of Perc. of Perc. of 
 inflow inflow tot. inflow cell inflow 
 Cell 1 cell4  
 1 B-Nta = 1.78 94.0 % 94.0 % 1.78 
 2 Flood = .11 5.7 % 5.7 % .11 
 3 D1-fresh = .00 .0 % .0 % .00 
 4 D2-salty = .00 .0 % .0 % .00 
 5 E2-Fl = .01 .3 % .3 % .01 
 Cell 2 o-cell4 
 
 
 
Id SUMIN SUMOUT Abs. Perc. 
  error: error: 
 
Mg 2.06 2.00 .06 3.0% 
Na 2.07 2.00 .07 3.5% 
Cl 1.95 2.00 -.05 -2.3% 
 
 
The output file (Cell4) also indicates the mass balance errors for water (5.26%) and for each 
single tracer. If the corresponding errors exceed 15 to 25 %, the model configuration is 
probably inadequate and needs to be improved. 
 
In this example all the major elements that have been used are relevant for multi-cell 
modelling. The only difference is that the steps for the selection of sources (3.4.5) for different 
cells are iterated for each cell and that the definition of flows from cells to cells is extended to 
more than one flow (as above). 
 
3.6.2 Example for multi-cell modelling (‘celln’) 
 
While one-cell modeling is the standard procedure to test the mixing ratios of end-members in 
the preliminary phase, multi-cell models are used to consolidate and integrate all the 
information into a consistent flow model. In general, larger multi-cell models can only be built 
successfully when the investigation on the system, its end-members and possible flow 
connections has reached an advanced stage. This implies that the possible flow connections 
for every single cell have been identified and checked. In case the user feels that the flow 
pattern is quite clear he can proceed directly with the multi-cell modeling.  
 
In the following example a simple multi-cell flow model with only three cells and 6 potential 
inputs is used. The same data file “Example” is used to demonstrate the application of the 
Multi-Cell modeling. The example was taken from a field application of the mixing-cell 
model in the Kalahari. Single step modeling had already shown that a final mixing cell, here 
called ‘cell5’ was receiving inputs from two other cells: ‘cell1’ and ‘cell2’. According to the 
conceptual model, both ‘cell1’ and ‘cell2’ were receiving inputs from various sources. ‘Cell1’ 
was receiving input from the sources ‘C1-Je’ and ‘C2-TkJe’, while ‘Cell2’ was receiving 
inputs from the sources ‘A-Nkb’ and ‘B-Nta’. The last cell ‘Cell5’ was not only receiving 
inputs from the above two cells; hydro-chemical evidence showed that due to the up-coning of 
groundwater close to the discharge zone there was also a direct input from source ‘B-Nta’ and 
of a deeper saline source, here called ‘D2-salty’ (The names are a combination of conceptual 
and geological notations, all appear in the first column in the “Example” data file used for this 
example).  
 
For representing this flow scheme, the input generator ‘mig.xls’ and the example file 
‘example.xls’ need to be open in Excel. The window with the example file must be active. 
The program settings correspond to the previous “Single Cell” example (Please follow steps 
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3.4.1 to 3.4.10 as described in the attached MIG-Manual). In the menu ‘Cell and index 
definition’ the cells ‘cell1’, ‘cell2’ and ‘cell5’ are selected by double-clicking on these items. 
The selection is effective when these cells appear in the window on the right hand side. The 
order of these cells should correspond to the order of flow connections defined by the 
hydraulic gradients. The repetition of the last cell with additional factious is not needed 
for the multi-cell modeling. Such an inclusion would not alter the result of the multi-cell 
modeling but is not required in this case. Upon pressing ‘Done’ a confirmation will appear 
that 3 cells have been selected. Again a list of sources will appear in which the items that have 
already been selected for cells are missing. For the example, the sources ‘A-Nkb’, ‘B-Nta’, 
‘C1-Je’, ‘C2-TkJe’ and ‘D2-salty’ need to be selected. They should appear in the window on 
the right hand side. The order is not important. After pressing the button ‘Done’ the selection 
of 5 sources will be indicated to the user and the window ‘Selection of sources for each cell’ 
will appear. In this menu the cells in the upper left window must be activated by a single 
mouse click first; then the corresponding sources flowing into this cell need to be selected in 
the lower left window. This procedure must be iterated until all the flows from sources into 
cells are listed in the window on the right hand side. 
 
 

 
 
 
The window should look as shown in the screen-shot. The button ‘Done’ will then call the 
message saying that 6 sources have been selected. In the menu ‘Definition of flows between 
cells’. The flows from ‘cell1’ to ‘cell5’, from ‘cell2’ to ‘cell5’ need to be defined. The 
window should display these connections in the right hand window. A message that two flows 
have been selected confirms the correct configuration. The menu ‘Abstraction rates and 
outflow’ does not need to be modified. The default configuration corresponds to a situation 
without major abstraction by pumping or other discharge. That implies no pumping and that 
all the inflows leave the system through ‘cell5’. 
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In the menu for tracer’s identification the selection of ‘Ca’, ‘Mg’ and ‘Cl’ is used for this case. 
As in most cases the last cell ‘cell5’ is chosen for normalization. The rest of the procedure 
corresponds exactly to the previous “Single Cell” example. 
 
By pressing on the button ‘Build input for Wolff’ an Excel table is written containing the 
configuration in a conceptualised format. A descriptive name is given to the model, here 
‘cell5’. In the background a format table will appear summarising the chemical data and the 
information on the number of sources, cells and their respective connections.  
 
This table must be saved as an ASCII file before it can be processed by the optimiser. Pressing 
‘Save Input File’ performs this. Type the name for the ASCII file (in this case: ‘cell5’). In the 
final step pressing ‘Run Wolff algorithm’ starts the optimizer. This program processes the 
ASCII file that has been produced in the previous step. It works automatically on the directory 
in which the configuration will be saved. Re-type the same name of the ASCII data file as 
name of the input file. Then type any name for the output file. In this case the output file is 
given in “Celln” file. 
 
The optimizer now asks the user whether the concentration data should be printed and asks for 
the specification of the number of iterations. The message ‘Program Germany terminated’ 
indicates that the optimisation was successful. The result in the specified Results File can now 
be checked with any text editor in the working directory. The results of this run are listed in 
the file ‘celln.txt’. 
 
The unknown inflows are: 
 
 Name of Rate of Perc. of Perc. of 
 inflow inflow tot. inflow cell inflow 
 Cell 1 cell1  
 1 C1-Je = .00 .0 % .0 % .00 
 2 C2-TkJe = 1.45 75.2 % 100.0 % 1.45 
 Cell 2 cell2  
 3 A-Nkb = .25 13.1 % 82.5 % .25 
 4 B-Nta = .05 2.8 % 17.5 % .05 
 Cell 3 cell5  
 5 B-Nta = .00 .0 % .0 % .00 
 6 D2-salty = .17 8.9 % 100.0 % .17 
 
The intermediate flows are:  
 
 From To Rate of Real 
 cell cell flow number 
 1 cell1 3 cell5 1.548 1.55 
 2 cell2 3 cell5 .335 .34 
 
 ---------- ---------- 
 Total: 1.93 100.00 % 
 QOUT + PPP = 2.00 
 ---------- 
 Absolute diff.: .07 
 Percentage diff.: 3.53 % 
 
The output file also indicates the mass balance errors for water (3.53 %) and for each single 
tracer. Deviations from the salt balance can give valuable hints to the non-conservancy of 
single tracers or to the possible hydro-chemical characteristics of a missing source.  
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FOREWORD 

Quantitative understanding of groundwater flow and transport is an important prerequisite to 

development and sustainable use of this resource. Over the past few decades, isotope 

techniques have played a valuable role in constraining conceptual and mathematical models of 

groundwater flow and transport, with substantial benefits in terms of understanding water 

transit times, flow-time distributions, groundwater dispersion, delineation of sources and 

mixing, and solute and pollutant transport in hydrogeological systems. A co-ordinated 

research project (CRP) on this topic was implemented during 1990–1994 and the results were 

published by the IAEA as a technical publication entitled Mathematical Models and their 

Applications to Isotopes in Groundwater Studies (IAEA TECDOC-777, 1994). Based on the 

achievements of this initial CRP a Manual on Mathematical Models in Isotope Hydrogeology 

(IAEA-TECDOC-910) was published in 1996. To further address the role of isotopes in 

constraining hydrogeological models, to review applicability of models in specific case 

studies, and to develop and evaluate relevant software, a follow-up CRP on Use of Isotopes 

for Analysis of Flow and Transport Dynamics in Groundwater Systems was implemented 

during 1996–1999. This report summarizes the results of the follow-up CRP (Part 1) and 

includes software and a user’s manual developed by some of the participants (Part 2). It is 

expected that the information provided will be a useful reference for basic research and for 

practical assessment of groundwater flow and transport characteristics. Y. Yurtsever of the 

Division of Physical and Chemical Sciences was the IAEA officer responsible for this 

publication. Additional review assistance was provided by J.J. Gibson of the same Division. 
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