
6 ISOTOPES IN ATMOSPHERIC CO2 AND O2 

6.1 ATMOSPHERIC CO2 CONCENTRATIONS 
The concentration of CO2 in the atmosphere is expressed as the CO2 partial pressure PCO2 or 
as the CO2 mixing ratio CCO2, the ratio of the mole amount of CO2 per m3 to the mole amount 
of air per m3. At present (AD 2000) the CO2 concentration is about 370 µmole/mole (in short: 
ppm) (CDIAC). This level is considerably elevated compared to natural conditions, due to the 
massive anthropogenic CO2 production caused by fossil fuel combustion. CO2 mixing ratio 
measurements in air bubbles trapped in ice caps have shown that the pre-industrial CO2 
mixing ratio was about 275 ppm, with a natural variability of about ± 5 ppm (Etheridge et al., 
1996). 

The carbon contained in the atmospheric CO2 is closely connected to the other global carbon 
reservoirs: the carbon dissolved in the oceans, the carbon contained in the terrestrial plants, in 
the soils, and finally inside the earth’s crust, the so-called lithosphere. The latter reservoir is 
very large, but it interacts very slowly with the other compartments, and therefore, for a time 
scale of hundreds of years, it can be safely neglected. The coupling between the other 
compartments is very fast and intensive: in the course of a single year, about 25% of the 
atmospheric carbon get exchanged with one of the other containers. This total system of 
interacting carbon reservoirs is called the global carbon cycle.  

The atmospheric CO2 concentration is generally given as the CO2 mixing ratio, the 
concentration ratio of CO2 and air (`~78% N2 + 21% O2 + ~1% Ar). Fig.6.1 shows the results 
of measurements of the atmospheric CO2 concentration over an extended period of time, on 
three locations: Point Barrow (Alaska, 71°N) in the north polar region, Mauna Loa (Hawaii, 
20°N) in the Central Pacific Ocean and on the South Pole. Both differences and similarities 
can be observed. The clearest phenomenon, observable in all three observations, is the steady 
increase. This is caused by the emission of CO2 from fossil fuel combustion, and to a lesser 
extent from changes in land use (mainly deforestation). On a closer comparison, one can 
observe a weak north-south gradient in the CO2 mixing ratio. This gradient is the result of the 
fact that the vast majority of the fossil fuel emission takes place in the northern hemisphere, 
and even though the mixing ratio of the atmosphere is very high (typically north-south mixing 
time is 1.5 years) this effect is not completely washed out. 

The second phenomenon observed, which differs greatly between the three shown 
measurement series, is the seasonal cycle. In the high northern latitudes, there are massive 
landmasses, and plant activity is highly seasonal. In the tropical regions much less seasonality 
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is observed, in accordance with the lack of strong seasonal variations in plant activity. In fact, 
most of the still observed seasonal signal at Mauna Loa is due to atmospheric transport of the 
higher northern seasonal signals. 
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Fig.6.1 Atmospheric CO2 concentrations (as mixing ratios) for three monitoring stations (data 
from Keeling et al. 1989; 1995). 

 

In the far south, a very weak seasonal signal is observed, which is in anti-phase with the other 
two. This is the southern hemisphere seasonal signal, which is much weaker, since most of the 
higher southern hemisphere is either ocean, or without vegetation. 

The global carbon cycle is enjoying still increasing attention. The human-caused increase of 
atmospheric CO2 is likely to cause substantial climatic change, and this fact has become 
known to the general public and to policy-makers. 
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Scientific effort has therefore also seen a considerable growth. At present, many CO2 
monitoring stations exist world-wide (WMO), the most prominent programs among them 
being those of Scripps Institute of Oceanography, USA (Keeling et al., 1995, also the earliest 
by far (Keeling, 1958)), NOAA, USA (Conway et al., 1994), and CSIRO Australia (Francey 
et al., 1995). The so-called Intergovernmental Panel on Climate Change (IPCC), a group of 
specialised scientists, collects scientific knowledge, and periodically produces reports (for an 
updated list see the IPCC web site). According to the latest IPCC report (1995), the best 
representation of the global carbon cycle is shown in Fig.6.2. The specific anthropogenically 
caused fluxes are listed in Table 6.1. 

 

Table 6.1 Annual average anthropogenic carbon budget. CO2 sources, sinks and storage in the 
atmosphere are expressed in GtC (= Pg or 1015g carbon) per year (values according to 
IPCC Report 2001). 

CO2 sources GtC 

(1) Emissions from fossil fuel combustion 5.4 ± 0.3 

(2) Net emissions from changes in land-use 1.7 ± 0.9 

Total anthropogenic emissions 7.1 ± 1.0 

CO2 sinks GtC 

(1) Remains in the atmosphere 3.3 ± 0.1 

(2) Ocean uptake 1.9 ± 0.6 

(3) Uptake by (North.Hemisph.) forest regrowth 
 +   Inferred sink (uptake by terrestrial biosphere)

1.9 ± 1.5 

Total sink 7.1 

 

The carbon content of all reservoirs and fluxes is expressed in GtC (gigatons = billion tons of 
carbon) or in Pg (1015g) carbon. Fig.6.2 shows the “best values” for the fluxes, Table 6.1 
shows the uncertainties as well. As one can see, there are still large uncertainties in the annual 
fluxes. The most certain aspects are the yearly emission of fossil fuel CO2 (based on trade 
statistics) and the yearly increase of atmospheric CO2 (direct measurements by the 
atmospheric CO2 monitoring networks). 

The most remarkable feature, as far as the anthropogenic influences are concerned, is the fact 
that almost half the amount of carbon introduced into the atmosphere by fossil fuel 
combustion is taken up by the oceans and the land plants. The exact breakdown between these 
two sinks, as well as the regional distribution of the sinks, is still accompanied with large 
uncertainties. For the study of ocean-atmosphere and terrestrial plants – atmosphere the 
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isotopes of CO2 can be put to use. More recently, ultra-sensitive monitoring of the 
atmospheric O2 mixing ratio can also assist in discrimination of land vs. ocean effects. 
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Fig.6.2 Schematic drawing of the global carbon cycle. The numbers represent reservoirs sizes and 
the fluxes of carbon in GtC or Pg (values according to IPCC report 2001). The CO2 input 
and output data as given in this scheme result in annual increase of the atmospheric CO2 
content of 3.3 GtC. 

6.2 STABLE CARBON ISOTOPES IN ATMOSPHERIC CO2 

The different 13
� signature of the various compounds of the global carbon cycle (see Volume 

1, Sect.7.1.4) can be put to use to measure the size of the (annual) fluxes, and to discriminate 
between the various processes. Especially the ocean-atmosphere exchange of CO2 can be 
discriminated from the terrestrial exchange, as well as from fossil fuel input. The effective 
fractionation for ocean uptake of CO2 from the atmosphere is only about –2‰, whereas 
terrestrial photosynthesis yields a fractionation of �17‰ (for C3 plants). Table 6.2 shows 
average 13

� values for the various components of the global carbon cycle, as well as 
fractionations for a flux out of each component into the other ones (where appropriate) (see 
Volume I for more details). The potential for discrimination using 13

� is clear. However, due 
to the large size of the atmospheric carbon reservoir, even the large fluxes in Fig.6.2 will only 
appear in 13

� of atmospheric CO2 in a very dilute way. This puts high demands on the 
accuracy of 13

� measurements of atmospheric CO2. 

Nevertheless, there is an ever-increasing number of atmospheric stations, where the CO2 
mixing ratio measurements have been supplemented by 13

� analyses. Fig.6.3 shows the 13
� 

measurements over the years for the same stations as in Fig.6.1. 
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Fig.6.3 The 13
� results for the same CO2 samples as reported in Fig.6.1.  
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Table 6.2 An overview of the main global carbon cycle components from a 13
� perspective. The 

grey boxes contain the average 13
� values (in ‰) for the various components, the off-

diagonal elements give values for the 13C fractionation (‰) for a flux from the component 
in the left column into the other ones (where appropriate). The values are indicative (cf. 
Volume I). 

 (1) (2) (3) (4) (5) (6) 

(1) Atmosphere �8 �2 - �17 - - 

(2) Surface Ocean (DIC) �10 +1.5 0 - - - 

(3) Deep Ocean - 0 +1 - - - 

(4) Land plants (C3) 0 - - �25 < 0 - 

(5) Soils �2 � 2 - - - �25 - 

(6) Fossil Fuel 0 - - - - �28 

 

As a first example we shall take a closer look at the PCO2 � 13
� relation in the seasonal cycles. 

To this end we shall, for the moment, “force” steady state conditions over the years by 
separating the (average) seasonal cycle and the increasing trend from the CO2 and 13

� records. 
We can now describe the relation between the observed PCO2 and 13

� by two compound 
mixing (see Volume I, Sect. 4.3 and 7.1): 

  (6.1) addaddBkBkTT δCδCδC ��

in which CT, CBk and Cadd are the amount of CO2 (usually expressed as mixing ratios) in total, 
the background air, and the added, respectively, and the �'s their respective 13

� values. Since 
of course: 

  (6.2) addBkT CCC ��

we can easily deduce: 

 � �� �AddBkBk
T

addT δδC
C
1δδ ���  (6.3) 

This way of presenting two-component mixing is called a “Keeling plot” (after C.D. Keeling, 
1958). It is widely used in atmospheric research: the quality of the linear fit shows whether 
the two-component approximation is valid, and if so, the intercept of the fit directly yields the 
13
� value of the “added” compound. 

Fig.6.4 shows such a Keeling plot, for three different years, for the Point Barrow 13
� record. 

To this end, the record shown in Fig.6.3 has been carefully detrended first. The results for 
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�add, shown in the figure, confirm that the seasonal cycle at Point Barrow is caused by plant 
activity. 

13
� (‰) vs VPDB 
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Fig.6.4 The Keeling plot for three years from the Point Barrow records (Figs.6.1 and 6.3). The 
results for �add, shown confirm that the seasonal cycle at Point Barrow is caused by plant 
activity. The differences between the years are not significant. 

 

The relation between the trends in the PCO2 and 13
� as observed is not straightforward. The 

increasing trend in PCO2 and the decreasing trend in 13
� are qualitatively consistent with the 

continuous addition of fossil fuel-derived CO2 with their lower 13
� values (Table 6.2). 

However, an attempt to describe their relation as two-compound mixing would produce an 
unrealistic source 13

� of about �14‰ (as well as a bad fit quality). The reason that this 
number is so far off the real 13

� values for fossil fuels is that isotopic exchange between the 
atmospheric CO2 and that of the ocean tends to wash out the original signature of the fossil 
fuel CO2 to a large extent. The terrestrial biosphere does not show this behaviour, because the 
carbon reservoir is not mixed as in the ocean: most of the CO2 taken up in the growing season 
returns into the atmosphere later in the year, with identical 13

�. 

 81



Chapter 6 

Evidently this effect of smeared-out signature does not make the atmospheric CO2 
measurements useless; on the contrary, since the 13

� signature of the input fossil fuel CO2 is 
relatively well-known, the relation between the long-year trend in 13

� and PCO2 is a valuable 
measure for both the partition of uptake over the oceans and the terrestrial biosphere, as well 
as for the CO2 fluxes going in and out of the ocean annually (Keeling et al., 1989; Tans et al., 
1990; Ciais et al., 1995). 

A summary of the concentration and 13
� data, together with the current annual changes –both 

valid for 01/01/1990 is given in Table 6.3. The PCO2 and 13
� trends are described by: 

 PCO2 = C + (year � 1990)�C 
 13

�    = D + (year � 1990)�D 

or 13
�    = D + (year � 1990)�D/�C 

Table 6.3 only shows the trend data; the actual PCO2 and 13
� values during a year of course 

have to include the seasonal variation as well (cf. Roeloffzen et al., 1991). 

 

Table 6.3 Concentrations and carbon isotopic compositions of atmospheric CO2 and annual changes 
therein for three stations, more or less representing the high and medium latitudes of the 
northern hemisphere and the southern hemisphere (PCO2 data from C.D.Keeling, Scripps 
Inst. of Oceanography, La Jolla, Cal.; isotopic data from the Centre for Isotope Research 
of Groningen Univ., the Netherlands). 

Valid for 
01/01/1990 

C 
(ppm) 

�C 
(ppm/year) 

D 
(‰) 

�D 
(‰/year) 

�D/�C 
(‰/ppm) 

Point Barrow 350 1.75 �7.9 �0.035 �0.012 

Mauna Loa 348 1.59 �7.7 �0.021 �0.013 

South Pole 346 1.49 �7.7 �0.024 �0.016 

 

6.3 STABLE OXYGEN ISOTOPES IN ATMOSPHERIC CO2 

The situation for the 18
� signature of atmospheric CO2 is remarkably different from 13

�. This 
difference is caused by the oxygen isotopic exchange that can occur between CO2 and (liquid) 
water through the carbonic acid formation (see Volume I, Sect. 7.2.2 and 10.2.1). This effect 
causes 18

� of atmospheric CO2 to be dominated by the 18
� signature of both ocean water and 

precipitation. 
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An increasing number of networks of atmospheric stations also analyses 18
� of atmospheric 

CO2 routinely. In fact, a mass spectrometric 13
� analysis of CO2 yields a 18

� result as well. 

Still, 18
� causes additional experimental problems (in precision of measurement and 

calibration), due to the risk of CO2�H2O isotopic exchange that may occur anywhere in the 
sample treatment from the moment of sampling until the input of the sample in the mass 
spectrometer. 

Fig.6.5 shows, for the same three stations as before, the 18
� signals. The most striking feature 

is the huge north-south gradient (cf. Fig.6.3). If one considers the intense mixing of the 
atmosphere, one has to conclude that there must be huge sources/sinks for the oxygen 
isotopes, or rather that the CO2-H2O isotopic exchange capacity must be very large to be able 
to counteract the atmospheric mixture to such extent. 

18
� (‰) vs PDB-CO2 
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Fig.6.5 The 18
� results for the same set of CO2 samples as in Figs.6.1 and 6.3. 
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This huge exchange capacity puzzled researchers for years, since the CO2�H2O isotopic 
exchange is a slow process (see Volume I, Sect.10.2.1). The solution to this problem is the 
enzyme carbonic anhydrase  that is present in plants, and to a certain amount also in soils. 
From every 3 CO2 molecules that enter a plant leaf through the stomata only one is taken up 
by photosynthesis. The two others become equilibrated with the leaf water almost instantly 
due to the acceleration of the equilibrium process by the carbonic anhydrase, but then return 
to the atmosphere without actually been taken up by the plant. This huge flux therefore only 
influences the 18

� signature of the atmospheric CO2, and has no influence on either the CO2 
concentration or its 13

� value. Francey and Tans (1987) were the first to describe the influence 
of this effect on the atmospheric 18

� signal, followed some years later by Farquhar et al. 
(1993) with a quantitatively more correct model. 

Generally, this enzyme-enhanced isotopic exchange, together with the seasonal isotopic 
signature of precipitation and leaf water, explain both the huge global gradient, and the strong 
seasonal cycle in the Northern Hemisphere (for a more thorough discussion, see: Ciais and 
Meijer, 1998). 

The 18
� signal carries information about land biospheric activity in a way not present in the 

PCO2 or the 13
�, but much other information (fractionation effects, the 18

� distribution of 
ground water, precipitation and water vapour over the world) is needed in order to extract this 
information. Thanks to the existing network of GNIP (Global Network of Isotopes in 
Precipitation, see Chapter 3, this Volume) much of this information is available. The many 
fractionation effects involved -especially diffusion through the soil- are more problematic. 
Still, recent detailed modelling work (Ciais et al, 1997a, 1997b) shows promising results. 

6.4 RADIOCARBON  IN ATMOSPHERIC CO2 
As explained in Volume I (Sect.8.1) the radioactive isotope of carbon, 14C (also called 
radiocarbon) occurs naturally. In the natural situation the 14C concentrations of the various 
carbon containing reservoirs on earth are in steady-state. Of course, depending on their 
interaction with the atmospheric CO2 , these steady state values vary between being equal to 
the atmospheric 14C concentration (leafs, young plant material) to virtually zero (ocean 
sediments, fossil fuel). 

In the twentieth century, two anthropogenic effects caused a situation of pronounced 
disequilibrium:  

1) The combustion of fossil fuels produces CO2 which is 14C-free, due to the high age of this 
material. This 14C free, or "dead" CO2 dilutes the 14C in the atmosphere. This effect is 
called the Suess effect (Suess, 1955). Direct observations of this Suess effect are not 
possible, because the 14C bomb peak, described above, completely obscures this effect at 
present. However, treerings from the period before AD 1950 have archived the 
atmospheric 14C concentration at that time, and the Suess effect can be clearly seen.  
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2) Above-ground nuclear bomb tests gave rise to a considerable additional production of 14C 
in the troposphere and stratosphere, which caused a fast and strong increase of 14C in 
atmospheric CO2 (up to a factor of 2 in the Northern Hemisphere in the early 1960's). 
After the end of the above-ground nuclear test explosions in 1963 the atmospheric 14C 
concentration started to decrease again, due to exchanges with various components: the 
Northern-Southern hemisphere atmospheric mixing, mixing with the terrestrial biosphere, 
and –primarily- mixing with the oceans. Final re-establishment of equilibrium is very 
slow, due to the slow mixing between the ocean surface and the deep ocean waters.  
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Fig.6.6 Combination of the pre-1950 Suess effect and the post-1960 bomb peak (mind the 
different scales) (14C data on Suess effect from Tans et al. (1979), De Jong, 1981 and 
Stuiver and Quay (1981); nuclear bomb data according to Meijer et al. (1995) and 
Manning et al. (1990). 

 

Fig.6.6 combines the pre-1950 Suess effect and the post-1960 bomb peak (mind the different 
scales). At present, the amount of CO2 produced from fossil fuel combustion is about four 
times as high as in the 1950's. Extrapolating the Suess effect measurements from Fig.6.6 one 
can estimate that the total Suess effect presently must be typically -100‰ in total since pre-
industrial times, and growing at a pace of about -1.5‰ per year. 
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Several networks monitor the 14C content of atmospheric CO2 for various stations (Nydal and 
Lövseth, 1983; Manning et al., 1990; Meijer et al., 1995; Levin et al., 1995). The different 
features of the signal (the pulse-like rise in the early 1960's, the long decay signal due to 
several mixing processes, the increasing Suess effect, which is "hidden" behind the bomb 
peak decline, the seasonal variations) make it a valuable additional piece of information for 
global carbon cycle research. In particular, the decline of 14C builds a strong test case for all 
carbon cycle models. 

6.5 ATMOSPHERIC OXYGEN 

6.5.1 ATMOSPHERIC OXYGEN CONCENTRATION 

In recent geological time, the atmospheric oxygen concentration has been remarkably 
constant. On a short time scale, in which large scale  weathering processes etc. can safely be 
neglected, the O2 concentration is coupled with the amounts of reduced and oxidised carbon 
that are present in the global carbon cycle (see 6.1). However, the amount of O2 present in the 
atmosphere (�3�1019mol) is large compared to the amount of oxidised (�3�1018mol) and 
especially reduced (�1018mol) carbon. Therefore, even the combustion of all reduced carbon 
(i.e. the complete biosphere and the fossil fuels) would only reduce the atmospheric O2 
concentration by 2-3%, as pointed out by Broecker (1970). 

Yet small variations in the atmospheric oxygen concentration can be expected due to the 
seasonal variation in oxidation and reduction processes in the global carbon cycle (Fig.6.1), 
but they will be in the ppm range. Also, the gradual increase of atmospheric CO2 due to fossil 
fuel combustion must have its equivalent decrease in the atmospheric oxygen concentration. 

Keeling (1988) was the first to develop an analysis method sensitive enough to measure these 
very small effects on the atmospheric O2 concentration in a reliable and reproducible way. His 
method was based on the measurement of the refractive index of the air. A few years later 
Bender et al. (1994) made the measurements more practical by applying Isotope Ratio Mass 
Spectrometry (IRMS). In this technique, the ratio of atmospheric O2 and N2 is measured for a 
sample and a reference gas, as if these molecules were each other's isotopes. 

The value of these measurements, additional to the analyses of CO2 concentration and 
isotopic composition, is that the O2 measurements discriminate very clearly between land and 
ocean processes. For land processes, the changes in O2 concentration are inversely 
proportional to those in the CO2 concentration (with the stoichiometry of the specific 
combustion or photosynthesis process as the coefficient). Oceanic processes, on the other 
hand, deliver their O2 and CO2 signals distinctly different to the atmosphere for three reasons: 

1) O2 is simply dissolved in water to a certain extent, directly proportional to the atmospheric 
partial O2 pressure (solubility of O2 = 31.6mL/L of water at 25oC and 1atm of pressure). 
Therefore, any process in the water producing or consuming O2, will immediately lead to 
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delivery to or from the atmospheric O2 concentration above the water; for CO2 this is not 
the case because of the carbonic acid equilibrium 

2) the solution of gases is temperature-dependent: the lower the temperature, the more gas 
dissolves; for CO2, the seasonal temperature cycle is in counter-phase with the oceanic 
CO2 production, again having a damping effect on the way CO2 is delivered to or taken 
from the atmosphere; for O2, temperature and production are in phase, thereby enhancing 
the atmospheric signal 

3) because of fossil fuel combustion, the atmospheric CO2 concentration is in disequilibrium 
with the ocean, causing the ocean to be a net sink of CO2  (Table 6.1); of course, this 
process has no counterpart in O2. 

Fig.6.7 shows a sketch of CO2 and oxygen measurements from a Northern and a Southern 
hemisphere station (based on the data by Keeling and Shertz, 1992). It is clear that in the 
Northern hemisphere, where land processes dominate, the O2 and CO2 measurements are to a 
large extent each others inverse (compare the situation for Point Barrow, for which station it 
was shown by 13

� (Fig.6.4) that its seasonal cycle is caused by plant activity). In the Southern 
hemisphere, where oceanic processes dominate, there is hardly any CO2 seasonal cycle 
visible, but there is a profound O2 seasonality. The difference between the two is caused by 
the points mentioned above. 

The O2/N2 measurements are already in full use for the evaluation of the global carbon cycle, 
also in the latest IPCC report (IPCC 2001; Prentice et al., 2001). For further details we refer to 
(R.F.Keeling et al., 1998; Stephens et al., 1998). 

6.5.2 ISOTOPES IN ATMOSPHERIC OXYGEN 

The 18
� value of atmospheric oxygen is profoundly different from that of ocean water. 

Kroopnick and Craig (1972) determined 18
� of atmospheric O2 to be +23.5‰ relative to 

VSMOW(water), the latter actually resembling the isotopic composition of "mean" ocean 
water.  This difference is called the Dole effect (after its discoverer Malcolm Dole (Dole, 
1935; Dole et al.,1954)). It is caused by the balance of isotope fractionation effects for 
photosynthesis and respiration. According to Bender et al. (1994), the O2 produced during 
photosynthesis in the ocean is isotopically essentially the same as the water, so O2 with ��� 
(relative to VSMOW(water)) � 0‰ is delivered to the atmosphere. The oxygen consumption 
processes, however, are characterised by an average fractionation of about -18.9‰ of the air 
O2. If the 18

� value of air-O2 is denoted by 18
�air-O2 the � value of the O2 consumed is then 

(18
�air-O2  –18.9) ‰. 
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Fig. 6.7 Sketch of atmospheric oxygen and CO2 measurements from a Northern (Alert, north-east 
Canada) and a Southern (Cape Grim, Tasmania) hemisphere station. The curves are based 
on the data by Keeling and Shertz (1992). Scaling is such that the O2 and CO2 curves 
correspond with each other on a mole to mole basis. For both stations, the steady decrease 
of Oxygen is visible, corresponding to the steady increase of CO2. (cf. Fig.6.1)  For both 
stations, O2 shows a clear seasonal cycle. For Alert, the CO2 pattern is to a considerable 
content inversely proportional to the O2 curve, demonstrating the relative importance of 
the terrestrial signal at that latitude. At Cape Grim, CO2 hardly shows any seasonality at 
all (cf. South Pole, fig 6.1), indicating that the O2 cycles are caused by oceanic processes 
exclusively. 

 

In land plants the ��� of �� from photosynthesis is also essentially equal to that of the plant 
water. This 18

� is governed by the global hydrological cycle, and is additionally increased by a 
several ‰ enrichment compared to the local groundwater, due to evaporation. Relying on 
Farquhar et al. (1993), Bender et al. (1994), take as the "photosynthesis-weighted, global 
average ���" a number of +4.4‰. For respiration (O2 consumption), a similar fractionation 
applies as for the marine case (18.0‰). Fig.6.8 illustrates the main processes. 
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Fig.6.8 Illustration of a simple model to explain and quantify the Dole effect (after Bender et al., 
1994). For oxygen, both the marine and the terrestrial photosynthesis processes do not 
fractionate, and thus pass the ��� value of their respective surrounding water, i.e. ocean 
water for the marine environment (��� = 0 ‰), and plant water for the terrestrial situation, 
enriched by evaporation. Both respiration processes do fractionate with almost equal 
amounts. If one knows the relative terrestrial:marine productivity, one can calculate the 
value of 18

�air-O2 from this diagram. Bender et al. (1994), using a ratio 54:46, find 18
�air-O2 

= +20.8‰, significantly lower than the actual value for 18
�air-O2 = 23.5‰. One reason may 

be that the �18O value for the plant water, being most unreliable number in their model is 
taken too small. 

 

For studying the global carbon cycle and its reservoirs, it is interesting to compute 18
�air-O2 

from this model. For this the relative flows of oxygen of marine and terrestrial origin are 
needed. Using a ratio of 54:46 for terrestrial and marine activity, respectively (based on global 
carbon cycle models), Bender et al. (1994) find 18

�air-O2 to be +20.8‰, in fact almost 3‰ too 
light. They consider a too low value for the terrestrial plant water as a likely explanation 
(adjusting this value from 4.4 to 8.5‰ would bring their simple Dole effect model in 
accordance with reality. However, they also discuss other, smaller effects (such as 
stratospheric O2 isotopic enrichment) as a possible cause for the discrepancy. 

In summary, it is clear that the isotopic composition of atmospheric oxygen is dependent on 
several main climatological parameters, such as the hydrological cycle (determining the �18O 
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of plant water) and the ratio between oceanic and terrestrial photosynthesis activity. Also, 
obviously, the 18

� of atmospheric oxygen will depend on the ��� of ocean water. 

Gas bubbles in deep ice cores preserve the composition of the earth's atmosphere, in principle, 
for the last several 100 000 years. Recently it has become possible to reconstruct the Dole 
effect (or rather the 18

�air-O2 value) through glacial times (Bender et al., 1994; Malaize et al., 
1999). The Dole effect appears to have been surprisingly stable with variations over two 
glacial-interglacial era's within ± 0.5‰, and it appeared to be hard to distinguish between the 
main effects that can either increase or decrease the Dole effect. Nevertheless, data on the 
Dole effect put important constraints on palaeo-climate models, in particular considering the 
hydrological cycle (Jouzel et al., 1994), and terrestrial/marine photosynthesis. 
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