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Abstract 
Atmospheric oxygen is about 23%” higher in I80 than ocean surface water, whereas 

oxygen in isotopic equilibrium with ocean water would be only 6%, higher in IsO. The 
fractionation of “0 during respiration has been measured on natural populations in un- 
filtered marine surface water samples. The decrease of dissolved oxygen concentration 
and the increase in PO due to respiration was measured as a function of time. An av- 
erage enrichment factor of 21%, was calculated for the removal of oxygen in a closed sys- 
tem. The results indicate that the enrichment of lRO in the atmosphere, and possibly the 
present oxygen concentration, may be controlled by biogenic processes. 

Atmospheric oxygen is enriched with its 
stable isotope ( IsO) to the extent of about 
239/,, with respect to average ocean water. 
This fact was observed independently by 
Dole ( 1935)) Morita ( 1935, and Morita 
and Titani 1936). Somewhat later, Dolt et 
al. (1954) showed that this enrichment is 
constant up to an altitude of 51 km. More 
recent measurements put the enrichment at 
between 23.5s0 and 23.8s0 versus the 
SMOW isotopic standard (Kroopnick and 
Craig 1972; Horibc et al. 1973). These val- 
ucs depend on the fractionation factor for 
the equilibration of CO2 with water. IIo- 
ribe et al. used 1.0414 while Kroopnick and 
Craig used 1.0409. Urey and Greiff ( 1935,) 
and Urey (1947) used a statistical mechani- 
cal approach to calculate that if cquilib- 
rium was obtained between molecular oxy- 
gen and liquid water the oxygen gas would 
be enriched in lsO with respect to the liquid 
by 6%0 at 25°C. This leaves an unexplained 
cnrichmcnt of about 17%0. Several hypothc- 
scs have been advanced to explain this cn- 
richment, known as the Dole-Morita effect 
(Kamen and Barker 1945). These explana- 
tions will be discussed hcrc along with 
some new data on oxygen isotope fraction- 

1 This work was supported by grants from the 
National Science Foundation and the Office of 
Naval Research to the Isotope Laboratory, Scripps 
Institute of Oceanography, and by the National 
Science Foundation-International Dccacle of Ocean 
Exploration program (ID0 71-04202 A03) to the 
Stable Isotope Laboratory, University of Hawaii. 

ation during respiration in stored samples of 
surface seawater. 

It was first thought that green plant pho- 
tosynthesis might control the IsO : 160 ratio 
in the atmosphere. Dolt and Jcnks (1944) 
confirmed the findings of Ruben et al. 
( 1941) that the oxygen evolved during 
photosynthesis was derived from the disso- 
ciation of water molecules and further dc- 
tcrmined that the liberated oxygen was cn- 
riched in 180 by about 5s0 relative to the 
water from which it was derived. Thus 
phofosynfhetic oxygen has approximately 
the IsO : 160 ratio expected for thermody- 
namic equilibrium between liquid water 
and molecular oxygen. Photosynthesis 
therefore cannot account for the Dole- 
Morita ctfect. 

Barker (cited by Lane and Dole 1956) 
and Rabinowitch ( 1945) suggested inde- 
pendently that the cause of the Dole-Morita 
cffcct might be isotopic fractionation 
caused by the preferential uptake of lGO 
during cellular respiration. Barker (Dole 
et al. 1947) proposed that soil bacteria 
would be mainly repsonsible. However, 
Rabinowitch (1945) estimated that 85% 
of photosynthesis and respiration occurs in 
the oceans. More recent calculations for 
occnnic vs. land production allow LIS to esti- 
mate that about 60% ot: the total oxygen 
consumed per year probably occurs in the 
ocenns ( Broecker 1970). 

Lane and Dole ( 1956) found that oxygen 
iso topc enrichment during rcspira tion in 
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several plants, bacteria, and in man varied 
from 7 to 25g/,,. Dole et al. (1954) discussed 
the oceanic data presented by Rakcstraw 
et al. ( 1951), and also several other oceanic 
profiles, all of which indicated large IsO 
enrichments near the dissolved oxygen 
minimum. Rakestraw et al. proposed that 
the increase in 180 with decreasing oxygen 
concentration in the water column could be 
explained by a closed system Rayleigh frac- 
tionation model with an enrichment factor 
of 9s0. This enrichment is too small to ac- 
count for the Dole-Morita effect. However, 
a closed system model is not applicable to 
the oceans because of vertical and horizon- 
tal mixing effects (Craig and Kroopnick 
1970; Kroopnick and Craig 1971). Craig 
( 1971) has shown that in the deep waters 
of the Pacific, the time scales for o’:! con- 
sumption and advection are comparable. 
Enrichments in an open system will always 
bc less than in a closed one. At present, 
calculations including these mixing effects 
are only possible for the deep ocean and 
will be reported separately (Kroopnick in 
PrcP* ) * 

Roake and Dole (1950) theorized that 
180 enhancement in atmospheric oxygen 
may take place in the stratosphere, where 
under the influence of ultraviolet radiation 
a random isotopic exchange between car- 
bon dioxide and oxygen might occur. Their 
laboratory experiments actually indicated 
a slight depletion of 180 in the oxygen, but 
they suggested that in the atmosphere ran- 
dom exchange could produce the needed 
enrichment. Vinogradov et al. (1959) 
pointed out that carbon dioxide cquili- 
brated with water becomes highly cnrichcd 
in 180 and that subsequent exchange of the 
carbon dioxide with oxygen could possibly 
account for the Dole-Morita effect. They 
calculated, however, that for their mecha- 
nism to be important the atmospheric car- 
bon dioxide concentrations would have to 
be three times larger than the present value 
of 0.032%. 

Other processes that could control the 
02 balance in the atmosphere are the oxida- 
tion of reduced carbon, sulfides, and fcr- 
rous iron during the weathering of rocks 

and the oxidation of reduced volcanic gases. 
Holland ( 1973) estimated that the total 
amount of oxygen used in the weathering 
of crustal rocks is on the order of 4 * lOI 
g yr-l. Hc concluded that the turnover of 
oxygen through the weathering and sedi- 
mentation cycle takes place on a time scale 
of several millions of years, and that over 
the last 65 million years atmospheric con- 
ditions and biological processes have not 
changed appreciably. 

The rate of production of oxygen by pho- 
tosynthesis is significantly higher than its 
consumption by geological processes and is 
thought to be balanced by respiration and 
oxidation of organic matter. The atmo- 
sphere contains about 5 l 1020 g, of oxygen of 
which 6 . lOi” g yr-l arc used in biological 
production and consumption (Broecker 
1970). The turnover time for atmospheric 
oxygen is thus about 10,000 years. This is 
considerably faster than the weathering 
cycle of 3,000,OOO years. Thus the steady 
state concentration of the oxygen in the at- 
mosphcrc must bc controlled by the photo- 
synthesis-respiration-oxidation cycle and it 
is expected that the isotope distribution can 
be similarly cxplaincd. 

I thank H. Craig for his advice and cn- 
couragement during this work. 

Experimental methods 

The biological fractionation of oxygen 
isotopes in closed systems of natural marine 
populations can bc conveniently studied by 
measuring the consumption of oxygen in 
bottles of seawater stored under various 
conditions in the laboratory. Rakcstraw 
(1947) incubated water samples from the 
surface, from the oxygen minimum layer, 
and from deep water at temperatures near 
those at the depths from which they were 
taken. He found that the rates of consump- 
tion decreased with time and effectively 
ceased after 50 days. Such rates in bottles 
are almost certain to be higher than those 
in the open ocean, since the rate of oxygen 
consumption measured in bottles is propor- 
tional to the ratio of surface arca to water 
volume ( ZoBcll and Anderson 1936). One 
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of the most important discoveries of ZoBell 
and Anderson was that the rate of oxygen 
consumption in filtered seawater is inde- 
pcndcnt of the oxygen concentration within 
the examined range of 0.3 to 12.7 ml oE oxy- 
gcn per liter ( ZoBell 1940). 

I have measured both oxygen consump- 
tion and oxygen isotopic fractionation un- 
der similar conditions in bottled seawater 
from samples collcctcd at the end of the 
Scripps Institution of Oceanography pier. 
Individual l-liter sterilized reagent bottles 
were filled by submerging them just b,elow 
the surface. The ground-glass stoppers for 
the bottles were greased with silicone 
vacuum grease and then taped securely to 
prevent any air lcakagc. One of the samples 
was immediately analyzed for dissolved O2 
and IsO; the others were stored in the dark 
at 19 “C and analyzed at various times. 

In a second experiment a 2O-liter steril- 
ized bottle was filled with surface water 
from the same location, mixed to ensure a 
uniform sample, and l-liter sterilized bot- 
tles were then filled from it by siphon. 
Bacto-pcptone was added to thcsc bottles 
to promote higher rates of bacterial respira- 
tion. The samples were then stored in the 
dark at 19°C until analysis. 

Dissolved oxygen was measured by the 
basic Winkler-Carpenter method, scaled 
down to accept a 50-ml sample (Carpenter 
1965 ) , The procedures for quantitatively 
extracting the dissolved oxygen from sca- 
water and for mass spectrometer analyses 
have been described in detail elsewhere 
(Kroopnick 1971; Kroopnick and Craig 
1972). Briefly, the dissolved gases (mostly 
N2, 02, C02) were stripped from solution 
into a vacuum system. The stripping gas 
( C02) was removed by a trap kept at 
liquid nitrogen temperature. The oxygen 
and nitrogen were then absorbed onto a 
type 5A Molecular Sieve cooled with liquid 
nitrogen. The oxygen was converted to CO2 
by circulating the air over a carbon rod 
hcatcd to BOO”-900°C and surrounded by 
a liquid nitrogen-cooled trap that con- 
densed the COZ. The unwanted N2 was 
then pumped away and the CO2 was ana- 
lyzed by standard mass spectrometric pro- 

Table 1. Biological fractionation experiments. 
(Samples were collected at the end of the S.I.O. 
pier und stored in the dark at 19°C zcnless otherwise 
specified.) 

Sample Comments 

l-2 Jan 71 
water temp = 12.25“C 
II-8 Analyzed 

immediately 
II-14 
II-1 
II-15 
II-12 Peptone added 
II-13 Peptone added 
II-4 Peptone added 

25 Jan 71 
water tcmp = 13.3’C 
III-1 Analyzed 

immediately 
III-4 
III-5 5’C 
III-6 
III-7 

4 Apr 71 
water temp = 13.3”C 
IV-1 Analyzed 

immediately 
IV-2 Peptone added 
IV-3 Peptone added 
IV-4 Peptone added 
IV-S Peptone added 

Time 02 6180 
(days) (ml/kg) ~3) & 

0 

1.2 5.78 24.19 22.5 
1.3 5.80 23.93 14.5 
3.1 5.63 25.32 32.1 
0.75 0 .T 
0.8 3.62 31.54 15.6 
1.25 0 

4.3 5.40 25.40 21.2 
4.4 5.33 25.18 16.6 
9 5.26 26.19 23.1 
100 2.70 38.66 18.9 

0 5.53 23.73 - 

0.5 5.31 24.24 12.3 
0.9 1.57 61.18 28.5 
0.9 2.51 42.31 22.8 
1.0 1.67 51.09 22.0 

avg=20.8 
urn= 1.7 

cedurcs ( Craig 1957). Oxygen isotopes 
arc reported as the per mil enrichment rcla- 
ti.ve to the defined ocean water standard 
( SMOW) : al80 = [ ( R/E&) - l] l lo3 
whcrc R is the 180 : ‘“0 ratio ( Craig 1957). 
Surface scawatcr is enriched about 0.5%0 
relative to SMOW. The overall precision 
for extracting, cornbusting, and analyzing 
rcplicatc samples is +0.1%0. 

Results 

The data are given in Table 1. Figure 1 
shows the dissolved oxygen concentration 
( C ) minus the initial concentration ( C, ) 
plotted as a function of storage time. In 
all cases oxygen was consumed and the 
aI80 of the remaining oxygen dissolved in 
the water increased as the total concentra- 
tion of dissolved oxygen decreased. The 
6180 values are listed beside each point. 
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Fig. 1. Dissolved oxygen concentration minus 
the initial value, plotted versus storage time. The 
square symbols represent seawater samples to 
which peptonc was added. The circles represent 
natural, untreated samples. The number bcsidc 
each point is the ~~~80 of the oxygen remaining at 
that time. The oxygen content of the two unnum- 
bered samples was too low to measure their ~“0. 
The lines arc only to distinguish the two expcri- 
ments and have no thcorctical significance. 

The single stage enrichment factor (E) was 
calculated using the Rayleigh equation 

R/R0 = ff, 

where R is the ratio IsO : IGO of the dis- 
solved oxygen being, removed at any instant, 
R. is the ratio in the remaining material, 
and f is the fraction of dissolved oxygen re- 
maining. Since 6180 increased with dc- 
creasing oxygen concentration, the cnrich- 
mcnt factor E is positive, indicating that 
during respiration lc,O is consumed in prcf- 
ercnce to ItlO, enriching the remaining oxy- 
gcn in 180. A more convenient form of this 
equation is 

h-&=-E 111 (f), 

where x = hl( 1 + 6180 ) . 
The isotopic results are plotted in Fig. 2 

using the above notation. The large scatter 
in the data may be due to the nonhomogc- 
neity of the samples, since each storage 
bottle developed its own bacterial com- 
munity. The samples with peptonc added 
show a much larger oxygen consumption, 
and isotopic enrichment, than those without 
it. The calculated enrichment for the sam- 
ples with peptone agrees with that calcu- 
lated for natural samples and is more accu- 

% Remaining (f) 
90 00 70 60 50 40 30 20 

III’r 1 1 I f 

0 0.5 1.0 1.5 

-In (0 

Fig. 2. Isotopic results of closed-system bio- 
logical fractionation experiments. Symbols as 
in Fig, 1. h = ln( 1 + 8’0 ) , and f is the fraction 
of dissolved oxygen remaining. 

rate due to the larger changes. Averaging 
all the above results gives a single-stage cn- 
richmcnt of 21%, ( onI = 1.6). 

Discussion 

Returning to the problem of why at- 
mospheric oxygen is enriched in IsO by 
23.5g0 over seawater, these cxperimcnts 
show that respiration can cause an enrich- 
ment of about 21%0. The 2.5%0 discrepancy 
bctwcen these experiments and the ob- 
served 23.5%, enrichment in atmospheric 
oxygen may be due cithcr to experimental 
uncertainties or to photosynthesis. 

WC estimated earlier, on the basis of the 
work of Ruben et al. ( 1941) and Dole and 
Jcnks ( 1944)) that photosynthesis could 
cause an enrichment of about 5%a. The 
photosynthetic oxygen in .their cxperimcnts 
was collected from actively growing Chlo- 
rella cultures, but although respiration con- 
tinues in the presence of light, no correction 
for either consumption or fractionation was 
applied. The oxygen evolved in their cxperi- 
mcnts may thus have become enriched in 
I80 by respiration and may not be rcpre- 
scntative of pure photosynthesis. The 
agrcemcnt of Dole and Jcnk’s measured 
value with that calculated by Urey (1947) 
may have been fortuitous, and a rc-cxami- 
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992 Kroopnick 

nation of the photosynthetic fractionation 
factor using modern mass spectromctric 
techniques is underway. 

The IsO results presented above suggest 
that both the molecular O2 and 180 con- 
centrations in the atmosphcrc are controlled 
by a steady state balance between photo- 
synthesis and respiration in marine surface 
water. 
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