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ABSTRACT. The hottest topic for those interested in the earth’s carbon cycles is the change
in atmospheric CO, content between glacial and interglacial time. What caused it? What is its
role in glacial cycles? We evaluate here the hypotheses that have been put forward to explain
the CO, change with evidence from deep sea sediments. We conclude that all the hypotheses
have serious drawbacks and that much effort will have to be expended in gathering more data
from ice cores and ocean sediments before we will be pointed toward the correct scenario.
Also, thoughtful modeling aimed at depicting the ties between pCO,, O,, *C/"2C, '*C/"C, and
nutrient constituents in the sea for various modes of circulation will have to be done before
the evidence from ocean cores can be properly interpreted.

INTRODUCTION

Nearly a decade has passed since Shackleton (1977) demonstrated that
the "’C/'*C ratio in the carbon dissolved in the deep ocean was lower dur-
ing glacial than interglacial times. As ca 85% of the carbon in the ocean-
atmosphere-biosphere pool resides in the deep ocean, its *C/"*C change
likely typifies that for the entire pool. Shackleton’s explanation for this dif-
ference was that the forest-soil carbon reservoir was smaller during glacial
than during interglacial time. For the same reason that growth and retreat
of ice caps (deficient in '®O) causes the oxygen isotopic composition of
ocean water to change, growth and retreat of forest-soil organics (deficient
in "*C) causes the carbon isotopic composition of ocean carbon to change.
This finding suggests less biosphere and hence higher atmospheric CO,
content during glacial time.

Two groups then reported measurements of the CO, content of gasses
trapped in polar ice of glacial age (Delmas, Ascencio & Legrand, 1980;
Berner, Oeschger & Stauffer, 1980). Contrary to the implications of Shack-
leton’s *C results, both groups concluded that the CO, content of the gla-
cial atmosphere was substantially lower than today.

A hypothesis that allowed these seemingly conflicting results to be
reconciled was later published (Broecker, 1981). The idea was that the 13C/
'*C change for ocean carbon was caused mainly by the storage of organic
compounds in shelf sediments deposited during the marine transgression
that accompanied deglaciation. If the P (and N) to C ratio in this organic
debris was similar to that for average marine plankton and if the loss to the
sediments of organic carbon was compensated by excess accumulation of
CaCoj; on the sea floor, then the glacial to Holocene CO, change would be
of the sense observed in ice cores. This hypothesis predicted that the differ-
ence between the §"°C value for planktonic forams living in warm surface
waters and benthic forams should have been larger during glacial time than
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during the Holocene. Broecker (1982 a, b) pointed to C/'"*C data from
planktonic and benthic foraminifera in support of this prediction.

While attractive, the shelf hypothesis has several drawbacks. The ocean
sediment '*C/"?C record points to a smaller CO, change than is observed in
ice cores. The required amount of sediment deposition on the shelves
pushes the upper limit of credibility. Shackleton’s forest-soil contribution
to the deep ocean "*C/"*C ratio change has to be reduced to the lower limit
of credibility. Further, as the time constant for CaCO3 compensation is sev-
eral thousand years, a substantial delay between the ice volume and CO,
change would be expected. No indication of such a delay is seen in the avail-
able ice core data. The hypothesis demands that the O, content of glacial
deep ocean water was much lower than today’s. Unfortunately, our ability
to reconstruct paleo-O, changes for the deep sea is not good. However, had
the deep sea been very low in O, content during glacial time, higher organic
carbon contents would be expected in glacial than in interglacial sediment.
As evidence for such changes is seen in sediments from only very limited
parts of the sea floor, a glacial deep ocean with very low oxygen content
seems unlikely.

In the last five years, an abundance of new data bearing on this prob-
lem has been produced and much thought has been given to hypotheses
that might explain these data (much of this evidence is discussed in Sund-
quist & Broecker, 1985). Unfortunately, no broadly acceptable hypothesis
has yet been found. Our purpose here is to provide a status report as of
December 1985.

VALIDITY OF THE ATMOSPHERIC CO; RECORD

One easy way out of the dilemma would be to challenge the validity of
the ice-core-based glacial to interglacial atmospheric CO, change. But the
work of the last five years strengthens rather than undermines the original
claims. The ca 200 x 10~® atm CO, partial pressure for the glacial atmo-
sphere has now been documented by measurements on five ice cores
(Camp Century, Neftel et al, 1982; Dye 3, Stauffer et al, 1984; Byrd, Neftel
et al, 1982; Dome C, Delmas, Ascencio & Legrand, 1980; Vostok, D Ray-
naud, pers commun). Because these cores come from sites of large range in
accumulation rate (3 cm/yr to 30 cm/yr) and mean annual air temperature
(—22°C to —50°C), and because the glacial sections in these cores range
from acid (Dome C) to alkaline (Dye 3, Camp Century), the result is inde-
pendent of obvious environmental parameters that might cause biases.
Close agreement has also been obtained on the CO, content of air trapped
in ice covering the period AD 1500 to 1850 by the Bern and Grenoble labs
(Barnola et al, 1983). While the absolute CO, contents are still in question
at the level of £10 x 107% atm, the glacial to interglacial difference of
ca 75x 107% atm appears to be firm (glacial pCO, ~ 200 x 107° atm and
interglacial pCO, ~ 275 x 107°% atm).

There is one seeming flaw in the ice-core record. Stauffer et al (1984)
report rapid (<200 years) CO, changes with magnitudes of ~50 x 10~%atm
associated with brief §'*0 warm events in the Dye 3 Greenland record. The
Bern group pointed at the possibility that these shifts might be artifacts,
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especially since the mean annual air temperature at Dye 3 is relatively high.
The rapidity of these shifts poses a particularly difficult task for those devel-
oping hypotheses to explain CO, changes. Despite a concerted effort by the
Bern group, brief CO, highs of comparable size have not yet been found in
the Byrd Station Antarctica CO, record (Neftel, Oeschger & Stauffer, pers
commun). Unlike "*O or dust records which might show significant Antarc-
tic to Greenland differences, the CO, record must be global.

There are three possible explanations for this apparent flaw:

1) The Dye 3 site is at too low an elevation to be suitable for gas studies
of warm events. The problem is that during Holocene time melting
occurred during some summers. As shown by Stauffer et al (1985), when
melt waters refreeze, ice has a CO, content ca 20 times higher than origi-
nally. We could postulate that during the warm events partial melting
yielded anomalously high CO, contents. The problem with this explanation
is that it requires that all the samples from the warm events studied by
Stauffer et al (1984), have 6 + 2% melt ice. This uniformity is highly
unlikely. Also, the Bern group has now found the same CO, change for one
of the warm events in the Camp Century core (Oeschger ef al, pers com-
mun). As the current mean annual temperature at the Camp Century site is
4°C colder than that for the Dye 3 site, the likelihood of summer melting is
much reduced.

2) Some complicated tectonic phenomena caused the warm and cold
ice to be shuffled like a deck of cards. There is no known physical mecha-
nism to produce such a shuffling. Further, as warm elements do not show
the full interglacial signature, these “cards” would have to have been pro-
duced when the climate was intermediate between that of full glacial and
full interglacial. No obvious source for such ice exists in the record. Also,
Dansgaard et al (1982, 1984) and Dansgaard (1985) show that the events in
the Dye 3 core correlate well with those in the Camp Century core.

3) The time represented by a single warm event is so brief that in
Antarctica where accumulation rates are very low they are short compared
to the closure period for air inclusions in the ice. In the 1840-1910 meter
interval of the Dye 3 core (Stauffer ef al, 1984) there are 8 warm events.
They comprise ca 1/3 of the ice in this depth interval which has a duration
of ca 18,000 years. Thus, if the duration of the event is in proportion to its
thickness, then the average duration of the warm events is ca 750 years.
However, the '’Be data on Dye 3 (Beer e al, 1984) suggest that the accumu-
lation rate during the warm events was twice as great as during the cold
events. If so, then the duration of the average warm event drops to 450
years. As the climatic changes associated with these events are not seen in
the Antarctic record, their contribution to the record is probably in pro-
portion to their duration. If so, in Antarctica they constitute 20% of the
record. Were the warm events in Antarctica totally blurred by a long clo-
sure interval, then taking the cold interval CO, content to be 200 ppm and
the warm interval COy content to be 250 ppm, the blurred reading would
be 210 ppm. This difference is too small to be significant. According to the
estimates of Schwander and Stauffer (1984), the current closure time at the
Byrd site is 54 years. For the colder and lower accumulation conditions of
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the glacial it may have been as high as 150 years. Hence, this explanation
appears to fall short. There is, however, another possible explanation for
the absence of CO, changes in the Antarctic record. The low dust content
ice that characterizes the warm events is several times more viscous than the
high dust content ice that characterizes the cold events (Gunderstrup &
Hansen, 1984; Dahl-Jensen, 1985). It is possible that this difference leads
to a separation during flow of the warm event ice into boudins (as is the case
for dolomite in deformed layered carbonate sediments). If so, the time rep-
resented by the warm events may be even smaller than 450 years.

The warm event problem remains unresolved. Resolution may have to
await the drilling of a new Greenland ice core at the proposed high eleva-
tion Crete site.

A major deficiency in the CO, record is the sparsity of data for the
glacial to Holocene transition. As different hypotheses lead to different
predicted shapes, lags, and durations for this transition, reliable documen-
tation in cores from both Antarctica and Greenland is of utmost impor-
tance. The Dome C record shows a pair of sharp CO, maxima during the
transition, which Raynaud believes to be real. However, until they are doc-
umented in a second core, the oscillations are not likely to be given serious
attention.

TEMPERATURE EFFECT

The most obvious means of reducing the atmosphere’s CO, concentra-
tion during glacial time is to cool the surface ocean. The atmosphere’s CO,
content is reduced by ca 3% for each 1°C the surface ocean is cooled. To
increase the CO, content from 200 x 10~°% atm (the glacial value) to 275 x
10~% atm (the interglacial value) would require a 10°C warming.

Based on the faunal record in ocean sediments the CLIMAP group
concluded that the average glacial to interglacial sea surface temperature
warming was only 1.7°C. Oxygen isotope evidence from planktonic and
benthic forams places an upper limit of ca 2°C on this difference (see Bro-
ecker, in press, for summary). In the absence of any other change, a 1.7°C
warming produces a 14 x 107° atm increase in the atmospheric CO, partial
pressure.

SALINITY EFFECT

Because of the storage of water in continental ice caps, the sea must
have been saltier during glacial time. Taking the volume of excess continen-
tal ice to be 55 x 10°%km” (equivalent to a 150m lowering of sca level) the
salinity of sea water was ca 4% higher during glacial time than it is now. This
applics to the sea’s alkalinity and the sea’s ZCO, concentration, as well as to
its Na*, CI™, . . .. concentrations. The salinity decrease at the close of gla-
cial time would lower the CO, of the atmosphere by ca 14 x 10~° atm. This
decrease approximately cancels the temperature-induced COy increase.

ORGANIC MATTER INVENTORY EFFECT

Shackleton (1977) indicates that paleogeographic reconstructions lead
to lower living biomass inventories during the glacial period than during
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the Holocene. Lands that now support the temperate forests of the north-
ern hemisphere were covered either by ice sheets or tundra. The tropics
appear to have been drier, with expanded deserts, savannas, and reduced
rain forests. While difficult to quantitfy, it is possible that the living biomass
was reduced to half of today’s quantity. This corresponds to the addition of
2.5 x 10" moles of CO, to the ocean-atmosphere reservoir during glacial
time. If not compensated for by excess CaCQOj deposition, this addition
leads to an increase in atmospheric CO, content of 25 x 107% atm. If com-
pensated for by excess CaCOj deposition, it would lead toa ca4 x 107°atm
increase in COy pressure.

CaCOj compensation in the ocean is part of its natural chemical con-
trol system (Broecker, 1971). In today’s sea, CaCOy is produced by marine
organisms at a rate several times the supply rate of CaCOj to the sea. Thus,
for the loss of CaCOj to sediments to match the supply from rivers, most of
the CaCO; formed must redissolve. The balance is maintained through
changes in the CO;~ content of the deep sea. Sudden removal of CO, from
the ocean-atmosphere reservoir to form plant matter raises the CO;~ ion
content of sea water. This in turn creates a mismatch between CaCOj; burial
and CaCOj supply. CaCOj accumulates faster than it is supplied to the sea.
This burial of excess CaCOyg in marine sediment draws down the CO4~ con-
centration of sea water toward the value required for balance between
CaCOj; loss and gain. In this way the ocean “‘compensates’ for organic
removal. As a consequence of this compensation process, the CO, content
of the atmosphere rises back toward its initial value.

If organic carbon is assumed to have a mean §'°C value of —26%;, the
6"C calue for mean ocean-atmosphere carbon would have increased by
0.16%o due to the early Holocene reforestation. Although still quite uncer-
tain, based on '3(]/'2(] ratio measurements on forams now available, the
mean §"°C value for ocean-atmosphere carbon appears to have been ca
0.5%o lower during glacial time than during the Holocene. If so, the differ-
ence between the observed 0.5%0 change and the forest-induced 0.16%
change must be the result of increases during the early Holocene in the
amount of carbon stored in soils and in marine sediments. Hence, a trans-
fer of 7.5 x 10'® moles of carbon from the ocean-atmosphere reservoir to
organic reservoirs must be called upon to explain the glacial to Holocene
ocean C/"C change. This would produce a pCO, decrease of 75 x 107°
atm without CaCOj4 compensation or a decrease of 12 x 107° atm with
CaCOjy compensation. Even with CaCO,; compensation, to explain the
ocean wide ’C/"*C change, the Holocene atmospheric CO, content would
have been ca 12 x 107° atm lower than the glacial content. Some other
change must have occurred that produced an 87 x 10°° atm glacial to
Holocene increase in atmospheric CO, content (ie, the observed 75 x 107°
atm change increase plus the 12 x 107° atm organic-reservoir-induced
decrease).

THE BIOLOGIC PUMP EFFECT

The alternatives to Broecker’s shelf hypothesis also involve changes in
the operations of the “biologic pump,” which transports carbon fixed by
photosynthesis in surface waters to the interior of the ocean as organic
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debris. As this debris is ultimately oxydized returning its carbon to solution,
at steady state the ZCO, content of surface waters is depleted and that of
subsurface waters correspondingly enriched. A measure of the current
effectiveness of this pump is given by model calculations for a steady state
abiotic ocean. For such an ocean the CO, pressure would be 450 x 10~° (as
opposed to 275 x 10~° atm for the pre-anthropogenic value atmosphere).
Thus, the biologic pumping action in today’s ocean produces a 40% reduc-
tion in atmospheric CO, content.

Working against the influence of settling organic tissue debris is the
cycling of the CaCO, hard parts of marine organisms. The formation of
CaCQj in surface waters (which would reduce alkalinity and increase CO,
pressure) and its dissolution in subsurface waters (which would increase
alkalinity) partly compensates for the reduction in CO, pressure caused by
the cycle of organic matter. If for each mole of carbon that falls as organic
debris, one mole of carbon were to fall as CaCOs, then the two processes
would nearly cancel. However, in today’s ocean the ratio of CaCOj; carbon
to organic tissue carbon falling from the sea surface is considerably less
than unity (it is ca 1 mole of CaCOj carbon to 4 moles of organic tissue
carbon). Thus, only partial compensation occurs.

There are two ways in which the biologic pumping action may have dif-
fered during glacial time. The strength of the pumping action via the
organic cycle may have been stronger and the counter pumping action of
the CaCQOj cycle may have been weaker.

Broecker’s shelf hypothesis involves the removal at the onset of Holo-
cene time of NOg and PO, from the ocean into shelf sediments. With less
limiting nutrients present in the ocean, the effectiveness of the ocean’s bio-
logic pump is correspondingly reduced. Using our PANDORA model (see
Appendix) in the absence of other effects, the CO, content of the atmo-
sphere is increased by 6.7% for each 10% that the ocean content of limiting
nutrient content is reduced. To increase the CO, content of the atmo-
sphere from 200 to 275 ppm would require a 50% decrease in PO, (and in
NOj) at the close of glacial time.

Alternatively, Broecker (1982b) suggested that the CO, change could
be induced by decreasing (from glacial to interglacial time) the ratios of car-
bon to nitrogen and carbon to phosphorus in the falling organic debris.
Using our PANDORA model for each 10% the ratios are reduced, the
atmospheric CO, content rises by 6.7%. For this mechanism to increase the
COjy content of the atmosphere from 200 to 275 ppm would require a 50%
decrease in C/P and C/N ratios in falling organic debris at the close of gla-
cial time.

Three groups independently conceived another means of modifying
the biologic pumping action (Sarmiento & Toggweiler, 1984; Siegen-
thaler & Wenk, 1984; Knox & McElroy, 1984). They point out that the CO,
content of the atmosphere is sensitive to the limiting nutrient content of
high latitude surface waters. Limiting nutrient contents in today’s high lati-
tude surface waters range from 40% to 80% of the mean ocean content.
Thus, the biologic pump is not operating at full capacity in these regions as
it is in warm surface ocean where the limiting nutrient concentrations are
generally very low. Using our PANDORA model we find that for each 10%
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reduction in the limiting nutrient content of polar surface waters, the CO,
content of the atmosphere drops by ca 5%. Thus, a 50% decrease in the
nutrient content of polar surface waters would be required to give a 75 x
10~% atm pCOs increase at the close of glacial time.

The shelf removal, residue composition, and polar nutrient scenarios
all produce similar changes in the 6"*C difference between warm Pacific
surface and deep Pacific water per unit atmospheric CO, pressure change
(te, ca 10 ppm CO, partial pressure increase per 0.1%o AS"C decrease).
Taking advantage of this near uniformity in response, Shackleton et al
(1983) used the temporal records for the planktonic species N dutertrei and
for the benthic species Uvigerina in a Pacific core to provide an estimate of
the long-term record of the CO; in the atmosphere. Their results nicely
match the ice core CO, record. This finding supports the idea that the CO,
change has its roots in ocean nutrient cycle changes. It does not, however,
aid in distinguishing among the various possibilities.

It should be stressed that just as all three nutrient hypotheses call
on roughly the same tie between the atmospheric pco, and A8"C change,
they also call on roughly the same tie between the atmospheric pco, and
deep ocean Oy concentration change. To explain the low peo, in the glacial
atmosphere, they all demand a major reduction in deep sca O, content dur-
ing glacial time. As mentioned above, this has been problematic as there is
no strong message from the organic carbon content of sediments that low
bottom water O, contents existed during glacial time. In reconsidering this
situation, we conclude that while the evidence is convincing that the deep
sea did not become anaerobic during glacial time, it is not inconsistent with
a considerably lower deep water O, content. For areas well away from the
continents the rain rate of organic material to the sea floor is so low today
that the sediments are nearly free of organic matter. It is entirely possible
that this situation would prevail even if the O, content of the bottom waters
were quite a bit lower. If so, then open ocean sediments have nothing to tell
us about bottom water Q,. Closer to the continents where the rain rate of
organic material is considerably higher, the content of organic compounds
in the sediment is also higher. In several areas higher organic carbon con-
tent in these sediments are reported for glacial time. While these higher
contents are usually interpreted as the result of higher rain rate of organic
debris, they are equally well explained by lower bottom water O, content.
There is as yet no way to distinguish among these hypotheses; hence, we
conclude that the continental margin sediment organic carbon content rec-
ord is at least consistent with lower glacial bottom water O, contents.

DISTINGUISHING AMONG THE VARIOUS NUTRIENT HYPOTHESES

The task is then to determine which of the nutrient hypotheses is cor-
rect. The three hypotheses make quite different predictions for the distri-
bution of nutrient constituents within the sea between glacial and intergla-
cial time. The shelf hypothesis calls upon a higher nutrient concentration
everywhere in the sea during glacial time. The Redfield hypothesis requires
no change at all. The polar nutrient hypothesis calls for a change for only
high latitude surface waters. Boyle et al (1976), Bruland, Knauer and Mar-
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tin (1978) and Bruland (1980) show that cadmium and phosphate have
identical distributions in today’s ocean. Hester and Boyle (1982) show that
the Cd/Ca in benthic foraminifera shells is proportional to the Cd/Ca ratio
in seawater. As Ca is uniformly distributed through the sea and should not
vary in concentration on a glacial to interglacial time scale, temporal
changes in the Cd/Ca of benthic forams should reflect changes in the Cd
content of bottom water at the site where the core was taken. Recently
Boyle (pers commun) showed that this method might be extended to cer-
tain species of planktonic foraminifera. If so, the potential exists to recon-
struct the cadmium distribution throughout the glacial ocean.

If the Cd/P ratio for the organic residues buried in sediments is similar
to the seawater ratio, then the glacial to interglacial change in the mean
ocean cadmium content also provides an estimate of the glacial to intergla-
cial change in ocean PO, content. Using this approach, Boyle has made a
preliminary estimate that the PO, content of the ocean was ca 20% higher
during glacial time than it is now (Boyle, in press; Boyle & Keigwin, 1985).
While in the direction predicted by the shelf hypothesis, the corresponding
atmospheric CO, change is only 24 x 10~° atm. This change is too small to
be the primary cause of observed glacial to interglacial atmospheric CO,
change.

Another potential means for distinguishing among the nutrient-
based hypotheses is to look for changes in the distribution of *C /'2C within
the sea. Two processes leave their imprint on the ocean’s '*C/'*C distribu-
tion. First, organic material falling from the surface ocean is depleted in BG
by ca 18% (relative to surface water ZCOy). Thus, the cycle of organic mat-
ter gives the ZCO, in surface waters of the ocean a higher *C/"2C ratio than
the ZCO, in deep waters. Second, temperature differences along the ocean
surface lead to differences in the equilibrium isotope fractionation
between atmospheric CO, and surface ocean ZCQO,. The tendency is to give
the ZCO, in cold surface water a higher '*C/"*C ratio than that for the
2CO, in warm surface waters. Because in today’s ocean the limiting
nutrient content is higher in the cold surface waters than in the warm sur-
face waters, the biologic tendency and temperature tendency for distribut-
ing "*C are opposed (ie, the one tends to give cold surface waters a lower
"*C/"*C than warm surface waters, and the other one tends to give cold sur-
face waters a higher '*C/'*C than warm surface waters).

Mixing among the reservoirs tends to eliminate the '*C/"*C differences
within the sea. However, as the biologic processes are directly coupled to
the mixing cycle while the exchange of CO, between air and sea is not; mix-
ing is more effective in smoothing differences created by surface ocean
temperature gradients than those created by the photosynthesis-respira-
tion cycle.

The "*C/"*C ratio in any part of the sea could have changed from gla-
cial to interglacial time for three quite different reasons.

1) As discussed above, the net removal from the atmosphere-ocean
system of carbon as organic matter will change the *C/"*C ratio of bulk
marine carbon. The living biosphere, soil carbon, and marine sediments are
the major reservoirs of organic carbon likely to change on an interglacial to
glacial time scale.
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9) Because the nutrient and "*C/"C ratio cycles in the sea have a
nearly stoichiometric relationship, any change in the distribution of
nutrients will lead to a corresponding change in the distribution of BC/%C
ratios.

3) The extent to which isotope equilibrium is established between
waters of different temperature at the sea surface depends on the ratio of
the air-seca CO, exchange rate to the rates of mixing within the sea. The
limiting distributions are shown in the appendix.

In addition to the complexities in the factors cﬁontrollin% the *C/"*C
distribution in the sea, there are problems with the use of the ’C/'*C ratios
measured in foraminifera as proxies for sca water. Suspicions have arisen
that one of the mainstay groups of benthonic foraminifera used in this
work, Uvigerina peregrina is not a valid recorder of 13C/ 2 ratio. Zahn,
Winn and Sarntheim (in press), make a very strong case that the PC/C
ratio in the shells of these organisms is related to the amount of organic
carbon in the sediment. This may well result from the fact that these organ-
isms live within the sediment. McCorkle, Emerson and Quay (1985) show
that the "*C/"*C ratio in the sediment pore waters is influenced by the oxi-
dation of organic matter. This finding throws the field into temporary dis-
array which makes difficult any synthesis of the C/"*C distribution in the
glacial ocean.

Putting aside these possible biases, the existing C data suggests the
following:

1) The ®C/"C ratio for average occan water was lower by ca 0.5%o
during glacial time. However, as in some of the areas where the benthic
records were obtained, the organic content of glacial sediment is higher
than that of interglacial sediment. Part of this 0.5%¢ change may be a pore-
water-induced bias rather than a whole ocean change.

2) The difference between the 6"%C value for warm surface water and
deep water appears to have been larger during glacial than interglacial time
as predicted by the three nutrient models. However, the above-mentioned
pore-water bias may account for part of this difference. Also, planktonic
records are noisy and differ from place to place.

3) Planktonic forams from glacial sediments in the Antarctic have 0.5
to 1.0% lower 13C/IQC ratios than their Holocene counterparts (Shackle-
ton, pers commun; Mix & Fairbanks, pers commun). As polar nutrient sce-
narios call for a change in the opposite sense, this result is potentially dam-
ning.

4) Mecasurements on CO, from polar ice show a 1.0%, lower glacial
than Holocene 6'*C value (Friedli et al, 1984). These authors do not take
the result very seriously as the work was done on the Camp Century ice core
which was stored for almost 20 years. Also, as no N,O correction was made,
the apparent "*C/'*C change could be due to a several times higher glacial
N,O content. Most modelers hope that these results are influenced by stor-
age or an N,O artifact for they are inconsistent with all explanations tor
atmospheric pCO, change. Because of questions regarding the reliability of
planktonic records in reconstructing the surface ocean 6"C history, it is
essential that the glacial to interglacial 6'°C. change for CO, from polar ice
caps be precisely determined.
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CaCOg CYCLE EFFECT

The only means by which the CaCOj; cycle could lead the observed
rapid atmospheric CO, change is through its impact on the biologic pump.
As discussed above, the CaCOj cycle in today’s ocean partly compensates
for the reduction in pCO, caused by the cycle of organic matter. To achieve
a pCO, reduction approaching 75 x 107° atm in our PANDORA model
CaCOg production would have to be stopped entirely. As calcite accumula-
tion rates for portions of the sea floor extending above the lysocline, where
measured, are higher during glacial than Holocene time (see Broecker &
Peng, 1982 for summary), it is unlikely that the explanation for the glacial
pCO; reduction has to do with the CaCOj cycle.

BEYOND CARBON CYCLE: 1985

The most likely causes for the glacial to Holocene increase in atmo-
spheric CO, content involve redistribution of carbon within the sea. Only
in this way can the magnitude and rapidity of the CO, changes be
explained. To find out the cause of this redistribution we must learn far
more than we do now about the operation of the ocean during glacial time.
Today, roughly half of the new deep water forms in the northern Atlantic.
The situation must have been quite different during glacial time. We know
from the cadmium measurements of Boyle that the contrast between the
limiting nutrient content of the waters of the deep Atlantic and the deep
Pacific was smaller during glacial time than now. We also know from the
CLIMAP results that the surface waters of the northern Atlantic (>45°N)
were 7 to 11°C colder during glacial time than today. There is also evidence
for more extensive floating ice cover in both polar regions during glacial
time. The reorganization of deep water circulation which brought the
ocean from its glacial to its interglacial mode of operation in all likelihood
also caused the increase in atmospheric CO, content.

If we are to understand what happened we must greatly improve our
knowledge of the patterns and rates of deep water ventilation during glacial
time. To do this we must not only learn about changes in the distribution of
cadmium and of ’C/"*C between glacial and Holocene time, but also of the
changes in the distribution of '*C/C. Broecker et al (1984) and Andrée et al
(1986) show, through measurements of '*C/'*C ratios in planktonic and
benthic foraminifera separated from successive horizons in deep sea cores,
that it should be possible to obtain estimates of the ventilation rate of vari-
ous deep-sea reservoirs during glacial time. Indeed, the first successful
application of this new method is reported at this conference. Andrée et al
(1986) suggest, from '*C/'*C measurements on foraminifera from deep sca
cores, that the ventilation rate of the deep Pacific Ocean was about the
same during the early Holocene as today.

To illustrate the impacts of a change in mixing rate we compare the
properties of our PANDORA model, run at its standard mixing rate, with
the properties when all the mixing fluxes are reduced by a factor of two
(Table 1). The air-sea CO, exchange rate and the biologic residence times
for the limiting nutrients are held constant. The surface to deep A"C dif-
ferences double and the atmospheric A™C rises by 83%y. The PO, content
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TABLE 1
Comparison between the properties of the standard PANDORA model (lower
number in each box) and the PANDORA model run with all the water mixing
rates cut to one half (upper number in each box).

Reservoir Reservoir PO, | AOU* | HSiO, | COy~ | pCO; | 8°C | A™C
no. name wm/kg | wm/kg | pm/kg | pm/kg | patm %o %o
Atmosphere 247 | —6.6 83
282 | —6.6 0
Atlantic 0.01 0 0 229 248 2.3 55
2 warm
surface 0.03 -1 0 213 280 2.5 -30
INDOPAC 0.01 0 0 236 246 2.2 37
9 warm
surface 0.03 -1 0 223 279 2.3 —46
No. Atlantic 0.69 3 21 143 234 2.1 -33
1 cold
surface 0.96 6 19 130 268 2.0 -78
Antarctic 1.50 1 60 130 252 3.0 —65
6 cold
surface 1.68 2 73 119 289 25| —-110
No. Pacific 1.37 1 46 151 268 26| —155
11 cold
surface 1.66 2 72 136 320 2.1 —160
Atlantic 1.20 80 55 118 316 1.6 —139
4 deep
water 1.39 72 47 113 338 1.5 —129
Antarctic 2.16 207 112 79 538 1.2 -171
7 deep
water 2.04 148 105 87 477 1.2| -156
INDOPAC 2.79 335 142 53 917 0.6 | —217
10 deep
water 2.51 244 146 66 705 0.7 —184
*Atmosphere equilibrium O, content minus in situ oxygen content (te, Apparent Oxygen
Utilization).

of the cold surface water reservoirs drops as does the CO, content of the
atmosphere and the oxygen content of the deep sea. The 3¢ /"*C ratio for
the cold surface ocean reservoirs rises. However, the surface to deep 5%C
difference for the combined Indian and Pacific Oceans remains un-
changed.

The task of understanding all the interactions in the model that com-
bine to set today’s limiting nutrient, dissolved oxygen, CO, partial pressure,
COj ion content, lf”C/IQC and 14C/12C distributions in the ocean atmo-
sphere system is a complex one. We give one more example from PAN-
DORA. A run was made in which the CO, exchange rate for the Antarctic
surface reservoir is reduced by a factor of three. All other parameters are
kept the same as in the standard case. This change simulates the impact of a
much larger mean ice cover in the Antarctic during glacial time. Table 2
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TABLE 2
Comparison between the properties of the standard PANDORA model (lower
number in each box) and the PANDORA model with CO, exchange for the
surface Antarctic (reservoir 6) reduced by a factor of three
(upper number in each box).

Reservoir Reservoir PO, AOU | HSiO, | COs~ | pCO, | 6"C | A™C
no. name uwm/kg | um/kg | pm/kg | wm/kg | patm %o %o
Atmosphere 280 | —-6.3 18
282 | —6.6 0
Atlantic 0.03 -1 0 213 279 2.7 —18
2 warm
surface 0.03 -1 0 213 280 2.5 -30
INDOPAC 0.03 -1 0 224 277 2.5 —-33
9 warm
surface 0.03 -1 0 223 279 2.3 —46
No. Atlantic 0.96 6 19 131 267 2.1 -70
1 cold
surface 0.96 6 19 130 268 2.0 —-78
Antarctic 1.68 4 73 116 298 20| —142
6 cold
surface 1.68 2 73 119 289 251 —110
No. Pacific 1.64 2 72 136 319 2.1 —161
11 cold
surface 1.66 2 72 136 320 2.1 —160
Atlantic 1.39 73 47 113 337 1.7 —-125
4 deep
water 1.39 72 47 113 338 1.5 —129
Antarctic 2.04 149 105 87 481 1.1 —164
7 deep
water 2.04 148 105 87 477 1.2 —156
INDOPAC 2.51 245 146 66 709 06| —188
10 deep
water 2.51 244 146 66 705 0.7 —184

shows this change has an impact on the *C/'*C and "C/*2C distribution in
the ocean and none on the CO, or O, distribution (nor, of course, on the
limiting nutrient distribution). In this way, a 0.5%0 decrease in the 6'3C
value for the surface of the Antarctic can be made without greatly influenc-
ing any other aspect of the property distributions. We should hasten to add,
however, that an increase in ice cover large enough to reduce the gas
exchange rate by a factor of three would surely alter the biologic residence
time of the limiting nutrients. If so, far more extensive changes in the mod-
els” property distributions would occur.

CONCLUSIONS

The last word has yet to be said about the significance of the glacial to
interglacial CO, changes observed for air extracted from ice cores. Several
questions regarding key existing measurements must be answered.

https://doi.org/10.1017/50033822200007414 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200007414

Global Carbon Cycle: 1985 321

1) Are the sharp changes in CO, content found for the brief warm
events in the Greenland ice cores real or are they artifacts?

9) Do benthic and planktonic forams reliably record the glacial to
interglacial *C/"*C ratio in deep and surface waters?

3) What is the '*C/"*C change for the atmosphere between glacial and
interglacial time as recorded in polar ice?

Also, several new techniques have to be further exploited.

1) The use of the cadmium content of foraminifera shells to yield esti-
mates of the change in the distribution (and amount) of nutrients in the
ocean during glacial time.

2) The use of benthic-planktonic '*C age differences to yield estimates
of the pattern and rate of deep ocean ventilation during glacial time.

3) A quantitative means of estimating the oxygen content of deep sea
water must be found.

Once these observations are firmly in hand we will be better able to
distinguish among the various hypotheses. This will require the develop-
ment of more realistic models of the ocean’s operation.
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APPENDIX
THE PANDORA MODEL

In order to evaluate the impacts on the CO; content of the atmosphere of possible differ-
ences between the operation of the glacial and the interglacial ocean-atmosphere system we
have developed an 11-box global ocean model which operates something like the real system.
Sarmiento and Toggweiler (1984), Siegenthaler and Wenk (1984), and Knox and McElroy
(1984) show that it is necessary to separate the limiting nutrient-free mid- and low-latitude
surface waters from the nutrient-rich high-latitude surface waters. We have gone a step fur-
ther and separated the Atlantic from the Pacific-Indian Ocean.

Figure | shows the basic structure of our model, PANDORA. The individual reservoirs in
this model are identified and the fraction of the ocean volume constituted by each reservoir is
given. Also shown are the fractions of the ocean surface area attributed to each of the boxes
with an atmospheric interface.

Figure 2 shows the flow pattern adopted for the model. We have minimized the exchange
of water across box boundaries. Only for the boundaries of the deep Antarctic reservoir do
two-way fluxes exist. The magnitudes of the fluxes were chosen to yield the observed
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PANDORA

THE SOMETHING LIKE THE REAL OCEAN
GEOCHEMICAL MODEL
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Fig 1. Basic structure of the PANDORA model ocean. The upper panel gives the names
and numbers of the 11 reservoirs which make up the model ocean. The lower panel shows the
fractions of the ocean’s volume constituted by each reservoir and the fractions of the ocean’s
surface area occupied by those boxes having interfaces with the atmosphere.

"C distribution in the ocean. The corresponding water residence times are also shown in Fig-
ure 2.

The biologic redistribution of the limiting nutrients, NOg and PQy, is controlled by the
rules given in Figure 3. For each box that reaches the sea surface a nutrient residence time is
assigned. These times refer to the removal of the limiting nutrients from the box to an
underlying box as falling organic debris (nutrient recycling within a given box is not included).
The fate of the organic debris falling from a given surface box is indicated by the designated
percentages. Recycling is assumed to be complete. The values of the biologic residence times
and of the destruction percentages are chosen to reproduce the observed PO, (and NO) dis-
tributions. The fluxes of organic carbon generated by the combination of the water-flow pat-
tern and the rules governing the biologic redistribution of the limiting nutrient is also shown
in Figure 3.

The silica cycle is handled in the same manner as the limiting nutrient cycle. However, a
different set of biologic residence times and destruction percentages is needed to reproduce
the observed silica distribution (Fig 4). Also shown (Fig 4) are the opal fluxes obtained when
the water fluxes and biologic rules are applied to silica.

The cycle of CaCOy is handled in a somewhat different manner. Instead of assigning bio-
logic residence times to Ca in surface water, we tie the production of CaCOj directly to the
production of organic debris. In the warm surface reservoirs (2 and 9) and in the intermediate
reservoirs (5 and 8) we allow 1 mole of CaCOj to fall for each 5 moles of organic residues
which fall. In the cold reservoirs (6 and 11) we allow 2 moles of CaCOs to fall from the reser-
voir for each 5 moles of organic residue. We redissolve a far greater percentage of the CaCOg
in the deep reservoirs than in the intermediate reservoirs. See Figure 5 for these rules and the
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resulting CaCOs fluxes. The rules are designed to reproduce the observed salinity normalized
calcium distribution in the sea (as determined from the nitrate-corrected and salinity-normal-
ized alkalinity distribution).

The only Pertinent tracer properties of the ocean not utilized in calibrating the model are
*He, ¥Ar and '*C/"2C. The predicted distributions of excess planetary *He (derived from man-
tle outgassing) and of cosmic-ray-produced **Ar are shown in Figure 6. For these calculations
excess "He was added only to the deep Indopac reservoir (i, not to the deep Antarctic and
deep Atlantic reservoirs). In the case of *°Ar, the ratio to *°Ar is maintained equal to that for
the atmosphere in all the boxes with surface outcrops. For both isotopes the model distribu-
tions are consistent with what we know of the actual distributions.

The "°C/"C distribution in the ocean is of particular interest because of the conflicting
influences of temperature and biology. If no biologic cycling or organic carbon occurred
within the sea and if the equilibration between atmospheric CO, and surface ocean 2CO,
greatly outpaced mixing within the sea, then the cold surface waters of the ocean would have
higher *C/'*C ratios than the warm waters (see upper panel, Fig 7). By contrast, if the rate of
equilibration atmospheric CO, and ocean carbon greatly outpaced mixing in this abiotic ocean
the '*C/"*C ratio would be the same in all the reservoirs. Biologic cycling of organic matter
tends to give the cold waters (nutrient rich) lower ]3C/'2C ratios than the warm waters (nu-
trient poor). Thus, in the extreme where equilibration between the atmosphere’s CO, and the
surface ocean’s ZCO, is outpaced by mixing, the cold surface waters in the ocean would have
lower *C/"2C ratios than the warm surface waters (see lower panel, Fig 7). The situation lies
between these two extremes in the real ocean. The ratio of atmosphere-sea gas exchange rate
to ocean mixing rate is such that the '*G/'*C distribution in surface waters is influenced both
by the temperature fractionation effect and the biologic fractionation effect.
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