
Main Text
Photosynthesis by phytoplankton floating in the sunlit surface ocean converts CO2 into the organic carbon of 
biomass. This reduces the concentration of dissolved inorganic carbon (DIC), which raises surface water pH and 
thereby lowers the CO2 concentration of surface waters. Diatomic oxygen (O2) is generated as a byproduct of 
photosynthesis. Respiration by the ecosystem as a whole, which includes such processes as microbial metabolism 
and the feeding and respiration by zooplankton and higher trophic levels, oxidizes the biomass organic carbon. 
These processes reverse the carbonate chemistry effects of biomass growth, also reconsuming the oxygen that 
had been produced. However, a portion of the photosynthetically produced organic matter is exported from the 
surface ocean before being respired. This exported organic matter (known as “export production”) is only “regen-
erated” to DIC and nutrients once it reaches the ocean interior or the seabed. In net, these processes “pump” 
DIC from surface waters into the ocean interior, lowering the CO2 concentrations of the surface ocean and the 

Abstract  All else equal, if the ocean's “biological [carbon] pump” strengthens, the dissolved oxygen (O2) 
content of the ocean interior declines. Confidence is now high that the ocean interior as a whole contained less 
oxygen during the ice ages. This is strong evidence that the ocean's biological pump stored more carbon in 
the ocean interior during the ice ages, providing the core of an explanation for the lower atmospheric carbon 
dioxide (CO2) concentrations of the ice ages. Vollmer et al. (2022, https://doi.org/10.1029/2021PA004339) 
combine proxies for the oxygen and nutrient content of bottom waters to show that the ocean nutrient reservoir 
was more completely harnessed by the biological pump during the Last Glacial Maximum, with an increase 
in the proportion of dissolved nutrients in the ocean interior that were “regenerated” (transported as sinking 
organic matter from the ocean surface to the interior) rather than “preformed” (transported to the interior 
as dissolved nutrients by ocean circulation). This points to changes in the Southern Ocean, the dominant 
source of preformed nutrients in the modern ocean, with an apparent additional contribution from a decline 
in the preformed nutrient content of North Atlantic-formed interior water. Vollmer et al. also find a lack of 
LGM-to-Holocene difference in the preformed  13C/ 12C ratio of dissolved inorganic carbon. This finding may 
allow future studies to resolve which of the proposed Southern Ocean mechanisms was most responsible for 
enhanced ocean CO2 storage during the ice ages: (a) coupled changes in ocean circulation and biological 
productivity, or (b) physical limitations on air-sea gas exchange.

Plain Language Summary  Recent studies have sealed the case that the concentration of oxygen was 
reduced in the deep ocean during the ice ages. Vollmer et al. (2022, https://doi.org/10.1029/2021PA004339) 
combine the oxygen results with data on deep ocean nutrient concentrations. They find that, relative to modern, 
more of the ice age deep ocean's nutrient reservoir arrived as sinking organic matter from surface waters, 
leading to more storage of carbon dioxide in the deep ocean. Moreover, they calculate that the entire observed 
drawdown in atmospheric carbon dioxide levels during ice ages can be explained by this strengthening of the 
ocean's “biological carbon pump.” The findings bring the scientific community an important step closer to 
explaining why and how ice ages occur and end. The Southern Ocean, the ocean region around Antarctica, must 
have played a major role. However, it remains unclear whether the carbon dioxide was trapped in the Southern 
Ocean by changes in its circulation and biology or by limitations on air-sea gas exchange across the Southern 
Ocean surface, such as might have occurred due to sea ice cover. Vollmer et al.’s reconstruction of the carbon 
isotopes in Southern Ocean surface waters may help to answer this question.
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atmosphere with which it equilibrates—the ocean's “biological pump” (Sundquist & Broecker, 1985). While the 
biological pump drives a downward flux of DIC, we can think of it as an upward flux of oxygen: It consumes 
oxygen in the ocean interior, while producing it in surface waters. Because of air-sea exchange with the huge 
reservoir of oxygen gas in the atmosphere, the surface water elevation in oxygen due to the biological pump is 
barely measurable. In contrast, the oxygen depletion in the ocean interior is large in proportion to the reservoir 
size and thus both paleoceanographicly observable and biogeochemically important. Ocean circulation counters 
these net fluxes of carbon and oxygen, returning deeply stored carbon to the surface and delivering new oxygen 
to the ocean interior. However, the biological pump is maintained so long as subsequent upwelling of the respired 
nutrients and carbon back to the surface leads to another cycle of biological production and organic matter export 
from the surface.

The ocean's biological pump was recognized early in the search for the origin of glacial/interglacial CO2 change 
(Broecker, 1982). Broecker (1982) identified oxygen depletion as a possible test of his hypothesis that the biolog-
ical pump strengthened during ice ages. One cause of early skepticism regarding the biological pump hypothesis 
was that, for it to drive the observed decline in atmospheric CO2, the required ocean interior oxygen concentration 
decline, when applied homogenously, should have caused oxygen to be completely depleted in some regions 
of the ocean. This conflicted with the consensus that laminated (unbioturbated) sediments, indicative of an 
absence of oxygen (“suboxia”) in bottom waters, were not notably more common during the ice ages. However, 
Boyle (1988a, 1988b) found that, in the ice age ocean, the distribution of dissolved nutrients was altered, with 
less nutrients in the shallower subsurface (i.e., “intermediate depths”) and more nutrients in the deep ocean. All 
else equal, this also would have shifted the burden of oxygen consumption out of the intermediate depths, where 
oxygen is currently lowest, and into the deep ocean, where oxygen is relatively abundant. Thus, widespread 
suboxia during the ice ages is not a necessary consequence of a strengthening in the biological pump adequate to 
explain the lower CO2 of the ice age atmosphere. In this sense, Boyle's findings of “vertical ocean nutrient [and 
chemical] fractionation” rescued the biological pump hypothesis from an “oxygen crisis.”

Biological pump hypotheses first revolved around the low- to mid-latitude open ocean. In these regions, the 
“major nutrients” (i.e., phosphate and nitrate) are, and probably have always been, completely consumed from 
surface waters. In Broecker's (1982) treatment of the biological pump, it was implicitly assumed that the North 
Atlantic was responsible for returning ocean surface waters to the interior, through the formation of North Atlantic 
Deep Water and its flow through the global deep ocean. Further, Broecker made the approximation that NADW 
is entirely composed of nutrient-poor surface waters of low latitude origin that had flowed into the high latitude 
North Atlantic. Under these assumptions, all of the nutrients dissolved in the ocean interior enter by the sinking 
of organic matter; that is, Broecker assumed that the nutrients of the ocean interior are entirely “regenerated.” In 
this case, the strength of the biological pump can only be changed by increasing (a) the ocean's major nutrient 
reservoirs and/or (b) the carbon-to-nutrient ratios of organic matter exported from the surface ocean. In both of 
these cases, due to the average composition of sinking organic matter and thus the amount of oxygen required to 
regenerate it, oxygen in the ocean interior would decline by roughly 1.5 units for every unit of additional carbon 
storage by the biological pump (Anderson & Sarmiento, 1994).

The strong sensitivity of the global ocean's biological pump to conditions of the polar ocean surface then came 
into focus (Knox & McElroy, 1984; Sarmiento & Toggweiler, 1984; Siegenthaler & Wenk, 1984). The Southern 
Ocean in particular produces the coldest and densest deep water, filling much of the deep ocean interior with 
water rich in nutrients that were not consumed at the ocean surface surrounding Antarctica. This ventilation 
with water rich in unused (i.e., preformed) nutrients is a “missed opportunity” for biological storage of CO2 in 
the ocean interior. Put another way, it is a “leak” in the ocean's biological pump, as CO2 that was sequestered 
with regenerated nutrients by low latitude productivity is allowed to return to the atmosphere when interior 
water comes to the Southern Ocean surface and the CO2 and its accompanying nutrients are not reassimilated 
(Figure 1a). The latter perspective explains why the coupling between deep ocean CO2 sequestration and oxygen 
depletion in the ocean interior is maintained: The interior waters that emerge in the Southern Ocean take up 
oxygen from the atmosphere as they release the once-sequestered CO2, returning to the interior with the newly 
absorbed oxygen but without their previous burden of excess CO2.

Reconstruction of ocean oxygen concentrations has been a major goal of paleoceanography since the birth of 
the field. Perhaps the greatest challenge has been that most of the potential proxies are held in the sediments, 
and sedimentary porewater oxygen depends not only on the oxygen in the overlying bottom water but also on 
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the decomposition of sedimentary organic matter, which lowers the oxygen concentration of sediment porewa-
ter relative to bottom water. Early evidence for ice age reductions in oxygen, such as from benthic foraminifera 
species occurrence and redox-sensitive metals, were plagued by uncertainties related to sedimentary organic 
matter decomposition. As an example from the Southern Ocean, Kumar et al. (1995) measured elevation in the 
uranium content of Subantarctic Zone sediments during the Last Glacial Maximum (LGM), an observation expli-
cable as either lower bottom water oxygen or higher biogenic fluxes (see also Rosenthal et al. (1997) for similar 
findings with cadmium). Kumar et  al.  (1995) found abundant evidence for an LGM increase in Subantarctic 
biogenic fluxes, which they attributed to dust-borne iron fertilization of the region, and they related the uranium 
increase to the resulting organic matter flux to the seabed. However, François et al. (1997) subsequently observed 
elevated authigenic uranium in LGM sediments from the Antarctic Zone of the Southern Ocean, in sediment 

Figure 1.  Changes in aspects of the biological pump and carbon cycle in response to hypothetical ice age conditions in the 
Antarctic Zone of the Southern Ocean. Each panel shows a single cycle of subsurface water from the low latitudes being 
imported into the Antarctic surface, undergoing air-sea gas exchange, biological production and sinking organic matter 
export, and return of the water to the deep ocean (with southward to the right). The blue arrow thickness indicates water 
circulation rate, and the green wavy arrow thickness indicates export production rate; dashing emphasizes low rates. The 
vertical red and purple arrows indicate air-sea CO2 and oxygen transfer rates, as a rough proportion of the water circulation, 
not necessarily the absolute rate. The thicknesses of the arrows associated with dissolved nutrients (phosphate or nitrate; 
black), CO2 (red), and oxygen (purple) indicate their concentrations in the water, not their transport rates. Panel (a) represents 
Holocene conditions in the Antarctic, with moderately fast overturning circulation and low surface nutrient consumption, 
providing the point of comparison for three LGM scenarios (b, c, d). For simplicity, the chemical parameters associated with 
the water upwelling to the Antarctic surface layer are shown as the same in all cases, with the pertinent point being the change 
in the arrows as they pass through the Antarctic. The green and brown shading of the circles indicates the degree to which 
productivity, export production, and regeneration affect preformed and regenerated concentrations, not the absolute rate of 
export production. The reconstructed decline in export production during the LGM (e.g., Kumar et al., 1993) is indicated 
as the thinner, dashed wavy arrows (b, c, d). However, in the case of reduced surface-subsurface water fluxes (b), the export 
production causes greater concentration changes than in the Holocene case (e.g., François et al., 1997). This case is titled 
“surface isolation,” to encompass a range of physical changes that might have reduced water exchange between the ocean 
interior and the Antarctic surface. Panels (c) and (d) indicate LGM scenarios in which Antarctic air-sea gas exchange is 
limited or prevented by sea ice cover so as to prevent net CO2 leakage, with (c) allowing oxygen exchange but (d) preventing 
it. Qualitative implications for the δ 13C of DIC in the Antarctic Zone surface and the global deep ocean, relative to the δ 13C of 
atmospheric CO2, are indicated in red boxes.
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cores that recorded the decline in biogenic fluxes that appears to have characterized the Antarctic during the 
LGM. It was argued that, in this case, the higher uranium must reflect a lower bottom water oxygen concentration 
during the LGM. This suggested an oxygen decline in most of the deep ocean during the last ice age, consistent 
with a biological pump explanation for lowering ice age atmospheric CO2.

Since this early work, the data on ice age ocean interior oxygen has expanded and diversified, with a range of 
approaches for parsing the effects of bottom water and sedimentary porewater changes (e.g., Jacobel et al., 2020). 
The outcome has been confirmation of reduced oxygen concentrations in deep waters during the ice ages and 
an apparent rise in the oxygen concentrations of mid-depths ventilated by intermediate and mode waters (e.g., 
Jaccard & Galbraith,  2011). The overall picture is consistent with Boyle's  (1988a,  1988b) finding of “verti-
cal ocean nutrient fractionation” (also known as “nutrient deepening”) but with even more deep ocean oxygen 
decline than nutrient deepening alone would have caused (Jaccard et al., 2009; Jacobel et al., 2017).

Among the approaches currently being applied to reconstruct bottom water oxygen is one proposed by McCorkle 
and Emerson  (1988), which uses the stable carbon isotope ratio (i.e., δ 13C) difference  between two benthic 
foraminifera species living at distinct depths in the same sediment column, an “epifaunal” species that putatively 
captures bottom water DIC δ 13C and an “infaunal” species that captures porewater DIC δ 13C at the depth of 
complete oxygen consumption (see also Luz & Reiss, 1983; Schmiedl & Mackensen, 2006; Zahn et al., 1986). 
The concept is that when bottom water oxygen is higher, it can fuel more organic carbon decomposition in the 
sediments, leading to a larger inter-species δ 13C difference. More recently, the method was revisited, recalibrated, 
and applied by Hoogakker et al. (2015, 2016, 2019), with Hoogaker et al. (2019) reconstructing an ice age reduc-
tion in deep Pacific oxygen. Motivated by compelling results, the benthic foraminiferal “δ 13C difference method” 
for ocean interior oxygen reconstruction is now garnering intense interest.

There has been a need to merge the ocean interior oxygenation findings with other constraints on deep water 
chemistry to confirm and clarify the ice age connections of changes in oxygen, nutrients, and DIC. For the LGM, 
Vollmer et al. (2022) compiled data to undertake a core-by-core comparison of bottom water oxygen as recon-
structed by the δ 13C difference method with reconstructions of bottom water DIC δ 13C and estimates of phos-
phate concentration based on the cadmium-to-calcium ratio (Cd/Ca) of benthic foraminifera. An outcome of this 
analysis is that, on average, the oxygen concentration of the deep ocean declined while its nutrient concentration 
changed much less. This indicates that a greater fraction of the ocean's nutrient reservoir was regenerated (rather 
than preformed) during the LGM, which corresponds to a more efficient biological pump that would have driven 
atmospheric CO2 to a lower steady state concentration. Moreover, the greater storage of regenerated CO2 in the 
deep ocean should have driven a transient dissolution of CaCO3 in the deep ocean, further lowering atmospheric 
CO2 (Boyle, 1988b; Broecker & Peng, 1987).

The results are not entirely surprising, given the data used for the compilation. On the one hand, benthic foraminif-
eral Cd/Ca data do not suggest an increase in the ocean phosphate reservoir during the LGM (Boyle, 1992), which 
was the mechanism for strengthening the biological pump that Broecker (1982) originally proposed. On the other 
hand, the evidence for lower ocean interior oxygen indicates that the concentration of regenerated phosphate was 
higher during the LGM (Jacobel et al., 2020). Given a constant total phosphate reservoir, a higher concentration 
of regenerated phosphate requires a lower concentration of preformed phosphate during the LGM. Importantly, 
the global ocean's input/output budgets for cadmium and phosphorus may not be tightly coupled (e.g., de Souza 
et al., 2022), so there is substantial uncertainty in the use of cadmium as a measure of changes in the ocean phos-
phorus reservoir over the ice age cycles. This concern aside, the calculation of preformed nutrients by Vollmer 
et al. links the data directly to theoretical insights that quantify the impact on atmospheric CO2 concentration (Ito 
& Follows, 2005). This allows the authors to conclude that the oceanic decrease in preformed phosphate (and 
the complementary increase in regenerated carbon storage), when coupled with the response of seafloor calcium 
carbonate, can explain the entire reduction in atmospheric CO2 during the LGM. Moreover, using an ocean 
model, Vollmer et al. (2022) show that the calculated distributions of preformed and regenerated nutrients are 
consistent with proposed mechanisms by which changes in the Southern Ocean (as well as the North Atlantic; Yu 
et al., 2019) may have strengthened the global ocean's biological pump (reviewed by Sigman et al., 2021). In net, 
the analysis by Vollmer et al. (2022) capstones a growing body of data pointing to Southern Ocean modulation of 
the biological pump as a key driver of glacial/interglacial CO2 change.

In addition, Vollmer et al. (2022) preliminarily reconstruct the preformed δ 13C of DIC in the ocean interior, a 
constraint that may ultimately resolve a longstanding debate as to the specific ice age mechanism for preventing 
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biologically stored CO2 from venting from the Southern Ocean (Figure 1; Keeling & Visbeck, 2001; Sigman & 
Boyle, 2001). One category of possible mechanisms involves ice age strengthening of the DIC concentration 
gradient between the Southern Ocean surface layer and the underlying subsurface ocean. In this category are 
enhanced biological productivity in the surface layer (e.g., due to iron fertilization; Martin, 1990)) and reduction 
in the physical exchange between the surface layer and the underlying ocean interior ((Hain et al., 2010; Sigman 
& Boyle, 2000; Toggweiler et al., 2006) (The latter is shown as “surface isolation” in Figure 1b). An alternative 
category of Southern Ocean mechanisms for lowering atmospheric CO2 involves strengthening the CO2 concen-
tration gradient between the Southern Ocean surface layer and the overlying atmosphere, through the restriction 
of air-sea gas exchange, especially in the Antarctic Zone. In this mechanism, following initial sequestration by 
the biological pump in another ocean region, regenerated CO2 is returned to the Antarctic surface but fails to 
be released back to the atmosphere (Figures 1c and 1d). Increased coverage of the Southern Ocean by sea ice 
could drive such a change (Marzocchi & Jansen, 2019; Stephens & Keeling, 2000). In addition, if the biological 
pump were strengthened by processes such as iron fertilization in the Subantarctic Zone, models suggest that the 
additional regenerated CO2 in the ocean interior would not have had adequate time to outgas when it reemerged 
in the Antarctic Zone surface, with or without an increase in sea ice cover (Ito & Follows, 2013; Khatiwala 
et  al.,  2019). It is a matter of definition as to whether these mechanisms involving limitations to air-sea gas 
exchange (Figures 1c and 1d) are categorized as strengthening of the biological pump (as unambiguously applies 
to Figure 1b) or as a separate CO2 “disequilibrium” mechanism (Cliff et al., 2021). There are paleoproxy data 
in support of both iron fertilization in the Subantarctic Zone (Kumar et al., 1995; Martinez-Garcia et al., 2014) 
and “surface isolation” in the Antarctic Zone (Ai et al., 2020; Anderson et al., 2009; François et al., 1997; Studer 
et al., 2015; Wang et al., 2017). However, simulations with physical climate-and-ocean models do not support 
the surface isolation category of mechanisms (Jansen, 2017; Stouffer & Manabe, 2003), causing the modeling 
community to favor air-sea gas exchange restriction mechanisms for preventing CO2 escape from the ice age 
Antarctic Zone (Galbraith & Skinner, 2020; Manabe & Broccoli, 2019). Given the findings of Vollmer et al. of 
an LGM decline in deep ocean oxygen adequate to explain roughly the entire atmospheric CO2 decline, if air-sea 
gas exchange limitation was important during the LGM, it would have needed to limit the exchange of both CO2 
and oxygen (i.e., more akin to Figure 1d than to Figure 1c).

The carbon isotopes of DIC and atmospheric CO2 take much longer to equilibrate across the sea surface than do 
oxygen or the partial pressure of CO2 (Lynch-Stieglitz et al., 1995). If restrictions on gas exchange were responsible 
for keeping biological pump CO2 in the ocean interior during the ice ages, then one would expect the preformed δ 13C 
of DIC to be far lower than expected from air-sea equilibrium expectations and thus lower than the Holocene value 
(Figures 1c and 1d). In contrast, if Subantarctic iron fertilization and/or a reduction in Antarctic surface/subsurface 
exchange were responsible for reduced Southern Ocean CO2 leakage during the ice ages, then the preformed δ 13C of 
DIC sourced from the Southern Ocean surface should have more closely approached the air-sea equilibrium value or 
could have been higher than it, likely making it higher than the Holocene value (Figure 1b). Combining the findings 
of Vollmer et al. (2022) with atmospheric CO2 δ 13C reconstructions (e.g., Eggleston et al., 2016) suggests that the 
Holocene and LGM had similar differences between the ocean's preformed δ 13C of DIC and atmospheric CO2 δ 13C. It 
is too early to say which set of the mechanisms is favored by this finding. In a scenario of air-sea exchange limitation 
for the concentration or δ 13C of CO2 that still allowed for equilibration of oxygen (Figures 1c), Vollmer et al. (2022) 
should have reconstructed a low preformed DIC δ 13C, in conflict with their actual calculations. However, if air-sea 
exchange of oxygen was also far from equilibrium during the LGM (Cliff et al., 2021), then the approach of Vollmer 
et al. (2022) would have overestimated the preformed DIC δ 13C (Figure 1d), complicating the interpretation. Moreo-
ver, the carbon isotope effects of air-sea CO2 exchange depend on multiple factors, including temperature and the time 
scale of the opportunity for air-sea exchange, with kinetic and equilibrium isotopic fractionation potentially counter-
acting each other on short time scales (Lynch-Stieglitz et al., 1995). Numerical ocean models can include this broad 
range of dynamics. So they could be used to test whether the findings of Vollmer et al. (2022) are more consistent with 
ice age mechanisms for lowering atmospheric CO2 that place the strongest CO2 gradient between the surface ocean 
and the underlying ocean interior (Figure 1b) or between the surface ocean and the atmosphere (Figures 1c and 1d).

Vollmer et al. (2022) have brought paleoceanographic data on the concentrations of oxygen and nutrients in the 
ocean interior into a quantitative framework for estimating the role of the global ocean's biological pump in the 
decline of atmospheric CO2 during the LGM, and they find that it can explain essentially all of it. Their findings 
should encourage researchers to continue with this approach, with carbon isotopes and other proxies, to determine 
the specific mechanisms that strengthened the ice age ocean's biological pump.
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