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Glacial expansion of oxygen-depleted seawater in

the eastern tropical Pacific
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Increased storage of carbon in the oceans has been proposed as a
mechanism to explain lower concentrations of atmospheric carbon
dioxide during ice ages; however, unequivocal signatures of this
storage have not been found'. In seawater, the dissolved gases oxygen
and carbon dioxide are linked via the production and decay of
organic material, with reconstructions of low oxygen concentrations
in the past indicating an increase in biologically mediated carbon
storage. Marine sediment proxy records have suggested that oxygen
concentrations in the deep ocean were indeed lower during the
last ice age, but that near-surface and intermediate waters of the
Pacific Ocean—a large fraction of which are poorly oxygenated at
present—were generally better oxygenated during the glacial' =3, This
vertical opposition could suggest a minimal net basin-integrated
change in carbon storage. Here we apply a dual-proxy approach,
incorporating qualitative upper-water-column and quantitative
bottom-water oxygen reconstructions®, to constrain changes
in the vertical extent of low-oxygen waters in the eastern tropical
Pacific since the last ice age. Our tandem proxy reconstructions
provide evidence of a downward expansion of oxygen depletion
in the eastern Pacific during the last glacial, with no indication of
greater oxygenation in the upper reaches of the water column. We
extrapolate our quantitative deep-water oxygen reconstructions to
show that the respired carbon reservoir of the glacial Pacific was
substantially increased, establishing it as an important component
of the coupled mechanism that led to low levels of atmospheric
carbon dioxide during the glacial.

The modern-day Pacific Ocean contains a vast volume of oxygen-
depleted waters. In the eastern basin north of 18° S, waters deeper than
1 km (deepening to 2 km north of the Equator) are generally oxic (with
an oxygen concentration, [O,], of more than 120 umol kg ™!), whereas
at shallower depths most waters are hypoxic ([O,] < 60-120 pmol
kg™!), and a small fraction are suboxic® ([O,] < 2-10 pmol kg™'). The
eastern tropical North Pacific (ETNP) oxygen minimum zone (OMZ) is
the world’s largest OMZ, and currently encompasses 67% of the suboxic
waters on Earth®. Low-oxygen conditions place important limitations
on marine life, with hypoxic conditions proving lethal for more than
half of marine benthic animal species’. Oceanic nutrient cycling is also
affected by suboxic conditions®®, under which the remineralization
of organic material occurs via anaerobic metabolic pathways, includ-
ing denitrification and anammox. This removes bioavailable nitrogen
(which supports primary production) from the ocean and generates
the greenhouse gas nitrous oxide.

Because of the intrinsic link between oxygen and carbon in photo-
synthesis and respiration, oxygen utilization provides a direct reflection
of the strength of the biological carbon pump and therefore its influence
on atmospheric CO,* Today, the Pacific Ocean represents the largest
modern sink of respired organic carbon (>730 Gt, around 50% of the
global ocean inventory'?), half of which resides in the upper 1.5 km.

The concentration of dissolved oxygen in seawater is controlled by two
factors: first, the saturation oxygen concentration of seawater in contact
with the atmosphere, which is the sum of oxygen solubility (a function
of temperature and salinity) and any disequilibrium from saturation
at the ocean surface; and second, the net oxygen utilization, which is
determined by the accumulated consumption during remineralization
of organic material along the pathways of advection and mixing®. Over
the past 50 years the observed vertical expansion of the equatorial Pacific
OMZ has been attributed mostly to a net increase in oxygen utilization,
which could reflect a reduced input rate of oxygen through advection
and mixing and/or an increase in the local rate of respiration by organic
matter''2, A further decline in ocean oxygen levels is predicted by Earth
system models under anthropogenic warming, linked to increased tem-
peratures (lowering the saturation oxygen concentration) and increased
oxygen utilization owing to decreased ventilation®!!*. However, model
simulations disagree about oxygen changes in the tropical thermoclines,
and do not reproduce the large historical changes'!, which suggests that
these models are missing important processes that may compromise
their predictions of future change!*!.

Reconstructions of the last ice age offer an alternative test of the
link between climate and ocean oxygenation. Lower glacial seawater
temperatures would have increased oxygen saturation concentrations?
and decreased remineralization rates'”. These conditions could have
resulted in a better-oxygenated upper ocean, potentially eliminating the
OMZs. Bulk sedimentary nitrogen isotope (§'°N) records from the east-
ern tropical Pacific (ETP)'®!” have been interpreted to reflect overall
reduced glacial denitrification rates in the upper water column'®, which
could indicate an absence of suboxic waters. By contrast, the cold-en-
hanced solubility appears to have been overwhelmed by increased
oxygen utilization in the deep Pacific, resulting in reduced oxygen
concentrations and increased respired carbon storage that could have
contributed to the low atmospheric CO, concentrations'~>. However,
these reconstructions are based on qualitative proxies, which are often
difficult to interpret'®. Furthermore, many of these records have been
limited to core sites from continental slopes, and are potentially biased
by local conditions®.

To constrain upper-water-column oxygen concentrations, we used
planktonic foraminifera I/Ca ratios® (see Methods). This proxy takes
advantage of iodine speciation in seawater. The iodate species (I0;7) is
favoured under well-oxygenated settings, whereas iodide (I”) becomes
the dominant species under oxygen-depleted conditions. Because
foraminiferal calcite incorporates only iodate, the foraminiferal I/Ca
ratio therefore reflects the abundance of the oxidised form?.

Furthermore, we use the benthic foraminiferal carbon-isotope
gradient proxy (A§'*C) to quantitatively reconstruct bottom-water
oxygen concentrations?. The AS!°C between bottom water and pore
water at the anoxic boundary in sediments is related to the oxygen
concentration of the overlying bottom waters®!. The A§"*C between
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bottom water and pore water at the anoxic boundary is reproduced
by the A813C of benthic foraminifera with microhabitats in bottom
water (Cibicidoides wuellerstorfi) and in sediments at the anoxic bound-
ary (Globobulimina spp.)*. This method enables us to quantitatively
reconstruct past dissolved oxygen concentrations in the range of 55-235
pmol kg ™! (see Methods) in bottom waters from tropical to temper-
ate regions, with an estimated total standard error? of 17 pumol kg~
Our tandem proxy approach enables us to place firm constraints on
past changes in the geometry of oxygen-depleted waters in the eastern
tropical Pacific over the past 40,000 years. Furthermore, extrapolation
of our new quantitative bottom-water oxygen reconstructions enables
us to calculate the change in size of the Pacific respired-carbon pool
and assess its role in glacial-interglacial CO, cycles.

Planktonic foraminifera I/Ca ratios were measured at two eastern
tropical Pacific sites. ODP site 1242 (7.86° N, 83.61° W, 1.36 km) is on
the Costa Rica margin, in the eastern tropical North Pacific (ETNP),
whereas ODP site 849 (0.18° N, 110.50° W, 3.85 km) lies beneath the
eastern equatorial cold tongue (Fig. 1). Planktonic foraminifera I/Ca
ratios at the ETNP site are expected to monitor changes in the upper
boundary of the ETNP-OMZ. The cold tongue site, ODP site 849, is
distal from modern suboxic zones but downstream of waters that have
passed through them, and planktonic foraminifera I/Ca ratios at this
location are expected to have responded to the broader presence of
oxygen-depleted waters within the ETP-OMZ. The location of ODP site
1242 at the deep boundary of the present-day ETNP-OMZ is ideal to
test for changes in the vertical extent of the OMZ, via benthic foraminif-
era AS"C. Additionally, bottom-water oxygen concentrations were
reconstructed for deep water at TR163-25 (1.65° S, 88.45° W, 2.65 km),
to provide quantitative estimates of changes in deep-water oxygen
concentrations in the eastern tropical Pacific and calculate the glacial
increase in the deep Pacific respired-carbon pool. Details of age models
are provided in Extended Data Tables 1, 2 and Extended Data Fig. 1.

Modern oxygen profiles at ODP sites 849 and 1242 are very similar
(Fig. 1), except that OMZ waters ([O,] threshold?? < 45 pmol kg™!)
occur at a much shallower depth at the ETNP site (within the upper
50 m) compared to the cold tongue site (deeper than 250 m) (Fig. 1).
This difference in the upper water column is consistent with the con-
trasting core—top planktonic foraminifera I/Ca values at the two sites
(Fig. 2). If suboxia had been reduced during the glacial, as has been
previously suggested, one would expect high I/Ca values to be found
in glacial-age foraminifera. Instead we find that low I/Ca values
(<0.6 pmol mol ) prevailed continuously over the past 40 thousand
years (kyr) at the ETNP-OMZ site, which is consistent with persistent
oxygen depletion at shallow depths (Fig. 2). Furthermore, although I/Ca
ratios of all planktonic species in the cold tongue from 40-25 kyr before
present (BP) were similar to values from the late Holocene, during early
deglaciation (around 18-16 kyr Bp) the I/Ca of shallow-dwelling species
decreased to values as low as those of the thermocline species. The
persistently depleted planktonic foraminifera oxygen isotope values of
the shallow-dwelling species and the heavy values of the thermocline
species (Fig. 2) indicate similar depth habitats over the past 40 kyr.
Therefore, we attribute the lower I/Ca values of the shallow-dwelling
species at site 849 during early deglaciation to the increased presence
of oxygen-depleted waters in the ETP-OMZ.

Turning to the deep sea, reconstructed dissolved oxygen at ODP
site 1242 shows generally lower concentrations during the glacial com-
pared to the Holocene, with an average Last Glacial Maximum (LGM)
(18-22 kyr Bp) dissolved oxygen content of 55 umol kg~ (£17 pumol
kg™, Fig. 3). The lowest oxygen concentrations (44 pmol kg™!) were
recorded during early deglaciation (17-15 kyr Bp), followed by a rapid
increase in the mid- to late deglaciation. Maximum oxygen concen-
trations of 100 pmol kg ! were recorded during the early Holocene.
Oxygenation then decreased slightly through the Holocene, reaching
late Holocene values of 85 pmol kg ! (Fig. 3). At the deeper site TR163-
25, reconstructed LGM oxygen concentrations are similar to those of
ODP site 1242, averaging 54 pmol kg ! (Fig. 3), and there is also a brief
decline in dissolved oxygen during the early deglaciation to around
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Fig. 1 | Overview of dissolved oxygen concentrations in the eastern
Pacific Ocean. a, Oxygen concentrations between 60° S and 60° N at

400 m water depth (circles show core locations). Data are from ref. 25,

b, Vertical profiles at the core sites (from https://www.nodc.noaa.gov/
OC5/SELECT/dbsearch/dbsearch.html; data from ref. 2%). ODP site 1242,
dark green; ODP site 849, black; TR163-25, light green. Note the different
scales for the upper part (0-1,000 m) and the lower part (1,000-4,000

m) of the water column. Arrows on the x axis indicate [O,] thresholds

for suboxia (light grey) and the OMZ (dark grey). Diamonds illustrate
the reconstructed LGM bottom-water [O,] values at ODP site 1242 and
TR163-25, including +17 pmol kg ! error®.

40 pmol kg, followed by a rapid increase to around 160 pmol kg ! in
the mid-Holocene (Fig. 3).

Our dual-proxy results from the upper 1.4 km of the water column
(planktonic foraminifera I/Ca at ODP sites 1242 and 849, ASBC at
ODP site 1242) show sustained oxygen depletion; this is in contrast
with other studies, which have suggested that the upper water column
in the Pacific was generally more oxygenated at this time'~>. These
previous conclusions were based on observations of low sedimentary
81°N (interpreted as lower rates of denitrification), weaker sedimentary
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Fig. 2 | Reconstructed ETP surface water oxygenation. a, Planktonic
foraminiferal and benthic composite oxygen isotope (6'%0) records (blue
symbols) and stacked records (grey lines)* at ODP sites 849 and 1242.
Planktonic foraminiferal oxygen isotopes at ODP site 1242 until 28 kyr Bp are
from ref. °. Details of age models can be found in Methods. b, I/Ca ratios of
planktonic foraminifera. I/Ca ratios of less than 2.5 jumol mol ! are indicative
of the presence of low-oxygen waters in the upper 400 m of the water
column®. The arrow indicates the increasing influence of oxygen depletion.

laminations and lower abundances of oxygen-sensitive trace metals
during the glacial®>. However, there are several reasons that sedimentary
815N could have been lower during the glacial without a substantial
change in oxygen concentrations (see Methods and Extended Data
Fig. 2). Furthermore, the sedimentary laminations and trace metals
previously examined at three sites in the coastal ETP showed only weak
signs of oxygen change between the LGM and the Holocene!®!7, which
could also be attributed to changes in the characteristics of accumu-
lating sediments?»?, Therefore, the persistently low I/Ca values, in
combination with reduced glacial bottom-water oxygen levels at
1.4 km (today the lower boundary of the ETNP-OMZ), do not support
a substantial contraction of the upper reaches of the tropical Pacific
OMZ during the glacial period compared to today.

Our results also indicate a period of particularly strong oxygen deple-
tion during the early deglaciation, which is consistent with previous
sedimentary 8!°N values, lamination, and trace metal evidence from the
ETNP!!7, The convergence of mixed-layer and thermocline planktonic
foraminifera to low values of I/Ca at ODP site 849 (Fig. 2) suggests that
the downward expansion of oxygen-depleted waters in the ETP-OMZ,
indicated by the bottom-water oxygen reconstructions (Fig. 3), was
accompanied by an intensified influence of oxygen depleted-waters in
the upper water column. The interval coincides with a weak Atlantic
Meridional Overturning Circulation, and an apparent productivity
peak in the eastern equatorial Pacific that is speculated to reflect an
increased delivery of nutrients from southern-sourced deep waters and
intensified upwelling'”*>-%7.

Our tandem proxy results provide new insights into the evolution
of respired carbon storage in the eastern tropical Pacific since the last
ice age. Today, a quarter of the total global respired carbon reservoir
is stored in the upper 1.5 km (intermediate and subsurface waters)
of the Pacific. Our results suggest that the respired-carbon reservoir
of the upper water column has shown little change between the LGM
and the Holocene, whereas that of the deeper Pacific has increased,
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Fig. 3 | Reconstructed ETP bottom-water oxygen concentrations.

a, Benthic foraminiferal §'*0 (blue symbols) of ODP site 1242 and TR163-
25 (C. wuellerstorfi, adjusted by +0.64%o) and stacked records (grey

lines) from the intermediate and deep Pacific®. Details of age models

can be found in Methods. b, Benthic foraminiferal carbon isotopes of

C. wuellerstorfi (red) and Globobulimina spp. (blue). ¢, Reconstructed
bottom-water [O,] and A8'*C (raw data?, black squares + total error of
+17 umol kg~ thick line shows moving average calculated using the
boxcar algorithm). Yellow boxes indicate the modern range of bottom-
water oxygen concentrations.

suggesting a net increase in the size of the Pacific glacial respired-
carbon pool.

Furthermore, the results of A$'*C analysis show that the modern ver-
tical-oxygen gradient (A[O,], of around 65 jumol kg ™!) between water
depths of 1.4 km and 2.6 km was eliminated during the LGM (Fig. 1), so
that oxygen concentrations did not increase with depth as they do today.
We also find that the gradient of §"°C in the dissolved inorganic carbon
between these water masses was reversed (Extended Data Fig. 3), as would
be expected given the respired carbon concentrations inferred from our
quantitative oxygen reconstructions and similar changes in the preformed
component of §°C (for details, see Methods). Our data therefore suggest
that, despite large changes in the average '*C of dissolved inorganic car-
bon for the whole ocean and changes in air-sea exchange, the relative
change in 8'*C between sites in the depth range of 1.4 km to 3 km provides
a good approximation of the change in oxygen concentrations.

We take advantage of this new constraint, together with our LGM-
modern §"*C compilation, to extrapolate our results spatially in the
deep Pacific. Our results suggest that the total amount of respired
carbon in the Pacific was approximately 90 Gt greater between water
depths of 1.4 km and 3 km, and possibly 200 Gt greater across the
whole of the deep Pacific (see Methods), during the LGM compared
with today. This provides a useful new target for model simulations of
glacial carbon cycling. Although the average increase in respired car-
bon concentrations in deeper waters of the Pacific is only half that of
the deep Atlantic?, the estimated glacial increase in its respired carbon
reservoir is almost three times that of the deep Atlantic owing to its vast
size. This suggests that the Pacific made an important contribution to
glacial-interglacial changes in atmospheric CO, levels.
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METHODS

Analytical methods. Foraminifera oxygen and carbon isotopes for ODP sites
849 and 1242 were measured using a Thermo MAT253 IRMS coupled to a Kiel
Device at the Godwin Laboratory (University of Cambridge) and a Thermo
Delta V Advantage coupled to a Kiel Device at the Department of Earth Sciences
(University of Oxford). Calibration to Vienna Pee Dee Belemnite was via NBS19
standards. Overall precision for §'%0 is o = 0.07%o (Oxford) and o = 0.08%o
(Cambridge), and for §*C is & = 0.04%o (Oxford) and o = 0.06%o (Cambridge).
For benthic foraminifera analyses we typically used 3-5 specimens of C. wueller-
storfi, 6 specimens of C. pachyderma, and >4 specimens of Globobulimina spp.
For planktonic foraminifera analyses a minimum of 20 specimens were analysed.
For site TR163-25 benthic foraminifera, oxygen and carbon isotopes, as well as
(homogenized) bulk sedimentary nitrogen isotopes, were measured on a GV
Isoprime stable isotope ratio mass spectrometer at the University of South Carolina,
with a long-term laboratory reproducibility of 0.07%o (oxygen) 0.06%o (carbon),
and 0.14%o (nitrogen). Typically 1-5 Globobulimina spp. and C. wuellerstorfi were
used for benthic foraminifera stable isotope analyses at site TR163-25.

Planktonic foraminifera I/Ca ratios were measured by quadrupole ICP-MS

(Bruker M90) at Syracuse University, using a previously published method®. The
sensitivity of iodine was tuned to above 80 kcps for a 1 p.p.b. standard. Iodine
calibration standards were freshly prepared from KIO; powder. The precision
for "1 is typically better than 1%. The detection limit of I/Ca is on the order of
0.1 pmol mol .
Age models. The age models for ODP sites 849 and 1242 are based on oxygen-
isotope stratigraphy, matching new benthic foraminiferal §'*0 records (Extended
Data Fig. 1, Extended Data Table 1) to the Pacific intermediate and deep-stacked
8'80 records of ref. 2. The benthic composite §130 record of ODP site 849 features
specimens of C. wuellerstorfi, Laticarinina pauperata (both adjusted by +0.64%o
to bring them closer to values of Uvigerina spp.), and Uvigerina spp. The compos-
ite record of ODP site 1242 §'30 includes mainly specimens of C. wuellerstorfi,
Cibicidoides pachyderma (both adjusted by 4-0.64%o), and minor contributions
from Uvigerina peregrina.

For TR163-25 the chronology was developed using one G. ruber and three N.
dutertrei "C ages (Extended Data Table 2) calibrated with reservoir ages calculated
for the EEP from TR163-23%! and ODP site 1240?7 using the Bayesian age model
program BACON>2,

Bottom-water oxygen concentrations. It has been shown* that there is a strong
(R?* = 0.94) linear relationship between bottom-water oxygen concentrations and
AS'3C at oxygen levels between 55 and 235 pmol kg ™!, with an approximately
0.4%o increase in A§"*C for every 50 pmol kg ™! increase in bottom-water oxygen
concentrations. According to ref. 4, the total error associated with bottom-water
oxygen concentration at mid- to low latitudes is +-17 pmol kg ~!. When oxygen
concentrations exceed 255 pmol kg, the relationship with A8!3C weakens owing
to 8'3C of Globobulimina spp. becoming much more depleted. This typically occurs
in environments in which the oxygen penetration depth is greater than the depth
of the sediment mixed layer causing the addition of light carbon through sulfate
reduction®!. At oxygen concentrations between 50 and 20 pmol kg ! we expect the
strong linear relationship (A§'*C = 0.00772 x (dissolved oxygen concentration)
+ 0.41446) to hold, as aerobic respiration still dominates the remineralization of
organic carbon™®. This is supported by two new data points derived from temperate
North Pacific Holocene samples of ODP sites 1014 ([O,] = 32 + 10 pmol kg™%;
ASBC = 0.54%o0 3= 0.03%o) and 1019 ([O,] = 21 &= 6 pmol kg™'; A§*C = 0.44%e
=+ 0.1%o). At ODP site 1242, one data point from around 38 kyr Bp fell outside of
the calibration (reconstructed [O,] of 16 pmol kg™!) and is not shown in Fig. 3.
At ODP site 1242, products of manganese and iron reduction (Mn?* and Fe*")
become important below 50 m composite depth®* (reconstructions of A1*C only
took place between 0 and 6.5 m). Therefore, we do not expect deviations in A§*C
in relation to these processes. The most recent Holocene is missing from core 1242,
as evidenced by high core top §'°C of C. wuellerstorfi (average 0.4%o top 25 cm)
in contrast with seawater §1*C of dissolved inorganic carbon (DIC) of —0.2%o to
—0.3%0°. At TR163-25 the late Holocene (< 3,500 years) is missing.

Subsurface water oxygen concentrations. To document upper-ocean oxygenation,
we use the planktonic foraminifera I/Ca proxy from ref. >. The electrode potential
of the iodate/iodide couple is very similar to that of denitrification®. In the surface
ocean, iodide exists in well-oxygenated settings, which has been attributed to dis-
equilibrium caused by biological activity and photochemical reduction of iodate
to iodide®®~38, The oxidation of iodide back to iodate is slow and may take from
months to up to 40 years®.

I/Ca ratios were measured on several planktonic foraminifera species cover-
ing a range of depth habits. Spinose species Globigerinoides sacculifer (ODP sites
849 and 1242) and G. ruber (ODP site 1242) typically live in the surface mixed
layer, whereas non-spinose species Pulleniatina obliquiloculata (ODP site 849),
Globorotalia menardii (ODP site 1242) and Neogloboquadrina dutertrei (ODP
sites 849 and 1242) live deeper, at or below the thermocline®*-4!. These depth

habitat differences are expressed in the oxygen isotope records, with consistently
depleted values for the warmer surface-mixed-layer species, and heavier values
for the deeper- and cooler-water-dwelling species (Fig. 2). Pristine planktonic
foraminifera were rigorously cleaned using a previously published method*? before
I/Ca analyses.

It is unlikely that lower deglacial I/Ca ratios at ODP site 849 are due to pro-

ductivity changes; modern open ocean productivity pulses do not lower 103~ to
concentrations below 0.25 pM in oxygenated water, suggesting that our planktonic
foraminifera I/Ca signals are most likely driven by the oxygen concentration of
subsurface water and not by productivity.
Nitrogen isotopes. Bulk sedimentary §'°N can indirectly reflect the extent of sub-
oxia within the upper water column, near the core site, owing to the enrichment
of PN in residual nitrate during denitrification®’. Nitrogen isotopes can, however,
also be affected by other processes such as dilution of the isotopic signal given the
fraction of nitrate consumed by denitrification in suboxic zones*, the input of
nitrate by advection from distant suboxic zones'®, the addition of low N nitrogen
by N, fixation, and partial nitrate uptake by phytoplankton at remote locations'®*,
and so are not unambiguous recorders of the local extent of suboxia.

Bulk sedimentary §'°N at both ODP site 1242 and TR163-25 (Extended Data
Fig. 2) show lower values during the LGM, consistent with other §'°N records
within the region'®. Only at ODP site 1242 are sufficiently low oxygen concentra-
tions ([02] < 2-4 pmol kg 1) found for denitrification to occur today*®, and only
at depths of more than 300 m in the water column (Fig. 1). This is below the depth
from which wind-driven upwelling draws. Thus, the nitrogen incorporated in
organic matter at the surface and exported to depth, producing the bulk sedimen-
tary 8'°N record, does not directly reflect local suboxia at either site. Instead, the
records at these locations are likely to reflect regional changes in nitrogen cycling,
as is true for the similar records found throughout the ETP'8. These changes could
have included lower rates of denitrification despite similar volumes of OMZ waters,
or more complete nitrate consumption during denitrification leading to a weaker
isotopic signal.

Notably, nitrogen isotope values at the Gulf of Tehuantepec, where the most

active water column denitrification occurs today, were similar during the LGM
and the late Holocene (7%o), consistent with similarly active denitrification during
both times"”.
Changes in the soft tissue pump. The §'*C value of dissolved inorganic carbon
(8"*Cpic) depends on both the preformed component (§'°C,) and soft tissue
components (§1*Cyop). The latter term results from the remineralization of organic
matter and is related through stoichiometric ratios to oxygen consumption and
carbon storage. The §'°Cyy. is determined by temperature, salinity, Pco, alkalinity,
the whole ocean average §'°C, and the disequilibrium of surface waters when they
sink. Often overlooked, the 613Cpre value is sensitive to changes in the soft tissue
pump and ocean circulation in addition to globally averaged '*C/"2C.

If we ignore the small impact of the carbonate pump on carbon isotopes, the
§13Cpyc at an arbitrary point in the ocean interior is given by:

8"°Cpye X DIC,, + 8" Cyog X DIC g0

DIC

13
8 °Cpic=
tot

The LGM-Holocene change (D) in all quantities is approximately:

13
D(6 Cpre X DICpre) + D(SUCSOP{ X DICsoft)
DIC DIC

13
D§°C DIC(LGM —Hol) —

‘tot tot

This equation includes a number of unknowns, which can be simplified using
three assumptions. First, that changes in §1*Cyof were negligible. Second, that
although the shallow and deep sites certainly would have had different pre-
formed components, the glacial-interglacial change in the preformed compo-
nent, D(613CPre X DICpre), was the same at the two sites. Third, that the change in
DICqot/DIC o was small. This then gives the change in §°C,. between the two
depths in (z2-z1) as:

DDICSOft(zZ—zl)

213 213
D% CDIC(ZZ*ZI) =9 Csoft X DIC

tot

The 63 Cpyc data show the relative change between the deep and shallow site, from
0.2%o during recent times to —0.3%o during the LGM, a change of 0.5%o. Assuming
§13Cyoft is —23%o0 and DIC is about 2,200,

DDIC, 4
2,200

—0.5=—23x and DDIC ;=48

This would suggest a glacial-interglacial relative change in oxygen utilization
between the two depths of 48 x 140[0,]/106 C = 63 pM. Our new reconstructions
show that oxygen concentrations at the two depths converged at the LGM.
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At present, oxygen concentrations at the deeper site are about 65 pM higher than
at the shallow site, which would suggest that, on the basis of the §!3C, oxygen
concentrations during the LGM should have been the same at the two sites. This
is essentially what we observe, supporting the assumption of similar changes in the
preformed components in the waters bathing the two depths. Note that this is not
to say that the preformed components were constant. Rather, they both changed
considerably, but in a coordinated way, owing to the whole ocean change of 0.34%o,
and complex interconnected changes in temperature, alkalinity, salinity, f,, and
air-sea exchange dynamics. Because those changes appear to have occurred
together at these depths, we can then take the assumption that, for the Pacific at
depths between approximately 1 km and 3 km, there was a uniform LGM-recent
change in §"*Cyy.. Asa result, the relative changes in §'°C between sites should have
been dominated by changes in DIC,f, enabling a large-scale budget to be
constructed.

Between depths of 1.4 and 3 km, the average difference in §"*C of DIC between
the LGM and recent times is —0.10%o + 0.13%o. At TR163-25, LGM-recent §*C
was —0.30%o, whereas dissolved oxygen values were decreased by 65 jumol kg !
compared with recent times (Extended Data Fig. 3). Thus, with our new con-
straints, the average decrease of 0.10%o in the LGM-recent §'*C of DIC between
1.4 and 3 km in the Pacific can be translated to oxygen concentrations that
were 22 pmol kg ™! lower (—0.10/0.30 x 65) than preindustrial (not accounting
for changes in preformed oxygen disequilibrium). Assuming a 2.5 °C decrease
in average deep Pacific temperature and a 1 unit increase in salinity (see ref. /),
the saturated dissolved oxygen concentration (calculated using the equations
in ref. #®) would be 353 pumol kg, nearly 20 umol kg ! higher than at present.
Apparent oxygen utilization (difference between saturation oxygen concentration
and measured oxygen concentration) was therefore increased by 42 pmol kg ™!
during the LGM in the deep Pacific. Extrapolated across water depths between
1.4 and 3 km, this amounts to an increase in respired carbon of 90 Gt C. If similar
conditions and changes in §"°C,,; applied across the whole of the deep Pacific
(all depths >1.4 km), a volume over which the average LGM-recent §'*C is
—0.17%o = 0.18%o, then the corresponding increase in glacial respired carbon
would amount to 200 Pg C.

Data availability
Data generated during this study are available from https://doi.pangaea.de/10.1594/
PANGAEA.891185.
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Extended Data Fig. 1 | Details of age models for ODP sites 1242 and ODP site 849 benthic composite §'30 record to the Pacific deep water

849. a, Matching the ODP site 1242 benthic composite §'®0 record to the stacked 880 record of ref. %°.
Pacific Intermediate water stacked §!%0 record of ref. %°. b, Matching the
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Extended Data Fig. 2 | Regional bulk sedimentary 8'°N records. Dark
green, bulk sedimentary §!°N record of ODP site 1242%; light green, bulk
sedimentary 8°N record of TR163-25 (this work); black, bulk sedimentary
§!°N record of ODP site 849°C.
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Extended Data Fig. 3 | Overview and LGM evolution of carbon isotopes
and oxygen concentrations in the eastern tropical Pacific. a, Dissolved
oxygen concentrations (modern: North Atlantic north of 50° N, dark blue;
South Atlantic south of 50° S, light blue; southeast Pacific south of 50° S,
black; southwest Pacific south of 50° S, grey; northeast Pacific north of
50° N, dark purple; northwest Pacific north of 50° N, light purple; and
reconstructed for the past 40 kyr: ODP site 1242, dark green; TR163-25,
light green) plotted against carbon isotopes of DIC of seawater (%o) (data
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from refs ?*°! using https://www.nodc.noaa.gov/OC5/SELECT/dbsearch/
dbsearch.html. Square boxes represent modern values at the two sites;
diamonds represent LGM values (average 18-22 kyr BP). b, Latitudinal
profile of the difference in Pacific carbon isotopes between the LGM
(18-22 kyr, from epifaunal benthic foraminifera) and recent (DIC)
seawater carbon isotopes (extrapolated from ref. >4). Inset, histogram of
LGM-DIC §'3C (waters deeper than 1.3 km) has a normal distribution
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Extended Data Table 1 | Age control points for ODP sites 1242 and 849
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Based on matching the benthic foraminiferal composite oxygen isotope records with the stacked records of ref. 29,
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Extended Data Table 2 | Age control points for TR163-25

TR163-25 depth 14C age (14C Error t1c AR Species
(cm) years)

40 7335 20 147£13 G. ruber

80 12895 45 1250133 N. dutertrei
100 14250 60 1430123 N. dutertrei
145 20850 130 20321201 N. dutertrei

Based on !“C dates and calculated reservoir ages.
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