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Deglacial restructuring of the Eastern equatorial
Pacific oxygen minimum zone
Catherine V. Davis 1✉

Oxygenation in the Eastern Equatorial Pacific is responsive to ongoing climate change in the

modern ocean, although whether the region saw a deglacial change in extent or position of

the Oxygen Minimum Zone remains poorly constrained. Here, stable isotopes from the shells

of an Oxygen Minimum Zone-dwelling planktic foraminifer are used to reassess the position

of the mid-water Oxygen Minimum Zone relative to both the thermocline and benthos.

Oxygen isotopes record a rapid shoaling of the Oxygen Minimum Zone towards the ther-

mocline associated with Heinrich Stadial 1 and persisting through the deglaciation. Mean-

while, carbon isotope similarities between Oxygen Minimum Zone-dwelling Globorotaloides

hexagonus and benthic Cibicidoides wuellerstorfi suggest a shared source water through the

deglaciation. Results support a direct role for the Eastern Equatorial Pacific in venting carbon

to the atmosphere through the deglaciation, a deglacial expansion of the Oxygen Minimum

Zone, and a restructuring of mid-water oxygen and carbon dynamics from the glacial to

Holocene intervals.
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The oceans are currently experiencing a cascade of rapid
changes due to release of carbon to the atmosphere. This
encompasses shifts in temperature, stratification, pro-

ductivity, and circulation, which together influence the avail-
ability and distribution of oxygen in the water column. As a
result, the global expansion and intensification of Oxygen Mini-
mum Zones (OMZs) has been observed over recent decades1–5.
Changes in the extent or intensity of OMZs influence global
nutrient cycling5–7 and define habitat range for many obligate
aerobes8. They are simultaneously important reservoirs of marine
carbon at intermediate depths9 due to low ventilation and high
remineralization, both of which processes increase CO2 while
decreasing O2. As a result, OMZ regions may act as sources of
CO2 to the atmosphere.

The Eastern Pacific hosts the largest extent of modern OMZ
waters, composed of Eastern Tropical North Pacific (ETNP),
Eastern Tropical South Pacific, and Eastern Equatorial Pacific
(EEP) components10,11, with the EEP currently an important
year-round source of CO2 to the atmosphere12,13. The EEP may
have played a similar role in the past, venting carbon from the
intermediate or deep ocean into the atmosphere. This is a
hypothesis supported by increasing evidence that the deep EEP
Pacific was the site of a major carbon reservoir (and by the same
drivers, O2 depletion) during the last glacial interval14–20. Support
for the EEP as a glacial carbon reservoir, and subsequently a
source of CO2 to the atmosphere during the deglaciation is evi-
denced by decreased deglacial δ13C of surface and thermocline-
dwelling planktic foraminifera21,22, the apparent influence of ‘old’
(radiocarbon depleted) carbon at both thermocline14,23 and some
intermediate water sites24 but not others25, and a decrease in
near-surface pH across the equatorial Pacific26.

A scarcity of available intermediate depth core sites and lim-
itations in proxies for the pelagic OMZ have made assessments of
the deglacial evolution of intermediate to shallow reservoirs of
EEP carbon more equivocal. While there is evidence that a mid-
water OMZ persisted in some form, existing records have not
coalesced into a single history for the EEP OMZ. Nitrogen isotope
records extending from the EEP up the Northeastern Pacific
margin indicate an increase in denitrification, implying an
increase in the volume of anoxic waters in the ETNP, and perhaps
EEP as well, since the Last Glacial Maximum27,28. Productivity
proxies show a range of trends, but generally suggest an increase
in export productivity, and potentially increased subsurface
oxygen utilization in the easternmost EEP during peak
deglaciation29–32. This would indicate a distinct history for the
EEP compared to the ETNP where OMZs expanded from the
deglaciation into the Holocene (e.g.,27,28,33–36). Concurrently,
planktic foraminifera shells from the mixed-layer and thermo-
cline at Cocos Ridge site ODP 1242 have persistently low I/Ca,
interpreted as low oxygen near-surface waters from the Last
Glacial Maximum through the deglacial16. Neighboring ODP Site
849 shells show an I/Ca minimum during the deglaciation16 and
thus either a deep or absent OMZ in the Last Glacial Maximum.
Despite this uncertainty, a change in extent of the OMZ from the
last glacial to the modern ocean has important implications for
Pacific carbon storage and cycling. For example, no change (or a
contraction) in the vertical extent of the deglacial EEP OMZ
would indicate a massive overall reduction in Pacific carbon
storage. A vertical expansion of the OMZ from the glacial to
modern EEP, would suggest a change in location (from deep to
intermediate waters) of carbon storage and might indicate a
smaller amount of overall CO2 released during the deglaciation.

Here we contrast the oxygen and carbon isotope records of
OMZ-dwelling Globorotaloides hexagonus shells from Galapagos
Margin site TR163-23 (0° 24.6’ N, 92° 9.6’ W; 2,730 m depth;
Fig. 1) with previously published records from mixed-layer

species Globigerinoides ruber and thermocline-dwelling Neoglo-
boquadrina dutertrei14, and with benthic Cibicidoides
wuellerstorfi37. This is supported by records of O2-associated
morphological traits in G. hexagonus, which together constrain
deglacial changes in the vertical extent and intensity of the
EEP OMZ.

Results
Morphological support for habitat tracking. In the modern
ocean, G. hexagonus is found at sub-oxycline depths, with shell
morphologies linked to environmental O2 concentrations across a
relatively large range of low oxygen conditions38. Empirical cor-
relations have been identified between porosity, shell length, and
chambers in the final whorl of G. hexagonus shells and the oxy-
genation levels from which live shells were recovered38. None of
these metrics are known to be susceptible to dissolution and were
thus deemed suitable for analysis at TR163-23 despite suspected
changes in deglacial bottom water saturation state14,37. A higher
population-level number of chambers during Heinrich Stadial 1
and larger sizes during the Bølling-Allerød (p-value= 0.001 for
both) may indicate greater occupation of very low O2 habitat
during these deglacial intervals. However, there is no clear trend or
any significant difference at the population-level (p-value < 0.05)
apparent across multiple oxygen-associated morphological traits
and all measurements, except maximum length, are within the
range of those found in modern populations (Fig. 2). This supports
the assumption thatG. hexagonus has continued to live in a broadly
defined sub-oxycline habitat through the deglaciation, similar to in
the modern ocean.

Oxygen isotopes demonstrate deglacial shoaling of the EEP
OMZ. The δ18O of planktic foraminifera is driven by both
temperature and the δ18O of seawater, such that the shells of
individuals living in deeper, colder habitats will record higher
δ18O values than those living in shallower, warmer waters
(Supplementary Fig. 1)39,40. As foraminifera track their preferred
habitat within the water column41, comparing the δ18O values of
foraminifera constrained to different habitats allows for a
reconstruction of the relative vertical positioning of these habitats
and thus water column structure through time. This approach has
been used widely, including in the EEP42–44 focused on either
thermocline or deep water column structure. Here we focus on
the OMZ by comparing the δ18O and δ13C of G. hexagonus with
published values for mixed layer species G. ruber, thermocline N.
dutertrei, and benthic C. wuellerstorfi.

Globigerinoides ruber lives in the tropical to subtropical mixed
layer, constrained to the photic zone by photosymbionts and is
found at 25–60 m in the modern Panama Basin39. By contrast,
N. dutertrei lives in or near the thermocline, likely tracking the
chlorophyll maximum at 35–100m depth in the Panama Basin39

with an apparent calcification depth of <70 m45. Finally,
G. hexagonus, lives within sub-thermocline, low oxygen
waters38,46,47, and has been recovered as deep as 1000 m in the
Panama Basin39. Therefore, a change in the δ18O value of
G. hexagonus shells relative to G. ruber and N. dutertrei should
indicate a vertical migration of the OMZ (sub-oxycline) habitat
relative to the mixed layer and thermocline. The relative
positioning of the OMZ in this region is of particular interest
due both to its potential importance for the global nitrogen
budget as well as its intermediate positioning between thermo-
cline/sub-thermocline upwelling source waters, and older, deeper
water masses.

At site TR163-23 the spread of δ18O values between the three
planktic species demonstrates a relatively large thermocline to
OMZ gradient at the end of the last glacial interval (Fig. 3). An
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abrupt decrease in the δ18O values of G. hexagonus follows during
Heinrich Stadial 1, both independent of and relative to mixed
layer G. ruber and thermocline N. dutertrei (Figs. 3, 4). This is
interpreted as a shallowing of the mean habitat depth of G.
hexagonus and shoaling of the EEP OMZ during the deglaciation.
The gradient between the δ18O of G. hexagonus and N. dutertrei
may be an especially important indicator of how close the OMZ
lies to the thermocline, and thus how accessible deep, O2-poor,
carbon and nutrient-rich waters are to primary producers in the
photic zone and to the atmosphere. A reduced thermocline-OMZ
gradient persisted through the deglacial interval up to the
Holocene onset (Figs. 3, 4). By the mid-Holocene, a more
substantial gradient between the δ18O of the three species was

restored, though with a smaller offset between N. dutertrei and
G. hexagonus than during the glacial interval, suggestive of a
shallower oxycline than was present during the glacial. Assuming
both N. dutertrei and G. hexagonus incorporate δ18O close to
equilibrium (or with similar offsets), the implication is an OMZ
which shoaled nearly into the thermocline during much of the
deglacial interval. This would be expected to result in increased
connectivity between the OMZ, the mixed layer, and the
atmosphere, and thus a direct venting of deep Pacific carbon to
the atmosphere during the deglaciation.

A shallow OMZ is found coincident with the period of
maximal nutrient delivery to surface and thermocline waters
as well as export productivity. Such a pattern has been
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Fig. 1 Spatial distribution of oxygen in the Eastern Equatorial Pacific. a Shows O2 at 250m depth and the location of TR163-23 (yellow star) as well as
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Fig. 2 Violin plots showing the similarities in distribution of morphological traits in populations of G. hexagonus through time. Yellow arrows indicate
the directions in which modern data from ETNP plankton tows38 exceed the range of fossil data in each trait.
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demonstrated consistently through the EEP30 and is supported
by a decrease in δ13C of surface-dwelling foraminifera at this37

(Fig. 3) and nearby21 sites, sedimentary nitrogen records29,31,48,
and foraminifera-bound nitrogen isotopes49 (Fig. 4). An increase
in productivity has classically been associated with changes
in source water composition21,22, decreased stratification50

evidenced by a shoaling of the thermocline42, and increased
upwelling32 in the EEP. Results here are consistent with a
decrease in stratification and shoaling of deep, nutrient-rich
waters that may have allowed for more productive upwelling,
with increased export and remineralization acting as a positive
feedback to a shoaling OMZ. It is worth noting that the period of
a shoaled OMZ appears to outlast deglacial productivity, which
peaks in the Bølling-Allerød (Fig. 4).

Stable carbon isotope evidence for deglacial connectivity with
bottom waters. Despite a convergence in δ18O space, the δ13C of
G. hexagonus remains distinct from the two shallower-dwelling

species. The δ13C values of G. hexagonus have consistently shown
little or no offset from equilibrium with the δ13C of DIC46,51,52.
Contrastingly, N. dutertrei and G. ruber both calcify out of
equilibrium with seawater, with offsets of 0.9 reported in the
positive direction in G. ruber and of −0.5 in N. dutertrei43. Thus,
assuming near-equilibrium behavior in G. hexagonus, correction
for δ13C in the two shallower dwelling species would still result in
a substantial difference between the records. Given this and what
is known about the habitat of G. hexagonus, it is likely that at least
some of this offset is the result of G. hexagonus occupying a
distinct, intermediate water mass throughout the record. Glo-
borotaloides hexagonus δ13C records are in close agreement with
those from nearby Panama Basin Site ODP 124053 (Fig. 4) which
have been interpreted as recording a shift between greater con-
tribution of nutrient-rich Glacial North Pacific Intermediate
Water during Marine Isotope Stage 2 and less nutrient-rich
southern sourced intermediate waters at present.

When the δ13C of G. hexagonus is compared with that of
C. wuellerstorfi, the two records overlap through most the
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deglaciation. Previous work has shown that, like G. hexagonus,
the δ13C signal of C. wuellerstorfi shells is near equilibrium with
DIC54–56. Thus, the similarity between the two records through
the deglacial interval can be interpreted as both species occupying
a water mass with similar DIC and carbon source, extending from
the upper oxycline to the benthos (2730 m). This is consistent
with the presence of a single massive carbon reservoir during the
late glacial and deglaciation16 (Fig. 2). Deglacial overlap between
the δ13C of G. hexagonus (Max et al. 2017) and C. wuellorstorfi20

is also observed at ODP 1240 further east in the Panama Basin
(2921 m depth), demonstrating that the similarity in intermediate
and deep δ13C signal is not a feature unique to the Galapagos
margin (Fig. 4).

Discussion
The records presented here are consistent with the presence of a
deep carbon reservoir in the EEP at the termination of the last
glacial interval19,57,58, which was partially ventilated through
intermediate23,24 and thermocline/mixed layer21 waters in the
EEP during the deglaciation. Oxygen isotope records from G.
hexagonus corroborate previous findings in suggesting enhanced
connectivity from near thermocline waters down to at least
2730 m depth, from 16.0 to 11.3 ka, and support that the EEP was
likely an important source of CO2 during the deglaciation59.
Moreover, while intermediate oxygen-depleted waters have been
present since the last glacial interval, the oxycline was then sub-
stantially deeper than during the deglaciation or in the modern
ocean. Finally, these results demonstrate that a shallow, inter-
mediate water OMZ disconnected from deep waters in the EEP is
a Holocene phenomenon, representing an oxygen and carbon
profile distinct from either the last glacial or deglacial intervals.

This framework additionally provides an explanation for the
mismatch between foraminifera-bound and bulk δ15N identified
by60. At the end of the last glacial interval, a deep oxycline would
have meant most denitrification was taking place too deep in the
water column for a strong δ15N signal to reach productive waters,
and thus to be exported to underlying sediments. A shoaling of
the oxycline into or near the thermocline during the deglaciation
would have allowed the isotopic signature of denitrification to be
reflected in both foraminiferal-bound and bulk isotopic records.
Upon reaching a modern state, the oxycline was shallow enough
that some high δ15N, indicative of denitrification is available to
upwelling centers and eventual export but much of this process is
occurring below the thermocline and thus less represented in
foraminifera-bound records.

At the end of the last glacial interval, G. hexagonus δ18O
records are diagnostic of a relatively deep OMZ and greater
formation and equatorward transport of well-oxygenated Glacial
North Pacific Intermediate Water during the deglaciation
extending into shallow-intermediate depths of the EEP58. A deep
OMZ is also consistent with δ15N records suggesting reduced
denitrification in intermediate to shallow EEP and ETNP waters
during the last glacial interval27,28,60 and reduced I/Ca in surface
waters at some sites16. While the available data does not place
firm constraints on the depth of the upper oxycline, the deepest
occurrence of modern day hexagonus at ~1000 m39 is likely a
reasonable lower limit to depth, given the continued presence of
G. hexagonus.

The shoaling of the oxycline observed during the deglaciation
is consistent with decreased stratification42,50, increased pro-
ductivity, and increased shallow denitrification49. The simulta-
neous shoaling of the OMZ and apparent connectivity of the mid-
water OMZ with deep carbon reservoirs is suggestive of the
degree to which shallow water masses may have been directly
influenced by deep and intermediate water sources. Some

evidence has pointed to a greater contribution of northern
sources to deglacial EEP intermediate waters, and while G. hex-
agonus records at TR163-23 agree with δ13C records interpreted
as such61,62, this data cannot settle that debate. Regardless of
high-latitude contribution, this isotopic evidence leads to the
conclusion that the deglacial EEP hosted a single massive carbon
reservoir extending from the upper oxycline to the deep ocean,
and that the region would have been a substantial source of
carbon during the deglaciation59.

Differentiation between the δ13C of G. hexagonus and C.
wuellerstorfi does not occur until the Holocene onset, when
bottom waters at the site were ultimately ventilated14,37. This is
at a substantial time-lag to the most dramatic shoaling of the
OMZ (Fig. 3) and thus local venting is unlikely to have been the
only cause of deep carbon retreat from the Galapagos Margin.
A more complex ventilation history is consistent with the
“missing” local carbonate maximum expected to cooccur
with deglacial venting63. By the mid-Holocene, differentiation
between the G. hexagonus and C. wuellerstorfi δ13C records is
suggestive of distinct carbon environments, analogous to a
modern water column structure, with a relatively shallow
(<100 m in the modern ocean) OMZ and moderately oxyge-
nated bottom waters. In the modern ocean, the EEP OMZ
continues to act as a substantial reservoir for carbon at inter-
mediate depths, with the potential for expansion and shoaling
of the OMZ to increase connectivity between ocean carbon and
the atmosphere in a warming world.

Methods
Oceanographic setting. The modern day EEP is typified by a strong and relatively
shallow thermocline shoaling towards the east (< 100 m) and experiences upwelling
at both the equator and along the eastern margins64,65. Core TR163-23 was
recovered on the northwest margin of the Galapagos Islands. While the Galapagos
currently sits within a zone of equatorial upwelling that is amplified by topography,
TR163-23 is just to the north of the most intense upwelling and high primary
productivity associated with the eastern island boundaries66. Below the pycnocline,
this region sees Equatorial Undercurrent, a mix of high-latitude (primarily
southern-sourced in the modern ocean) waters delivered via the western Pacific,
from which most modern upwelling in the region is sourced65,67. Below that
are Antarctic Intermediate Water between ~500 and 1000 m depth66. Due to the
presence of the Equatorial Undercurrent, the equatorial region experiences a less
intense and expansive OMZ than to either the north or south67, though a strong
and relatively shallow OMZ is still present beneath the thermocline (Fig. 1; Sup-
plementary Fig. 2).

Foraminiferal morphology. Planktic foraminifera of the species G. hexagonus were
isolated from the > 150 μm fraction of sediments from core TR163-23 at a 5 cm
resolution. Age models for this core were adopted from previous work14. Up to 32
individuals were selected at random for further morphometric analyses. Each
individual was imaged on a Leica DM6000 light microscope at Yale University,
with measurements of length made using the AutoMorph software68. Porosity is
reported as the percentage of test surface area comprised of pores, derived from
using the thresholding tool in the ImageJ Software69. Measurement accuracy of
length measurements is ± 1 μm and repeated measurements of porosity on the
same individuals give a measurement error of ± 2.3%.

Isotopic measurements. Foraminifera for isotopic measurements were selected
from the entire > 150 μm size fraction. While a slight increase in δ18O values with
size was previously noted46, a wide range of sizes were included to enable an
adequate sample mass (> 20 μg) for analyses. Given the lack of systematic size
change through the core (Fig. 2), any size effect on the δ18O records presented here
is considered negligible. Where possible, 10 individuals were included in a mea-
surement and no sample has fewer than 3 individuals. The δ18O and δ13C of all
G. hexagonus was measured on a Kiel IV Carbonate Device with a Thermo MAT
253 in the Yale Analytical and Stable Isotope Center. The long-term standard
deviation of standard reference materials is 0.05‰ for δ18O and 0.03‰ for δ13C.
Data for both are reported relative to VPDB.

Statistical treatment. Statistics presented here were carried out using the R
Software70. When testing for differences between morphological parameters,
non-parametric statistics were favored to account for inherent non-normality
in chamber number. For this reason, a Kruskal-Wallis test was used, followed
by Dunn’s test with Bonferroni adjusted p-values. The deglacial intervals are
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delineated as the Last Glacial Maximum (>17.9 ka), the Heinrich Stadial 1
interval (17.9–14.7 ka), the Bølling-Allerød (14.7–12.9 ka), the Younger Dryas
(12.9–11.7 ka) and the Holocene (<11.7 ka)71,72.

Data availability
All isotope and morphometric data shown in Figs. 2, 3, and 4 and needed to reproduce
the analyses reported here have been deposited in the PANGAEA database (doi: 10.1594/
PANGAEA.944997 and 10.1594/PANGAEA.944996) and are additionally available as a
supplement to this manuscript (Supplementary Data 1 & 2). Datasets used or referenced
from previously published works are cited in the text.
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