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Current climate models do not agree on the trajectory of future deoxygenation on different timescales, in
part due to uncertainties in the complex, linked effects of changes in ocean circulation, productivity and
organic matter respiration. More (semi-)quantitative reconstructions of oceanic oxygen levels over the
Pleistocene glacial cycles may provide a critical test of our mechanistic understanding of the response of

Keywords: oceanic oxygenation to climate change. Even the most promising proxies for bottom water oxygen (BWO)
I/Ca have limitations, which calls for new proxy development and a multi-proxy compilation to evaluate
benthic foraminifera glacial ocean oxygenation. We use Holocene benthic foraminifera to explore I/Ca in Cibicidoides spp. as
Cibicidoides spp. a BWO proxy. We propose that low 1/Ca (e.g., <3 pmol/mol) in conjunction with benthic foraminiferal
bottom water oxygen carbon isotope gradients and/or the surface pore area percentages in foraminiferal tests (e.g., >15%) may

glacial-interglacial cycles provide semi-quantitative estimates of low BWO in past oceans (e.g., <~50 pmol/kg). We present I/Ca

records in five cores and a global compilation of multiproxy data, indicating that bottom waters were
generally less-oxygenated during glacial periods, with low O, waters (<~50 pmol/kg) occupying some
parts of the Atlantic and Pacific Oceans. Water mass ventilation and circulation may have been important
in deoxygenation of the glacial deep Pacific and South Atlantic, whereas enhanced remineralization of
organic matter may have had a greater impact on reducing the oxygen content of the interior Atlantic

Ocean.
© 2020 Elsevier B.V. All rights reserved.
1. Introduction solubility in warmer waters combined with decreased ventilation
of the deep ocean due to increased thermal stratification (Breit-
Observations and climate models show increased ocean deoxy- burg et al., 2018; Keeling et al, 2009; Schmidtko et al, 2017),

genation as a response to global warming, due to decreased 0Xygen 34 3 decrease in the lateral advection of oxygenated waters (Gru-

ber et al., 2001). However, current climate models tend to under-
* Corresponding author. estimate spatial oxygen variability and temporal trends (Oschlies et
E-mail address: zunlilu@syr.edu (Z. Lu). al,, 2017; Stramma et al., 2012), partially due to an inability to pre-
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cisely tease apart contributions to deoxygenation from three main
controls: (i) temperature related oxygen solubility; (ii) ventilation
of water masses and other physical processes; (iii) biogeochemical
processes (e.g., biological production and respiration) (Oschlies et
al., 2018). Models tend to agree on (i), but disagree on (ii) and (iii),
which leads to different projections of expanding vs. shrinking oxy-
gen minimum zones (OMZ) over the long-term future (Resplandy,
2018).

Geological records commonly link ocean deoxygenation to
greenhouse climates (e.g., Jenkyns (2010); Penn et al. (2018)), but
deoxygenation also occurred during cold periods in deep time (e.g.,
at the Late Ordovician - Early Silurian (Bartlett et al., 2018) and
across the Frasnian - Famennian boundary (Song et al., 2017)).
Thus, temperature alone does not dictate ocean deoxygenation,
indicating that we need a better understanding of the interplay
between physical and biogeochemical processes during climate
change.

Deoxygenation was common during Pleistocene glacials (e.g.,
Bradtmiller et al. (2010); de la Fuente et al. (2017); Gottschalk et
al. (2016a); Hoogakker et al. (2015, 2018); Jaccard et al. (2016);
Jacobel et al. (2020); Loveley et al. (2017); Umling and Thunell
(2018)), and there is much evidence that global deep oceans
(>2 km) were less-oxygenated during the Last Glacial Maximum
(LGM, 18-22 ka) than in the early Holocene (Jaccard and Gal-
braith, 2012). However, this evidence is generally qualitative (Jac-
card and Galbraith, 2012), and quantitative O, estimates for the
glacial oceans are needed to further assess and differentiate drivers
for deoxygenation.

Qualitative bottom water oxygen (BWO) proxies tradition-
ally used on glacial-interglacial time scales include sedimentary
structures (e.g., lamination due to lack of bioturbation), benthic
foraminiferal assemblages and species abundances, and trace metal
concentrations (Jaccard and Galbraith, 2012). The authigenic ura-
nium content of sediments (aU, i.e., accumulation of reduced U(IV)
in excess of U in detrital sediments) (Bradtmiller et al., 2010; Du-
rand et al.,, 2018; Jaccard et al., 2016; Jacobel et al., 2017; Loveley
et al., 2017) is controlled by BWO and the rain of organic material
from surface ocean (which consumes O, as it is respired) (Bradt-
miller et al, 2010). If sediments become more reducing (higher
aU values) with similar or lower export production (no increased
0, consumption), it can be reliably inferred that higher aU is due
to a decrease in BWO. But a lack of high aU values does not pre-
clude deoxygenation: subsequent reoxygenation at the sampling
site could obliterate sedimentary aU enrichments that had pre-
viously developed (Bradtmiller et al., 2010; Costa et al., 2018;
Jacobel et al., 2020). The benthic foraminiferal oxygen index based
on species assemblage and morphology data, also used to qualita-
tively trace BWO (Kaiho, 1994), is poorly supported by calibration
with living foraminifera (Jorissen et al., 2007), and the impact of
factors other than the BWO level (e.g., organic matter flux) cannot
be easily separated from the overall signal.

Four recently developed proxies have promise to provide semi-
quantitative constraints on BWO: (1) the pore area in benthic
foraminiferal tests (Rathburn et al., 2018), (2) benthic foraminiferal
carbon isotope gradients (Hoogakker et al., 2015), (3) preservation
of organic compounds (Anderson et al., 2019), (4) and the benthic
I/Ca proxy (Glock et al., 2014). We highlight these newly developed
BWO proxies because they have been validated/calibrated to vari-
ous degrees in modern sediments/foraminifera. Furthermore, they
show some potential to reconstruct specific BWO values instead of
being limited to qualitative reconstruction of higher/lower BWO or
increased/decreased extent of suboxic water mass.

The pore area percentage in tests of the epifaunal (on or above
the seafloor surface living) benthic foraminifer Cibicidoides wueller-
storfi is correlated with BWO in the modern ocean (Rathburn et
al., 2018), but this proxy has not yet been tested in down-core

studies. Several studies have related pore size of different species
of benthic foraminifera to ambient conditions, but most have fo-
cused on taxa that live within sediments (infaunal) (e.g., Kuhnt et
al. (2014)), and may be influenced by pore water conditions and
nitrate respiration (Rathburn et al., 2018).

The benthic foraminiferal carbon isotope gradient (A8'3C)
between epifaunal (C. wuellerstorfi) and deep infaunal benthic
foraminifera species (Globobulimina spp.) was quantitatively cali-
brated to BWO values (20-235 pmol/kg) in a global deep ocean
dataset (Hoogakker et al, 2018, 2015; McCorkle and Emerson,
1988). The application of this proxy is limited by the restricted
occurrence of these species, with Globobulimina spp. requiring rel-
atively high export productivity (Jorissen et al., 2007). In addition,
813Cc wuellerstorfi May be influenced by seasonal variability in export
productivity of labile organic matter to the seafloor, i.e., the phy-
todetrital flux (‘Mackensen effect’) (Mackensen et al., 1993); and
813Celobobutimina May be affected by isotopically light carbon re-
leased by anaerobic processes including denitrification and sulfate
reduction, especially in high sediment accumulation environments,
thus altering the relationship between A§'3C and BWO (McCorkle
and Emerson, 1988; Jacobel et al., 2020).

Another recently proposed, empirical proxy is the use of the
preservation of specific organic compounds (as observed in Ara-
bian Sea sediments) to estimate BWO concentrations in the central
Equatorial Pacific (Anderson et al., 2019): an order-of-magnitude
greater accumulation of lipid biomarkers (e.g., C37 alkenones) com-
bined with evidence for lower export production was argued
to indicate a BWO content of 20-50 pmol/kg, although uncer-
tainty remains about the mechanism of organic matter preser-
vation (Hedges and Keil, 1995) and the validity of applying this
empirical relationship based on Arabian Sea data to other regions
(Anderson et al., 2019).

The carbonate I/Ca proxy has been applied across different time
scales, and can be used to resolve subtle changes in oceanic oxy-
genation (Lu et al., 2018, 2016). lodate ([I05 ], oxidized form) and
iodide ([I"], reduced form) are the thermodynamically stable forms
of iodine in seawater (Wong and Brewer, 1977); [I037] is com-
pletely reduced to [I”] in anoxic environments (Rue et al., 1997).
[I037] is the only iodine species incorporated into carbonate (Lu
et al., 2010) by replacing [CO32~] (Feng and Redfern, 2018; Podder
et al,, 2017), thus lower foraminiferal I/Ca generally records more
0,-depleted conditions (Lu et al., 2016).

Modern BWO concentrations at low ranges (2-34 pmol/kg) cor-
relate with I/Ca in infaunal and epifaunal living foraminifera (Glock
et al,, 2014). To date, only one calcitic epifaunal species, Planulina
limbata, has been analyzed for its I/Ca in modern settings (Glock
et al., 2014), documenting impingement of an OMZ on the seafloor.
Cibicidoides spp. are more commonly used in paleoceanographic in-
vestigations, and thus I/Ca in cosmopolitan Cibicidoides species may
have great potential as a BWO proxy for comparison with proxy
data for other paleoenvironmental parameters. Cibicidoides wueller-
storfi and C. lobatulus are typically attached to objects projecting
0-2 cm above the sediment-water interface (Lutze and Thiel, 1989;
Rathburn and Corliss, 1994; Schweizer et al., 2009). Other Cibici-
doides spp. (e.g., C. mundulus, C. pachyderma) may live in the top
2 cm of the sediment, and can adapt from an epifaunal (bottom
water exposure) to a shallow infaunal (pore water exposure) habi-
tat (Wollenburg et al., 2018). Cibicidoides spp. are generally not
abundant in low O, waters (Jorissen et al., 2007), but C. wueller-
storfi has been observed living in settings with O <50 pmol/kg
(Rathburn et al., 2018; Venturelli et al., 2018).

Here we report a global Cibicidoides spp. I/Ca data set obtained
from living (i.e., Rose Bengal stained and live-picked) and un-
stained (i.e., living and dead) benthic foraminifera tests in core-top
sediments of Holocene-modern age. The intention is to character-
ize benthic I/Ca relative to modern BWO values. We combine I/Ca



W. Lu et al. / Earth and Planetary Science Letters 533 (2020) 116055 3

o°'w 0

Samples

O Live-collected

O Unstained core-tops
@ Cores

10, depth profiles
<& EEP
O Arabian

A NW Pacific
Vv E. Pacific off Peru

Ocean Data View

90°E 180"

m

Fig. 1. Core and sample locations (EEP: Eastern Equatorial Pacific).

with A8'3C and surface pore area values to explore how these
proxies may be combined to provide more reliable (semi-)quanti-
tative BWO estimates. We then estimate bottom water oxygenation
changes in glacial oceans from five down-core I/Ca records, and in-
tegrate these with an updated global compilation of independent
oxygenation proxies (A8'3C, aU, and C3; alkenones) to explore a
broader pattern of glacial BWO conditions. We do not strictly focus
on the LGM in the I/Ca records because the temporal resolution of
some records is relatively low, but focus instead on more broadly
defined glacial periods, i.e., Marine Isotope Stages (MIS) 2-4 and 6.

2. Materials and methods
2.1. Materials

For sampling locations of live-collected and unstained core-top
foraminifera and core sites, see Fig. 1 and Table S1. Foraminifera
were either collected alive onboard ship (living attached on the
hard surfaces such as rocks, worm tubes or artificial substrates,
and manually removed), or stained with Rose Bengal and deter-
mined to have been alive at the time of collection using conser-
vative assessments (Rathburn et al., 2018). The living foraminifera
were imaged using Scanning Electron Microscopy to determine the
areal percentage of pores in their tests (Rathburn et al., 2018), then
cleaned and dissolved to analyze the I/Ca of their tests.

Unstained foraminifera from core-top sediments contain both
living and dead foraminifera. Gravity or piston cores may lose
some seafloor surface sediments, and core-tops from such cores
are likely to contain a higher percentage of dead foraminifera
(Rathburn and Miao, 1995). Multicorer surface sediments are
more likely to include the living population along with dead
foraminifera. The living population represents conditions at the
time of collection, whereas the dead assemblage (and living plus
dead) may contain a different suite of species, including these
living at the location in the recent and more distant past, depend-
ing on bioturbation and taphonomic processes (Loubere and Gary,
1990). Radiocarbon and §'80 values of selected core-top samples
in this study reveal Holocene ages (Table S1).

2.2. Age models

We show five down-core I/Ca records: ODP Site 1242 (7.86°N,
83.61°W, 1400 m); ODP Site 849 (0.18°N, 110.50°W, 3800 m);
TC493 (71.15°S, 119.92°W, 2096 m); GeoB1720-2 (28.98°S,
13.83°E, 1997 m), and GeoB9532-9535 (8.90°N, 14.90°W, 319-
667 m) (Table S2). Age models for ODP Site 1242 and ODP Site
849 are after Hoogakker et al. (2018), core TC493 is after Lu et al.
(2016), core GeoB1720-2 is after Dickson et al. (2009); Lu et al.
(2019), and GeoB9532-9535 is after Huang et al. (2012).

2.3. Foraminiferal I/Ca analyses

Benthic foraminiferal I/Ca was measured following the method
for planktic foraminiferal I/Ca (Lu et al., 2016). For each sam-
ple, 3-15 specimens from >250 pm size fraction were used de-
pending on foraminifera availability. The foraminifera were gently
crushed between two clean glass plates to open the chambers,
then cleaned following the Mg/Ca protocol (Barker et al., 2003).
Crushed foraminiferal shells were ultra-sonicated in water to re-
move clays. NaOH-buffered H,0, was then added, and the sample
was kept in boiling water for 10-20 mins to remove organic mat-
ter. Reductive cleaning was not applied, as the effects of Mn oxide
coatings on I/Ca signal are minimal (Zhou et al., 2014). After thor-
ough rinsing, samples were dissolved in 3% HNOj3, then mixed
with a matrix containing internal standard and buffered by ter-
tiary amine. lodine and calcium concentrations were measured by
quadrupole ICP-MS (Bruker M90) at Syracuse University. Calibra-
tion standards were freshly made for each batch of samples. The
1 ppb iodine signal was tuned to >80 kcps. The reference material
JCp-1 was measured repeatedly to maintain long-term accuracy
(Lu et al, 2010). The standard deviation for each measurement
was usually lower than 1%. Replicates of selected C. wuellerstorfi
from core GeoB1720-2 show reproducibility ranging from +2%
(0.07 pmol/mol; 10) to £9% (0.23 pmol/mol; 1) for I/Ca (Ta-
ble S2).

2.4. 0, data

The O, data for sample sites of living foraminifera are in-situ
bottom water O data after Rathburn et al. (2018). They were de-
termined measuring high-resolution oxygen profiles from the over-
lying water into the sediment in multi-corer tubes taken at the
collection site, using amperometric oxygen microelectrodes, or an
oxygen sensor mounted on a CTD or submersible. For unstained
core-top samples, in-situ O, data are not available, and we used
0, data from the Electronic Atlas of the World Ocean Circulation
Experiment (http://www.ewoce.org/). For core-top samples located
in coastal areas in the Southeast Atlantic, we used O, data from
the nearest site from the World Ocean Database 2013 (https://
www.nodc.noaa.gov/OC5/W0OD13/) (Boyer et al., 2013) because of
the greater spatial variability in O, conditions in this region.

3. Results

I/Ca in shells of living and unstained foraminifera from core-
top sediments decreases with lower BWO, except for the mid-
dle O, range (50-200 pmol/kg) (Fig. 2). Furthermore, benthic I/Ca
does not appear to decrease gradually across the entire oxygena-
tion spectrum from oxic (BWO > 70 pmol/kg), hypoxic (BWO <
70 pmol/kg), suboxic (BWO < 10 pmol/kg) to anoxic (no O)
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Fig. 2. (A). Dissolved oxygen concentration ([O2]sw) versus dissolved iodate con-
centration in seawater ([I05 Jsw) (Cutter et al,, 2018; Farrenkopf and Luther, 2002;
Huang et al, 2005; Rue et al, 1997). (B). I/Ca in shells of living and unstained
benthic foraminifera from core-top sediments versus bottom water oxygen concen-
trations ([Oz Jpw). Error bars for y axis indicate the s.d. (1 s.d.) of duplicate measure-
ments. (C). Surface pore areas in foraminiferal tests versus ambient [O; ]pw modified
from Rathburn et al. (2018); A§'3C versus [02 Jpw modified from Hoogakker et al.
(2015), and two open symbols are from Hoogakker et al. (2018). The orange shad-
ing in A, B and C marks [02]<~50 pmol/kg. The dashed lines in B and C illustrate
the [/Ca or pore area cut-off values and related optimal O, thresholds determined
from the ROC method (for details see text). Thick dashed lines denote AUC > 0.95
(better ROC test results), and the thin dashed lines denote AUC < 0.95. (For inter-
pretation of the colors in the figure(s), the reader is referred to the web version of
this article.)

conditions. Instead, benthic I/Ca decreases rapidly below a BWO
threshold (e.g., <~50 pmol/kg). In general, low benthic I/Ca are
consistent with low BWO, but depending on the thresholds (defi-
nition of “low”), low BWO may not exclusively produce low benthic
[/Ca. Lower I/Ca values in the tests of C. wuellerstorfi correlate sig-
nificantly with greater surface pore percentages, a proxy for oxy-
genation (Rathburn et al.,, 2018), as measured on the same set of
specimens (R? = 0.83, p < 0.01) (Fig. 2B-C).

In our five cores from the Eastern Equatorial Pacific (EEP),
South Atlantic and Southern Oceans (Fig. 3 and 4, Table S2), low
I/Ca values are generally found in glacial samples than in mod-
ern/late Holocene samples. At ODP Site 1242 (EEP) and core sites
GeoB1720-2 and GeoB9532-9535 (Atlantic), the I/Ca values were
close to or less than 3 pmol/mol during parts of the last glacial pe-
riod. ODP Site 849 (EEP) shows I/Ca between 2.9 and 4.9 nmol/mol
throughout the last 150 ka, without pronounced trends. Core
TC493 from the Southern Ocean does not have enough Cibicidoides
spp. specimens in MIS 2 sediments for I/Ca analyses. Where speci-
mens could be found, the corresponding I/Ca values were relatively
higher than in the other studied cores. C. wuellerstorfi 1/Ca was
~6 pmol/mol during glacial MIS 6, increasing to ~12 pmol/mol
during interglacial MIS 5e, and C. lobatulus 1/Ca was ~10 nmol/mol
during MIS 6, increasing to ~18 pmol/mol during MIS 5e.

4. Discussion: proxy development
4.1. Epifaunal I/Ca as a semi-quantitative O, proxy

The results from living and unstained foraminifera from core-
top sediments confirm that low benthic I/Ca values indicate low
BWO (Fig. 2). Epifaunal I/Ca does not linearly correlate with BWO,
thus I/Ca cannot be calibrated as a quantitative proxy. However,
low I/Ca values in epifaunal benthic foraminifera may be used
to determine BWO above/below a threshold value as a semi-
quantitative proxy. Such a semi-quantitative proxy can be valu-
able for tuning ocean models at locations, where fully quantitative
proxies are not applicable (e.g., where Globobulimina spp. are ab-
sent).

We apply the statistical method “receiver operating character-
istic” (ROC) (Zou et al., 2007) to determine the O, threshold for
several cut-off values in I/Ca (see Fig. S1 for an example of the
statistical results). The statistical results show that lower I/Ca cut-
off values generally lead to lower O, threshold values (Fig. 2B).
A parameter called the area under curve (AUC) describes how well
the optimal O, threshold separates the two groups of high vs.
low I/Ca in these ROC tests. The O, threshold values producing a
high AUC (>0.95) and good separations are shown by thick dashed
lines (Fig. 2B). Similar ROC tests were performed on the surface
pore area data (Fig. 2C). These statistically optimal O, thresh-
olds are influenced by the choice of cut-off value and available
calibration dataset. For example, using only the living specimen
dataset (a smaller calibration dataset), the ROC analyses show a
slightly different optimal O, threshold for the same I/Ca cut-off
value. Adding more I/Ca and surface pore area data in the O,
< 50 pmol/kg window will very likely change the statistically-
determined O, threshold value.

These statistically-determined O threshold values must be
viewed with caution in the context of a multi-proxy approach (see
section 4.2): pore area percentages start to increase notably below
50 pmol/kg, and AS'3C has not yet been fully calibrated below
50 pmol/kg (Fig. 2C). Thus BWO of ~50 pmol/kg could be an im-
portant target for ocean biogeochemical models and carbon cycle
models. Proposing a lower O, threshold value may lead to over-
estimate the degree of deoxygenation in down-core studies. For
now, we propose that Cibicidoides spp. [/Ca < 3 pmol/mol in spec-
imens with high pore density (i.e., >15%) may be indicative of
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BWO < ~50 pmol/kg (Fig. 2). Future studies may more rigorously
define the O, threshold for both I/Ca and pore density.

The attempt to infer BWO from benthic I/Ca values in the low
0, range (<50 pumol/kg) currently remains empirical, with several
limitations. C. wuellerstorfi generally are not abundant at low BWO,
making it challenging to tightly constrain the threshold O, value
at which 105" in seawater is reduced and its associated I/Ca in cal-
cite drops (Fig. 2B). In the water column, the O, threshold values
and kinetics are not completely resolved for either iodate reduc-
tion or iodide oxidation (Chance et al., 2014). Paired profiles of
dissolved O, and [IO3~] in the water column at OMZ sites in the
EEP (Rue et al., 1997), Arabian Sea (Farrenkopf and Luther, 2002),
Northwest Pacific (Huang et al., 2005) and Eastern Pacific off Peru
(Cutter et al., 2018) demonstrate that rapid iodate reduction, with
a lifetime of ~50 nM per hour (Chance et al., 2014), occurs at
0, < 20 pmol/kg (Fig. 2A). Such studies are sparse, however, and
there are no controlled laboratory experiments in seawater con-
straining the O threshold of iodate reduction. Coupled seawater
chemistry (iodine speciation and BWO) and living specimen I/Ca
measurements at the same location may be required to precisely
quantify the relationship between epifaunal I/Ca and BWO.

Our set of live-collected and core-top samples was selected to
calibrate benthic I/Ca across a wide range of O, concentrations
(2-270 pmol/kg), but other environmental parameters (such as
temperature and water depths) are generally correlated with O,
in these samples, making it difficult to deconvolve the relations
between non-O; parameters and I/Ca. For example, we observe
a weak correlation between bottom water temperature and ben-
thic I/Ca in living C. wuellerstorfi (R?> = 0.14, p = 0.26), and a
slightly positive correlation in unstained C. wuellerstorfi (R? = 0.16,
p = 0.05). These correlations cannot be convincingly attributed to
a potential temperature effect, because temperature is significantly
correlated with BWO (R2 = 0.55, p < 0.01). Further core-top stud-
ies are required to test non-O; effects on I/Ca, under similar O;
conditions but under a broad range of temperature, salinity, water
depths, etc.

4.2. Downcore proxy comparison

Next, we compare two I/Ca down-core records with quantitative
BWO reconstructions from A8'3C on the same core or a nearby
core (Fig. 3). At ODP Site 1242 in the EEP, I/Ca values appear to be
consistent between the two species (C. wuellerstorfi and C. pachy-
derma), with values <3 pmol/mol (and thus <50 pmol/kg BWO)
throughout MIS 3 and MIS 2. The AS8!3C records suggest BWO
were ~50 pumol/kg during parts of MIS 3 and throughout MIS 2
(Hoogakker et al., 2018).

In the Southeast Atlantic at Site GeoB1720-2, the C. wueller-
storfi 1/Ca values show only a few values <3 pmol/mol during
late MIS 3 and the LGM. The A§'3C reconstructions at nearby site
GeoB3606-1 (25.47°S, 13.08°E, 1785 m) suggest that BWO values
were ~50 pmol/kg during late MIS 3 and the early and late phases
of MIS 2 (McKay et al., 2016). Higher resolution and improved age
models are necessary to better examine the temporal changes in
this region.

The epifaunal I/Ca proxy thus is generally (but not perfectly)
consistent with the AS813C proxy. The difference between I/Ca
(GeoB1720-2) and A8'3C (GeoB3606-1) in the South Atlantic may
be due to the relatively low temporal resolution of the records
and different locations at which these two proxies were measured.
At ODP Site 1242, values of 1/Ca and AS!3C disagree between
10 ka and 15 ka, disregarding whether BWO was above or below
50 pumol/kg (Fig. 3). This discrepancy could be caused by several
possibilities: There are still uncertainties in the behavior of A§13C
in the low BWO range (Fig. 2C) (Hoogakker et al., 2015). The best
preserved C. wuellerstorfi specimens were used for A§13C measure-
ments and the rest of the specimens was used for I/Ca, thus sample
heterogeneity amongst foraminifera from the same depth interval
in the sediment may also influence the comparison between these
two proxies. Alternatively, iodide oxidation kinetics could be slow,
with a lifetime ranging between ~4 nM per year and ~670 nM
per year (Chance et al, 2014), implying that waters could have
been re-oxygenated before the associated iodide was re-oxidized
to iodate. We cannot rule out the possibility that the low I/Ca val-
ues between 10-15 ka result from slow recovery of O, at some
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Fig. 4. Down-core records of benthic foraminiferal I/Ca plotted vs. time. Blue shaded areas indicate glacial periods and bold dashed orange lines indicate [02] < ~50 pmol/kg.

“upstream” location, instead of recording in-situ BWO at ODP Site
1242. The aU record at nearby site RC13-140 (2.87°N, 87.75°W,
2246 m) shows higher aU concentrations during the period from
10-15 ka than during the Holocene when opal flux was simi-
lar/slightly lower (Bradtmiller et al., 2010), suggesting the presence
of low BWO water masses from 10-15 ka, similar to the I/Ca trend
(Fig. 3).

During the Holocene, the A8'3C record at ODP Site 1242
shows that BWO first increased from ~80 pmol/kg at 10 ka to
a maximum of ~140 pmol/kg at 8 ka, and then decreased to
~80 pmol/kg at modern day. In contrast, the I/Ca values steadily
increased from ~3 pmol/mol at 10 ka to ~5 pmol/mol at present
day, and aU concentrations steadily decreased from ~3 ppm at
10 ka to 0 ppm at present day. Both I/Ca and aU records can
be interpreted qualitatively to reflect lower BWO during the early
Holocene compared to modern day; however we cannot infer any
reliable BWO values from I/Ca and aU records because C. wueller-

storfi 1/Ca values were >3 pmol/mol and aU peaks were absent
during the late Holocene. It is possible that BWO concentrations
at the EEP were fluctuating throughout the Holocene as shown
by the A8'3C record, but this variability cannot be inferred from
I/Ca or aU records due to the limitations of these two proxies. Al-
ternatively, the Holocene BWO reconstructions from A§'3C may
be impacted by the incorporation of isotopically light carbon into
Globobulimina spp. from anaerobic processes (Jacobel et al., 2020).

Epifaunal I/Ca thus can be a useful tool to place semi-quantitat-
ive constraints on paleo-BWO, combined with the A§3C, pore
density, organic compound preservation, and aU data. The I/Ca
proxy can be applied to regions, where epifaunal Cibicidoides spp.
are present, but where there are no deep infaunal species for
AS8'3C calculation. Epifaunal I/Ca and pore density can provide
confirmation of reconstructed A§'3C - BWO values. Given the
complications and limitations of each proxy, we suggest that a
multi-proxy approach is the best way forward, and low BWO con-
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ditions (<50 pmol/kg) may be reliably detected, if more than
one of the following are observed: low epifaunal I/Ca values (i.e.,
<~3 pmol/mol); low AS13C (i.e., <~0.8%¢); and high pore area
percentages (i.e., >~15%) (Fig. 2).

5. Discussion: global compilations
5.1. Updating the global compilation of glacial BWO

We next combine our I/Ca records with a compilation of A§13C
data (9 sites) and C37 alkenone data (7 sites) to show broad tem-
poral and spatial patterns in (semi-)quantitative BWO (Fig. 5, Ta-
ble S3). In addition, we update a global compilation of sediment
aU records (108 sites) (Table S3), from which we highlight sites
with coupled higher aU and lower/similar productivity, indicative
of lower BWO in the LGM than at present (Bradtmiller et al., 2010).
Differences in aU values at sites exposed to the same water mass
are likely caused by differences in diagenetic processes and/or sed-
imentation rates (Costa et al., 2018).

There are two key observations in this multi-proxy compilation
(Fig. 5): (i) The four proxies are generally consistent in space and
time, indicating that bottom waters experienced various degrees of
glacial-time deoxygenation. (ii) The areal extent of low O, waters
(< ~50 pmol/kg) was more extensive during the last glacial period
than today, at water depths >1500-2000 m in the Atlantic and
Pacific Oceans. ODP Site 849 (water depth 3800 m) in the EEP ex-
hibits relatively small variability in I/Ca (~3-5 pmol/mol) through-
out this low-resolution record. No aU peaks were found in down-
core samples at ODP Site 849 (Pichat et al., 2004), but this does
not exclude the possibility of deoxygenation because aU peaks can
be removed by subsequent reoxygenation combined with intense
bioturbation (Costa et al., 2018). The C37 alkenone records at four
intermediate to deep EEP sites (water depths 1.4-3.1 km) were in-
terpreted to indicate BWO below 50 pmol/kg during the last glacial
period (Anderson et al., 2019). Thus, low O, waters may have ex-
panded to as deep as 3.1 km in the EEP as recognized by the
(semi-)quantitative methods applied to date, but we do not yet
have reliable semi-quantitative information about the degree of
deoxygenation in the deepest EEP (>3.1 km). Previous global com-
pilations of qualitative BWO proxies have shown lower BWO during
the LGM in the deepest parts (3-5 km) of the Atlantic, North Pa-
cific, and Indian sector of the Southern Ocean from trace metal
records (Jaccard and Galbraith, 2012), but more research is needed
to quantitatively constrain glacial conditions in the deepest parts
(>4 km) of all oceans.

5.2. Drivers of deoxygenation in the glacial Atlantic vs. Pacific Oceans

The relative dominance of different drivers (ventilation, O, uti-
lization, the temperature-dependent O, solubility effect) was un-
likely to be identical across depths (shallow and deep circulation
cells) and ocean basins (Pacific vs. Atlantic), in determining the
spatial patterns in glacial-interglacial BWO changes (Fig. 5). Today,
the deep ocean is less oxygenated in the Pacific than in the South
Atlantic because of the significant aging of deep waters in the
Pacific Ocean (Broecker and Peng, 1982). Ocean circulation recon-
structions suggest stronger stratification and more sluggish deep
circulation during the LGM in the Atlantic (Ferrari et al., 2014;
Howe et al., 2016; Roberts et al., 2016), whereas arguments for
(Basak et al., 2018; Du et al., 2018) and against (Hu and Piotrowski,
2018) reduced ventilation in the glacial deep Pacific have been
made.

During the glacial, export production generally may have in-
creased in the South Atlantic (Kohfeld et al., 2005). In the Sub-
Antarctic Atlantic, north of the Antarctic Polar Front (APF), in-
creased dust flux during glacial times was associated with iron

fertilization and a strengthened biological pump (Martinez-Garcia
et al., 2014). On the other hand, export production decreased in
the glacial equatorial and North Pacific (Costa et al., 2018, 2016;
Kohfeld and Chase, 2011) (Fig. 5). In the equatorial Pacific, dust
deposition was greater during glacial periods, but whether it was
large enough to provide substantial iron fertilization remains con-
troversial (Costa et al, 2016; Loveley et al, 2017; Murray et al.,
2012; Winckler et al., 2016). In the Sub-Antarctic East Pacific and
just south of the APF, both dust deposition and export produc-
tion increased during glacials relative to interglacials (Lamy et al.,
2014).

This set of proxy records (Fig. 5C) covers the broadly defined
glacial period, when the drivers for changes in the Earth system
established for the LGM should largely apply. For glacial oceans,
these records (Fig. 5C) obviously do not yet resolve the extent of
low BWO (<50 pmol/kg) globally, but they do show potential to
generate a hypothesis for comparison with models of the glacial
ocean circulation and associated biogeochemical parameters. For
example, low BWO appeared more frequently in the intermediate-
deep parts of the Pacific (1.4-3 km) than in the upper-intermediate
depths in the Atlantic (<2 km). The glacial deoxygenation in the
deep circulation cells in both the South Atlantic and Pacific Oceans
(Fig. 5) likely was driven by ventilation changes or air-sea dis-
equilibrium (Eggleston and Galbraith, 2018; Ferrari et al.,, 2014;
Khatiwala et al., 2019; Rae et al, 2018; Stephens and Keeling,
2000). Global temperature change might have influenced whole-
ocean oxygenation more through reduced ventilation, than through
changes in O3 solubility due to cooling. In the glacial Pacific Ocean,
lower productivity and deoxygenation at intermediate-deep water
depths (1.4-3 km) suggests that ventilation changes may have had
a major impact on BWO. In contrast, the enhanced biological pump
in the Atlantic and possibly shallower deoxygenation (<2 km) sug-
gest that productivity might have played an important additional
role in driving glacial deoxygenation (Fig. 5C). Ventilation and pro-
ductivity thus might have differently affected deoxygenation in the
two ocean basins. More (semi-)quantitative records are required to
confirm this spatial pattern for modeling work to explore mech-
anistic explanations, such as changes in the westerlies, dust sup-
ply, changes in the remineralization depth/efficiency, the nature
of ecosystem communities, circulation rate/water mass extent, and
density structure of the ocean.

5.3. Implications for glacial ocean carbon storage

Glacial bottom water deoxygenation is commonly associated
with increased storage of respired carbon in the deep ocean (e.g.,
Anderson et al. (2019); Bradtmiller et al. (2010); Cartapanis et al.
(2016); Hoogakker et al. (2018); Hoogakker et al. (2015); Jacobel et
al. (2020)). COy is removed from the surface ocean by photosyn-
thesis, and oceanic O, is consumed through the respiration of fixed
organic carbon, with a C0O;,:0;, stoichiometry of 0.7 below 400 m
(Anderson and Sarmiento, 1994), although air-sea disequilibrium
could alter the relationship between dissolved oceanic O, and car-
bon storage (Ito and Follows, 2013; Khatiwala et al., 2019). The
respired carbon storage or respiratory CO, concentrations in the
glacial-time ocean were estimated on a regional scale by calculat-
ing the oxygen utilization (the difference between measured BWO
and the saturated dissolved O, concentrations of the water mass
at each salinity and potential temperature) and using approximate
Redfield ratios for Corg/O2 of 117/170 (e.g., Hoogakker et al., 2015;
2018; Anderson et al., 2019). In future work, more (semi-)quanti-
tative glacial BWO data with higher spatial coverage, especially in
the same water mass, will help improve such calculations on car-
bon storage globally and in each ocean basin.

Global analyses of modern seawater show that §'3C of dis-
solved inorganic carbon is significantly correlated with deep water
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0; (Hoogakker et al., 2016). Down-core records show similar pos-
itive relations between averaged 8'3Ccipicidoides and 1/Ca values or
A813C-derived O, estimates, supporting that bottom waters were
overall less-oxygenated and carbon storage was higher during the
LGM (Fig. 6). Our semi-quantitative BWO values thus agree with
other observations that the glacial ocean was less well-ventilated
and stored more respired carbon than the modern ocean, despite
lower global temperatures. Climate-driven changes in ocean ven-
tilation and biological productivity thus can outweigh the effect
of temperature-dependent O, solubility in determining past ocean
deoxygenation and may have played different roles in the glacial
Atlantic vs. Pacific Oceans.

6. Conclusions

We document the potential of epifaunal I/Ca as a promis-
ing semi-quantitative BWO proxy, and demonstrate that epifaunal
I/Ca combined with independent other proxies (e.g., A§3C and
pore area percentages) can provide more reliable reconstructions
of BWO in the world ocean than the use of a single proxy. The
global compilation of I/Ca, A§'3C and Cs; alkenone records indi-
cates that waters with O, < 50 pmol/kg were more extensive in
the Atlantic and Pacific Oceans during glacial periods than present
day, and that the driving mechanisms of glacial-time deoxygena-
tion may have differed between ocean basins. Our results support
a glacial ocean with generally less-oxygenated bottom waters at
water depths >1500-2000 m and increased carbon storage.
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