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Abstract

Oxygen is essential for marine ecosystems, and it is linked by respiration to carbon storage
in the deep ocean. Reconstructing oxygen concentrations in the past has been limited by the
absence of quantitative, rather than qualitative, proxies, but several new (semi-)
quantitative oxygen proxies have recently been developed. In this study we explore the
possibility of adding bulk sedimentary uranium (U) to this list by normalizing it to barium
(Ba). First, U/Ba and bottom water oxygen concentrations are compared on a global scale,
using a core top database, in pelagic environments greater than 200 m water depth. Then,
the relationships between U/Ba and bottom water oxygen are examined on smaller spatial
scales: within each ocean basin and regionally within the Eastern Equatorial Pacific, the
Arabian Sea, and Western Equatorial Atlantic. At this regional scale, where secondary
influences on the behavior of both U and Ba may be more spatially uniform, empirical
piecewise linear calibrations are developed and subsequently tested on downcore records.
U/Ba-based oxygen reconstructions generally agree with those derived from previously
published alkenone preservation and benthic foraminiferal surface porosity records. Several
limitations to the utility of U/Ba as a proxy for oxygen have also been identified. The proxy
should only be applied in the uppermost sedimentary intervals that contain porewater
sulfate to minimize barite diagenesis, and phosphorus contents should be monitored for the
potential influence of apatite on uranium content. U/Ba is more successful at recording
oxygen concentrations during mean glacial and interglacial periods than during climate
transitions, when the timing and amplitude may be more sensitive to burndown and
smoothing. Conservative errors on the calibrations result in the greatest utility of U/Ba in
regions with relatively high oxygen concentrations (e.g., >50 «mol/kg) and large oxygen
variability (+10s of «mol/kg). Even with these caveats, U/Ba is only one of two quantitative
oxygen proxies potentially capable of recording variability above 50 «mol/kg, and further
investigation into its functionality in different environmental settings is worthwhile in the
endeavor to reconstruct the full marine range of oxygen concentrations in the past.
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1. Introduction

Oxygen concentrations are a primary chemical characteristic of the ocean, responsible not
only for life in the deep but also for driving the biogeochemical cycles of C, N, P, Mn, Fe,
and many other trace elements. As the oceans take up anthropogenic COz, oxygen
concentrations are declining (Garcia et al., 1998; Stramma et al., 2008; Keeling et al., 2010)
in part due to decreased solubility in warming waters (Garcia et al., 1998; Matear and
Hirst, 2003), increased physical stratification (Palter and Trossman, 2018), and enhanced
biological respiration (Oschlies et al., 2008). This complex, multivariate system is difficult
to parameterize, and models generate disparate forecasts in terms of the sign, amplitude,
and trend of oxygen concentrations in the Common Era and into the future (Stramma et al.,
2012; Cabré et al., 2015; Fu et al., 2018). Constraining these parameters under past climate
conditions is critical for developing the mechanistic understanding which will allow for
more accurate predictions of how oxygen concentrations will change in the future.

Recently, the development of new, (semi-)quantitative oxygen paleo-proxies has refined our
understanding of the temporal and spatial evolution of oxygen dynamics in the ocean over
the glacial-interglacial cycles of the late Pleistocene (here defined as the last 500,000 years).
These proxies include: 1) the carbon isotope gradient (A3!3C) between epifaunal to shallow
infaunal (Cibicidoides spp.) and deep infaunal (Globobulimina spp.) benthic foraminifera
(McCorkle and Emerson, 1988; Hoogakker et al., 2015), 2) I/Ca in Cibicidoides spp. (Lu et
al., 2020; Lu et al., 2021), 3) sedimentary alkenone preservation (Prahl et al., 1993;
Rodrigo-Gamiz et al., 2016; Anderson et al., 2019; Jacobel et al., 2020), 4) surface porosity
of Cibicidoides spp. (Rathburn et al., 2018; Lu et al., 2021; Lu et al., 2022), and 5) benthic 79
foraminifera assemblages (Ohkushi et al., 2013; Tetard et al., 2017; Tetard et al., 2021;
Sharon and Belanger, 2022). For example, during the last glacial maximum (LGM, 18,000-
24,000 years ago, or 18-24 ka), it has been hypothesized that carbon sequestration in the
deep ocean led to lower glacial oxygen concentrations in deep waters (Boyle, 1990; Sigman
and Boyle, 2000; Sigman et al., 2010). Applications of the aforementioned five paleo-oxygen
proxies in the deep Pacific and Atlantic not only support this hypothesis qualitatively, but
the quantitative A3'3C and alkenone preservation proxies can also constrain the magnitude
of oxygen loss to 65-100 «mol/kg. This change in oxygen can be translated to a change in
deep ocean carbon storage of approximately 800 Pg carbon, using the stoichiometric
relationship between the concentrations of oxygen and carbon via bacterial respiration
(Anderson et al., 2019).

There are three main limitations to this new suite of quantitative proxies. First, none of the
proxies explicitly distinguish between porewater oxygen concentrations and bottom water
oxygen (BWO) concentrations. While oxygen concentration in porewaters are initially set by
bottom waters, they may become decoupled if high organic carbon fluxes generate intense
respiration in surficial sediments (<10 cm) that rapidly depletes oxygen concentrations in
porewaters. As a result, when low oxygen concentrations are indicated by a proxy, that
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signal may reflect lower BWO concentrations (e.g., by reduced water mass ventilation or a
change in water mass), lower pore water oxygen concentrations (e.g., by higher organic
carbon delivery to the sediment), or a combination of the two. While the potential effects of
organic carbon fluxes are often qualitatively monitored with independent proxies, this effect
is not specifically incorporated into the proxy quantifications. Second, four out of five
oxygen proxies (A813C, I/Ca, surface porosity, and benthic assemblages) require the
presence of specific foraminifera, namely Cibicidoides spp. While Cibicidoides spp. are
generally abundant in the Atlantic (Jorissen et al., 2007), they can be scarce in, for
example, regions with low export productivity (e.g., subtropical gyres, which comprise much
of the Pacific Ocean). Furthermore, for A33C, Cibicidoides wuellerstorfi and Globobulimina
affinis do not always coexist in the same sedimentary layers, which can result in
individually discontinuous and mutually incoincident 5!3C data. Finally, in regions (e.g., the
deep Pacific or Southern Ocean) and times (e.g., interglacial periods) when carbonate
preservation is poor, the absence of foraminifera precludes the application of these proxies.
The third major limitation is that four out of five proxies (alkenone preservation, I/Ca,
surface porosity, and benthic assemblages) are sensitive to changes only at the lowest
oxygen concentrations, generally less than 50 «mol/kg (e.g., Anderson et al., 2019; Lu et al.,
2021, 2022). Therefore, large changes in oxygen concentrations that do not cross this
threshold (e.g., from 250 «mol/kg to 150 «mol/kg) will not be recorded by these proxies.
Currently only A8!3C can be applied to locations with oxygen concentrations consistently
above 50 «mol/kg. However, at sites with both relatively high oxygen concentrations and
low abundances of the requisite foraminifera, none of the five available quantitative oxygen
proxies can be utilized.

In this study, we attempt, for the first time, to isolate the BWO signal in sedimentary
uranium content by normalizing it to a proxy for organic carbon fluxes to the sediment.
Uranium has previously been applied as a qualitative indicator of BWO variability in the
past (Calvert and Pedersen, 1993; Sarkar et al., 1993; Frank et al., 2000; Jaccard et al.,
2009; Martinez-Garcia et al., 2009), but converting uranium content to discrete BWO
concentrations has been difficult due to its complex sedimentary geochemistry (see Section
2.1). Because bulk sedimentary uranium can be measured even when benthic foraminifera
are rare or absent, its quantification could greatly expand the spatial and temporal
domains for reconstructing BWO concentrations in the past. Using a core top compilation
(Figure 1), we examine the relationships between uranium, BWO, and organic carbon
fluxes (parameterized using sedimentary barium content see Section 2.2). By normalizing
uranium to barium (U/Ba), this proxy has advantages over previous approaches because 1)
it accounts for dilution effects from variable sedimentation rates, 2) it is not dependent on
lithogenic ratios, and 3) it identifies changes in uranium contents in excess of what is
driven by organic carbon fluxes and so can be more confidently attributed to changes in
(specifically) BWO concentrations. The data are evaluated at three spatial scales: global,
ocean basin, and regional. Finally, we assess the proxy utility in three locations (the
Eastern Equatorial Pacific, the Arabian Sea, and the Western Equatorial Atlantic) by
applying the regionally-derived empirical relationships between U/Ba and BWO to
downcore records and comparing the results with previously published independent oxygen
reconstructions from A3!3C and benthic foraminifera surface porosity.

2. Background
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2.1 Uranium systematics

Uranium is soluble in oxygenated seawater, and its long residence time (400,000 yrs)
makes dissolved uranium concentrations quasi-conservative and scalable with salinity
(Owens et al., 2011). Oxidized uranium (U[VI]) complexes with carbonate ions,
predominantly in the uncharged form Ca2UQ2(CO3)s (Endrizzi and Rao, 2014). Within
oxygenated porewaters, dissolved uranium maintains seawater concentrations, but as
porewater oxygen concentrations are depleted by benthic respiration, soluble U(VI) reduces
to insoluble U(IV) and precipitates as solid authigenic UOz2 (Anderson, 1982; Anderson et
al., 1989; Morford and Emerson, 1999). Continued precipitation of uranium is supported by
a diffusive flux from seawater, a practically unlimited reservoir in unrestricted marine
systems, which can lead to substantial enrichments in uranium (1-10 «g/g, or ppm) relative
to biogenic particles (for example, 3-4 «g/kg (or ppb) in foraminifera (Russell et al., 2004)).
Thus, high uranium content has long been interpreted as a qualitative indicator of low
oxygen concentrations in the sediments.

Ideally, authigenic uranium content (i.e., uranium precipitated in situ in excess of uranium
from lithogenic particles) in surficial sediments could be directly converted to BWO
concentrations, but the theoretical framework of uranium is complicated by other
thermodynamic, kinetic, biological, and sedimentological processes. First, the baseline
oxygen concentration at which uranium reduction occurs is poorly constrained, with some
studies suggesting it co-occurs with iron reduction (Langmuir, 1978; Barnes and Cochran,
1990; Crusius et al., 1996; Zheng et al., 2002) while others suggest the lower redox potential
required for sulfate reduction (Klinkhammer and Palmer, 1991). Furthermore, uranium
reduction may occur even when conditions are thermodynamically unfavorable. In
laboratory experiments, adsorption onto mineral surfaces can facilitate abiotic uranium
reduction (Kochenov et al., 1977; Nakashima et al., 1984; Liger et al., 1999), and
dissimilatory iron-reducing and/or sulfate-reducing microorganisms (e.g., Clostridium sp.,
Desulfovibrio sp., Shewanella sp.) can catalyze uranium reduction as a byproduct of their
chemolithotropic growth (Lovley et al., 1991; Lovley and Phillips, 1992; Francis et al., 1994;
Ganesh et al., 1997; Sani et al., 2004, Lee et al., 2014). However, these experiments are
usually conducted under “standard” conditions (e.g., 1 atm, 25°C) that are not
representative of conditions on the seafloor (e.g. 300-400 atm, 1-4°C), and so their findings
may or may not be directly applicable to the marine systems of interest in this study.

The complex chemistry of uranium in porewaters and sediments can be demonstrated by
comparing theoretical profiles (e.g., Froelich et al., 1979) with observed profiles in an
example pelagic core, EN433-2 (36.15°N, 74.06°W, 2648 m water depth, 270 «mol/kg bottom
water oxygen) (Morford et al., 2009) (Figure 2). Theoretically, porewater oxygen decreases
with increasing depth in the sediment until oxygen concentrations reach zero. Anaerobic
respiration may then consume Mn, resulting in increasing porewater concentrations of the
soluble reduced species Mn(II) (Figure 2A). Solid phase Mn oxides peak above the sediment
horizon at which reduction commences (Figure 2B). Rather than a sharp boundary, solid
phase peaks tend to be broad as a result of bioturbation, which smooths sedimentary
records over a depth range of, e.g., 6-10 cm in the pelagic ocean (Berger and Johnson, 1978;
Cochran, 1985; Trauth, 2013). In contrast, the reduced species U(IV) is less soluble than the
oxidized species U(VI), and porewater uranium decreases (Figure 2A) and solid phase
uranium increases (Figure 2B) below the uranium reduction horizon.
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The observed porewater and solid phase profiles in EN433-2 (Figure 2C, 2D) demonstrate
some similarities and some important differences from theoretical expectations.

Where porewater oxygen concentrations reach zero (~4 cm), Mn reduction causes porewater
Mn concentrations to start increasing with depth (Figure 2C). Solid phase Mn peaks at ~3
cm, just above the sediment horizon where Mn reduction commences (Figure 2D).
Therefore, at this site, Mn behaves generally as expected from its theoretical predictions.
However, uranium does not. Porewater uranium concentrations decrease monotonically
from the sediment surface throughout the sediment profile (Figure 2C), even when oxygen
1s still present, and this decrease starts shallower than the increase of Mn. Porewater
uranium 1is still relatively high (~8 «mol/kg) when solid phase authigenic uranium content
reaches its maximum (~0.9 ppm, 6-9 cm). This mismatch between theoretical and observed
uranium behavior in sediments highlights the complications of using a purely
thermodynamic redox model, which indeed has been described as “not appropriate for most
sediments” (Burdige and Gieskes, 1983).

In addition, when considering sedimentary uranium across spatial gradients and/or over
time, sedimentological properties like sedimentation rate, lithogenic flux and composition,
and organic carbon fluxes can affect uranium content, complicating isolation of a purely
BWO signal. For the same BWO concentration and organic carbon flux, sedimentary
uranium contents may differ due to the dilution effects of variable sedimentation rates (i.e.,
high sedimentation rate sites would have lower uranium content than low sedimentation
sites). On the other hand, at open ocean sites with low sedimentation, especially less than 2
cm/kyr, continuous exposure to relatively high oxygen bottom waters via bioturbation can
cause authigenic uranium to reoxidize and diffuse out of the sediment (i.e., burndown),
leaving behind no archival record of its precipitation at all (Mangini et al., 2001; Jacobel et
al., 2017; Costa et al., 2018). The latter preservation bias is difficult to identify and even
more challenging to account or correct for, and the primary solution is to avoid interpreting
redox records from these low sedimentation sites (as demonstrated by Jacobel et al., 2020).

The dilution bias is generally amended by one of two approaches. First, linear mass
accumulation rates integrate authigenic uranium content across a depth horizon to
calculate the total authigenic uranium flux (aU flux) to the sediment. The main caveat to
this approach is that it requires a well-constrained chronology and bulk sediment density,
which may not be available. Alternatively, uranium content may be normalized to a
lithogenic element (LE, such as aluminum or titanium), with the assumption that dilution
will affect both elemental contents and thus cancel out. This ratio (U/LE) may be employed
as such, or it can be converted to an enrichment factor (EF) by normalizing the observed
U/LE (U/LEobs) to the assumed U/LE of the lithogenic material (U/LEith) (Usr = U/LEobs /
U/LEiin). The main caveat to this approach is that it relies on constraining the lithogenic
content and composition in order to isolate the fraction of uranium precipitated
authigenically. The composition of the lithogenic component of marine sediments (i.e.,
U/LEiith) varies on a regional scale as a function of the proximal crustal sources and
transport pathways, but it is not always straightforward to pinpoint the specific U/LEiith at
any one site. For this reason, it is likely that regional calibrations using uranium
enrichment may work more successfully than global ones.
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Finally, sedimentary uranium content, like all of the paleo-oxygen proxies, depends not just
on BWO but also on the flux of reductants to the sediment, primarily in the form of organic
carbon in the open ocean. Microbial respiration of organic matter lowers porewater oxygen
concentrations relative to BWO concentrations, such that uranium may precipitate even
though the overlying bottom waters are oxic. For example, uranium enrichment has been
observed in the Eastern Equatorial Pacific (Singh et al., 2011), the California Margin
(McManus et al., 1998), and the Bering Sea (Serno et al., 2014) at sites that all have BWO
concentrations >90 «mol/kg. In some settings, particularly on continental margins, high
organic carbon content (>2 wt% organic carbon, often >5 wt%) is the dominant control on
porewater oxygen, and thus uranium precipitation is primarily interpreted as a
productivity rather than oxygen signal (e.g., McManus et al., 2006). However, in the open
ocean, sedimentary organic carbon content is much lower than on continental margins (e.g.,
Hayes et al., 2021; Lee et al., 2019), and so BWO can have a substantial influence on
sedimentary uranium content.

In order to isolate the BWO signal, uranium content is normalized to a proxy for organic
carbon fluxes to the sediment. While sedimentary organic carbon content may be the most
intuitive normalization parameter, its relationship to export production from the photic
zone is strongly overprinted by microbial respiration in the water column and sediments,
such that in the open ocean generally less than 1% of the organic carbon exported from the
photic zone is actually preserved in the sediment record (Pilson, 2012). Preservation within
the water column is driven by microbial respiration, the extent of which will depend on the
type of organic matter (e.g., Lee et. al., 2004), sinking rate (e.g., Armstrong et al., 2001),
and mineral protection (e.g., Keil et al., 1994). Subsequently, in the sediment, organic
carbon preservation depends primarily on oxygen concentrations as well as processes that
affect exposure to oxygen like sedimentation rates and bioturbation (Canfield et al., 1994;
Arndt et al., 2013). For example, high sedimentation rates quickly bury organic carbon,
and, by limiting its exposure to high BWO concentrations, high organic carbon preservation
in the sediment is possible (Mueller & Suess 1979; Hartnett et al., 1998). Since organic
carbon preservation is itself dependent on oxygen concentrations, it would be circular to use
organic carbon content to normalize uranium. Instead, we utilize barium as an independent
proxy for organic carbon fluxes because, in the open ocean, its preservation is much less
sensitive to oxygen concentrations (as discussed in the next section).

2.2 Barium systematics

In the open ocean, dissolved barium concentrations have nutrient-like spatial patterns akin
to those of silica (Horner et al., 2015), with the highest concentrations (<150 «mol/kg) in the
deep Pacific (Carter et al., 2020; GEOTRACES Intermediate Data Product Group, 2021).
The solid phase of barium, barium sulfate (barite), is undersaturated in most of the ocean
(Church and Wolgemuth, 1972; Monnin et al., 1999), and its precipitation in seawater
should be thermodynamically unfavorable. Yet barite can be found throughout the water
column throughout the global ocean (e.g., Bishop, 1988; Dehairs et al., 1980). Barite
formation likely occurs in microenvironments within organic aggregates where facilitation
by heterotrophic bacteria can locally overcome the impediment of undersaturation (Bishop,
1988; Bertram and Cowen, 1997; Ganeshram et al., 2003; Gonzalez-Munoz et al., 2012;
Horner et al., 2015; Martinez-Ruiz et al., 2019; Carter et al., 2020), potentially by
increasing the barite saturation state as well as providing additional nucleation sites
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(Martinez-Ruiz et al., 2018). As the organic-rich particulates sink and disaggregate, barite
may remineralize as a result of exposure to ambient under-saturated waters. The fraction
of barite that is precipitated in the water column and survives to reach the seafloor ranges
from 0 to 30% as a function of both the organic matter flux and barite saturation state
(Dymond et al., 1992; Paytan and Kastner, 1996).

Once barite reaches the seafloor, it may be susceptible to further remineralization as a
result of redox processes within the sediment. Where oxygen concentrations are low and
organic carbon fluxes are high, porewater sulfate can act as an oxidant for anaerobic
respiration. Consequently, barite dissolves, the concentration of dissolved barium increases,
and dissolved barium may diffuse upward in the sediment column (Von Breymann et al.,
1992; Paytan and Kastner, 1996). If the depth of sulfate reduction is relatively shallow,
then the dissolved barium in porewaters may diffuse upwards, potentially to the sediment-
water interface, and the original deposition of barium as a function of export productivity
may be distorted or lost entirely. Alternatively, if the sediment horizon where sulfate
reduction occurs is relatively deep, then the dissolved barium may reprecipitate
diagenetically upon reaching shallower, sulfate-replete porewaters (Torres et al., 1996),
causing the barium enrichments to be shifted up-core. Redox-generated distortions in the
barium sedimentary record can be diagnosed via morphological identification of diagenetic
barite, evidence for anaerobic respiration, and/or the presence of sulfide species, such as
pyrite (FeSz). Constraining the depth in the sediment where preservation effects overprint
the export productivity signal is important in determining the utility of barium as a
normalization parameter for uranium.

The preservation of barium in the sediment is likely to vary from region to region and over
time. In locations where organic carbon fluxes are high and/or BWO concentrations are low,
sulfate reduction may occur at shallow depths in the sediment (e.g., less than 1 meter). For
example, in the Santa Barbara Basin, sulfate reduction commences within the top 5 cm of
the sediments resulting in sulfate depletion in porewaters at 100-150 cm below the
sediment-water interface (Kuwabara et al., 1999; Reimers et al., 1990; Reimers et al., 1996,
Raven et al., 2016), and the coincident high sedimentation rates (~150 cm/kyr; Thorton,
1984) limit the viability of the barium proxy to at most a few hundred years (or not at all).
On the other hand, porewater oxygen is present throughout the entire sediment column in
regions like the South Pacific Gyre (D’Hondt et al., 2009; D’Hondt et al., 2015), and slow
sedimentation rates (e.g., < lem/kyr) could potentially extend good barite preservation over
timescales of millions of years (in which case the utility of U/Ba would instead be limited by
the residence time of uranium). In the open ocean, BWO concentrations are typically high
enough (e.g., >100 «mol/kg) and organic carbon fluxes are typically low enough (e.g., <1
wt%) that sulfate reduction is likely to be minimal in sediments that correspond to the late
Pleistocene (Anderson et al., 2019; Singh et al., 2020). Despite this general observation, we
strongly advise that, where possible, porewater sulfate concentrations be measured (or
reconstructed) to ensure that barite preservation is maintained over the sediment depth
range over which U/Ba is to be applied.

Assuming negligible diagenesis, sedimentary barite contents can be interpreted to reflect
organic carbon fluxes. In practice, the mineral abundance of barite is often estimated by the
excess barium content (exBa or Baxs), i.e. the total barium minus the barium fraction
associated with lithogenic particles in the sediment. An empirical linear relationship has
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been proposed between barite (or excess barium) mass accumulation rates and organic
carbon fluxes (Dymond et al., 1992; Francois et al., 1995; Paytan et al., 1996). The
correlation is poor when a single function is assessed on a global scale (Schoepfer et al.,
2015; Hayes et al., 2021), but the relationship is greatly improved when spatial variability
in, for example, organic carbon to excess barium ratios (Corg/Baxs) and organic carbon
remineralization rates are taken under consideration (see discussion in Carter et al., 2020).
Stronger quantitative relationships between excess barium and organic carbon flux on the
regional scale are another potential reason why the development of U/Ba as a quantitative
proxy for BWO may work better in limited spatial settings. Consequently, in this study we
primarily investigate U/Ba on the smaller spatial scales of individual ocean basins (Pacific,
Atlantic, Indian, and Southern) and regions (Eastern Equatorial Pacific, Arabian Sea, and
Western Equatorial Atlantic).

3. Methods

3.1 Compilation of previously published data

This study leverages several previously published databases. Core tops, analyzed by Wang
et al. (2022), include the full spectrum of major and trace elements including U, Ba, and P.
The core top Ba database of Hayes et al. (2021) was cross-referenced with the U-Th
database of Costa et al. (2020) as well as the original publications in order to compile U, Ba,
and P where available (Dorta and Rona, 1971; Sarin et al., 1979; Calvert and Price, 1983;
Frank et al., 1995; McManus et al., 1998; Bonn et al., 1998; Ceccaroni et al., 1998; Weber, 1998;
Veeh et al., 1999; Murray et al., 2000; Sirocko et al., 2000; Veeh et al., 2000; Pfeifer et al., 2001;
Nameroff et al., 2002; Prakash Babu et al., 2002; Chase et al., 2003; Eagle et al., 2003; Neimann
and Geibert, 2003; Anderson and Winckler, 2005; McManus et al., 2005; Gonneea and Paytan,
2006; Shigemitsu et al., 2007; Bradtmiller et al., 2007; Anderson et al., 2009; Mills et al., 2010;
Singh et al., 2011; Anderson et al., 2014; Serno et al., 2014; Calvert et al., 2015; Costa et al., 364
2016; Hickey, 2016; Lippold et al., 2016; Loveley et al., 2017; Wang et al., 2022). Several
additional sites were included for which both U and Ba were available. Unfortunately, all
three elemental contents were not available at each site, with P being the most commonly
missing element. As this study focuses on open ocean sediments, sites from the continental
shelf (<200 m) were explicitly omitted. Modern BWO concentrations were extracted and
averaged (mean) from three data products: World Ocean Atlas 2018 (Garcia et al., 2019),
GLODAPv2 (Olsen et al., 2016), and WOCE (Gouretski and Koltermann, 2004), and thus
they may differ slightly from the BWO concentrations used in the original publications.

3.2 New data from Demerara Rise

Sediment cores from the Demerara Rise, in the western equatorial Atlantic (7-9°N, 53-
54°W, 383-3328 m water depth), were recovered in 2010 on the KNR197-3 cruise. BWO
concentrations for these sites were extracted from data products as described above.
Modern BWO concentrations are lowest at the shallowest depths (~120 pmol/kg at 400 m)
and then increase monotonically to ~260 pumol/kg by about 1750 m. Below 1750 m, BWO
concentrations remain relatively constant at ~260 pumol/kg. Coretop samples from 14 sites
comprise a total of 27 discrete measurements, in which two datapoints from the same site
are true independent replicates sampled from different multicore barrels.
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One downcore record covering the last 21 kyr was generated from KNR197-3-60GGC
(8.4°N, 52.97°W, 2550 m). The chronology for this core is based on radiocarbon dating and
benthic oxygen isotopes (Oppo et al., 2018).

Sediments were analyzed for uranium and barium content as well as isotopes of uranium
and thorium (for 2*°Th constant flux normalization) via complete acid digestion. Samples
(100 mg) and various reference materials (BIR-1, MESS-3, DTS-2B, SGR-1, NIST2702,
MAG-1, SDO-1, NIST2711, BHVO- 2) were spiked with 229Th and 236U for isotopic analysis.
Samples and reference materials were digested in perchloric, nitric, and hydrofluoric acids,
and subsequently the solution was split 1:10 for bulk elemental and isotopic analyses. The
isotopic aliquot was additionally processed with column chromatography (Fleisher and
Anderson, 2003). Isotopes for both uranium and thorium were measured on an Element 2
ICP-MS at Lamont-Doherty Earth Observatory of Columbia University. Because most of
these sites are too shallow to utilize thorium normalization (Costa et al., 2020), we do not
discuss the thorium data further. Based on replicates of the internal sediment standard
VIMS (Costa and McManus, 2017) average measurement precision was 3.3% for U and
5.1% for Ba.

The elemental aliquot was further diluted and then analyzed on a Thermo Scientific iCAP
7400 DUO at Brown University. Barium content was calibrated to the in-situ digested
standard reference materials.

We do not perform a lithogenic correction in this study due to poorly constrained spatial
variability in lithogenic source composition (Supplementary Text, Figure S1). By including
the lithogenic U and Ba, the U/Ba ratio will asymptotically approach a non-zero (implicit
lithogenic) value at high oxygen concentrations where the authigenic uranium content may
be negligible. At low oxygen concentrations, barium content would not go to zero even if all
of the authigenic barite were remineralized. An advantage of this approach is that it limits
the sensitivity of U/Ba to barite preservation at low oxygen conditions; i.e., uranium could
be added infinitely, but barium removal would be finite. Therefore, total (uncorrected) U/Ba
and oxygen could reasonably be made quantitative when applied to local and regional
spatial scales.

Benthic foraminifera oxygen and carbon isotopes for Globobulimina affinis and Cibicidoides
spp. were measured using a Finnegan MAT253 IRMS coupled to a Kiel Device at Woods
Hole Oceanographic Institution. Typical analyses contained 1-5 specimens of G. affinis and
3-6 specimens of Cibicidoides spp from > 212 um coarse fraction. Species availability of
Cibicidoides spp. in core tops was depth dependent, with C. pachyderma abundant at
shallow sites (less than 1500 m) and C. wuellerstorfi abundant at deeper sites (Oppo et al.,
2018). All data from the downcore site (KNR197-3-60GGC) are from C. wuellerstorfi. Data
were converted to Vienna Pee Dee Belemnite using NBS-19 standards analyzed in each
run. Average measurement precision (10), as determined by NBS-19 replicates, was +0.05%o
for 613C and +0.08%o for 6180.

3.3 Statistical approach

Local calibrations for the Eastern Equatorial Pacific, Arabian Sea, and Western Equatorial
Atlantic were created by regressing regional core top U/Ba onto modern BWO
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concentrations. An empirical relationship was defined using piecewise linear functions that
allowed for up to four linear segments using a published MATLAB shape modeling script
(D’Errico, 2022). The regression was run 1000 times, and for each iteration, the regression
was based on a random selection of 90% of the available U/Ba datapoints, in order to
minimize the sensitivity of the results to any one datapoint. When more than one linear
piece was utilized, the break point(s) between pieces were free-floating and determined
objectively by the shape modeling script for each iteration. The trend lines are the mean
and standard deviation of the 1000 iterations. After completing this process for 1 to 4 piece
linear functions, the final trend line was selected as the one that minimized the root mean
squared error (RMSE). An example of this process is demonstrated in Figure S2.

In this study, the Holocene is defined as 0-6 ka, and the last glacial maximum is defined as
18-24 ka. All reported statistical significance values were determined by a two-tailed
students ¢-test.

4. Results
4.1 New data from the Demerara Rise

New multicore top uranium contents range from 1.73-4.12 ppm and decrease monotonically
with water depth (p <0.001) (Figure 3, Supplementary Data 1). Multicore top barium
contents range from 337-508 ppm and have no statistically significant trend with depth (p =
0.81). Thus, decreasing U/Ba from the shallowest multicore (383 m, In(U/Ba) = -4.69 to -
4.58) to the deepest multicore (3328 m, In(U/Ba) = -5.46 to -5.25) is primarily driven by the
uranium signal. A significant water depth trend is also present in A3!3C, which increases
from the shallowest multicore with data (556 m, A813C = -1.12) to the deepest multicore
(3328 m, A313C = 2.83). The three A3!3C datapoints below 2000 m fall above the calibration
range for A3'3C (Hoogakker et al., 2015).

New downcore uranium contents in KNR197-3-60GGC range from 2.25-5.42 ppm and
decrease monotonically from the LGM to the core top (Figure 4). The difference between the
LGM mean value (5.17+0.24 ppm) and the Holocene mean value (2.13+0.23 ppm) is
statistically significant (p = 0.006). Downcore barium contents range from 311-564 ppm.
The maximum barium content occurred at 9.3 ka, which was shortly followed by the
minimum barium content at 6.6 ka. Glacial barium contents were fairly constant at 476-
498 ppm, but barium content increased through the late Holocene from 322 ppm at 4.3 ka
to 460-506 ppm in the multicore top. The variability in the late Holocene results in a
statistically insignificant (p = 0.30) difference between the LGM mean value and the
Holocene mean value. Downcore U/Ba values were high during the last glacial maximum
(In(U/Ba) = -4.54+0.03) (Figure 4C). The values decreased through the deglaciation from
16.5 ka to ~10 ka. The resolution in this interval is too low to confidently affiliate deviations
from a monotonic trend to particular millennial scale events. From ~10 ka to present, the
U/Ba values were fairly constant with a late Holocene mean of In(U/Ba) = -5.26+0.10. The
difference between the LGM mean value and the Holocene mean value is statistically
significant (p = 0.01).

Downcore A8'3C data from KNR197-3-60GGC are at much lower resolution than U/Ba due
to a paucity of coincident G. affinis and C. wuellerstorfi (Figure 4D). Minimum A8!3C values
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of 2.12+0.18%o occurred during the LGM, and from 8.8-17.6 ka, A3!3C values were fairly
constant at 2.22+0.04%o. The absence of G. affinis precluded generating any late Holocene
A813C values, but the corresponding multicore top A3'3C value is much higher (2.90 %) than
any of the A33C values from the LGM and deglaciation. Nearly all A53C values exceed the
calibration limit of the proxy.

4.2 Global data compilation

In the global coretop database, In(U/Ba) ranges from -8.60 to -0.42 (mean -5.66), and BWO
concentrations range from 0 to 269 «mol/kg (mean 147 «mol/kg) (Figure 5). The relationship
between U/Ba and BWO behaves as theoretically predicted, with a general trend towards
higher U/Ba as BWO concentrations decrease, but the correlation between U/Ba and BWO
on a global scale is poor (R2=0.14, p < 0.001). The highest U/Ba values (In(U/Ba) > -3) occur
in the Arabian Sea, the Namibian Margin, and the Indo-Pacific Warm Pool (IPWP). While
the Arabian Sea is consistent with the general U/Ba to BWO relationship, the Namibian
margin and Indo-Pacific Warm Pool are systematically anomalous, with U/Ba increasing at
relatively constant BWO concentrations.

In the Arabian Sea, high U/Ba occurs at sites (513-611 m) that have notably high
phosphorus contents (1.9-10.8 wt%, Supplementary Data 2). In this region, the high U/Ba
values are driven primarily by high uranium content (17.7-63.4 ppm) relative to the rest of
core top database (0.11-14 ppm, median 1.6 ppm) rather than low barium content. In the
Arabian Sea, the high uranium and high phosphorus content have been linked to abundant
fish debris (biogenic) and authigenic apatite (see Lu et al., 2022). Apatite (calcium
phosphate) can contain high uranium content (e.g., 30-110 ppm; Baturin and Kochenov,
2001; Kochenov and Baturin, 2002), and if apatite is abundant in the sediment, it may
inflate the bulk sedimentary uranium content above that which can be attributed to the
authigenic precipitation of uranium based on BWO concentrations. Indeed, in the Arabian
Sea, the uranium in apatite was found to contribute as much as 56% of the total uranium in
the sediment (Lu et al., 2022). We follow the methodology of Lu et al. (2022) to correct the
Arabian Sea data for the uranium contributed by apatite, as a function of the phosphorus
content in the sediment. The U/Ba of the high phosphorus samples (In(U/Ba) = -2.20 to -
0.49) decreased as a result of this correction (In(U/Ba) =-2.76 to -1.31).

For samples that did not report phosphorus contents, the apatite correction could not be
conducted, and instead In(U/Ba) > -2.20 was used as a cutoff to exclude samples with a high
probability of having uranium contents that are inflated by apatite. This screening
excluded an additional 4 sites from the Arabian Sea.

On the Namibian Margin, there is a strong linear positive relationship between U/Ba and
phosphorus (R?=0.71, p <0.001) and no correlation with BWO (R2=0.09, p =0.71). The high
U/Ba values occur at shallow sites (216-710 m) that have high phosphorus contents (0.1-9.4
wt%, Supplementary Data 2). Here, barium contents are anomalously low (52-692 ppm,
median 155 ppm) relative to the rest of core top database (70-7770 ppm, median 682 ppm)
in addition to the sites having high uranium (5.0-360 ppm, median 19 ppm). Unlike the
Arabian Sea, sedimentary phosphorus in this region is predominantly found as organic
phosphorous rather than in apatite (Kuster-Heins et al., 2010), and this phosphorus phase
is not associated with particularly high uranium content (Kochenov and Baturin, 2002).
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The high U/Ba values may be a function of sulfate reduction leading to barite
undersaturation and depressing barium content below what would be expected for this
highly productive upwelling region (Briichert et al., 2003). As a result, the U/Ba proxy is
not effective as a BWO proxy, and we exclude these data and do not discuss them further.

In the IPWP, elevated U/Ba values show no correlation with BWO (R2=0.31, p = 0.35) or
phosphorus (R2=0.40, p = 0.23). Uranium contents (3.3-8.7 ppm) are slightly elevated
above the rest of the database, but it is the exceptionally low barium contents (39-66 ppm,
median 42 ppm) that are primarily causing the high U/Ba values. As in the Namibian
margin, the IPWP likely experiences sulfate reduction that negates the utility of barium as
an export productivity proxy (Middelburg, 1991). As a result, U/Ba is not effective as a
BWO proxy in this region, and we exclude these data and do not discuss them further.

Adjusting for apatite-bound uranium and excluding the sites as described above, the global
correlation (log-linear) slightly improves for sedimentary U/Ba and BWO concentrations (R2
=0.25, p <0.001). The relationship between U/Ba and BWO improves substantially when
the data are separated into different ocean basins (Figure 5B-E). U/Ba and BWO are
strongly correlated (log-linear) in the Indian Ocean (n=80, R2=0.73, p < 0.001), the Pacific
Ocean (n=119, R2=0.56, p < 0.001), and the Atlantic Ocean (n=46, R2=0.63, p < 0.001). For
the Southern Ocean, the sites included in this study only cover a narrow range of BWO
concentrations, and thus the correlation between U/Ba and BWO is predictably negligible
(n=32, R2=0.01, p = 0.63).

5. Discussion

Qualitatively, U/Ba increases as a function of BWO concentrations, but the spread of the
data (particularly below In(U/Ba) = -5) precludes the quantitative use of the proxy on a
global scale. This limitation is not unexpected given the numerous regionally specific effects
on both uranium and barium, as discussed in Section 2. Zooming in on smaller spatial
scales should provide more robust and reasonably quantifiable relationships between U/Ba
and BWO concentrations as the regional factors become more uniform and/or better
constrained. In the next section, we explore the potential efficacy of U/Ba calibrations in
three regions (Eastern Equatorial Pacific, Arabian Sea, and Western Equatorial Atlantic)
where independent BWO reconstructions from other proxies are available for
intercomparison.

5.1 Test cases for regional U/Ba quantification of oxygen concentrations
5.1.1 Eastern Equatorial Pacific

First, we investigate U/Ba in the Eastern Equatorial Pacific (EEP) using data from ODP
Leg 202 Site 1240 (0.02 °N, -86.5°E, 2921 m; Figure 6A, yellow star), where Jacobel et al.
(2020) quantitatively reconstructed BWO concentrations over the past 150,000 years using
A813C (Figure 6C). This timespan corresponds to the upper ~17 meters of the sediment
column at this site, over which porewater sulfate concentrations are relatively stable
(Shipboard Scientific Party, 2003) and suggest minimal impact of sulfate reduction on
barium preservation.

12
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Past BWO concentrations were found to be significantly lower (p < 0.01) in glacial periods
than in interglacial periods (Figure 6E, F). For example, the LGM (115+2.9 «mol/kg) had
about 100 «mol/kg lower BWO concentrations than in the Holocene (215+9.8 «mol/kg). Low
glacial BWO concentrations were qualitatively corroborated with high alkenone contents
(Calvo et al., 2011) and high authigenic uranium contents (Jacobel et al., 2020) that were
independent from variability in export productivity. However, quantitative discrepancies
between Holocene (215+9.8 «mol/kg) and modern (121£4.7 «mol/kg) BWO concentrations
and between glacial A313C (115+2.9 «mol/kg) and glacial alkenone-based (<50 «mol/kg)
BWO concentrations suggest that the A8'3C proxy may be susceptible to a positive bias (i.e.,
BWO concentrations that are too high). This effect may arise as a result of anaerobic
processes that contribute additional negative 83C to G. affinis (McCorkle and Emerson,
1988; Pifia-Ochoa et al., 2010; Nomaki et al., 2015; Jacobel et al., 2020), such as functional
or facultative denitrification conducted by G. affinis itself. Holding C. wuellerstorfi 3'3C
constant, a more negative G. affinis 8!3C generates a more positive A3'3C that in turn yields
BWO concentrations that are too high. Empirically, better alignment with modern BWO
concentrations and with glacial alkenone-based BWO reconstructions at ODP Site 1240
could be obtained by shifting the A8'3C-based oxygen concentrations lower by 65-100
amol/kg (greater offset in interglacial periods). This inter-proxy inconsistency motivates
developing another quantitative proxy capable of recording variability in BWO
concentrations above 50 «cmol/kg.

To test the viability of U/Ba as a quantitative BWO proxy in this region, we subsampled the
Pacific dataset (Figure 5C) for only those core tops within the EEP (Figure 6A). The
regional calibration was generated as described in the methods (also see Figure S2) and is
comprised of three linear functions (Table 1) covering a BWO range from 16-142 «mol/kg
(In(U/Ba) = -4.17 to -8.60) (Figure 6B). The greatest sensitivity (highest slope) occurs
between 52-136 «cmol/kg, although this range is constrained by only a few datapoints. We
then applied this calibration to the previously published uranium and barium data of
Jacobel et al. (2020) (Figure 6D). The variability in downcore In(U/Ba) record at this site
spans a wide range (-5.24 to -7.17, Figure 6D), but all the data fall within the range of the
calibration. BWO concentrations comparable to modern values (121+4.7 «mol/kg) occurred
in interglacial periods like the Holocene (126+11 «mol/kg) and MIS 5 (110-120 ka, 100+6
amol/kg) (Figure 6E, F). BWO concentrations were significantly lower (p < 0.01) in glacial
periods like the LGM (52+7 «cmol/kg) and MIS 6 (135-145 ka, 49+9 «mol/kg).

The overall patterns of BWO variability reconstructed from U/Ba and A813C are remarkably
similar over the past two glacial-interglacial cycles. Both proxies indicate that BWO
concentrations were lower in glacial periods than in interglacial periods, by 100+10 «mol/kg
from A813C and 64+8 «cmol/kg from U/Ba. Absolute BWO concentrations derived from U/Ba
are almost always lower than those from A8'3C, but they align better with both modern
BWO concentrations and with the glacial alkenone-based BWO concentrations (<50
a«mol/kg). Considering the aforementioned hypothesis of Jacobel et al. (2020) that the A313C-
based BWO concentrations may be biased too high, it is possible that, in this region, U/Ba
provides more accurate quantification of BWO concentrations in the past.

On the other hand, A313C likely has the advantage over uranium-based proxies for

accurately recording the timing of transitions between different BWO mean states. At
0ODP1240, A8'3C indicates that relatively high BWO concentrations persisted from 125 to 60
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ka, then decreased to a minimum at ~22 ka, and subsequently increased into the Holocene.
U/Ba suggests that interglacial BWO concentrations started to decline at 94 ka, then
maintained low glacial concentrations from 60 to 12 ka, and subsequently rose abruptly
into the Holocene. This discrepancy in timing is likely driven by diagenetic remobilization
of uranium (i.e. burndown, see Section 2.1). At this site, the premature decline of U/Ba out
of the last interglacial period may be attributed to dissolution and downcore reprecipitation
of high glacial uranium contents, as demonstrated by Jacobel et al. (2020) in the Equatorial
Pacific. Consequently, the application of U/Ba may only be appropriate for capturing the
amplitude of BWO variability between mean states (e.g., the LGM vs. the Holocene) rather
than constraining the timing or amplitude of transitions.

We propose that the most robust reconstructions of BWO in the EEP can be obtained by the
combination of A8'3C and U/Ba. The BWO concentrations derived from A3!3C capture the
timing of transitions, while U/Ba may provide better constraints on the absolute BWO
concentrations. Furthermore, substantial discrepancies between the two proxies can
identify regions and time periods where A3!3C may be affected by anaerobic processes like
sulfate reduction or denitrification (by G. affinis or other denitrifiers). For example, at
0ODP1240, the inter-proxy offset appears larger in interglacial periods (A8'3C-based BWO
concentrations are higher than U/Ba-based BWO by ~100 ««mol/kg) than in glacial periods
(higher by ~60 «mol/kg). While it may be expected that anaerobic respiration would be
greater in glacial periods when absolute BWO concentrations were lower, this effect may
instead be more sensitive to organic carbon fluxes, which were higher in interglacial periods
than in glacial periods (Jacobel et al., 2020). There is certainly more work to be done to
better understand the intra-proxy mechanics and inter-proxy differences; both proxies
would benefit from larger and more robust calibration datasets. Yet, empirically, the utility
of U/Ba as a quantitative proxy for BWO appears promising in the EEP.

5.1.2 Arabian Sea

A multiproxy (benthic foraminiferal surface porosity, Ad13C, benthic I/Ca, aU)
reconstruction of BWO was generated by Lu et al. (2022) for the last 30,000 years at site
TN41-8PG/JPC (17.8°N, 57.5°E, 761 m) (Figure 7). This timespan corresponds to the upper
~130 cm of the sediment column at this site. At nearby ODP Leg 117 Site 727 (17.8°N,
57.6°E, 915 m), porewater sulfate concentrations decrease from 25 mmol/L (at 600 cm
sediment depth) to 1.6 mmol/L (at 3590 cm sediment depth) (Shipboard Scientific Party,
1979), but no data are provided shallower than 600 cm. Another nearby site, boxcore
NIOP484 (19.5°N, 58.43°W, 527 m), shows relatively constant porewater sulfate
concentrations over the ~30 cm length of the core (Schenau et al., 2001), and subsequent
studies on the barium content of the accompanying piston core found no evidence for
porewater sulfate depletion or barium diagenesis in sediments covering the past 30,000
years (~500 cm) (Reichart et al., 2002). Therefore, it seems reasonable to assume that barite
preservation at TN41-8PG/JPC is not affected either.

Lu et al. (2022) determined that benthic foraminiferal surface porosity was the most robust
paleo-BWO proxy in this region, and porosity-based BWO concentrations were found to be
significantly higher (p = 0.03) in the LGM (20+7.7 «mol/kg) than in the Holocene (7+4.7
amol/kg). A813C also captured a decline in BWO from the LGM to the Holocene, but it
suggested unrealistically high BWO concentrations (LGM 91+14 «mol/kg; Holocene 51+23
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amol/kg) that could be attributed to the positive bias on A313C, as observed in the EEP
(Section 5.1.1). The semi-quantitative benthic I/Ca and sedimentary aU corroborated that
BWO concentrations at this site have remained under the proposed threshold of 50 «mol/kg
over the past 30,000 years, but neither proxy was able to detect BWO variability below
those limits (Lu et al., 2022). Overall, low BWO concentrations (<30 «cmol/kg) that may
have decreased since the LGM would be consistent with (generally qualitative) evidence for
more ventilated oxygen minimum zones in the LGM relative to the Holocene in the Arabian
Sea (Altabet et al., 2002; Gaye et al., 2018) and globally (e.g., Erdem et al., 2020; Jaccard &
Galbraith, 2012; Tetard et al., 2017).

To test the viability of U/Ba as a quantitative BWO proxy in this region, we subsampled the
Indian Ocean dataset (Figure 5A) for only those core tops within the Arabian Sea (Figure
7A). The regional calibration was generated as described in the methods, with a three-piece
linear function (Table 1) providing the minimum RMSE. The calibration covers a BWO
range from 2.9-149 «mol/kg (In(U/Ba) = -1.31 to -7.67) and has the greatest sensitivity
between 32-122 «mol/kg (Figure 7B). The variability in the downcore In(U/Ba) record at this
site is small (-3.87 to -2.77, Figure 7D) and, unfortunately, within the lowest sensitivity
part of the calibration. The result is constant BWO concentrations of around 19 «mol/kg
over the past 30,000 years (Figure 7E). Due to the relatively large error (~13 «xmol/kg),
there is no significant difference at any time between U/Ba-based and modern BWO
concentrations (Holocene p = 0.19; LGM p = 0.16) or between U/Ba-based and porosity-
based BWO concentrations (Holocene p = 0.08; LGM p = 0.95). Unsurprisingly, the U/Ba
proxy could not register a significant (p = 0.58) difference between the LGM (21+7.6
«wmol/kg) and the Holocene (18+6.4 «mol/kg).

Like in the EEP, U/Ba seems to more reliably capture absolute BWO concentrations than
relative temporal trends. BWO concentrations persistently below 30 «mol/kg at this site
match the conclusions of Lu et al. (2022) based on aU. They interpreted aU as a
semiquantitative BWO proxy such that at their core site aU content greater than 3 ppm
reflected BWO concentrations below 30 cmol/kg. This threshold behavior is consistent with
the slope change to lower sensitivity at 30 «mol/kg in the regional Arabian Sea U/Ba
calibration, and it strongly suggests that U/Ba is not an effective quantitative proxy in
regions where BWO concentrations have likely remained below 30 «mol/kg in the past, such
as in oxygen minimum zones. Considering that there are existing quantitative (e.g.,
porosity, benthic foraminifera assemblages) and semi-quantitative (e.g., benthic I/Ca)
proxies that are more suitable for these low BWO concentrations, we propose that future
proxy development of U/Ba focuses primarily on regions, like the EEP, with high BWO
concentrations (e.g., >50 «cmol/kg) and large BWO variability (+10s of «mol/kg).

5.1.3 Western Equatorial Atlantic

Finally, we test new A8'3C and U/Ba from the deep Western Equatorial Atlantic (WEA) at
site KNR197-3-60GGC (8.4°N, 52.97°W, 2550 m) over the last 20,000 years. This timespan
corresponds to the upper ~50 cm of the sediment column at this site. Nearby core
GeoB4418-3 (9.26°N, 54.06°W, 2495m) has nearly constant sulfate concentrations over the
upper ~7 meters at 27.2+0.8 mmol/kg (Kasten, 2004), and so we expect that the barite
content at our site is well-preserved in the sediment.
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Modern BWO concentrations are 260 «mol/kg, which is above the calibration limit of A§!3C
(235 cmol/kg, A313C = 2.02 %o0; Hoogakker et al., 2015). Indeed, seven out of nine A313C
datapoints fall outside the calibration range (Figure 4D and 8). The two datapoints within
the calibration range may indicate that BWO concentrations were lower (200+12 «mol/kg)
than modern during the last glacial maximum (18.8-19.6 ka), but just 1 kyr earlier (19.6-
20.5 ka) BWO concentrations were still higher than 235 «mol/kg. Because the majority of
the A313C values are outside of the calibration, this proxy is ineffective for reconstructing
BWO concentrations. Without A8!3C, there are no previously established proxies that are
capable of operating at the high BWO concentrations in this region.

U/Ba could potentially address this issue. To test the viability of U/Ba as a quantitative
BWO proxy in this region, we subsampled the Atlantic Ocean dataset (Figure 5D) for only
those core tops within the WEA (Figure 8A). The regional calibration was generated as
described in the methods, and it is comprised of two linear functions (Table 1, Figure 8B)
covering a BWO range from 0-273 «mol/kg (In(U/Ba) = -2.47 to -5.50. The segment covering
the lowest BWO concentrations is defined by sites at sulfidic depths (i.e., BWO = 0) in the
Cariaco Basin, and so they should be evaluated with caution. The greatest sensitivity
occurs in the most constrained segment from 137-273 «mol/kg (In(U/Ba) = -4.85 to -5.5),
which is where most of the downcore In(U/Ba) values lie (-4.42 to -5.49, Figure 8D). While
the mean late Holocene value (224 + 6 «mol/kg) is significantly lower (p < 0.01) than the
modern BWO concentrations, the multicore top reconstructed BWO concentration (253 + 13
amol/kg) is statistically indistinguishable from the modern (p = 0.29). Regardless, BWO
concentrations in the LGM (84 + 5 «mol/kg) were significantly lower (p < 0.01) than both
the modern and the mean late Holocene (Figure 8E).

The offset in U/Ba and A8'3C in the WEA is consistent with the positive bias in A33C
observed in both the EEP and the Arabian Sea. In the EEP, A813C-based BWO
concentrations are 60-100 «mol/kg higher than those reconstructed by U/Ba, and in the
Arabian Sea, A313C-based BWO concentrations are greater by ~70 «cmol/kg than those
reconstructed by U/Ba and surface porosity. Shifting the WEA A83C-based BWO
concentrations down by similar offsets (60, 90, and 120 «mol/kg) better aligns the absolute
values of U/Ba and A313C BWO concentrations (as noted in previous sections, the absolute
values of mean U/Ba are more reliable than their relative trends). Interestingly, optimizing
the agreement between U/Ba and A3'3C in the LGM requires a large offset (~120 «mol/kg),
while no discrepancy is apparent in the Holocene. Temporally variable A8'3C offsets from
U/Ba were also observed at site ODP1240 in the EEP, and this concurrence may imply that
A813C 1s more sensitive than U/Ba to additional climate-related processes besides changes
in BWO concentrations. At the Demerara Rise, the greater offset between U/Ba and A3!3C
in the LGM relative to the Holocene corresponds with higher glacial organic carbon fluxes
(e.g., Figure 4B). More abundant organic matter would fuel respiration in the sediment and
potentially intensify the anaerobic processes like denitrification that lower the 813C of G.
affinis. As yet, the above exercise is only an empirical demonstration of the possibility, and
future work is required to investigate whether or not this offset is a real signal and whether
its magnitude may vary spatially or temporally.

6. Conclusions
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U/Ba has potential to operate regionally as a quantitative proxy for BWO concentrations in
the late Pleistocene (last 500,000 years). This new parameterization of uranium normalized
to barium has advantages over previous parameterizations, such as authigenic uranium or
uranium enrichment factors, by explicitly accounting for changes in organic carbon flux and
minimizing the effects of variable sedimentation rates. Although there is no singular global
relationship between U/Ba and BWO (Figure 5A), more robust relationships emerge when
the data are restricted to smaller spatial scales like ocean basins (Figure 5B-E) and even
smaller regional scales like the Eastern Equatorial Pacific (Figure 6B), the Arabian Sea
(Figure 7B), and the Western Equatorial Atlantic (Figure 8B). The test calibrations for each
of these regions are distinct and non-transferrable, and they should not be applied to sites
outside of the domain of the calibration. Future work in other areas will depend on the
development of well-constrained, regionally specific core top calibrations.

In the three test regions, the U/Ba proxy performed well at capturing absolute BWO
concentrations during mean climate states, like the Holocene and the Last Glacial
Maximum. In the Eastern Equatorial Pacific, it was demonstrated that U/Ba is less well
suited to capturing the timing of transient BWO variability due to potential remobilization
effects from uranium burndown. U/Ba aligned better than A3!3C with 1) modern BWO
concentrations and reconstructions from alkenone preservation (EEP) and 2)
reconstructions from benthic foraminifera surface porosity (Arabian Sea). In all three
regions the A313C-based BWO concentrations appear to be skewed high on the order of 60-
150 cmol/kg. This offset may indicate that denitrification by Globobulimina spp. and its
effects on A813C are not taken into consideration as often as they perhaps should. Future
proxy development of both U/Ba and A3!3C, as well as other paleo-oxygen proxies, will
continue to improve our ability to robustly reconstruct oxygen concentrations in the past.
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Table 1. Regional calibration functions of the form BWO=m+Am * In(U/Ba) + b+Ab.

Eastern Equatorial Pacific

Applicable In(U/Ba)

Piece # m Am b Ab
range

1 -8.60 to -7.06 -3.59 1.29 111.4 10.0

2 -7.06 to -5.46 -59.5 1.94 -276.4 12.2

3 -5.46 to -4.17 -24.9 2.72 -90.5 13.1

Arabian Sea

Piece # Applicable In(U/Ba) m Am b Ab
range

1 -7.67 to -6.26 -11.6 0.99 -58.0 6.93

2 -6.26 to -4.87 -76.1 1.04 -343.3 5.87

3 -4.87 to -1.31 -8.50 2.26 -9.27 10.4

Western Equatorial Atlantic

Piece # Applicable In(U/Ba) m Am b Ab
range

1 -5.50 to -4.12 -194.6 1.25 -800.5 6.06

2 -4.12 to -2.47 -1.63 1.04 4.02 3.53

26




1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267

Figure Captions

Figure 1. Map of coretop sediment locations. Data are colorcoded by ocean basin:

Indian (gray), Pacific (blue), Atlantic (red), and Southern (green). The northern boundary of
the Southern Ocean (dashed line) is defined by the subtropical front (Orsi et al., 1995). New
data from the Demerara Rise in the Western Equatorial Atlantic are shown as yellow stars.

Figure 2. Theoretical vs. observed profiles of trace metal concentrations in
porewaters and authigenic phases. Theoretical predictions for the relationship between
oxygen, manganese, and uranium in porewaters (panel A) and authigenic solid phases
(panel B), after (Froelich et al., 1979). Observed profiles (C, D) are shown for example
pelagic core EN433-2 (36.15°N, 74.06°W, 2648 m water depth, 270 «mol/kg bottom water
oxygen) (Morford et al., 2009). Authigenic uranium and manganese contents were
calculated by subtracting from the total content a lithogenic component constrained with
aluminum and average upper continental crust composition. (Taylor & McClennan, 1995).
While observed Mn concentrations in both the porewaters and the authigenic phases
(primarily Mn oxides) correspond fairly well with theoretical expectations, the uranium
profiles diverge as a result of non-thermodynamic effects as discussed in Section 2.1.

Figure 3. New multicore top U, Ba, and A8'3C data from the Demerara Rise in the
Western Equatorial Atlantic. A) Modern bottom water oxygen concentrations, extracted
from global data products as described in Section 3. Dashed gray line indicates the depth of
the downcore records shown in Figure 4. B) Total uranium content of core top samples. C)
Total barium content of core top samples. D) The ratio of U/Ba shown in natural log space.
E) A8'3C in core top samples. Availability of the requisite foraminifera for this proxy limited
the number of core tops for which data could be generated. Datapoints that fall within the
gray hatched region exceed the upper limit of the A3'3C calibration (Hoogakker et al., 2015).

Figure 4. New downcore U, Ba, and A813C data from the Demerara Rise in the
Western Equatorial Atlantic. All data are from KNR197-3-60GGC (8.4°N, 52.97°W, 2550
m) except for the zero age datapoints, which are from the corresponding multicore KNR197-
3-37MC. A) Total uranium content. B) Total barium content. C) The ratio of U/Ba shown in
natural log space. D) A3!%C in the few downcore samples for which the requisite
foraminifera for this proxy were available. The majority of the data exceed the upper limit
of the A3'3C calibration (Hoogakker et al., 2015) (grey hatched region).

Figure 5. Relationship between U/Ba and oxygen on global and ocean basin scale.
Symbols are as in Figure 1. New data from the Demerara Rise are shown as yellow stars.
Note that x-axes are natural log while y-axes are linear. U/Ba generally increases as oxygen
concentrations decrease. Two regions systematically fall off this trend: the Namibian
Margin (maroon circles) and the Indo-Pacific Warm Pool (blue circles), where relatively
high In(U/Ba) values correspond to oxygen concentrations between 100 and 200 «mol/kg.
Panels B-E show ocean basin scale relationships between U/Ba and oxygen (see text for
details). The Namibian Margin and Indo-Pacific Warm Pool have been excluded from the
Atlantic and Pacific, respectively.

Figure 6. Eastern Equatorial Pacific calibration test data. (A) Map showing the
coretop sites used in the regional calibration (Loveley et al., 2017; Wang et al., 2022; Weber,
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1998). Yellow star is the location of the downcore record from ODP Site 1240 (0.02 °N, -
86.5°E, 2921 m). (B) The calibration is comprised of three linear functions (Table 1). (C)
Raw A813C data from ODP Site 1240. Datapoints that fall within the gray hatched region
exceed the limits of the A3'3C calibration (Hoogakker et al., 2015). (D) Raw U/Ba data from
ODP Site 1240. All datapoints fall within the range of the calibration shown in panel B. (E)
Calibrated A5!3C (yellow diamonds) and U/Ba (pink circles). Shaded regions show 1o error.
Data that fell outside the calibration for A8!3C were set to the maximum calibration limit
(open diamonds). Gray line shows the modern bottom water oxygen concentration at ODP
Site 1240. Blue box indicates the alkenone-based glacial oxygen concentrations of < 50
amol/kg proposed by Anderson et. al. (2019). (F) Same as panel E, except that the two
proxies are shown on independent y-axes to highlight the similar trends despite different
absolute values. All downcore records have been previously published by Jacobel et al.
(2020).

Figure 7. Arabian Sea calibration test data. (A) Map showing the coretop sites used in
the regional calibration (Lu et al., 2022; McManus et al., 1998; Prakash Babu et al., 2002;
Sirocko et al., 2000). Yellow star is the location of the downcore record from TN41-8PG/JPC
(17.8°N, 57.5°E, 761 m). (B) The calibration is comprised of three linear functions (Table 1).
(C) Raw surface porosity record from TN41-8PG/JPC. Datapoints that fall within the gray
hatched region exceed the limits of the surface porosity calibration (Lu et al., 2022). (D)
Raw U/Ba data from TN41-8PG/JPC. (E) Calibrated surface porosity (blue squares) and
U/Ba (pink circles). Yellow diamonds show A3!3C for comparison, in which the right yellow
y-axis provides the raw (uncalibrated) values and the left black y-axis provides the
calibrated oxygen concentrations. Shaded regions show 1o error. Data that fell outside the
calibration for A813C were set to the maximum calibration limit (open symbols). Gray line
shows the modern bottom water oxygen concentration at TN41-8PG/JPC. All downcore
records are from Lu et al. (2022)

Figure 8. Western Equatorial Atlantic calibration test data. (A) Map showing the
coretop sites used in the regional calibration. Small yellow stars are new multicore data
from this study, and the large yellow star is the location of the downcore record from
KNR197-3-60GGC (8.4°N, 52.97°W, 2550 m). Pink circle is GeoB1515 (Pfeifer et al., 2001).
Pink diamonds are from the Cariaco Basin (Calvert et al., 2015; Dorta & Rona, 1971). (B)
The calibration is comprised of two linear functions (Table 1). (C) Raw A8'3C data from
KNR197-3-60GGC. Datapoints that fall within the gray hatched region exceed the limits of
the A313C calibration (Hoogakker et al., 2015). The zero age datapoint is from the
corresponding multicore KNR197-3-37MC. (D) Raw U/Ba data from KNR197-3-60GGC. (E)
Calibrated A8'3C (yellow diamonds) and U/Ba (pink circles). Shaded regions show 10 error.
Data that fell outside the calibration for A3!3C were set to the maximum calibration limit
(open diamonds). Gray line shows the modern bottom water oxygen concentration at
KNR197-3-60GGC. (F) Hypothetical A8'3C-based oxygen reconstructions if the record were
adjusted downwards by 60, 90, or 120 «mol/kg. U/Ba-based oxygen reconstructions (as in
panel E) are only shown for the LGM (18-21 ka) and late Holocene (0-6 ka).
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