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ABSTRACT

Ventilation of carbon stored in the deep ocean is thought to play an important
role in atmospheric CO> increases associated with the Pleistocene deglaciations. The
presence of this respired carbon has been recorded by an array of palaeoceanographic
proxies in broad swaths of the global ocean, including the Eastern Equatorial Pacific
(EEP). Today, the Eastern Equatorial Pacific is a significant source of CO to the
atmosphere and accounts for a significant proportion of global export productivity. Here
we present a new, 180,000-year sediment core from the EEP and reconstruct 2*°Th
derived fluxes of 2%2Th and barium, along with redox-sensitive uranium concentrations
to examine past variations in Fe-bearing dust delivery, export productivity, and bottom-
water oxygenation, respectively. We compare these to similar records from the equator
in order to infer changes in local atmospheric circulation and bottom-water oxygenation
over the past 95,000 years. We then discuss these EEP uranium records in the context of
similar, global records, highlighting the importance of the deep EEP and Southern Ocean

in deep-ocean respired carbon storage.
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1. INTRODUCTION

The dominant signal in global climate over the last 800,000 years is the 100-kyr
co-varying temperature and carbon dioxide variations observed in the EPICA Antarctica
ice core (Bereiter et al., 2012). The temperature variations are likely modulated by the
100-kyr eccentricity signal, and amplified by climate feedbacks which involve
atmospheric CO,. The cause of atmospheric CO> variability over late Pleistocene
glacial-interglacial cycles is still debated, with a variety of explanations from changes in
ocean stratification and ventilation, efficiency of the biological pump and nutrient
availability, and carbonate compensation depth (Jaccard et al., 2016; Anderson et al.,
2009; Toggweiler, 1999; Lamy et al., 2014; Jaccard et al., 2009; Mekik et al. 2012). One
popular hypothesis is that there is an increased storage of respired carbon in the deep
ocean during glacial maxima. This respired pool of carbon is isolated from interaction
with the atmosphere (Broecker, 1982; Bradtmiller et al., 2010; Anderson et al., 2009).
Significant ventilation of this pool of respired carbon is thought to occur in the Southern
Ocean and is coincident with upwelling there during the deglaciation, and on millennial
timescales during the last glaciation (Jaccard et al., 2016; Anderson et al., 2009).

Like the Southern Ocean, the eastern equatorial Pacific Ocean (EEP) plays an
important role in the global carbon cycle. Today, although the EEP is the major source
of oceanic CO» outgassed to the atmosphere (Takahashi et al., 2009), approximately 5-
10% of annual global export production occurs there (Field et al., 1998). Thus, although

the EEP is a net CO> source to the atmosphere today, it could easily have been a CO-



sink in the past, for example, if sequestering of CO- by the biological pump were more
efficient.

Here we present proxy data of bottom water oxygenation (authigenic U, see
Methodology), biological productivity (>3°Th-derived excess Ba (xsBa) flux, see
Methodology), and dust (Z°Th-derived 232Th flux, see Methodology) flux from a high-
sedimentation-rate core from the Panama Basin of the EEP (MVV1014-8JC, 6° /4.0’ N,
86° 02.6° W, 1993 m water depth). Our record spans the past 180 kyr beginning in the
penultimate glacial period (marine oxygen isotope stage, MIS 6) at sub-millennial
resolution. Core MVV1014-8JC (8JC) was collected on the Cocos Ridge in the Panama
Basin. We constructed an age model using (a) radiocarbon measurements of the
foraminiferal species, N. dutertrei, (b) identification of the Los Chocoyos ash at 311 cm
in the core (well dated at 84 kyr; Rose et al., 1999), and (c) tying the 8]JC [1*80 record
(N. dutertrei) to the LRO4 global oxygen isotope record (Lisiecki and Raymo, 2004)
using the software Analyseries (Paillard et al., 1996). The sedimentation rate at site 8JC
varies from 1.3 to 6.8 cm/kyr, giving an age resolution of ~300-900 yrs during MIS 1-4
and ~750-2000 yrs during MIS 5 and 6 for our sampling resolution of 2 cm.

Through these records of dust flux (>32Th), biological productivity (xsBa) and
bottom water oxygenation (aU), we aim to better understand how reduced Fe limitation
via increased dust deposition might have increased export production in the glacial EEP
both within (MV1014-17JC; Loveley et al., 2017), and to the north of (8JC), the Pacific
cold tongue. Furthermore, we examine the relationship between an export production
proxy, xsBa, and a redox-sensitive proxy, aU, in an effort to unravel the relative

contributions of organic matter flux and bottom water oxygen concentrations to pore



water redox conditions. We conclude that our two aU records may be reflecting the
extent and reach of a deep-ocean respired carbon pool in the EEP and its relationship to

variations in atmospheric CO. during the past 180 kyr.



2. RESULTS AND DISCUSSION

2.1. Dust Fluxes in the EEP and ITCZ Significance

Increased pulses of dust during the deglaciation and northern hemisphere
Heinrich Stadial (HS) events suggest a link between changes in atmospheric circulation
in the EEP and changes in Atlantic Meridional Overturning Circulation (AMOC)
(Loveley et al., 2017). An AMOC slowdown (McManus et al., 2004, Kienast et al.,
2006) during the deglaciation and the HS1 event is coincident with the shifting of wind

belts, specifically the Intertropical Convergence Zone (ITCZ) and the westerlies of both
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Figure 2-1

Global ApCO:> flux and study core locations. Map created in Ocean Data View using
ApCO; flux data from Takahashi et al. (2009). Core locations for authigenic uranium
records compared in this study are denoted on the map as follows: Subarctic North
Pacific site ODP 882 (Hexagon), Eastern Equatorial Pacific sites MVV1014-8JC (Star)
and MV1014-17JC (Circle) and Southern Ocean sites TN057-13/14PC (Square).

hemispheres (Peterson et al., 2000). At site 8JC in the EEP (Figure 2-1, star), there are
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significant increases in 2°Th-derived 2*2Th fluxes (dust flux proxy) during deglacial
terminations (near the ends of Marine Oxygen Isotope Stages (MIS), 2 and 6) and
associated HS events (HS1 and HS11; Figure 2-2 C). Notably, two to three-fold
increases in 22°Th-derived 2*2Th fluxes from “baseline” interglacial values of ~1.3 pg
cm? kyr? at HS1 (~15kya, end MIS 2) and HS11 (~129-136 kya, end MIS 6) indicate a
link between periods of deglaciation and increased northern hemisphere dust supplied to
the EEP. In addition, beyond the effects of bioturbation of the Los Chocoyos ash, at
about 60 kyr towards the end of MIS 4 and near HSG6, there is a similar 2-fold increase in
230Th-derived 2%2Th flux above “ambient” values. The duration of these “peaks” in
230Th-derived 22Th flux (=5 kyr) is of significant value for climate modeling, as they
demonstrate and agree with other studies that show that the tropical Pacific records peak
glacial conditions and a dustier atmosphere within short pulses at the end of glacial
periods (Winckler et al., 2008; Anderson et al., 2006; McGee et al, 2016; Costa et al.,
2016; Jacobel et al., 2016; Loveley et al., 2017).

The lack of significant variability in 2°Th-derived 232Th flux at site 8JC outside
of glacial terminations (i.e., Terminations | and 11; HS1 and HS11) and at the end of MIS
4 (HS6) can be compared to the variability observed at the more southern site MVV1014-
17JC (17JC) (Loveley et al., 2017). Site 17JC is located just north of the Carnegie Ridge
at 00°10.83” S, 85°52.00°W and 2846 m water depth (Figure 2-1, circle), and has
“baseline” 23°Th-derived 232Th fluxes that are similar to those observed at site 8JC (i.e.,

~1.3 ug cm kyr1). However, the variability of the 23°Th-derived 2%2Th flux changes is



Figure 2-2

Ages for MIS stage boundaries and Terminations | and 11 from Lisiecki and Raymo,
2004 (See Methods, Supplementary Figure 2-3). Seven radiocarbon ages and
uncertainties plotted in red at base of figure (See Methods). a, 5'80 record from N.
dutertrei as %VSMOW (dark blue line). b, 2°Th-normalized *2Th flux, a proxy for dust
flux (green circles). Green solid line connecting data represents a three-point running
mean. ¢, 2Th-normalized xsBa flux, a proxy for export production (purple circles).
Purple solid line connecting data represents a three-point running mean. d, Authigenic
uranium, a proxy for bottom-water oxygenation (teal circles). Teal solid line connecting
the data represents a three-point running mean.
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greater at 17JC. Specifically, sediments from 17JC record significant 2°Th-derived
232Th flux variability concurrent with the timing of several HS events (i.e.,

HS1, 2, 4,5, 6, 7and 9, Loveley et al., 2017). The disparity in 2°Th-derived 22Th flux
variability between our northern site (8JC) and the equatorial site (17JC) is likely related
to the position of the ITCZ. At ~6° N, site 8JC, at a position that is close to that of the
modern day ITCZ (~7° N; Donahoe et al., 2013), probably receives a supply of
predominantly northern hemispheric dust. Therefore, the substantial increases in 2°Th-
derived 2**Th flux recorded at site 8JC at the terminations and at the end of MIS 4 are
simply the result of a dustier Northern Hemisphere at the end of glacial stages and are
likely unrelated to shifts in the position of the ITCZ. On the other hand, Loveley et al.
(2017), whose record spanned the last 90 kyr and did not reach the penultimate
termination, hypothesized that 2°Th-derived 2%2Th flux increases coincident with several
HS events likely were associated with shifts in the ITCZ, such that the ITCZ was
centered on or south of the equator during each HS event. Their reasoning was based on
the similar ITCZ shifts hypothesized to explain records near or on the South American
continent. Specifically, Cariaco Basin sediments (Peterson et al., 2000) record a drier
climate during HS events when the ITCZ was displaced further south, while further
south in Peru (Kanner et al., 2012) and Brazil (Wang et al., 2004), climate was wetter
during HS events, again suggesting a significant southward displacement of the ITCZ.
That the 8JC 2%°Th-derived 22Th flux record does not show the significant millennial
variability (i.e., HS events) observed in the 17JC record is further support for the idea
that millennial increases in 22°Th-derived 232Th flux at 17JC can be explained, in part, by

a southward shift in the position of the ITCZ. While the 22°Th-derived 232Th flux record



at 8JC is almost entirely influenced only by the changing dustiness of the northern
hemisphere atmosphere at the terminations and at the end of MIS 4, the 2Th-derived
232Th flux record at 17JC, is additionally influenced by millennial southward shifts in the

ITCZ consistent with timing of northern hemisphere HS events.

2.2. The xsBa Productivity Proxy in the Eastern Equatorial Pacific

Barium enrichment in ocean sediments occurs at several locations that underlie
productive surface waters in the modern ocean (Dymond et al., 1992). Since barite
(BaSO4) constitutes most biogenically-produced barium in the ocean, fluxes of barite in
marine environments have been widely used as a proxy to reconstruct paleoproductivity
(Dymond et al., 1992; Francois et al., 1995; Paytan et al., 1996; Paytan and Griffith,
2007; Griffith and Paytan., 2012; Liguori et al., 2016). Excess Ba (xsBa) concentrations,
that portion of the total barium sedimentary signal that is produced authigenically (i.e.,
barite precipitation), can be estimated by subtracting the aluminosilicate Ba delivered
from the continent from the total sedimentary Ba (e.g., Loveley et al., 2017, Francois et
al., 1995; Schroeder et al., 1997; Jacquet et al., 2005; Stern et al., 2017). This
paleoproductivity proxy is sensitive to changing pore water redox conditions, such that
sulfate-reducing conditions can lead to the remineralization of previously deposited
barite and subsequent release of barium into sediment pore waters (Torres et al., 1996;
van Os et al.,1991; McManus et al., 1998).

At site 8JC in the EEP, the 2°Th-derived xsBa flux has an average value of ~2
g cm? kyrt and a low variability (~1.2-2.8 pg cm kyr?, Figure 2-2 B). Importantly,

this site, which is north of the high productivity zone associated with the Pacific cold



tongue, has an average 2°Th-derived xsBa flux approximately half that of site 17JC
(average of ~ 4 ug cm kyr), which is located in the upwelling zone to the south
(Loveley et al., 2017). The position of core 17JC beneath the high-productivity waters of
the equator is probably the cause of the disparity between the xsBa concentrations
between at 8JC versus those at 17JC. Importantly, while there is a two-fold difference
between average 23°Th-derived xsBa fluxes between sites 8JC and 17JC, there is not a
similar disparity between the average aU concentrations recorded for the two cores.
Indeed, excluding the Holocene part of the record the range in authigenic uranium (aU)
values in both cores is from about 4 to 12 ppm. Authigenic uranium is also sensitive to
sediment pore water redox conditions and its enrichment is a function of both the flux of
reducible organic matter to the sediments (Anderson, 1982; Anderson et al., 1998; Chase
et al., 2001; Francois et al., 1993; McManus et al., 2005) and the bottom water oxygen
concentration of the overlying water (Zheng et al., 2002; Calvert and Pedersen, 1993;
Francois et al., 1997). The disparity in average 2°Th-derived xsBa fluxes and lack of
significant difference in average aU concentrations at both sites suggests that, in the case
of 8JC and 17JC, sediment pore water redox conditions are primarily controlled by the
oxygen content of bottom waters overlying the sediment, and not the sedimentary flux of
organic matter. In addition, there is an anticorrelation (r=-0.536) between the flux of
xsBa into the sediment and the concentration of preserved authigenic uranium in core
8JC from ~50-178 kyr (Figure 2-2). The anticorrelation of these two redox sensitive
proxies suggest that, during the presence of hypoxic conditions in the sediment (higher
aU), some amount of preserved, biogenically produced xsBa may have been

remineralized and lost to the overlying bottom waters. This has been identified as a

10



significant limitation of the xsBa productivity proxy by McManus et al. (1998).
Similarly, during periods of more oxic redox conditions (lower aU), xsBa preservation
was likely increased. No similar anticorrelation between xsBa flux and aU concentration
exists at site 17JC, indicating that at this site the xsBa concentration is controlled
primarily by upwelling associate biologic productivity and that the xsBa record has not
undergone significant alteration (Loveley et al., 2017), perhaps because of higher
sedimentation rates. Indeed, Marcantonio et al. (2019) have shown during intense
periods of hypoxia at site 17JC (aU values higher than 10 ppm), although low-O. waters
probably dissolved barite (cf., 8JC), the dissolved xsBa did not completely escape the
pore waters. Instead, at 17JC, the xsBa diffused downwards only slightly before
reprecipitating a few cm lower in the record, in a more oxygenated interval of the
sediment pile (Marcantonio et al., 2019). Ultimately, at site 8JC the low sedimentary
fluxes of biogenically-produced barium and the anticorrelation between xsBa and aU
from ~50-178 kya suggest that of sediment redox conditions were primarily driven by
changes in bottom-water oxygen values rather than the flux organic matter into the

sediment.

2.3. Deep Ocean Carbon Storage in the EEP

Currently, primary productivity in the EEP is both silica- and iron-limited
(Moore et al., 2004), resulting in an inability for the carbon-sequestering abilities of the
biological pump to compete with the CO» efflux generated from upwelling (Dugdale and
Wilkerson, 1998). However, it has been shown that past relaxation of nutrient limitation

in equatorial waters could have dampened this net CO; efflux (Loveley et al., 2017;

11



Martinez-Boti et al., 2015; Calvo et al., 2011; Pichevin et al., 2009) during the
deglaciation. In the modern-day eastern Pacific Ocean (north of 12° S) waters deeper
than 1 km (2 km north of the equator) are typically oxic ([O2] > 120 pmol kg?), with
hypoxic ([O2] < 60-120 pmol kg*) and minor amounts of suboxic waters ([O2] < 2-10
umol kgt) occurring at shallower depths (Bianchi et al., 2012). Half of the respired
organic carbon stored in the modern Pacific Ocean, the world’s largest sink for respired
carbon, is located in the upper 1.5 km (Bianchi et al., 2012). There is substantial
evidence for a deepening of oxygen depleted waters in the EEP during the last glacial
period (MIS 2) (de la Fuente et al., 2017; Doss and Marchitto, 2013; Hoogakker et al.,
2018; Umling and Thunell, 2018; Robinson et al., 2009).

While the majority of ocean basins today have prevailing oxic to sub-oxic bottom
water conditions, some hypoxic to anoxic basins do exist in areas where the organic
matter exported to the sediments is oxidized faster than oxygen can be replenished.
Within near-surface oceanic sediments, transitions from oxic to sub-oxic to anoxic
conditions are driven by the oxidation of organic matter. This organic matter oxidation
follows a well-constrained redox ladder as more thermodynamically favored oxidants
are utilized at shallower depth intervals within the sediment (Froelich et al., 1978).
Dissolved uranium present in pore waters exhibits similar redox behavior to iron. Near
the sub-oxic-anoxic boundary in sediment, iron is reduced from Fe(l11)-Fe(Il) and
uranium, present as the highly soluble UO2(COs)s* complex, is reduced from U(VI) to
U(IV), leading to the precipitation of authigenic uranium, presumably as insoluble
uranium oxide (Barnes and Cochran, 1990). Authigenic uranium enrichment can,

therefore, be produced by high rates of organic carbon deposition (Anderson, 1982;
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Anderson et al., 1998; Chase et al., 2001; Francois et al., 1993; McManus et al., 2005),
or changes in bottom water oxygenation values (Zheng et al., 2002; Calvert and
Pedersen, 1993; Francois et al., 1997).

We have argued that authigenic uranium concentrations at 8JC are likely
controlled by changing bottom-water oxygen levels rather than changes in organic
carbon flux, and peak during glacial stages (MIS 2 and 6). At each of these stages, we
hypothesize that the timing during which bottom-water oxygen concentrations (i.e.,
highest aU concentrations) are lowest is consistent with the timing during which the
extent of a respired carbon pool was increased in the deep equatorial Pacific Ocean (i.e.,
lower bottom-water O, concentrations occur in tandem with high respired carbon
storage), and when atmospheric CO2 was low. The same interpretation was made based
on auU results from nearby equatorial core, 17JC (Loveley et al., 2017). The two aU
records, one from ~6° N at 1993 m water depth (8JC) and the other at the equator at
2846 m water depth (17JC), allow for a comparative reconstruction (Figure 2-3 B and C)
over the past 95 kyr of past variations in EEP oceanic carbon storage at different bottom
water depths.

Sediments in both EEP cores 17JC and 8JC indicate increasing trends in aU
values from MIS 5 to MIS 2 (Figure 2-3 B and C). This pattern of aU at both sites (i.e.,
hypothesized decreasing bottom water O values) is consistent with the idea that there is
a gradual and coincident increase in storage of a respired carbon pool, as atmospheric
CO: is lowered, over a significant swath of the EEP leading up to maximum storage
(minimum in CO2) during MIS 2. At 8JC, with the longer record encompassing the

penultimate glacial period, the highest aU concentrations occur at glacial terminations 11
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and I. We suggest that these terminations mark a culmination of respired carbon storage
in the EEP, which is consistent with the lowest observed global atmospheric CO- values
over the past 140 kyr.

Importantly, there are several periods of disagreement between the 8JC and 17JC
auU records. There are significant disparities between these EEP aU records during MIS
4 and late MIS 3-late MIS 2. This disparity in aU concentrations at the two sites seems
to be greatest at times when the Antarctic ice core record shows pronounced and
prolonged episodes of low CO; (180-200 ppm during MIS 2 and MIS 4). The difference
between the aU in the two records could conceivably be explained if one considers the
difference in depth between the two sites (8JC: 1993 m, 17JC: 2846 m). In the Pacific
Ocean, respired carbon storage is thought to have increased at depths greater than 2 km
during the last glacial maximum (LGM) (Jaccard et al., 2009; Jaccard et al., 2014;
Herguera et al., 2010). At 2846 m water depth, core 17JC in the Panama Basin is well
within the expected depth range associated with glacial increases in deep Pacific respired
carbon storage. However, off-equatorial site 8JC is slightly above the 2 km depth
estimate for deep waters which show an increased glacial respired carbon storage. This
fact could result in the more variable nature of the 8JC aU record, as well as the aU
enrichment disparities observed between it and the aU at 17JC. In this context, it is
possible that the decreases in aU enrichment at site 8JC associated with rapid increases
in aU enrichment at site 17JC result from changes in the depth and/or thickness of the
respired carbon pool in the EEP. Importantly, decreases in aU values at site 8JC seem to

happen much less rapidly than those at site 17JC, an observation which suggests that site
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8JC is under the influence of oxygen-depleted waters for longer periods of time.

Moreover, the aU record for site 8JC at 1993 m depth, in comparison to that for site 17C

15



Figure 2-3

Ages for MIS stage boundaries and Terminations | and Il from Lisiecki and Raymo,
2004. a, Authigenic U record from subarctic north Pacific Ocean core ODP 882 (red
circles; Jaccard et al., 2009). Red line connecting the data represents a three-point
running mean. b, Authigenic U record from EEP/Cocos ridge core MVV1014-8JC (teal
circles). Teal line connecting data represents a three-point running mean. ¢, Authigenic
U record from EEP/Carnegie ridge core MVV1014-17JC (gold circles). Gold line
connecting data represents a three-point running mean. d, Authigenic U composite
record from cores TN057-13PC (0-20 kya) and TN057-14PC (20-80 kya) from the
Southern Ocean (red-brown; Jaccard et al., 2016). Red-brown line connecting the data
represents a three-point running mean. e, Atmospheric CO> record from Antarctic ice
cores (magenta circles; Bereiter et al., 2012)
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at 2846 m, suggests that during times of minimum atmospheric CO> during the last
glacial (MIS 2 and 4), storage of the respired carbon pool in the EEP deepens to depths

of greater than 2 km.

2.4. Global Changes in Glacial-Interglacial Respired Carbon Storage and
Atmospheric CO;

Increased deep ocean respired carbon storage during the LGM has been
demonstrated in the Southern (Jaccard et al., 2016; Martinez-Garcia et al., 2009) and
Pacific Oceans (Jaccard et al., 2009; Anderson et al., 2008; Bradtmiller et al., 2010;
Jaccard and Galbraith, 2011, Jacobel et al., 2017). Here, we compare aU high-resolution
records from the Southern Ocean (TN057-13/14PC; Jaccard et al., 2016), the north
subarctic Pacific (ODP Site 882; Jaccard et al., 2009) and the EEP (MV1014-17JC:
Loveley et al., 2017; MVV1014-8JC). We find that increases in authigenic uranium
concentrations in each of these records occur at times during which there are decreases
in bottom water oxygenation, which, in turn, are caused by increases in the storage of a
respired carbon pool which, ultimately, is the driver of low glacial atmospheric CO;
levels.

Records from cores 8JC and 17JC present a new case for multiple, repeated
periods of deep ocean respired carbon storage in the EEP. These repeated storage events
are strikingly similar to a record comprised of cores TN057-13PC (0-20 kya, 2800 m
water depth) and TN057-14PC (20-80 kya, 3600 m water depth) from the Southern
Ocean (Jaccard et al., 2016). Similar to EEP records from 8JC and17JC, this Southern

Ocean composite record of aU enrichment demonstrates a general increasing linear trend

18



in concentrations from late stage MIS 5 to peak glaciation during MIS 2. This linear
trend is suggestive of a gradual increase in respired carbon storage from ~85 kya up to
the end of MIS 2, before relatively rapid oxygenation upon deglaciation. Moreover, all
three records, particularly 17JC and 13/14PC demonstrate a synchronous, high aU
variability at a period of ~20 kyr, highlighting the importance of both the Southern
Ocean and the EEP in regards to long term oceanic storage of respired carbon (Figure 2-
3 C and D). Authigenic uranium data from subarctic north Pacific site ODP 882 also
demonstrates enhanced deep ocean respired carbon storage during Marine Isotope Stages
2 and 4. However, it does not show the higher-frequency variability observed in EEP
cores 8JC/17JC and Southern Ocean cores 13/14PC, perhaps because much of the ODP
882 record beyond MIS 2 is of low resolution. However, a more complete comparison of
the full aU records from cores 8JC and ODP 882 (Figure 2-4) demonstrates that since the
penultimate glaciation (end MIS 6), deep ocean respired carbon storage has been
gradually increasing in the EEP and subarctic north Pacific. It is important to note that
peak aU enrichment at ODP 882 during MIS 6 occurs well before TII, at around 140 kyr.
Moreover, the increase in aU concentrations at ODP 882 from MIS 6 to the LGM is half
of that observed at site 8JC in the EEP. These differences, along with the fact that the
subarctic north Pacific aU concentrations at ODP 882 are two to three times lower than
those at EEP site 8JC, reinforce the relative importance of the EEP (along with the
Southern Ocean) as being an important potential location for deep ocean respired carbon
storage that are associated with periods of decreased global atmospheric CO>

concentrations.
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Ages for MIS stage boundaries and Terminations I and 11 from Lisiecki and Raymo,
2004 (See Methods, Supplementary Figure 2-3). a, Authigenic U record from subarctic
north Pacific Ocean core ODP 882 (red circles; Jaccard et al., 2009). Red line
connecting the data represents a three-point running mean. b, Authigenic U record from
EEP/Cocos ridge core MVV1014-8JC (teal circles). Teal line connecting data represents a
three-point running mean.

20



3. METHODOLOGY

3.1. Analytical Methods.

Seven Radiocarbon analyses were performed on the first 100 cm of core
MV1014-8JC on the planktonic foraminifer Neogloboquadrina dutertrei (>250 um).
Analyses were performed at the NOSAMS facility at the Woods Hole Oceanographic
Institute. Radiocarbon ages were calibrated to calendar year using Calib 7.0 Marinel3
(Stuiver and Reimer, 1993; Reimer et al., 2013) with a 400-yr reservoir age
correction.

Oxygen isotope analyses were performed using a Thermo Electron Kiel 1V
sample preparation instrument with an attached Thermo MAT 253 stable isotope ratio
mass spectrometer on samples of N. dutertrei specimens (>250 um), and took place at
the Stable Isotope Geoscience Facilities (SIGF) of Texas A&M University. Isotope
values are reported in delta notation relative to the Vienna Standard Mean Ocean
Water isotopic standard.

Sediments for MVV1014-8JC were sampled approximately every 2 cm and
analyzed for uranium (2*U, 2°U, 238U), thorium (#°Th, 222Th) and barium
(3°Ba, *Ba) using inductively coupled plasma mass spectrometry (ICP-MS) on a
magnetic sector Element XR at Texas A&M University. To prepare samples for
analysis, 0.3-0.4 g of sediment was spiked with ?2°Th and 23°U and then digested in a
cocktail of HNOs, HCIO4 and HF. Following complete sediment digestion, an aliquot

was removed, diluted, and spiked with 2%°Ba for separate analysis. Samples for U-Th
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analysis were then further processed through Fe-oxyhydroxide coprecipitation and
subsequent anion exchange chromatography in order to separate the Th and U. The
National Institute of Standards and Technology Uranium 500 Standard (NIST U500)
was used to correct for instrumental mass bias and was analyzed multiple times within
each 12 analyses batch of Th and U. A similar mass bias was assumed to correct both

the Th and U isotope ratios.

3.2. Age Models.

We constructed a preliminary age model using 1) seven radiocarbon dates
on N. dutertrei between 0 and 100 cm depth in core, 2) the Los Chocoyos ash (84 kyr)
(Rose et al., 1999) identified at 311 cm in the core, and 3) tying the 8JC 880 record
(N. dutertrei) to the LRO4 global oxygen isotope record (Lisiecki and Raymo, 2004) via
the software Analyseries (Paillard et al., 1996) With these three age constraints in place,
a linear correlation (r= 0.705) resulted between the records. The stage boundaries
between MIS 4 and 5, and MIS 5 and 6 were the most difficult to discern, given the
millennial structure in the oxygen-isotope data. The age model for core MVV1014-
17JC was further refined from Loveley et al. (2017). Given the strong correlation
between the 22°Th MAR and HS events in 17JC, the age model was refined by tuning
the additional millennial scale °Th MAR cycles between HS events to the NGRIP

ice core record from 30 kyr to 95 kyr.
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3.3. 29Th Normalization.

The ability to accurately determine past sedimentary fluxes is crucial to reliable
paleoclimate reconstructions. 2°Th is a particle reactive isotope and has a comparatively
short residence time relative to its parent isotope 2*U (10s of years to 200-400 ky) (Bacon
and Anderson, 1982; Henderson, 2002). Scavenging of aqueous 2*°Th by settling particles
leads to its ultimate deposition in marine sediments. The assumption that 23°Th flux
represents its production rate in the water column allows for the determination of
sedimentary mass accumulation rates (MARs). Important to the 2°Th flux method is the
fact that it allows for differentiation between the vertical flux form the overlying water
column and the flux of sediments redistributed by bottom water currents. The latter flux
can be discerned by calculating 2°Th-derived sediment focusing factors (¥) (Suman and
Bacon, 1989). The utility of focusing factors lies in their ability to measure periods of
focusing and winnowing in different oceanic sedimentary environments.
230Th is preferentially scavenged by fine grain particles because they have a higher
surface area to volume ratio (Thomson et al., 1993; Kretschmer et al., 2010). There may
exist, therefore, a biasing effect on the measured activities of 22°Th in areas that have
also been subjected to grain size biasing during redistribution processes. This would
ultimately affect 2°Th derived MARs as well. In a study by Kretschmer et al. (2010) the
potential biasing of 2°Th-normalized sediment fluxes at highly focused Atlantic sites
was modeled with an aim to correct for syndepositional grain size biasing. It was
determined that only sites with focusing factors outside values of 5.9 showed significant

biasing of the 2%°Th-derived MARs. Within the Panama Basin, previous studies show

23



that there is no more than a 30% biasing of 2°Th-normalized MARs when ¥ is less
than about 4 (Singh et al., 2011; Marcantonio et al., 2014; Loveley et al., 2017b).
Average focusing factors for the interval of sediment deposited within each oxygen-
isotope stage (MIS 1 through 6) are consistently less than 4. The highest average
focusing factor is 4.5 during MIS 2. Furthermore, xs23°Th-normalized accumulation
rates of proxies that are contained predominantly in the fine-grained fraction of the
sediment (such as the 2%2Th, xsBa and authigenic U proxies used here) are not
significantly sensitive to the 23°Th fractionation observed during sediment
redistribution processes, which seems to affect coarse-grained component
accumulation rates to a greater extent (Singh et al., 2011; Marcantonio et al., 2014).
This is probably due to the 2°Th being most heavily concentrated in the fine-grained
component of the sediment (Marcantonio et al., 2014). Accumulation rates for proxies
that are virtually entirely contained within the fine-grained component of the sediment
can be approximated by multiplying the concentration of the proxy with the 23°Th-

derived MAR.

3.4. 2Th Flux.

Windblown dust is primarily supplied to ocean sediments from continental
material, which has an average 2*2Th crustal concentration of ~11 ppm (Taylor and
McLennan., 1985). The finer fraction of continental dust contains elevated
concentrations of 2%2Th (<4 um, ~14 ppm), and is isolated during long distance travel

in the atmosphere (McGee et al., 2016). Numerous studies in the past have used 2?Th
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as a proxy for windblown dust in the equatorial Pacific Ocean (for example, Winckler
et al., 2008; Kienast et al., 2013; Anderson et al., 2009; Singh et al., 2011,
Marcantonio et al., 2014; Costa et al., 2016; Jacobel et al., 2016; Loveley et al.,
2017a; 2017b). In this study 2%2Th flux estimations are performed by normalization

to 229Th-derived sediment MARSs.

3.5. xsBa Flux.

The association between biogenic “excess” Ba (xsBa) delivered to ocean
sediment as the mineral barite (Griffith and Paytan, 2012), and organic matter permits
the use of xsBa fluxes as a proxy for past primary productivity productivity (Dymond
et al., 1992) on glacial-interglacial (Costa et al., 2016; Winckler et al., 2016; Loveley
et al., 2017) timescales. To calculate the xsBa concentration in sediment samples, the
detrital Ba component must be subtracted. This detrital, or lithogenic component is
estimated by multiplying the detrital Th concentration by the average upper crustal
Ba/Th ratio of 51.4 (Taylor and McLennan, 1985). Because barite is primarily found
in the contained in the sediment fine-grained fraction of <5 um (Griffith and Paytan,
2012) 2°Th-derived xsBa fluxes are likely not biased by sydepositional sediment

redistribution (Marcantonio et al., 2014)

3.6. Authigenic U Concentrations.
Uranium is supplied to the sediments by the deposition of organic matter,
sediment pore water redox conditions, and diffusion from higher concentrations in

bottom waters to lower concentrations in pore waters (Anderson et al., 1982; Barnes
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and Cochran, 1990; Zheng et al., 2002; Colley et al., 1984; Thomas et al., 1993). In
oxic sedimentary pore waters, uranium primarily exists in the oxidation state of
U(VI), which is the form of the soluble uranyl carbonate species. However, when pore
water redox conditions are more reducing, U(1V) forms as a more insoluble solid
uranium oxide. The two primary controls on uranium enrichment in marine sediments

are the flux of organic carbon and bottom water oxygen concentrations.
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4. CONCLUSIONS

This study has illuminated past changes in EEP atmospheric circulation and
ocean chemistry by the comparison of a shallower core (8JC) 6° N of the equator, and a
deeper core (17JC) at the equator. The 222Th dust flux records differ between the sites,
where at site 8JC peaks in dust flux occur at the end of glacials, dust flux at site 17JC
also demonstrates millennial variability. In the context of the modern EEP position of
the ITCZ at ~7° N, this result indicates that the millennial variability in dust flux at site
17JC is likely the result of HS event related southward shifts in the ITCZ of at least 7°.
Authigenic uranium records between the two cores suggest a gradual increase in deep
ocean respired carbon storage in the EEP over the past 95 kyr. The periods of
disagreement between the aU records may be caused by their relative depths. During
extended periods of low atmospheric CO», aU tends to be enriched at deeper (2846 m)
site 17JC prior to enrichment at shallower (1993 m) site 8JC, consistent with a glacial
increase in respired carbon storage occurring preferentially at depths >2km.

Comparison of global aU records highlights the importance of the deep ocean as
a carbon reservoir over the past 95 kyr. Records from the Southern Ocean, the subarctic
North Pacific, and eastern equatorial Pacific all indicate a gradual increase in respired
carbon storage leading up to the LGM. The remarkable similarities between deep EEP
and Southern Ocean aU records highlights the importance of both regions for storing

oceanic respired carbon during periods of low atmospheric CO..
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