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Abstract Published estimates of the radiocarbon content of middepth waters suggest a decrease in
ventilation in multiple locations during the last glacial maximum (LGM; 24.0–18.1 ka). Reduced glacial
ventilation would have allowed respired carbon to accumulate in those waters. A subsequent deglacial
release of this respired carbon reservoir to the atmosphere could then account for the observed increases in
atmospheric CO2 and decline in atmospheric radiocarbon content. However, agemodel error and a release of
14C-depleted mantle carbon have also been cited as possible explanations for the observed middepth
radiocarbon depletions, calling into question the deep ocean’s role in storing respired carbon during the
LGM. Joint measurements of benthic foraminiferal carbon isotope values (δ13C) and cadmium/calcium
(Cd/Ca) ratios provide a method for isolating the air-sea component of a water mass from changes in
remineralization. Here we use benthic foraminiferal δ13C and Cd/Ca records from the eastern equatorial
Pacific to constrain changes in remineralization and water-mass mixing over the last glacial-interglacial
transition. These records are complemented with elemental measurements of the authigenic coatings of
foraminifera to monitor postdepositional changes in bottom water properties. Our results suggest an
increase of deep waters at midwater depths consistent with a shoaling of the boundary between the upper
and lower branches of Southern Ocean overturning circulation. Additionally, our records demonstrate
increased organic matter remineralization in middepth waters during the LGM, suggesting that respired
carbon did accumulate in middepth waters under periods of reduced ventilation.

Plain Language Summary Records of gas bubbles trapped in ice suggest that the concentration of
CO2 in the atmosphere was lower during cold, glacial periods when ice covered more of Earth. These
records show that both atmospheric CO2 and temperature increased as Earth’s climate transitioned from
last glacial period, about 20,000 years ago, to the warmer climate Earth has experienced over the last 10,000
years. Data suggest that the oceans are a significant source of this CO2. During ocean circulation, a water
mass sinks from the surface of the ocean where it is no longer exchanging CO2 with the atmosphere,
allowing the CO2 to accumulate in those waters. To investigate whether the oceans stored CO2 during the
last glacial period, we developed records of past ocean chemistry using the shells of small marine organisms
that record the chemistry of the water they are living in as they build their shells. Our results from the
eastern equatorial Pacific indicate that CO2 accumulated in these waters during the last glacial, likely as a
result of changes in ocean circulation. By understanding how the oceans and atmosphere have exchanged
CO2 in the past, we better understand what role the oceans may play under modern CO2 increases.

1. Introduction

Changes in atmospheric CO2 are thought to amplify insolation variability associated with the orbital cycles,
driving the transition between glacial and interglacial climate states over at least the last ~800 kyr
(Galbraith & Eggleston, 2017; Sigman & Boyle, 2000). The abrupt CO2 increases during the last deglaciation
(Marcott et al., 2014) provide an opportunity to study the relationship between increasing CO2 and rapid
warming of atmospheric temperatures. Because of the size and mobility of the deep ocean carbon reservoir,
it has been implicated as the primary source of CO2 to the atmosphere during deglaciation (Broecker, 1982;
Broecker & Barker, 2007). Furthermore, Antarctic ice cores record decreasing atmospheric radiocarbon
values simultaneous with increasing CO2 (Hughen et al., 2000; Marcott et al., 2014; Monnin et al., 2001;
Sikes et al., 2016; Skinner et al., 2015), indicating that the CO2 source to the atmosphere came from a
14C-depleted reservoir.
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It has been hypothesized that changes in Southern Ocean meridional overturning circulation driven by
increased sea ice extent or stratification allowed respired carbon to accumulate in the deep ocean during
the LGM (Anderson et al., 2009; Keeling & Stephens, 2001; Toggweiler et al., 2006; Watson et al., 2015).
Isolation of deep waters would have allowed 14C to decay, thus providing a source for the 14C-depleted
carbon delivered to the atmosphere during deglaciation (Broecker & Barker, 2007; Hughen, 2004;
Hughen et al., 1998). Additionally, changes in the efficiency of the oceanic biological pump have been
linked to the glacial-interglacial transfer of CO2 between the oceans and atmosphere (Bauska et al.,
2016; Hertzberg et al., 2016; Jaccard et al., 2016; Pichevin et al., 2009; Ziegler et al., 2013). However, it
has been estimated that the biological pump could only have contributed up to half of the observed
CO2 flux (Kohfeld, 2005), necessitating an additional process such as ventilation to achieve the full
glacial-interglacial CO2 change.

Recent evidence suggests that respired carbon primarily accumulated in middepth waters rather than deep
waters during the LGM (Burke et al., 2015; Cook & Keigwin, 2015; Lund, 2013; Ronge et al., 2016; Sikes et al.,
2000, 2016; Skinner et al., 2015) due to shoaling of the isopycnal separating the upper and lower branches of
Southern Ocean overturning circulation (SOOC; Burke et al., 2015; Ferrari et al., 2014; Ronge et al., 2016;
Skinner et al., 2010). As this isopycnal shoals above ~2 km water depth, it interacts with fewer bathymetric
features resulting in decreased turbulent mixing between the upper and lower branches of SOOC (Ferrari
et al., 2014). This would have allowed radiocarbon to decay and respired carbon to accumulate in middepth
waters during the LGM. Alternatively, it has been proposed that the low 14C values documented in cores
located close to oceanic spreading centers may have been influenced by an increase in mantle-derived
14C-depleted carbon (Hasenclever et al., 2017; Lund et al., 2016; Ronge et al., 2016). It is not known whether
the low 14C values were indeed influenced by increased input of mantle-derived 14C-depleted carbon or
whether a shoaling of the upper and lower branches of SOOC allowed respired carbon to accumulate in mid-
depth waters of the eastern equatorial Pacific (EEP; de la Fuente et al., 2015; Hasenclever et al., 2017; Lund
et al., 2016; Umling & Thunell, 2017).

Here we characterize the water masses of mid (1.0–3.0 km) and deep waters (>3.0 km) of the eastern equa-
torial Pacific during the last 25,000 years utilizing coupled measurements of benthic foraminiferal δ13C Cd/Ca
from a transect of sediment cores from the Panama Basin. Cadmium is tightly coupled with the nutrient phos-
phate in the world’s oceans, and foraminiferal Cd/Ca ratios have been shown to record the seawater cad-
mium concentrations with a depth-dependent fractionation (Boyle, 1992). Similarly, the distribution of δ13C
is related in part to the preferential fractionation of 12C during photosynthesis (Broecker & Peng, 1982), result-
ing in elevated δ13C in marine surface waters and depleted δ13C in deeper waters. As surface waters equili-
brate with the atmosphere during air-sea gas exchange, there is an additional isotopic fractionation of
carbon during CO2 exchange with the atmosphere (Inoue & Sugimura, 1985). This fractionation is tempera-
ture dependent, with a larger fractionation of δ13C in cold, high latitudes relative to warmer, low latitudes
(Broecker & Peng, 1982; Charles et al., 1993; Lynch-Stieglitz et al., 1995). Therefore, the δ13C value of a water
mass reflects fractionation related to air-sea exchange, temperature, surface water residence times, and
photosynthesis (Broecker & Peng, 1982; Charles et al., 1993; Lynch-Stieglitz et al., 1995). By utilizing Cd/Ca
to constrain the nutrient concentration, the biological (δ13Cbio) and physical components (δ13Cas) of δ

13C
can be isolated from the measured δ13C (Lynch-Stieglitz et al., 1995; Lynch-Stieglitz & Fairbanks, 1994).
Together, measurements of benthic foraminiferal Cd/Ca and δ13C provide information on both water mass
source and deepwater mixing, along with nutrient utilization.

2. Sample Material and Oceanographic Setting

This study utilizes a series of cores collected from intermediate and deep water depths (1,620–3,200 m) of the
Panama Basin during R/V Trident cruise TR-163 (Table 1 and Figure 1). The Panama Basin is a semienclosed
basin bounded by South and Central America to the north and east. The Carnegie and Cocos submarine
ridges form the southern and northwest boundaries of the basin, converging westward toward the volcani-
cally active Galapagos Islands. The Galapagos spreading center extends eastward along 1°N toward the cen-
ter of the basin and northeast from the center of the basin toward Panama. These features are potential
sources of volcanic and hydrothermal products to the basin (Pedersen, 1979). Deepwater cores TR163-23
and TR163-20B were collected off the west flank of the Galapagos platform at depths of 2,730 and
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3,200 m, respectively. TR163-25 was collected from the Carnegie Ridge, and the three shallowest cores were
collected from the Cocos Ridge (Figure 1).

The age model for TR163-23 was constructed using calibrated radiocarbon ages with a variable reservoir age
as previously reported (Umling & Thunell, 2017). The age models for the other TR163 cores were developed
by tuning Globigerinoides ruber δ18O from each of the cores to the G. ruber δ18O of TR163-23 (Figure 2). The
age of the LGM was constrained for each of the low accumulation rate cores (2–4 cm/kyr) TR163-2, TR163-14,
and TR163-18. The higher accumulation rate (>6 cm/kyr) cores TR163-25 and TR163-20B included additional
δ18O tie-points during the deglaciation (Figure 2). A Neogloboquadrina dutertrei 14C age (ΔR = 147 ± 13) was
used to constrain the Holocene for each of the TR163 cores. The Elastic Tie-Pointing method of Heaton et al.
(2013) was used to transfer tie-point ages from TR163-23 to corresponding depths in cores TR163-25 and
TR163-20B. Final age models were constructed using the Bayesian age-depth modeling program Bacon from
Blaauw and Christen (2011). No distinct ash layers were found in any of the cores, but TR163-23 occasionally
contained dispersed volcanic debris mainly composed of amber-brown to clear volcanic shards. These glass
shards are consistent with microtephra described from nearby core TR163-22 (Lea et al., 2005), and similar
deposits have been described for the Panama Basin by Kowsmann (1973) and attributed to subaerial erup-
tions or extremely shallow submarine vents.

The EEP is a region characterized by a shallow thermocline and the upwelling of nutrient-rich waters. In par-
ticular, surface waters near the Galapagos Islands are highly productive due to upwelling of the Equatorial
Undercurrent (Pennington et al., 2006). The basin is also marked by a strong meridional sea surface tempera-
ture (SST) gradient. The southern part of the basin is located within the equatorial cold-tongue with SST
increasing northward across the basin into the eastern Pacific warm-pool (Fiedler & Talley, 2006). The world’s
largest oxygen minimum zones are located in the eastern Pacific, north and south of the equator at depths of
~250–1,000 m (Kamykowski & Zentara, 1990). At present, abyssal waters (>3,500 m) in the EEP originate from
Lower Circumpolar Deep Waters that have been modified by geothermal heating within deep basins of the
eastern Pacific (Lonsdale, 1976; Tsuchiya & Talley, 1998). These waters are overlain by Pacific Deep Water

Table 1
Eastern and Western Equatorial Pacific Core Locations, Depths, and References

Eastern equatorial Pacific cores

Core Latitude Longitude Core depth Sedimentation rate (cm/kyr) Reference

V19-27 0.47 �82.07 1373 5 Boyle (1992)
TR163-2 8.24 �84.35 1620 2.1 This study
V17-42 3.53 �81.18 1841 5.8 Boyle (1992)
TR163-18 2.81 �89.85 2030 2.1 This study
TR163-14 3.91 �87.24 2365 4.7 This study
TR163-25 �1.65 �88.45 2650 6.5 This study
V19-28 �2.37 �84.85 2720 4.4 Boyle (1992)
TR163-23 0.41 �92.16 2730 9.4 This study
V19-30 �3.38 �82.35 3071 9 Boyle (1988, 1992)
TR163-20B 0.79 �93.84 3200 10.1 This study
TR163-31B �3.62 �83.97 3210 7.7 Boyle (1988)
RC10-65 �0.68 �108.62 3588 6.7 Boyle (1988)
KNR73-3 0.37 �106.18 3606 <2 Boyle (1988, 1992)
KNR73-4 10.85 �110.27 3681 <2 Boyle (1988, 1992)

Western equatorial Pacific cores
V32-159 48.67 147.4 1235 Boyle (1992)
V32-161 48.28 149.07 1600 7.6 Boyle (1992)
V28-235 �5.45 160.48 1748 1.3 Boyle (1992)
V24-109 0.43 158.8 2367 3.4 Boyle (1988)
V26-304 28.53 134.13 2942 Boyle (1992)
Rama 44 53.01 164.65 2980 9.2 Boyle (1992)
V28-238 1.02 160.48 3120 1.8 Boyle (1992)
V32-128a 36.47 177.17 3623 2.7 Boyle (1992)
V32-126 35.32 174.9 3870 Boyle (1992)

Note. Sedimentation rates are not included for cores with only core-top data available.
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(PDW) at middepths (~1,000–3,200 m) and by Equatorial Pacific Intermediate Water (EqPIW) at shallower
depths (~700–1000 m; Tsuchiya & Talley, 1998). Mixing between North Pacific Intermediate Water (NPIW),
Antarctic Intermediate Water (AAIW), and upwelled PDW is responsible for the composition of EqPIW
(Bostock et al., 2010).

The heterogeneous distribution of hydrothermal and volcanic activity, along with variable surface productiv-
ity and water-column oxygenation, sets up a complex geochemical environment within the Panama Basin.
Precipitation of manganese-carbonate phases have been documented (Boyle, 1983; Pedersen & Price,

Figure 1. (a) The location of eastern equatorial Pacific benthic foraminiferal CdW records from this study (stars) and
Boyle (1988, 1992, circles). (b) Phosphate and δ13C from the P19 GLODAP section (Key et al., 2004) provide modern
end-member values. Phosphate and cadmium are closely linked in the modern ocean, with a phosphate maximum
occurring at ~1.0 km in the Pacific. Equatorial Pacific deep waters fall along a mixing line between the North Pacific δ13C
end-member (~ �0.4‰) and Southern Ocean end-member (~0.5‰; Key et al., 2004). Figure developed using the
Ocean Data View software of Schlitzer (2015).
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1982; Pena et al., 2008) in Panama Basin sediments along with Al-silicate contamination (Lea et al., 2005).
These conditions require careful cleaning of foraminiferal samples along with close monitoring of authigenic
and biogenic element compositions.

3. Methods

Carbon isotopes were measured on specimens of the benthic foraminifera Cibicidoides wuellerstorfi from
three TR163 cores with sedimentation rates >5 cm/kyr (TR163-20B, TR163-23, and TR163-25). All analyses
were carried out on a GV Isoprime stable isotope ratio mass spectrometer. The long-term reproducibility of
δ13C measurements is 0.06‰, and all samples are reported relative to the Vienna Peedee belemnite scale.
Samples for isotopic analysis were cleaned in 3% H2O2 to remove organic material and then briefly sonicated
in acetone to remove adhered particles. Cibicidoides wuellerstorfi is ideal for monitoring past deep-ocean
chemistry as it has an epifaunal habitat and has been shown to incorporate carbon isotopes in a roughly
1:1 ratio with bottom water (Mackensen, 2008; Schmittner et al., 2017).

Figure 2. Globigerinoides ruber δ18O was used to link TR163 cores to the age model of TR163-23 from Umling and Thunell
(2017). The purple stars indicate samples used for Holocene radiocarbon age constraint, and the black lines connect
tie-points between TR163-23 and other TR163 cores. In low accumulation rate cores TR163-2, TR163-18, and TR163-14, a
single tie-point for the LGM was identified as the point of maximum δ18O values.
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Samples of 5–15 C. wuellerstorfi were cleaned for trace element analysis following the Cd-cleaning protocol
from Boyle and Keigwin (1985) as modified by Boyle and Rosenthal (1996) using the minimal settling techni-
que from Barker et al. (2003). All analyses were carried out on a Thermo Element II high-resolution inductively
coupled plasma–mass spectrometry at the Center for Elemental Mass Spectrometry at the University of South
Carolina. To minimize matrix effects, the Ca content of each analyzed sample solution was matched to a grav-
imetrically made standard at 20 ppm Ca, by first performing a dip check and diluting the sample. The analy-
tical reproducibility for Cd/Ca is ±0.003 μmol/mol (± 3.7%) based on repeated measurements of a standard
of ~0.190 μmol/mol.

We monitored Al-silicate and oxide contamination through concurrent analysis of diagenetic indicators
Fe/Ca, Mn/Ca, and Al/Ca. The Fe/Ca values were generally low (<50 mmol/mol) in all TR163 cores; samples
with elevated Fe/Ca values (>100 mmol/mol) were excluded. In contrast, Mn/Ca and Al/Ca values were com-
monly elevated (>100 μmol/mol) with increasing Mn/Ca values with depth and higher Al/Ca values generally
found in the middepth cores. High Al/Ca and Mn/Ca values are not unusual for Panama Basin sediment cores,
with precipitation of Mn-carbonate coatings (Boyle, 1983; Pena et al., 2005, 2008), formation of Mn-oxides
(Balistrieri & Murray, 1986), hydrothermal activity (Klinkhammer et al., 1977; Marchig et al., 1984), and volcanic
debris (Lea et al., 2005) all serving as sources of Mn in this region. Because of the high spatial variability and
differing chemical impacts of these processes, it has been proposed that identification of acceptable trace
element data should utilize site-specific contamination thresholds (Lea et al., 2005). Here samples with anom-
alous Al/Ca and Mn/Ca values (>500 μmol/mol) were excluded from data analyses; however, a higher thresh-
old was required for TR163-20B Mn/Ca values (>1,000 μmol/mol) as the mean Mn/Ca value for this core was
~520 μmol/mol. Low Fe/Ca values for TR163-20B suggest that the high foraminiferal Mn/Ca for this core is not
associated with Fe oxides. Furthermore, Mg/Ca values from this core are not anomalously high as is the case
with contamination from manganese-carbonate overgrowths (Boyle, 1983; Pena et al., 2005, 2008).
Sedimentary enrichments of Mn have been attributed to flux from a high-Mn hydrothermal plume
(Klinkhammer et al., 1977; Pedersen, 1979) and could be responsible for the elevated Mn/Ca in this core.
Despite the higher threshold of Mn/Ca for TR163-20B, the Cd/Ca results from this core agree with previously
reported Cd/Ca values from a similar depth Panama Basin core (TR163-31B; Boyle, 1988). Furthermore, the
cleaned benthic Cd/Ca values for TR163-20B are not significantly correlated with Mn/Ca, Fe/Ca, or Al/Ca
values (Figure S1).

The cadmium concentration of seawater was estimated from the cleaned benthic foraminiferal Cd/Ca values
using the empirical depth-dependent Cd distribution coefficient (D) of Boyle (1992) and normalizing Cd
values for the average concentration of cadmium in seawater (0.01 mol/kg). For water depths greater than
3.0 km, D = 2.9, and for water depths 1.15–3.0 km, the equation from Boyle (1992) was used (equation (1)).

D ¼ 1:3þ depth–1150ð Þ� 1:6=1850ð Þ (1)

The air-sea signature of δ13C (δ13Cas) was estimated using the Holocene (equation (2)) and glacial (equa-
tion (3)) equations of Lynch-Stieglitz and Fairbanks (1994) for PO3

�4 > 1.3 μmol/kg.

δ13Cas ¼ δ13Cmeasured þ 2:75�CdW–2:0 (2)

δ13Cas ¼ δ13Cmeasured þ 2:375�CdW–1:46 (3)

Major (43Ca), minor (55Mn), trace (27Al, 47Ti, 51V, 53Cr, 57Fe, 59Co, 60Ni, 63Cu, 111Cd, and 238U), and rare earth
(89Y, 139La, 140Ce, 141Pr, 145Nd, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 173Yb, and
175Lu) element concentrations were measured on 50 mg samples of mixed planktonic foraminifera from
the >355 μg size fraction using a Thermo Element II high-resolution inductively coupled plasma–mass spec-
trometry. Foraminifera were gently crushed to open shell chambers and cleaned for adhering clays using
repeated ultrasonication and rinses of water and methanol (Boyle, 1981). Any remaining visible coarse-
grained silicates were removed by cleaning using a fine brush under a binocular microscope (Barker et al.,
2003). A spike solution artificially enriched in 145Nd was added to measured samples and blanks as internal
standard. Briefly, the 145Nd/146Nd was used to calculate the absolute Nd concentration of each sample by
isotope dilution, following themethod of Willbold et al. (2003). The Nd concentration and the spike-corrected
146Nd-signal then became the internal standard to monitor drift and quantify concentrations using
146Nd-normalized signals. We used the USGS reference material BHVO-2 as an external standard for
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quantification of the samples. The Nd-concentrations are reproducible
to within 1%. Overall precision and accuracy of the method are better
than 5% for all elements. Full procedural blanks were corrected for
and are insignificant (<1%) for all reported elements. Rare earth
element (REE) concentrations were normalized to Post-Archaean
Australian Shale (Taylor & McLennan, 1985).

4. Results

The C. wuellerstorfi δ13C values for TR163-25 and TR163-23 increase
over the last glacial-interglacial transition by ~0.5‰ (Figure 3). This is
consistent with the documented mean whole ocean glacial-interglacial
δ13C increase of ~0.46‰ (Curry et al., 1988). The Holocene average δ13C
values of 0.04‰ and�0.03‰ for TR163-25 and TR163-23, respectively,
are within error (±0.06‰) of the modern EEP δ13C value recorded for
middepth waters (~0‰; Key et al., 2004). The δ13C values for
TR163-20B generally increase from the last glacial to the early
Holocene by ~0.3‰ but record a brief return to glacial δ13C values dur-

ing the early Holocene (Figure 3). The eastern equatorial Pacific cores document a glacial-Holocene difference
in the seawater cadmium concentration (CdW) of ~0.2 nmol/kg at 2.73 km water depth (TR163-23), with
values increasing from ~0.7 nmol/kg during the LGM to ~0.9 nmol/kg in the Holocene (Figure 4). Slightly lar-
ger glacial-interglacial CdW increases are recorded at shallower depths: 0.3 nmol/kg at 1.62 and 2.03 kmwater

depth (TR163-2 and TR163-18, respectively) and 0.4 nmol/kg at 2.65 km
water depth (TR163-25; Figure 4). Holocene CdW averages for the cores
used in this study are similar to eastern and western equatorial Pacific
CdW values determined from the core-top benthic foraminiferal
Cd/Ca data (Boyle, 1988, 1992; Table 1 and Figure 5). As with EEP
present-day water columnmeasurements (Key et al., 2004), our EEP for-
aminiferal CdW decreases slightly from 1.0 to 4.5 km water depth
during both the Holocene and LGM (Figure 5). However, during the
Holocene, EEP foraminiferal mean CdW values are slightly higher
(~0.2 nmol/kg) in middepth waters relative to present-day water col-
umn values. This middepth feature was enhanced during the LGM, with
EEP mean CdW values being up to ~0.6 nmol/kg higher at ~2.0 km
water depth, relative to the WEP (Figure 5). Additionally, the variability
of foraminiferal CdW also increases during the LGM at these depths.

To assess possible geochemical influences on the foraminiferal Cd/Ca,
authigenic REE and trace element compositions were measured on
selected bulk planktonic foraminifera samples from deepwater core
TR163-20B and middepth core TR163-14. The concentration of certain
metals (Ni, Co, Cd, Ba, and Zn) in marine sediments has been shown
to increase with the formation of Mn-oxides (Balistrieri & Murray,
1986; Tribovillard et al., 2006). Pearson’s correlation coefficients indi-
cate that Mn has strong (r2 > 0.8) correlations with Cd and Co and a
moderately strong correlation (0.6 < r2 < 0.8) with Ni in TR163-14
(Table 2). However, these elements were only mildly (r2 < 0.4) corre-
lated with Mn in deepwater core, TR163-20B. Element characteristic
of reducing environments (U, V, and Cr; Tribovillard et al., 2006) showed
only mild to modest correlations with Mn from TR163-14 (Table 2). The
average concentration of authigenic Mn is enriched in TR16-20B
(~400 ppm) relative to TR163-14 (~75 ppm), but the reverse is true for
the average authigenic Cd concentration of TR163-20B (~0.08 ppm)
relative to TR163-14 (~0.42 ppm).

Figure 3. Benthic foraminiferal carbon isotopic composition of C. wuellerstorfi for
cores TR163-25 (2.65 km), TR163-23 (2.73 km), and TR163-20B (3.20 km).

Figure 4. Seawater cadmium (CdW) has been estimated for TR163 cores from
the Cd/Ca values of C. wuellerstorfi and C. mundulus (only TR163-2). A new age
model for TR163-31B was estimated using the Bayesian age-depth modeling
program BACON (Blaauw & Christen, 2011) to calibrate the N. dutertrei radio-
carbon ages of Shackleton et al. (1988) utilizing variable reservoir ages reported
in Umling and Thunell (2017).
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Rare earth element profiles from both TR163-14 and TR163-20B record depletions in cerium relative to neigh-
boring REEs (La and Nd; Figure 6). For consistency with previous studies the cerium anomaly (Ce/Ce*) was
calculated here using the equation from German and Elderfield (1990; equation (4)).

Ce=Ce� ¼ 3·Ce= 2·Laþ Ndð Þ (4)

Negative cerium anomalies (Ce/Ce*< 1) are a common feature in seawater and occur due to the oxidation of
Ce(III) to Ce(IV) in the water column followed by rapid scavenging onto particles (Elderfield & Greaves, 1982).
This results in a positive correlation of Ce/Ce* with water-mass age (German & Elderfield, 1990). However, this
signal can be overprinted by the pore water reduction of Ce(IV) to Ce(III) under suboxic conditions resulting in
a negligible (Ce/Ce* = 1) or positive (Ce/Ce*> 1) cerium anomaly (Wright et al., 1987). TR163-20B and TR163-
14 are marked by negative cerium anomalies throughout (Figure 7). TR163-20B records relatively constant
Ce/Ce* values of ~0.3 for EEP deep waters from the LGM through the early Holocene (Figure 7). In contrast,
middepth core TR163-14 records Ce/Ce* values of ~0.6 during the LGM with an abrupt decrease at ~13.0 ka
to values of ~ 0.4 during the early Holocene. The cerium anomaly shows a strong negative correlation with
Mn for middepth core TR163-14 whereas Ce/Ce* and Mn are only mildly correlated for deepwater core
TR163-20B (Table 2).

Figure 5. Average eastern equatorial Pacific Holocene and LGM CdW were estimated for a transect of cores from
1.37–3.68 km water depth using the Cd/Ca data of this study and Boyle (1988, 1992). Eastern equatorial Pacific water
column Cd was estimated from GLODAP station 1894 phosphate (Key et al., 2004) using the relationship Cd(nmol/
kg) = 0.4*P(μmol/kg)� 0.25 from Boyle (1988). Water depths for the LGM have been adjusted by 120m to account for lower
sea levels.

Table 2
Pearson Correlation Coefficients of Bulk Planktonic Authigenic Mn and Cd

Li Al Ca Ti V Cr Mn Fe Co Ni Cu U Ce/Ce*

Cd �0.19 �0.03 0.45 �0.16 0.39 �0.57 0.94** 0.43 0.96** 0.93** �0.11 �0.39 �0.82*
0.5 �0.53 0.84* �0.49 0.56 �0.28 0.5 �0.5 0.64 0.95** �0.25 0.9 * �0.14

Mn �0.32 0.04 0.46 �0.11 0.42 �0.67 0.55 0.9 ** 0.88 * 0.31 0.52 �0.92 **
0.97** �0.58 0.74 �0.14 0.12 �0.8* �0.35 0.19 0.61 �0.39 0.62 �0.65

Note. The bold font indicates a moderately strong correlation (>0.6), and the filled background indicates a strong correlation (>0.8). Correlation coefficients for
TR163-14 are indicated in blue and in red for TR163-20B.
*Statistically significant (p < 0.05). **Highly statistically significant (p < 0.001).
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5. Discussion
5.1. The Influence of the Panama Basin Geochemical Environment
on Foraminiferal Cadmium

The strong correlation between the bulk planktonic Mn and elements
associated with Mn-oxides in middepth core TR163-14 (2.4 km) sug-
gests that precipitation of Mn-oxides is the dominant source of authi-
genic Mn at this site. This is not surprising as Mn-oxides frequently
form on foraminifera and trace element cleaning methods have been
developed specifically to address their formation (Boyle & Keigwin,
1985). Furthermore, the presence of Mn-oxides throughout the core
indicates that middepth waters remained oxygenated during deglacia-
tion. However, the strong correlation between bulk planktonic Mn and
Ce/Ce* suggests that changes in redox potential at this core depth may
have begun to overprint the cerium anomaly. Higher glacial Ce/Ce*
values indicate that middepth oxygenation was likely reduced during
the LGM, although precipitation of Mn-oxides suggests that suboxic
conditions were not reached (Yang et al., 1995). This is supported by
elevated U/Ca measured in the authigenic coatings of foraminifera
from similar water-depth core TR163-25 (2,650 m; Umling & Thunell,
2018), showing that waters at 2.65 km depth had significantly lower
oxygen concentrations during the LGM relative to the Holocene. The
agreement between the Ce/Ce* and uranium estimates of oxygenation
suggests that changes in oxygenation rather than enhanced flux of

Ce/Ce*-depleted hydrothermal fluids drove the changes in cerium anomaly documented for TR163-14.
Furthermore, the strong correlation between bulk planktonic Cd and Mn indicates that much of the authi-
genic Cd was incorporated in the Mn-oxide phase and effective removal of this phase should limit contam-
ination of cleaned benthic foraminiferal Cd/Ca values. Low Mn/Ca values of <100 μmol/mol have been
shown to contribute negligibly to foraminiferal trace element concentrations (Boyle, 1983). The low Mn/Ca
values (<100 μmol/mol) recorded in the cleaned benthic foraminifera from TR163-14 argue that this phase

was indeed effectively removed during cleaning and that we can be
confident in the measured benthic Cd/Ca values from this core.

In contrast to the cleaned benthic foraminifera trace element concen-
trations, bulk planktonic foraminiferal samples from deepwater core
TR163-20B (3.2 km) are marked by strong correlations between Mn
and the trace elements Cr and Li (Table 2). This differs from the strong
correlations recorded for TR163-14 (2.36 km) bulk planktonic foramini-
fera between Mn and the cerium anomaly, along with Mn and the trace
elements Co and Ni. The different trace element associations recorded
for TR163-20B bulk planktonic Mn suggest that the authigenic Mn from
this core is not influenced by the same processes affecting TR163-14,
indicating a reduced influence of authigenic Mn-oxide formation at
the deeper core depth. However, both cleaned benthic Mn/Ca and bulk
planktonic authigenic Mn were significantly elevated in TR163-20B. In
the Panama Basin, hydrothermal plumes associated with the
Galapagos spreading center account for a significant source of Mn
below ~2 km water depth (Klinkhammer, 1980). TR163-20B shows
strong correlations between Li andMn (r2 = 0.97); hydrothermal activity
has been proposed as an important source of Li (Hodkinson et al., 1994)
with high concentrations of Li found in hydrothermal-Mn crusts (Glasby
et al., 1997). Thus, the close link between bulk planktonic Mn and Li in
TR163-20B could indicate a hydrothermal-Mn contribution. However,
riverine input and alteration of basalts are also important sources and
sinks of Li to sediments (Elderfield & Schultz, 1996) and high

Figure 6. The PAAS-normalized distribution of rare earth elements at 2.37 km
(TR163-14) and 3.2 km (TR163-20B) compared to published eastern equatorial
Pacific core top data from cores TR163-11, TR163-14, and VM28-139 (Osborne
et al., 2017).

Figure 7. The estimated cerium anomalies (Ce/Ce*) for middepth (TR163-14;
2.37 km; blue) and deep waters (TR163-20B; 3.20 km; red) over the last glacial-
interglacial transition. An abrupt shift in the middepth Ce/Ce* value at ~13 ka
coincides with increasing middepth oxygenation based on uranium from
foraminifera authigenic coatings (Umling & Thunell, 2018).
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concentrations of Li do not unequivocally confirm a hydrothermal source. Variable enrichments of Cd
have been recorded in hydrothermal fluids (Von Damm, 1990), raising the possibility of a hydrothermal
influence on the Cd/Ca values recorded by TR163-20B. However, the CdW values reconstructed from
TR163-20B agree well with CdW from EEP cores located distally from the Galapagos spreading center
(Figure 9; Boyle, 1992) suggesting that a hydrothermal source of Cd was not important.

The flux of hydrothermal-Mn to the sediments and Mn-oxide reduction within the sediments contribute to
shallow sedimentary enrichments of Mn(II), which is rapidly removed by mixed Mn-Ca carbonate phases
(Pedersen & Price, 1982). The tendency of mixed Mn-Ca carbonate phases to form overgrowths on foraminif-
eral shells has been documented in the Panama Basin (Boyle, 1983; Pena et al., 2005, 2008). These conditions
likely contribute to the elevated Mn/Ca recorded in TR163-20B benthic foraminifera even after aggressive
cleaning treatments. Despite the inability to decrease TR163-20B benthic foraminiferal Mn/Ca, the low corre-
lation between bulk planktonic authigenic Mn and Cd concentrations (r2 = 0.5; Table 2) suggests that this
cleaning-resistant phase was potentially not an important source of Cd contamination to TR163-20B benthic
foraminiferal Cd/Ca values, allowing a larger benthic Mn/Ca contamination threshold of 1000 μmol/mol for
this core. Conversely, correlations for TR163-14 between bulk planktonic foraminiferal Mn and trace element
indicators for changing redox conditions (Co, Ni, Ce/Ce*) suggest that authigenic Mn was likely in the form of
Mn-oxide coatings, which have a larger potential for Cd-contamination if not successfully removed. This
required a lower benthic foraminiferal Mn/Ca contamination threshold of 100 μmol/mol for TR163-14.

5.2. Glacial-Interglacial Deepwater Changes and Carbon Remineralization

Average LGM CdW values at 2.0–2.6 km water depth in the EEP were ~0.06 to 0.09 nmol/kg greater than aver-
age Holocene values (Figure 5), whereas water depths above and below this layer recorded LGM CdW values
~0.13 to 0.22 lower than their Holocene averages. Recent water column measurements of [Cd] and δ114Cd
paired with phosphate concentrations suggest decoupling of Cd and phosphate in low oxygen regions as
a result of Cd-sulfide (CdS) precipitation (Janssen et al., 2014). Similarly, the REE and trace element results
from TR163-14 suggest that oxygen concentrations at 2.37 km water depth were reduced during the LGM
(Figure 7). Increased CdS precipitation under reduced oxygen concentrations could account for the

Figure 8. Benthic foraminiferal Cdw values versus δ13C for three TR163 cores. The lines of equal δ13Cas are plotted
following Lynch-Stieglitz et al. (1995, 1996), accounting for the change in Cd-P slope at P = 1.3 μmol/kg (Boyle, 1988)
following Oppo and Horowitz (2000).
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increased glacial CdW values and enhanced variability recorded at water depths of ~2.0–2.5 km. However, our
REE and trace element results indicate that these waters did not become suboxic ([O2] = 2 to 10 μmol/kg;
Bianchi et al., 2012), and oxygen concentrations may not have been sufficiently low for the formation
of Cd-sulfides.

Alternatively, a middepth CdW maximum during the LGM could reflect increased phosphate concentrations
as predicted by the “nutrient deepening” hypothesis, which suggests a transfer of nutrients and CO2 from
intermediate and middepth waters to deep, abyssal waters under a more efficient biological pump (Boyle,
1988; Jaccard et al., 2009). Middepth cores TR163-23 and TR163-25 both record a shift in δ13C and CdW con-
sistent with a decline in remineralization from the LGM to the Holocene (Figure 8). This suggests that respired
carbon accumulated in EEP middepth waters (1.0–3.0 km). A link between biological pump efficiency and
ventilation (Sarmiento & Toggweiler, 1984) has been suggested to account for more than half of the recorded
atmospheric CO2 increase during the last deglaciation (Skinner et al., 2017). Furthermore, the deglacial reduc-
tion in remineralization coincides with records of increasing middepth ventilation at this time (Burke et al.,
2015; Cook & Keigwin, 2015; de la Fuente et al., 2015; Ronge et al., 2016; Sikes et al., 2000, 2016; Skinner
et al., 2015, 2017; Umling & Thunell, 2017). Similar CdW enrichments and increased variability have also been
documented for AAIW at ~1.0–1.5 km water depth in the Sub-Antarctic Pacific (Lynch-Stieglitz et al., 1996).
During the formation of AAIW in the Southern Ocean, the high-Cdw deepwater signature likely becomes
entrained in intermediate waters, which are then propagated northward to low latitudes. This link between
AAIW and low-latitude surface waters has been previously observed (Anderson et al., 2009; Bova et al., 2015;
Spero & Lea, 2002). Similarly, AAIW was marked by reduced ventilation during the LGM (Burke & Robinson,
2012; Sikes et al., 2000, 2016; Skinner et al., 2015) and may have contributed to the radiocarbon depletions
documented for shallow waters in the EEP (Umling & Thunell, 2017).

A shift in the source areas and mixing of the deep and middepth water masses in this region could also con-
tribute to changes in remineralization and ventilation. The combined δ13C and CdW results from 2.65 to

Figure 9. Holocene and glacial Cdw verses δ13C values for the water mass end members and the average glacial and
Holocene values for the TR163 cores included in Figure 7. Holocene water mass end-members are from the preindustrial
δ13C estimates of Eide et al. (2017) and Cdw estimates from GLODAPv2 PO4 (Olsen et al., 2016). Data comprising the Glacial
North Atlantic Intermediate Water (GNAIW) end-member include data from intermediate water-depths (400–2000 m) in
the North Atlantic (Bertram et al., 1995; Boyle, 1992; Marchitto et al., 1998, 2002; Marchitto & Broecker, 2006; Rickaby et al.,
2000; Rickaby & Elderfield, 2005; Willamowski & Zahn, 2000). North Atlantic data from water depths >2 km comprises the
Antarctic Bottom Water (AABW) end-member (Bertram et al., 1995; Beveridge et al., 1995; Boyle, 1992; Boyle & Keigwin,
1987; Came et al., 2003; Marchitto et al., 1998, 2002; Willamowski & Zahn, 2000). The LCDW and AAIW end-members include
data from the SW Pacific (Lynch-Stieglitz et al., 1996). End-members for Northwest Pacific Deep Water (NWPDW), Eastern
Tropical Pacific Deep Water (ETPDW), and North Pacific Intermediate Water (NPIW) are from Boyle (1992). The lines of equal
δ13Cas are plotted following Lynch-Stieglitz et al. (1995, 1996), accounting for the change in Cd-P slope at P = 1.3 μmol/kg
(Boyle, 1988) following Oppo and Horowitz (2000).
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3.2 km water depth are useful for distinguishing between changes in water mass mixing and nutrient
content (Figure 8). Changes in the proportion of intermediate and deep water masses in mid and deep
water depths of the EEP are reflected by changes in the δ13Cas values of these cores. In addition, changes
in end-member δ13C as a result of glacial-interglacial SST variations at the site of deepwater formation
will influence end-member δ13Cas values and subsequently, the δ13Cas values recorded at locations
influenced by these waters (Broecker & Peng, 1982; Charles et al., 1993; Lynch-Stieglitz et al., 1995).
Placing CdW-δ

13C results from the EEP in relation to Holocene and glacial end-member values is used to
distinguish glacial-interglacial changes in end-member value from changes in water-mass mixing and
circulation (Figure 9).

The Holocene water mass composition of deepwater core TR163-20B is a mixture of aged PDW and NPIW
(Eide et al., 2017; Olsen et al., 2016; Figure 9). Unfortunately, sediments from the late Holocene were not
recovered by sediment core TR163-20B. The Holocene CdW-δ

13C results of this core are constrained solely
by early-Holocene data (Figure 8). The CdW-δ

13C composition of deep waters recorded by TR163-20B indi-
cates a slight increase in average δ13Cas from the LGM to the early-Holocene (Figure 8). Furthermore, a shift
in deepwater end-member CdW-δ

13C values suggests that the composition of glacial deep EEP waters reflects
a different mixture of deepwater masses than bathed the site during the Holocene (Figure 9). The average
glacial water-mass composition of TR163-20B is in agreement with previous estimates of Eastern Tropical
Pacific Deep Water from Boyle (1992) and reflects a mixture of aged Lower Circumpolar Deep Waters,
Northwest Pacific Deep Water, and Antarctic Bottom Water (Boyle, 1992; Lynch-Stieglitz et al., 1996;
Figure 9). During the Holocene, middepth core TR163-23 is composed of EqPIW (Eide et al., 2017; Olsen et al.,
2016), which is formed bymixing of oxygen-minimumwaters of North Pacific Lower Intermediate Water (Eide
et al., 2017) with AAIW and upwelled PDW (Bostock et al., 2010). However, middepth core TR163-25 records
elevated Cdw values (>1 nmol/kg) suggesting an influence of high PO4 (>3 μmol/kg) waters from adjacent
oxygen minimum zones (Bostock et al., 2010; Olsen et al., 2016). The elevated Cdw values may also be influ-
enced by an increased contribution of high-nutrient NPIW to EqPIW during the LGM, at the expense of AAIW
(Rippert et al., 2017).

The average EEP Holocene δ13Cas values show a progression from the low δ13Cas values of TR163-20B
(�0.07‰) to the higher values of TR163-23 (0.58‰) and TR163-25 (0.96‰). However, these cores document
a different vertical distribution of average δ13Cas values during the LGM, with a decreased LGM δ13Cas differ-
ence between TR163-23 and TR163-20B of 0.14‰ relative to 0.64‰ during the Holocene (Figure 8).
Conversely, the offset between TR163-25 and TR163-23 increased from 0.39‰ during the Holocene to
1.01‰ during the LGM (Figure 8). The shift in the vertical distribution of average δ13Cas values is primarily
driven by a 0.732‰ decrease in the average TR163-23 LGM δ13Cas value relative to the Holocene (Figure 8).
Cores TR163-25 and TR163-20B document smaller LGM-Holocene offsets of 0.11‰ and �0.23, respectively
(Figure 8). The similarity in LGM δ13Cas values recorded by TR163-23 and TR163-20B suggests an increased
influence of deeper water masses with lower δ13Cas values at 2.73 km water depth at this time, whereas
end-member CdW-δ

13C values suggest that waters at site TR163-25 were primarily influenced by aged
NPIW and AAIW during the LGM (Figure 9). However, additional carbon isotopic records from the southwest
and southeast Pacific suggest that the δ13C value of Circumpolar Deep Water (CDW) was as low as�0.5‰ to
�0.8‰ during the LGM (McCave et al., 2008; Sikes et al., 2016; Ullermann et al., 2016). Although benthic for-
aminiferal Cd/Ca is not available for these cores, records of carbonate chemistry from benthic foraminifera
B/Ca suggest that the low glacial δ13C values documented for the southwest Pacific are likely driven by
increased respired carbon storage (Allen et al., 2015). Furthermore, similar changes in carbonate chemistry
have been recorded in the equatorial Pacific (Umling & Thunell, 2018; Yu et al., 2013) consistent with a
contribution of CDW to equatorial Pacific mid and deep water depths.

These results suggest that enhanced vertical mixing of CDW may contribute to the lower glacial δ13C values
recorded by TR163-23. Although CDW in the EEP likely mixed to water depths as shallow as 2.73 km, it was
probably not an important contribution to waters at 2.65 km water depth. This finding provides further sup-
port for a shoaling of the isopycnal separating the upper and lower branches of SOOC (Burke et al., 2015),
which has been suggested as a mechanism for respired carbon accumulation and reduced ventilation in mid-
depth waters (Ferrari et al., 2014). Furthermore, the findings of enhanced EEP middepth remineralization sup-
port radiocarbon records of ventilation, which suggest reduced ventilation during the LGM (de la Fuente
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et al., 2015; Umling & Thunell, 2017). It has been hypothesized that increased input of 14C-depleted mantle
carbon could be responsible for reduced foraminiferal 14C values recorded at middepths during the LGM
(Hasenclever et al., 2017; Lund et al., 2016). The findings of enhanced remineralization in this study suggest
that reduced ventilation, rather than increased influence of mantle carbon, was probably the primary influ-
ence on the 14C-ventilation records from this region (de la Fuente et al., 2015; Umling & Thunell, 2017).
However, a combined influence of both reduced ventilation and an increased flux of carbon from the mantle
cannot be ruled out without records of past carbon flux from the mantle.

6. Conclusions

The Panama Basin has a complex geochemical environment due to venting of hydrothermal fluids to deep
waters (Klinkhammer et al., 1977; Marchig et al., 1984), subaerial and submarine volcanism (Kowsmann,
1973; Lea et al., 2005), varying water column redox conditions, and high surface productivity (Pennington
et al., 2006). Each of these processes can impact foraminiferal trace element chemistry to varying extents,
but their impact is spatially variable throughout the basin. Formation of manganese-oxides has the potential
for increasing the foraminiferal Cd/Ca values, but Mn/Ca values<100 μmol/mol have been shown to indicate
negligible elevation of Cd/Ca suggesting successful removal of Mn-oxide contamination (Boyle, 1983; Boyle &
Keigwin, 1985). Our authigenic trace element results from bulk planktonic foraminifera suggest that Mn coat-
ings are unlikely to be a significant contributor to the Cd/Ca values of the cleaned benthic foraminifera sam-
ples from TR163-20B.

Our paired Cd/Ca and δ13C records are consistent with respired carbon accumulation in middepth waters
alongwith increased influence of deepwater masses at ~2.7 kmwater-depth during the LGM. Taken together,
the CdW-δ

13C results of remineralization and mixing suggest both an expansion of deepwater masses to
water depths of ~2.7 km along with increased remineralization at midwater depths. These results support
the findings of 14C-derived records of ventilation, which indicate a reduction of EEPmiddepth ventilation dur-
ing the LGM (de la Fuente et al., 2015; Umling & Thunell, 2017). Furthermore, this combination of findings pro-
vides some support for the conceptual premise that a shoaling of the isopycnal separating the upper and
lower branches of SOOC under increased Antarctic sea ice extent would have allowed respired carbon to
accumulate and radiocarbon to decay in middepth waters (Burke et al., 2015; Ferrari et al., 2014).
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