Deep-Sea Research Part | 147 (2019) 100-110

“L/ DEEP-SEA RESEARCH

Contents lists available at ScienceDirect

Deep-Sea Research Part |

journal homepage: www.elsevier.com/locate/dsri

Productivity and sediment focusing in the Eastern Equatorial Pacific during
the last 30,000 years

Nivedita Thiagarajan **, Jerry F. McManus °

Check for
updates

2 California Institute of Technology, 1200 E California Blvd, Pasadena, CA 91125, United States
® Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY, USA

ABSTRACT

The Eastern Equatorial Pacific (EEP) affects the ocean-atmosphere exchange of CQon seasonal and interannual time scales through a balance of upwelling of CO -
rich waters and the drawdown of CO, by biological productivity in the surface waters. The EEP accounts for almost 3/4ths of the global oceanic outgassing of CO, to
the atmosphere, and it is known that the size of this EEP source of CO, varies significantly during El Nifio events (Feely et al., 1999). There has been much effort to
determine the El Nifio Southern Oscillation (ENSO) state of the Equatorial Pacific during the past, particularly at the Last Glacial Maximum (LGM) when the global
atmospheric [CO ;] was low, yet the glacial ENSO state remains a source of considerable controversy (Ford et al., 2015; Herguera, 2000; Koutavas et al., 2002;
Loubere et al., 2004; Lyle, 1988; Paytan et al., 1996; Pedersen,1983; Sarnthein et al., 1988). Reconstructing past changes in equatorial productivity could help
establish the prevailing ENSO state of the Pacific during the LGM, as the El Nifio-related deepening of the thermocline in the East Pacific reduces productivity in the
EEP and increases it in the Western Equatorial Pacific. Here we investigate changes in productivity in four cores from the equatorial Pacific, in the heart of the
modern equatorial cold tongue. We determine changes in productivity using measurements of 23'Pa, 230Th, 2%2Th, and 238U along with sedimentary fluxes. We also
compare our findings to other sediment cores in the Pacific. We find elevated (  23"Pa/?*°Th),, values (higher than production values) in general across the cores,
indicating a net sink for oceanic 2*'Pa in the EEP. We also find evidence for low levels of lateral sediment focusing, as well as lower productivity during the glacial in
reduced Z*°Th-normalized opal fluxes and decreased (2*'Pa/?3°Th),, at multiple sites. Examination of authigenic uranium at our sites in conjunction with previous
work (Jacobel et al., 2017) shows that between 2 and 3.5 km depth in the Equatorial Pacific, there was a floating pool of respired carbon associated with the
southward return flow of North Pacific Deep Water, sequestering CO, from the atmosphere during the LGM. We also compile Pacific basin wide records of pro-
ductivity and Pa/Th during the Holocene (0-11kya) and LGM (18-22kya) and find evidence consistent with a more frequent or persistent glacial El Nifio state
throughout much of the Pacific (North Pacific, Western Equatorial Pacific and EEP).

that synchronously affect climate in widespread regions of the world

(Alexander et al., 2002; van Oldenborgh and Burgers, 2005). Swings to
the opposite phase (La Nifia), with warm water moving back westward,
accompanied by associated increases in trade winds,  equatorial up-

1. Introduction

The Pacific Equatorial upwelling system accounts for a substantial
proportion (20-50%) of new biological production in the global ocean

lead to a different set of climate

(Chavez and Barber, 1987) while also being responsible for up to 72%
of the oceanic outgassing of CQ, to the atmosphere (Feely et al., 1999).
Its importance for global climate has led to ongoing interest in the role
played by this region during glacial/interglacial cycles (Ford et al.,
2018; Keigwin and Lehman, 2015; Lea et al., 2003, 2000; Tudhope
et al., 2001; Winckler et al., 2008). One of its important influences on
global climate is through the mechanism of  perturbations associated
with the El Nifio - Southern Oscillation (ENSO). El Nifio is characterized
by an eastward movement of warm surface waters from the western
Pacific towards the central Pacific (Clement et al., 2001). This shift
results in a lower zonal  sea surface temperature gradient across the
equatorial Pacific that weakens the Trade Winds, decreases equatorial
upwelling and decreases the zonal tilt of the thermocline. These El Nifio
changes result in extensive perturbations to atmospheric circulation
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welling and zonal thermocline tilt,
changes globally.

ENSO events also have significant effects on atmospheric CQlevels.
Modern observations have indicated that the net sea to air flux of CO »,
from the equatorial Pacific during an El Nifio episode is 30-80% lower
than during a non- El Nifio year, accounting for up to one third of the
atmospheric CO, anomaly observed during an El  Nifio period (Feely
et al.,, 1999). Due to ENSO's effect on the carbon cycle, there has been
much work in trying to determine the ENSO state of the Last Glacial
Maximum (LGM), as the LGM has long been a benchmark for paleo-
climate reconstructions and modelling (Otto-Bliesner et al., 2007;
Zheng et al., 2008). Despite these efforts, the ENSO state of the tropics
during the LGM remains a source of controversy. Several geochemical
and modelling studies have indicated an increased El  Nifio -like state
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during the LGM (An et al., 2004; Koutavas et al., 2002; Rein et al.,
2005), whereas other geochemical and modelling studies have found
evidence for a La Nifia state (Lea etal., 2000; Martinez et al., 2003;
Tudhope et al., 2001) or for no change compared to the modern (Leduc
etal., 2009).

Here we focus on one particular aspect of the ENSO system, pa-
leoproductivity in the eastern equatorial Pacific, during the last 30,000
years. During an ElI Nifio phase, the weakening of the trade wind ex-
pands the West Pacific warm pool eastward. The deepening of the
thermocline in the East  Pacific reduces productivity in the east  and
increases it in the west. The opposite effect is seen during a La Nina
(Barber and Chavez, 1983; Rafter et al., 2017). Additionally, ENSO-
related perturbations in productivity have also been seen in the North
Pacific (Karl et al., 1995) and Southern Ocean (Trathan et al., 2007).

Reconstructing changes in paleoproductivity in the Pacific has been
a long-pursued and controversial area of research (Hayes et al., 2011;
M. Kienast et al., 2006; Kienastetal., 2013, 2007; S. Kienast et al.,
2006; Loveley et al., 2017b; Pichevin et al., 2009; Herguera, 2000).
Linear sedimentation rates calculated from core chronologies typically
have indicated higher mass accumulation of biogenic material during
glacial times, implying higher glacial productivity supporting a La Nina
dominated glacial climate (Lyle, 1988; Paytan etal., 1996; Pedersen,
1983; Sarnthein et al., 1988). However constant flux tracers such as
230Th and *He applied during the same glacial time periods have shown
that the accumulation of biogenic material in the EEP remained the
same during the LGM (18-22 kya) compared to the Holocene (0-11kya)
or slightly decreased (Loubere et al., 2004; Marcantonio et al., 2001).
The proponents of the constant flux tracers have explained the dis-
crepancy in accumulation rate through changes in sediment redis-
tribution by bottom currents  that can influence accumulation rates
without affecting stratigraphy or chronology (Francois et al., 2004). We
investigate glacial/interglacial productivity in the equatorial Pacific by
measuring 23'Pa, 2%°Th, 2%2Th, 23U and 238U at four cores from the
Eastern Equatorial Pacific (EEP) (Fig. 1). These cores are located in the
core of the modern equatorial Pacific upwelling system and should be
sensitive to changes in strength of  productivity (Behrenfeld et al,,
2001). We also calculate the 2*°Th-normalized fluxes of biogenic and
terrigenous material and the 2*'Pato 2%°Th excess activity ratio as
productivity indicators during this time period (Bacon and Anderson,
1982; Henderson and Anderson, 2003). One particular advantage of
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Fig. 1. Core location (white dots):
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using the ( 2'Pa/?*°Th) ratios is that it is relatively insensitive to re-
mineralization, dilution and sediment redistribution.  Finally, we syn-
thesize existing 230Th-normalized opal fluxes, opal mass accumulation
rate records in regions where there are few 2*°Th-normalized records
(North Pacific) and Pa/Th records to determine changes in productivity
across the Pacific during the LGM. In addition, we also place our re-
cords, Pa/Th and productivity in particular, into a broader regional
context within the Pacific Basin and find a preponderance of evidence
consistent with the glacial ocean being more generally in an EI  Nifio
state.

2. Methods
2.1. Equatorial Pacific cores site location

Four cores located along the Equator, KNR73-4 PC (1.84°N
110.27°W 3681 m water depth), KNR73-3 PC (0.37S 106.18°W 3606 m
water depth), VTR01-10 GGC (4.5S 102.02°W -3405 m water depth)
and PLDS-7G (3.39°S 102.45°W 3253 m water depth) were studied
(Fig. 1). KNR73 piston cores 3 and 4 were collected in 1978 on R/V
Knorr (KNR) cruise 73 by R.P. von Herzen for heat flow studies. PLDS
7G was provided by the curators at Scripps Institute of Oceanography
and VNTRO01-10 GC was provided by Oregon State University (Keigwin
and Lehman, 2015). The cores are all located above the modern car-
bonate compensation depth and far ~ from terrigenous sources. The
dominant sediment at each of the sites was biogenic calcium carbonate.

2.2. Age models and stratigraphy

For all cores, we constructed age models based on linear extra-
polation between previously published calibrated radiocarbon dates
(Keigwin and Lehman, 2015). KNR 73-3 PC had nine '“C ages from 3.5
14C ka to 25.8 '“C ka, KNR 73-4 PC had*C ages from 5.1"“C ka to 22.7
14C ka, VTR01-10 GGC had eight'C ages from 12.2 "Cka to 25.3 '*C
ka and PLDS-7G had six '*C ages from 14.1 "C ka to 17.4 “C ka. We
used a reservoir age of 450 years and converted the radiocarbon dates
to calendar ages using IntCal13 (Table 1).

L)

100" 98" 94 927

KNR73-3 PC (0.37°S 106.18°W 3606 m water depth), VTR01-10 GGC

(4.51°S 102.02°W -3405 m water depth) and PLDS-7G (3.39 °S 102.45°W 3253 m water depth) in the Eastern Equatorial Pacific.
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Fig. 2. a-d: The 23°Th normalized flux as well as the 2*°Th-normalized flux of carbonate, opal and detritus in the sediment cores. The LGM and Holocene are shaded

in blue and red, respectively. Error bars are 20 and reflect analytical precision.

2.3. Analytical procedures

2.3.1. U, Th and Pa analyses

The sediments were spiked and equilibrated with  2**Pa and #2°Th
prior to total  dissolution in HNO 3, HF and HCIO 4. An aliquot of the
solution was spiked with 236U and 22°Th for direct measurement of 228U
and 2%2Th on a single-collector ICP-MS Thermo-Finnigan ELEMENT 2
XR. The remaining solution was used for 23'Pa and 2*°Th separation by
ion-exchange chromatography and subsequently analyzed on the
ELEMENT 2 XR. One hundred and twenty sediment ~ samples were
analyzed for U and Th isotopes and 117 samples were analyzed for Pa
isotopes (Table 2). Repeated measurements of>°U/ 238U ratios in the U
standard solution NBS960 were used to correct for isotope mass frac-
tionation during ICP-MS analysis. The signal was corrected for instru-
mental background and blanks linked to chemical procedure and spike
addition. The sum of these contributions was always < 0.5% of  the
signal. An internal sediment standard was used for quality control and 6
replicates were run over the course of a year of measurements. These
measurements indicate that all isotopes are reproducible with < 5%.

Measurements of 238U and 232Th were used to estimate supported,
detrital, and ingrown 2*'Pa and 2*°Th activity. Corrections assuming
detrital 28U/232Th ratios of 0.7 (Henderson and Anderson, 2003) were
applied to each sample to calculate a range of ~ corrected 2*'Pa,¢ and
230Th, values and their ratios. A detrital 23>Th concentration of 14 ppm
(McGee et al., 2016) was used to convert the 232Th data to a detritus
fraction in each analyzed sample. Excess?3°Th values were also cor-
rected for effects of both radioactive decay since deposition and au-
thigenic ingrowth.

2.3.2. Calcium carbonate, opal and detrital fraction analyses

Samples were measured for percent calcium carbonate using a
coulometer. Detrital fluxes were determined by assuming a fixed 232Th
concentration in sediment. The isotope 2%2Th has a relatively narrow
range of abundance in the upper continental crust (Rudnick and Gao,
2014). Recent work has determined that 232Th concentrations in dust is
highly size dependent and dust with a grain size of less than 5 pm can
have a value as high as 14 ppm (McGee etal., 2016). Our cores are
located far from continental sources of lithogenic material and we
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expect the 232 Th at our site to be delivered predominantly by aeolian
processes and thus to have a very small grain size. Therefore, we use a
[2%2Th] of 14 ppm to convert our data to bulk detritus. We note that
using a lower value of 10.7 ppm (Rudnick and Gao,  2014) would in-
crease the absolute magnitude of the dust flux reconstructed at our
study sites but would not alter our interpretation,  as the [ 222Th] are
very low. After estimating calcium carbonate and detrital ~ content as
above, the remaining fraction in each sample was assumed to be opal,
as visual inspection reveals negligible contributions from other (e.g.,
volcanic, extraterrestrial, authigenic) sources.

3. Results

3.1. Mass accumulation rates and°Th-normalized fluxes

The calcium carbonate fractions for all cores analyzed were within a
range of 70-85%, while the opal fraction within a core ranged from 10
to 30%. Forall cores, the detritus fraction was less than 5%, with a
tendency for a greater proportion of detritus during the glacial than the
Holocene.

We use this data to calculate mass accumulation rates (MAR) based
on linear sedimentation rates, and fluxes based on?*°Th normalization.
These two approaches are based on different assumptions. MARs based
on linear sedimentation rates do not account for the fact that sediments
can be redistributed laterally on the seafloor by bottom currents, so that
their accumulation may not  reflect the vertical rain rate originating
from surface and settling through the overlying water column. In con-
trast, the determination of sedimentary fluxes based on  2*°Th normal-
ization is based on the assumption that the rapid scavenging of 2*°Th
produced in the water column by the constant decay of dissolved ur-
anium results in the 2*°Th flux to the seafloor being close to its well-
established rate of production. Assuming this is corrected, scavenged
230Th can be used as a reference to estimate the settling flux of other
sedimentary constituents and to correct for sediment redistribution on
the sea floor.

The calculated mass accumulation rates (MAR) of  calcium carbo-
nate for the four cores ranged from 430 to 3500 mg/cm %ka (Fig. 3). The
LGM carbonate MARs for all cores range between 430 and 1990 mg/
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Fig. 3. a-Carbonate and b-opal mass accumulation rates in the sediment cores. The LGM and Holocene are shaded in blue and red, respectively.

cm?ka. The deepest core, KNR73-4 PC has a mid-Holocene increase to
2170-3500 mg/cm 2ka, but otherwise the Holocene carbonate MARs
remain between 430 and 1450 mg/cm 2ka. The calculated opal MARs
range from 97 to 770 mg/cm 2ka. The cores containing the LGM have
opal MAR values of 100-540 mg/cm %ka. The deepest core, KNR73-4 PC
has a higher Holocene opal MAR compared to its glacial opal MAR
while the shallowest core, PLDS-7G has similar average Holocene and
LGM opal MARs.

The total 23°Th-normalized sediment fluxes of the four cores
average 960 mg/cm 2ka (Fig. 2). The opal flux for all four cores is re-
latively constant through the LGM at ~ 70-270 mg/cm %ka. The shal-
lowest core PLDS-7G, shows a marked increase in the opal flux during
the Holocene to an average of ~300 mg/cm %ka, while the deepest core
KNR73-4 PC's Holocene opal flux showed only a small  increase com-
pared to the LGM. The detritus fluxes for the three deepest cores are
18-25 mg/cm 2ka during the LGM.  KNR73-4 PC shows a decreased
Holocene detritus flux of 16 mg/cm 2ka compared to the LGM flux. The
shallowest core has a lower detrital flux compared to the other cores.
Preserved calcium carbonate burial fluxes for all cores are 500-1250
mg/cm %ka. During the Holocene, the shallowest core, PLSD7G, has an
increased calcium carbonate burial  rate, averaging 1010 mg/cm 2ka
compared to average LGM values of 690 mg/cm 2ka, while the deepest
core KNR73-4 PC has a slightly lower preserved burial in the Holocene
compared to LGM.

3.2. Redox state of cores

Authigenic uranium (aU) deposition may be used to assess the redox
conditions prevailing at different locations on and beneath the sea floor.
Uranium diffuses from bottom waters and precipitates in suboxic and
anoxic sediment pore waters (Mangini et al., 2001). This authigenic
fraction of sedimentary U can be estimated by normative calculations
using the average 228U/ 232Th activity ratio of the lithogenic fraction of
marine sediments, 0.7 (Henderson and Anderson, 2003). While aU
deposition has been shown to vary through time across the tropical
Pacific (Jacobel et al., 2017; Pichat et al., 2004) the results here show
very little or no aU, thus indicating generally oxidizing conditions, for
all cores except the deepest section of the shallowest core, PLDS-7G
(Fig. 4).

3.3. Variations in (*3'Pa/?*°Th),

All four cores display sedimentary ( 23'Pa/>*°Th), that are almost
always higher than the water column production ratio of 0.093 (Fig. 5).
The Holocene is characterized by higher €3'Pa/?°Th),s values than the
glacial in the shallowest core, PLDS-7G and KNR 73-4 PC.Both cores
also show a general trend of increasing values across the deglaciation.
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3.4. Syndepositional sediment redistribution

Sedimentary 2%°Th,s may be used to assess the extent  to which
lateral remobilization and redisposition have characterized a given in-
terval of time at a particular site (Francois et al., 2004). The sediment
focusing factor (Suman and Bacon, 1989) has been calculated using the
following equation:

,
wo J‘”Z (230Thxs, oypdr

Bzt1 - t2)
where r; is the sediment depth in cm,
duced from an independent chronology, zis water depth and p is the
dry bulk density. W > 1 indicates that more ~ 2*°Th, , has accumulated
than produced in the over lying water column, thus indicating a lateral
import of sediment to the area while W < 1 indicates a net winnowing.
We calculate focusing factors between dated radiocarbon horizons. We
find that all cores show relatively low and constant levels of focusing
between W =1and W =2, during the deglaciation, LGM and glacial
except for PLDS-7G which shows a small increase to W = 3 at the LGM.
Additionally, between 12 and 13.5ka for KNR73-4 PC and 26-30ka for
VNTRO01-10 GC, both cores show some winnowing (Fig. 6). During the
Holocene, focusing factors increase substantially to as high values as
Y = 5in the deepest core, KNR73-4 PC,but decrease to 1.7 in the
shallowest core, PLDS-7G.

ti is the corresponding age de-
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4. Discussion
4.1. Influence of particle composition

In the modern Pacific basin, the production and burial of 2*'Pa are
largely in balance (Hayes etal.,, 2014) so that the spatial pattern of
sedimentary 2*'Pa/?%°Th, is largely controlled by particle scavenging
gradients and the chemical composition of settling particles (Chase
et al., 2002; Hayes et al., 2014). The presence of MnO,-rich particles as
well as the opal/carbonate ratio are thought to affect ( 23'"Pa/*°Th),
values. MnO,-rich particles scavenge dissolved®°Th and 23'Pa with the
same efficiency (Anderson et al., 1983a, 1983b). Previous work (Yang
et al., 1995) in the Panama Basin has determined that there is a Mn/Al
spike centered at the LGM, however ( 22'Pa/?3°Th), values during the
LGM at our sites are lower or unchanged compared to the Holocene,
making it unlikely that MnO  ,-rich particles are significantly affecting
(?*'Pa/?3°Th), values. Opal/carbonate ratios can also play a significant
role in affecting ( 22'Pa/?3°Th),s values. In a two-component setting
with only these two particle types, the scavenging of Pa appears to
increase with increasing opal content and decreasing carbonate content
while the affinity of particles for Th increases with increasing carbonate
content and decreases with increasing opal content (Chase et al., 2002;
Henderson and Anderson, 2003). In the Pacific, it has been shown that
sedimentary Pa/Th is largely driven by opal scavenging, suggesting that
Pa/Th is a good proxy for diatom productivity (Costa et al., 2016; Hayes
et al., 2014).

4.2. Authigenic uranium and implications for the redox state of the ocean

Elevated aU levels are only seen in the shallow PLDS-7G core, at a
water depth of 3200 m, and not in the deeper cores whose water depths
range from 3400 to 3900 m. The precipitation aU is controlled by the
combined influence of bottom water oxygen supply and the rate of
oxygen consumption as determined by the  respiration of organic
matter. An increase in the precipitation of aU could be due to a decrease
in bottom water oxygen supply, by an increase in respiration due to a
larger flux of organic matter from the overlying surface waters, ora
combination of the two.  Our 2%°Th normalized fluxes of opal indicate
that productivity was similar or lower in the glacial compared to the
Holocene at these sites, so the higher glacial aU abundance must be due
to decreased bottom water oxygen concentrations. Lower bottom water
oxygen concentrations suggest that the glacial ocean in this location
was oxygen-limited due to increased net respiration and carbon storage
associated with decreased rates of ocean ventilation.

The fact that increased aU is only seen in PLDS-7G can be explained
by paleo water-mass geometries. In the Pacific there are two main water
masses, Antarctic Bottom Water (AABW), which spreads northward into
the basin from the Southern Ocean,  and North Pacific Deep Water
(NPDW), which serves as the return flow southward above the in-
coming AABW. As a consequence of respiration occurring along the
entire flow path and the constant decay of radiocarbon at depth, NPDW
is older and less oxygenated while AABW is younger (Key et al., 2004).
Radiocarbon data indicates that during the LGM, the water mass below
~3.5 km in the EEP (Keigwin and Lehman,  2015), central equatorial
Pacific (Broecker and Clark, 2010), and South Pacific (Gottschalk et al.,
2016) was more recently ventilated (younger) than the overlying water
mass. Additionally, the high aU values are regionally only seen btwn
2-3.5 km and not in deeper cores (3.8 and 4.5 km), suggesting a similar
glacial flow pattern (Jacobel et al., 2017). The combination of the aU
data as well as radiocarbon data suggests that during the LGM, there
was a floating pool of respired carbon associated with the southward
return flow of North Pacific Deep Water, effectively sequestering carbon
from the atmosphere into the deep ocean during the Last Glacial
Maximum.
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4.3. Implications for paleoproductivity

4.3.1. Opal and dust fluxes

Our records allow us to determine paleoproductivity through mul-
tiple proxies. The 2*°Th-normalized opal flux reconstructions indicate
that opal fluxes were relatively low and invariant through the LGM
(Fig. 2). The opal flux increased over the deglaciation and Holocene for
the shallowest core, PLDS 7G, and more subtly for the deepest core,
KNR73-4 PC,indicating that there was less productivity in the glacial
compared to the deglaciation and Holocene.  This pattern is seen in
230Th-normalized opal flux and opal MAR reconstructions from else-
where in the Equatorial Pacific, as well as Southern Ocean and North
Pacific (Fig. 7) (Bradtmiller et al., 2006, 2009; Chase et al., 2003; Costa
et al., 2016; S. Kienast et al., 2006; Kohfeld and Chase, 2011; Richaud
et al., 2007).

Additionally, we calculate 2*°Th-normalized dust flux for our re-
cords and find that there is an increased dust flux during the glacial
compared to the Holocene (Fig. 2). This observation has also been seen
previously in the equatorial  Pacific and in other major ocean basins

Opal Flux Holocene
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Fig. 6. Focusing factors for each core. Estimates of sediment
focusing (W) as a result of syndepositional sediment redis-
tribution by bottom currents. W > 1 indicates  focusing
while W < 1 indicates winnowing. The Holocene focusing
factor in PLDS 7G is dashed because instead of using '“C
measurements to calculate age, we make the focusing factor
calculation assuming the top of the sediment core is modern
in age.

0 5000 10000 15000 20000 25000 30000 35000

(Costa et al., 2016; Jacobel et al., 2017; McGee et al., 2007; Winckler
et al., 2016). Ordinarily an increased dust flux in a major high-nutrient
low-chlorophyll  region might be associated with increased pro-
ductivity, especially if the availability of a dust-supplied micronutrient
such as iron is otherwise limited (Buesseler et al., 2004; Charette and
Buesseler, 2000; Martinez-Garcia et al., 2014). However previous work
has shown that although there was an increased dust flux to the glacial
Equatorial Pacific, nitrate consumption did not increase (Costa et al.,
2016) and productivity was the same or lower.  The lack of increased
productivity is likely due to the fact that Fe-fertilized productivity in

the Subantarctic deprived the Equatorial Pacific of nutrients that would
otherwise have been delivered to the Equatorial Pacific via subsurface
waters (Costa et al., 2016).

4.3.2. Pa/Th as a paleoproductivity proxy

Pa/Th in marine sediments has multiple controls, including pro-
ductivity, particle flux, overturning circulation and particle composi-
tion. In the Pacific, it has been established that the removal of Pa due to
opal scavenging is the strongest control on Pa/Th values, suggesting
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Fig. 7. Compilation of Pacific opal 2*°Th normalized fluxes (g/cm 2kya) (Bradtmiller et al., 2006, 2009; Chase et al., 2003; Costa et al., 2016; S. Kienast et al., 2006;
Richaud et al., 2007), opal MARs (Kohfeld and Chase, 2011) and Pa/Th records (Bradtmiller et al., 2006, 2009; Chase et al., 2003; Costa et al., 2016; Dubois et al.,

2010; Lao et al., 1992; Pichat et al., 2004; Shimmield and Price, 1988; Yang et al., 1986) during the Holocene (a, d), the LGM (b, e) and the difference between LGM
and Holocene (c, f). We see evidence for decreased productivity in the EEP, North Pacific and south of the APF and increased productivity in the Western Equatorial

Pacific and parts of the Southern Ocean.
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that ( 22'Pa/?%°Th),s values can be used as a paleoproductivity proxy
(Costa et al., 2018a, 2017; 2016; Hayes et al., 2014; Pichat et al., 2004).
The (?2'Pa/?®°Th),s values for the shallowest core show a similar be-
havior to 23°Th-normalized opal fluxes with low ( 2*'Pa/?*°Th),, values
(or productivity) in the glacial and an increase to higher values during
the deglaciation and Holocene. The deepest core has a very subtle
change in opal flux and similarly does not have a significant change in
(?®'Pa/?3°Th),, values between the glacial and Holocene.

We use our compilation of Pacific records of Pa/Th with data from
both the Holocene and LGM to compare how Pa/Th changed during the
last glacial transition (Fig. 7) (Bradtmilleret al., 2006, 2009; Chase
etal., 2003; Costa et al., 2016; Dubois et al., 2010; Lao etal., 1992;
Pichat et al., 2004; Shimmield and Price, 1988; Yang et al., 1986).
There have been more extensive compilations of modern coretop se-
dimentary Pa/Th records (Hayes et al., 2014; Costa et al., 2018a,b), but
here we focus on the difference between the Holocene and LGM. In the
Holocene, we find higher than production values in the EEP, Southern
Ocean and North Pacific suggesting these regions are net sinks of Pa. In
the LGM, sedimentary Pa/Th was lower compared to the Holocene in
most areas of the Pacific except the Western Equatorial Pacific and
sections of the Southern Ocean. Additionally, only the EEP and
Southern Ocean have elevated Pa/Th values above production,  sug-
gesting that Paremoval was not as widespread in the LGM ocean
compared to the Holocene. However, there are vast regions of the Pa-
cific where we have limited LGM data, for instance the subarctic Pa-
cific, which in the modern ocean is a major sink for Pa (Hayes et al.,
2014). Future mapping of LGM sediments will be required to evaluate
the extent of the sink of Pa in the Pacific LGM ocean.

4.4. Focusing factors

Sediment redistribution and focusing in the equatorial Pacific have
been the subjects of considerable debate in recent years (Bista et al.,
2016; Broecker, 2008; Francois et al., 2007; Loveley et al., 2017a; Lyle
et al., 2005, 2007; 2014; Marcantonio et al., 2001; Singh et al., 2011).
Paleoproductivity estimates derived by MARs and ~ 2*°Th normalized
fluxes are sometimes widely discrepant, notably in the EEP, where
MARs indicate higher fluxes during the last glacial period compared to
Holocene fluxes (Herguera and Berger, 1991; Lyle et al., 2005; Paytan
etal., 1996) while 23°Th normalization indicates unchanged or lower
glacial fluxes compared to Holocene fluxes (Anderson et al., 2006;
Bradtmiller et al., 2009; Costa et al., 2017; Pichat et al., 2004). This
discrepancy has been attributed by the latter group to enhanced glacial
sediment focusing near the equator, resulting in greater local accumu-
lation of productivity proxies that had settled vertically over a broader
area of ocean (Francois et al., 2007; Loubere et al., 2004; Marcantonio
et al., 2001). However, this interpretation has been disputed (Lyle et al.,
2005), with the contention that 230Th normalization grossly over-
estimates sediment focusing in the equatorial Pacific and that lateral
transport of 230Th in the water is much larger than generally appre-
ciated. Indeed there has been recent evidence for lateral near-bottom
230Th transport in the bottom nepheloid layer in the equatorial Pacific
(Lyle et al., 2014). The frequent disagreement of these approaches
raises the question of which conclusion regarding glacial productivity
they would reach in settings where estimates based on the two methods
might agree. Our study offers at least one such setting, where focusing
of glacial sediment is not a potentially confounding overprint. In the
deepest core, KNR-73 4 PC, where we have focusing factors, calculated
MARs and?*°Th normalized fluxes for the glacial and Holocene, we find
that focusing is higher in the Holocene compared to glacial, indicating
neither enhanced deposition of laterally transported glacial sediment
(Francaois et al., 2007; Loubere et al., 2004; Marcantonio et al., 2001),
nor preferential glacial scavenging of laterally transported seawater Th
(Lyle et al., 2005, 2014). At this location the calcium carbonate MAR,
opal MAR and 23°Th normalized opal flux are all higher in the Holocene
than glacial. This finding supports recently emerging evidence form the
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Pacific for lower glacial productivity (Costa et al., 2017, 2016; Pichat

et al., 2004). We do find that in the deepest core the 2°Th normalized
calcium carbonate flux is lower in the Holocene than the glacial, but do
not interpret this feature as indicative of increased glacial productivity
because the decreased Holocene calcium carbonate flux is most likely
due to dissolution from a shallower lysocline (Farrell and Prell, 1989),
overriding any existing productivity signal. In the shallowest core,
PLDS-7G, we do not have a radiocarbon date in the Holocene. However,
if we assume that the core top is modern, then we can calculate a fo-
cusing factor for the Holocene. We find a subtly different pattern in
MAR and 2%°Th normalized fluxes compared to the deepest core. Both
the carbonate and opal MAR are higher in the glacial  compared to
Holocene while the 23°Th normalized fluxes are higher in the Holocene
compared to glacial. Previous work has suggested that discrepant MARs
and 23°Th-normalized fluxes can be explained by increased focusing
and indeed our calculated focusing factors show higher levels of fo-
cusing in the glacial compared to the Holocene. In summary, at our site
where the MAR and  22°Th-normalized approaches agree and there is
negligible lateral focusing, glacial productivity is lower, whereas at the
site where the two methods disagree, the 2*°Th-normalized approach
also indicates lower glacial productivity and the MAR appears to be
influenced by enhanced glacial focusing.

4.5. Implications for ENSO state of LGM

During an EI Nifio event, there are strong changes in productivity in
the Equatorial Pacific, with decreased productivity in the EEP and in-
creased productivity in the Western Equatorial Warm Pool (Barber and
Chavez, 1983; Messie and Chavez, 2012). Analyses of modern ENSO
indicates that during El Nifios there is also reduced productivity in the
Arabian Sea, Western Bay of Bengal and central North Pacific (between
50 and 70 °N), and increased productivity in the Western Equatorial
Pacific, Southern Ocean and central North Pacific (between 15 and
30°N and less strongly 50-60 °N) (see Fig. 6h in (Messié and Chavez,
2012). Here we use our records and place them within the context of a
synthesis of previously published Pa/Th and opal records (MARs and
230Th normalized) in the Pacific to investigate if basin wide changes in
productivity are consistent with a more frequent or persistent El Nifio or
La Nifa state in the LGM (Fig. 7).

As noted above, we find evidence via decreased 2°°Th normalized
opal fluxes and Pa/Th ratios for generally reduced productivity in the
EEP during the LGM. These results are consistent with more El Nifio-like
conditions during the late glacial. Evidence for a glacial EI Nifo-like
state in the EEP is also supported by previous studies of  Mg/Ca and
5'80 measurements in foraminifera examining zonal temperature gra-
dients across the EEP during the LGM (Ford et al., 2018, 2015; Koutavas
et al., 2002; Koutavas and Joanides, 2012; Stott et al., 2002). During
the glacial interval, there appears to have been a deepened thermocline
in the EEP (Ford et al., 2018), either through increased frequency of El
Nifio events or a more persistent mean pattern more similar to El Nifio
conditions. A deepened thermocline reduces the nutrient supply to the
surface waters as nutrient-rich waters are trapped below the depth from
which upwelled waters are drawn.

In our compilation of  previously published records, we also find
broad evidence for decreased productivity in the North Pacific between
30 and 50 °N (Costa et al., 2018b; Messié and Chavez, 2012) and in-
creased productivity in the Western Equatorial Pacific (Bradtmiller
et al., 2006), both of which are consistent with an EI Nifo state (Fig. 7).
However, the Southern Ocean has a productivity distribution both in
opal and Pa/Threcords different than the increase expected from
modern ENSO analyses (Messie and Chavez, 2012). Glacial productivity
in the Pacific sector of the Southern Ocean is lower south of the Ant-
arctic Polar Front (APF) but shows little to no change north of the APF.
Future work could clarify whether the increased presence of Southern
Ocean sea ice during the LGM changed the expected biological re-
sponsesof increased Southern Ocean productivity (as  suggested by
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Fig. 8. A compilation of Pa/Th records near the East Pacific Rise. The numbers of the cores correspond to the following names and publications: Core 1-ME0005-
27JC, Core 4-ME 0005-24JC, Core 7-TR163-31 (Dubois et al., 2010), Core 2-RC13-140, Core 3-RC11-238, Core 5-V19-30, Core 6-V21-40, Core 10-RC13-114
(Bradtmiller et al., 2006), Core 13-ODP 849 (Pichat et al., 2004) and Core 8-PLDS 7G, Core 9-VTR01-10 GGC, Core 11-KNR73-3 PC, Core 12-KNR73-4 PC (present
study). We find increased Pa/Th values near the tops of MORs. However these cores (4-8 and 12) are all also associated with increased opal fluxes, making the effects
of increased scavenging due to increased hydrothermal activity and increased productivity difficult to disentangle.

Messié and Chavez, 2012) during EI Nifio events. We note that this
scenario of decreased productivity poleward of the APF has been seen
before and is attributed to increased sea ice south of the APF limiting
consumption of upwelled Si which is in turn transported northward
(Chase et al., 2003).

Despite evidence consistent with EI Nifio in the EEP, WEP and
central N Pacific, our data cannot conclusively confirm an El Nifio-like
state for the LGM for two reasons. The first is that the Southern Ocean
has a signature distinct from what is expected from modern El Nifio
analyses. Second, the decreased productivity seen in the EEP could be
due to changes in the source region for the upwelled water in the EEP.
Indeed there is evidence for lower glacial nitrate concentrations ex-
ported in Sub Antarctic Mode Water to the low latitudes (Costa et al.,
2016; Robinson et al., 2005; Sarmiento et al., 2004). Therefore, al-
though regions of the LGM Pacific are consistent with a more El Nifio-
like state of the Pacific Ocean, we cannot uniquely conclude that there
was a glacial El Nifio configuration.

4.6. Pa/Th ratios near mid ocean ridges

Late Pleistocene glacial cycles are characterized by changes in at-
mospheric CO, (Petitetal., 1999) that change nearly in phase with
Antarctic temperature (Pedro et al., 2011), suggesting that CO, is the
trigger for initiating glaciations.  Despite CO.'s central role in glacial/
interglacial cycles, the causes for the CO , changes are not well under-
stood. Atmospheric CO, increased by ~80 ppm during the last several
deglaciations, and most hypotheses seeking to explain this phenomenon
invoke the release of CO, from the Southern Ocean back to the atmo-
sphere (Anderson et al., 2009; Burke and Robinson, 2012; Marchitto
et al., 2007; Sigman and Boyle, 2000; Sigman et al., 2010). However,
surface to mid depth radiocarbon profiles are not significantly different
in the Pacific during the LGM and Holocene (Lund, 2013), the deep
Pacific carbonate ion concentration does not change significantly over
the last glacial cycle (Yu et al., 2013) and there is no widespread excess
in preservation of calcium carbonate in the deep-sea during the de-
glaciation (Mekik et al., 2012) as should accompany a substantial rapid
outgassing of CO, (Broecker and Peng, 1987). An alternate hypothesis
is that variations in volcanic CO , emissions contribute to glacial/in-
terglacial CO, variations (Huybers and Langmuir, 2017; Lund et al.,
2016).

Although our study was not designed to look for effects of enhanced
hydrothermal activity during the deglaciation,  our compilation of Pa/
Th data includes records near the mid-ocean ridge (MOR) system in the
Pacific, and Pa/Th records are sensitive to Mn-oxides  produced by
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hydrothermal activity (Anderson et al., 1983a, 1983b; Lund et al.,
2019). We find that superimposed upon a broad glacial  to Holocene
increase in Pa/Th, records near the depth of the tops of MORs show
elevated Pa/Th ratios in the deglaciation (Fig.  8). At first glance, this
correlation seems to be evidence of  Pa/Th responding to enhanced
hydrothermal activity during the deglaciation. However, in each of the
records increased Pa/Th (records 4-8 and 12) is tightly correlated with
increased 2*°Th-normalized opal fluxes (Costa et al., 2017; Dubois
et al., 2010; present study). This simultaneous correspondence of in-
creased Pa/Th with increased hydrothermal activity and greater opal
flux makes the effect of increased scavenging due to opal flux and Mn-
oxides difficult to disentangle. Future work will entail measuring Fe
oxyhydroxides and Mn oxides in the core to separate the effect of in-
creased hydrothermal activity in the East Pacific Rise and productivity
on these Pa/Th records.

5. Conclusions

We have determined paleoproductivity at sites in the EEP for the
past 30,000 years using multiple proxies and find significant evidence
for lower productivity in the glacial interval compared to the Holocene
based on sedimentary ( 2*'Pa/?*°Th),,, along with #*°Th-normalized
fluxes of calcium carbonate and opal. We also see possible features of
CaCQ dissolution in the Holocene section of the deeper cores, reflected
in reduced 2*°Th-normalized burial fluxes of calcium carbonate (KNR
73-4 PC) in the Holocene compared to the glacial interval.

Previous records indicating greater glacial productivity in the EEP
using MARs have been attributed to higher lateral ~ sediment focusing
during that time. Here we examine two different cores in the EEP, one
where calculated focusing factors are relatively low during the glacial
and then increase into the Holocene, and another with higher focusing
in the glacial and lower focusing in the Holocene. In the first of these
cores, KNR 73-4 PC, where focusingis lower inthe glacial than
Holocene, both the MARs and the 23°Th-normalized fluxes indicate
lower glacial productivity as compared to the Holocene. This finding is
in contrast to the second core, PLDS-7G, which has the highest focusing
overall, with higher focusing in the glacial compared to the Holocene,
and is characterized by higher glacial MARSs but lower glacial 2%°Th-
normalized fluxes. These observations support findings that MAR re-
cords showing an increased glacial productivity in the EEP are more
likely to be biased by increased glacial sediment focusing.

We put our productivity and Pa/Th records in the context of other
records from the Pacific and find evidence for decreased productivity
throughout the EEP and North Pacific, along with increased
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productivity in the WEP, all of which are consistent with a generally
more EI Nifio like state of  the Pacific during the glacial interval.
However, the Southern Ocean's productivity signature is  discrepant
from modern EI  Nifio productivity distributions. ~ Therefore, although
large regions of the Pacific display evidence that is consistent with a
more El Nifio like state, we cannot unequivocally confirm a glacial El
Nifio configuration.

Finally, we examine Pa/Th records near the East Pacific Rise where
increased hydrothermal activity has been shown to have occurred
during the deglaciation. We find that superimposed on the broad glacial
to interglacial increase in Pa/Th there is a deglacial spike in Pa/Th at
mid depths. This increase could be due to a deglacial increase in pro-
ductivity (Hayes et al., 2011) or related to increased hydrothermal
activity (Lund et al., 2016). Future work such as measurements of Fe,
Mn and other proxies sensitive to hydrothermal activity will be required
to constrain the potential  effect of hydrothermal activity on Pa/Th
during the deglaciation at the East Pacific Rise.
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