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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies The tropical Pacific played an important role in modulating global climate change during the Pliocene. Studies of
tropical Pacific sea surface temperatures covering the period from the Pliocene onwards indicate that changes in
the thermal mean state over the tropical Pacific can significantly influence global climate feedbacks and connect
the high- and low-latitude climates. Tropical productivity fluctuations are a significant mechanism with respect
to the operation of the global carbon cycle. Yet, temporal changes in primary productivity are not well con-
strained in the western Pacific warm pool (WPWP), where the ocean—climate system is not dominated by up-
welling systems. Furthermore, the role of nutricline dynamics in forcing productivity over tectonic timescales re-
mains uncertain. Here we use relatively high-resolution foraminiferal carbon isotope records combined with Ba/
Ti ratios obtained from International Ocean Discovery Program (IODP) Site U1490 in the WPWP to reconstruct
nutricline depth and paleoproductivity over the period 5.1-2.6 Ma. Our records imply that nutricline and pro-
ductivity variations were closely coupled over tectonic timescales, implying that the dynamics of the nutricline
play a significant role in regulating productivity in the WPWP. The deeper nutricline and lower productivity dur-
ing 4.8-3.5 Ma might have been fostered by the closure of the Central American Seaway through the thickening
of the mixed layer in the WPWP. We relate the overall shallower nutricline and increased productivity during
3.5-3.0 Ma to the restriction of the Indonesian Seaway via the enhanced influence and upwelling of high-latitude
southern-source waters.

Keywords:

Western tropical Pacific
Nutrient structure
Carbon isotope gradient
Central American Seaway
Indonesian Seaway

1. Introduction pheric sensible and latent heat, and water vapor and thus, plays an im-
portant role in driving climate change (Wara et al., 2005).
As is the largest reservoir of warm surface water on Earth, in partic-

ular the Western Pacific Warm Pool (WPWP) contributes to the plane-

Several significant climate events occurred during the Pliocene
(~5.3-2.6 Ma), including the Pliocene warm period (ca. 5.0 Ma to

3.0 Ma) and the intensification of the Northern Hemisphere glaciation
(iNHG; ca. 2.75 Ma; Ravelo et al., 2004). In addition, it was a critical
period during which two important low-latitude tectonic events, the
closure of the Central American Seaway (CAS) and the constriction of
the Indonesian Seaway (ITF), effectively changed the global oceanic cir-
culation and hence altered the distribution of heat between basins
(Driscoll and Haug, 1998; Haug and Tiedemann, 1998; Cane and
Molnar, 2001; Karas et al., 2009, 2011). The tropical Pacific between
these two seaways provides substantial amounts of the global atmos-

tary-scale atmospheric circulation (Yan et al., 1992). As the WPWP has
a profound impact on the global heat budget, as well as the hydrologi-
cal, carbon, and biogeochemical cycles, small variations in the mean
climatic state over the tropical Pacific significantly affect regional hy-
drological features (Hoerling et al., 2001). At present, the general cli-
matic patterns across the WPWP are characterized by El Nifio-Southern
Oscillation (ENSO) variations (Fedorov and Philander, 2000), the
Walker and Hadley circulations, and latitudinal shifts in the Intertropi-
cal Convergence Zone (ITCZ; Schneider et al., 2014). The WPWP, as
part of the Indo-Pacific warm pool, is not only connected to the eastern
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tropical Pacific (ETP; Picaut et al., 1996), but also exchanges water
with the Indian Ocean through the Indonesian Seaway (Lukas et al.,
1996).

In view of the importance of the modern WPWP to global climate
change, many studies showed that the WPWP changed significantly
during the Pliocene (e.g., Bali et al., 2020; Brierley et al., 2009; Ford et
al., 2015; Ford and Ravelo, 2019; Li et al., 2011; Wara et al., 2005). An
expanded warm pool was proposed by the evidence that the meridional
thermal gradient was reduced during the early Pliocene (Brierley et al.,
2009). In addition, previous reconstructions suggest that the Pliocene
zonal sea surface temperature (SST) gradient and the thermocline tilt
along the equator was weaker in comparison to modern conditions,
which is referred to as a quasi permanent El Nifio-like state (Brierley et
al., 2015; Chaisson and Ravelo, 2000; Fedorov et al., 2006, 2010;
Ravelo et al., 2014; Wara et al., 2005). Vertical temperature gradients
further indicate that the El Nifio-like conditions included a warm/deep
thermocline not only in the ETP but also across the entire tropical Pa-
cific (Ford et al., 2012, 2015). After ~4 Ma, the tropical thermocline
cooled/shoaled as the global climate gradually transferred towards the
cooler Pleistocene (Ford et al., 2015). These changes in the upper ocean
structure as well as nutrient distributions of the tropical Pacific were
partly related to the closing/constriction of the CAS and the ITF (Auer
et al., 2019; Bali et al., 2020; Ford et al., 2012; Kamikuri et al., 2009;
Steph et al., 2010).

Only a few studies have focused on the interrelationship between
marine productivity and nutricline dynamics (the latter being an ocean
layer in which there is a rapid change in nutrient content with depth) in
the western tropical Pacific (WTP) during the Pliocene. During modern
El Nifio events, surface currents along the equatorial Pacific are im-
peded by the weakened trade winds (McPhaden et al., 2006; Sagawa et
al., 2012). This results in a lifting of the thermocline and the nutricline
and thus increased primary productivity in the WTP (Williams and
Grottoli, 2010). However, studies related to the past ENSO-like influ-
ences on biogeochemical cycles have concentrated on the ETP (Drury et
al., 2018; Kamikuri et al., 2009; Lyle et al., 2019; Lyle and Baldauf,
2015). Consequently, the dynamics of the WTP and its role in biogeo-
chemical cycling during the Pliocene remain poorly understood al-
though highly relevant as the Pliocene was a period during which the
boundary conditions were rather similar to those of today. Whether a
covariant relationship existed between the nutricline and productivity
during the Pliocene epoch, and whether ENSO-like fluctuations played
a role in productivity changes in the Pliocene WTP, remain rather un-
clear.

To address these issues, we here present a long-term Pliocene record
of foraminiferal stable carbon isotopes (5!3C) and bulk Ba/Ti ratios ob-
tained from International Ocean Discovery Program (IODP) Site U1490
in the central WPWP. We analyzed 302 samples for §13C measurements
on each of the 3 foraminifera species (Trilobatus sacculifer, Globorotalia
tumida and Cibicidoides wuellerstorfi) and 565 samples for Ba/Ti analy-
ses on bulk sediments to reconstruct nutricline depth and productivity
changes and their possible response to tectonic events over the period
5.1-2.6 Ma. Consequently, these new datasets allowed to evaluate the
possible forcing mechanisms associated with variations in nutricline
depth and productivity in the WPWP over tectonic timescales.

2. Regional setting

Site U1490 is located in the WPWP and is exposed to few geographic
influences; i.e., there is little coastal upwelling and only limited inputs
of terrigenous nutrients (Fig. 1; Sagawa et al., 2012). The main surface
current around our study site is the North Equatorial Countercurrent
(NECC), which runs between the equator and 10°N in the modern west-
ern Pacific (Toole et al., 1988; Lukas et al., 1991). The main sources of
the NECC are the Mindanao Current and the reversing South Equatorial
Current (SEC; Lukas et al., 1991). The main water masses include the
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upper South Pacific Subtropical Water, and below this the water masses
are characterized by lower salinities and influenced mainly by the
North Pacific Intermediate Water (NPIW) and/or the Antarctic Interme-
diate Water (AAIW; Zenk et al., 2005).

3. Materials and methods
3.1. Materials

Site U1490 was drilled in 2016 during International Ocean
Discovery Program (IODP) Expedition 363 on the northern
flank of the Eauripik Rise (5°48.95'N, 142°39.27'E) in a water
depth of 2341 m (Fig. 1; Rosenthal et al., 2018). Using the three
holes retrieved from Site U1490, a continuous splice was con-
structed that covers the early Miocene to recent times and has a
mean sedimentation rate of approximately 1-2 cm/kyr
(Rosenthal et al., 2017). The upper 185 m is composed mainly
of foraminifer-rich nannofossil ooze with a small amount of clay
(Rosenthal et al., 2018). For this study, 10 cc of sediments were
sampled at 20 cm intervals between depths of 38 m and 97 m
composite core depth below seafloor (CCSF) from the primary
splice (Table 1). These samples span the Pliocene to the early
Pleistocene with a mean temporal resolution of around 8-10
kyr.

3.2. Foraminiferal stable carbon and oxygen isotope analysis

The samples were dried in an oven at 60 °C for over 24 h and
their dry bulk weight was determined before wet-sieving
through a 63 pm sieve using ultrapure water. Then, the coarse
components were oven-dried again at 60 °C. The planktonic
foraminiferal species T. sacculifer without sac-like last chamber,
and the species G. tumida, were selected as the ideal species for
this study (Cléroux et al., 2013; Raddatz et al., 2017; Regenberg
et al., 2009; Rippert et al., 2016), since these two species ex-
isted throughout the Pliocene (Kennett and Srinivasan, 1983)
and are relatively abundant in our sample. In addition, preser-
vation of foraminifera tests in our sample is very good to good
(Rosenthal et al., 2018) due to the shallower depth of Site
U1490 compared with modern WTP lysocline (~3500 m; Wu
and Berger, 1991). T. sacculifer calcifies at the bottom of the
mixed layer and in the uppermost thermocline (45-95 m;
Hollstein et al., 2017). The species G. tumida calcifies between
water depths of 230 and 265 m in the WTP and is therefore use-
ful for monitoring changes in the bottom of the thermocline
structure in our study area (Hollstein et al., 2017). Sediment
trap studies from the WTP show that T. sacculifer and G. tumida
can be found throughout the year around our study area
(Kawahata et al., 2002; Yamasaki et al., 2008). For stable iso-
tope and other geochemical analysis (e.g., Mg/Ca), 50 tests of T.
sacculifer, 40 tests of G. tumida and 1-4 tests of the benthic
species C. wuellerstorfi were picked from each sample from the
315-355 pm size fraction. These foraminiferal tests were then
gently crushed between two glass plates to open the chambers.
All benthic sample fragments and one-third of the planktonic
sample fragments were used for stable isotope analysis. The re-
maining two-thirds of the planktonic fragments were used for
other geochemical analysis. All isotope analysis was conducted
using a Thermo Fisher Scientific MAT 253 mass spectrometer
combined with a Kiel IV carbonate preparation device at GEO-
MAR. We calibrated our results against the NBS-19 (National
Bureau of Standards) carbonate standard and an in-house stan-
dard (“Standard Bremen”). The isotope values are presented in
the delta notation (5180, §13C) and reported as %o relative to
the Vienna Pee Dee Belemnite (VPDB) standard. The long-term
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Fig. 1. (a) Colour-coded chart of the equatorial Pacific showing the mean annual sea surface phosphate concentration. The most important tropical Pacific
surface currents are indicated. Yellow star = Site U1490; black dots = reference sites. The white dotted line indicates the location of cross sections (b) and
(c), which show water mass salinity and phosphate, respectively. (d) Profiles of sea water temperature, phosphate, and nitrate for the upper 400 m of the
sea area at Site U1490. NEC = North Equatorial Current; NECC = North Equatorial Counter Current; EUC = Equatorial Undercurrent; SEC = South
Equatorial Current; SPTW = South Pacific Tropical Water; NPTW = North Pacific Tropical Water; SAMW = Subantarctic Mode Water; AAIW = Antarctic
Intermediate Water; NPIW = North Pacific Intermediate Water. All data from World Ocean Atlas 13 (WOA13; Garcia et al., 2014; Locarnini et al., 2013;
Zweng et al., 2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 Thermo-Fisher IRIS Advantage ICP-OES and a Thermo-Fisher X series
Sampling information of IODP Site U1490 in this study. ICP-MS, respectively, at the State Key Laboratory of Marine Geology in
Top of splice interval Bottof of splice interval Tongji University, China. Analytical accuracy was assessed by analysis

of the BHVO-2, GSP-2, GSD-9, and W-2a standards, which gave results

Hole Core Section Interval Depth Hole Core Section Interval Depth typically within +3% of the certified values for major elements, and
(em) (Cnf)s ¥ (em) gi)s ¥ within +10% of the certified values for trace elements. Analytical pre-
cision, expressed as the relative standard deviation (RSD), was deter-
c 5 2 87 37795 C 5 3 37 38.795 mined by analysis of several duplicate samples and was typically better
B 5 1 63 38973 B 5 6 23 46.073 than 5% for the major elements, and better than 10% for the trace ele-
c 6 1 83 46.266  C 6 3 143 49.866 ments (including the rare earth elements). The bulk-sediment Ba/Ti ra-
i g 1 ;29 gg:ggs i g Z ‘1‘; s Zﬁ:igs tios can be used as an index of productivity, with higher Ba/Ti values
B 7 1 133 60.347 B 7 - 33 68.347 indicating periods of enhanced productivity (Murray et al., 2000;
A 8 1 46 68.552 A 8 1 126 69.352 Niirnberg et al., 1997; Paytan and Griffith, 2007). This proxy assumes
B 8 1 71 69.557 B 8 4 51 73.857 that changes in the delivery of Ba in biogenic material are implicit in
¢ 10 1 127 74001  C 10 7 17 81.901 the bulk ratio measurement, such that any increase in Ba/Ti through
A9 2 78 52po7 A S 4 108 85.357 time can be interpreted as reflecting the accumulation of excess Ba,
c o2 7 85563 C o6 12 91.413 which approximates marine productivity (Murray et al., 2000).
A 10 2 50 91621 A 10 3 140 94.021
B 11 1 57 94226 B 1 2 147 96.626

3.4. Age model
analytical precision was = 0.06%o for 8180 and + 0.05%. for

513C. The shipboard age model for Site U1490 was constructed us-
ing calcareous nannofossil and planktonic foraminifera bios-
3.3. Bulk-sediment elemental analysis tratigraphy data, which was supported by the record of paleo-

magnetic reversals (Rosenthal et al., 2018). As the paleomag-
netic data between 1.1 Ma and 8.8 Ma (i.e., 16-175 m below
the seafloor, mbsf) could not be interpreted correctly owing to
diagenetic overprinting (Rosenthal et al., 2018), and as most of
the biodatums showed poor precision in terms of depth, we ad-
ditionally tuned the 5180 record of the epibenthic foraminifera

The freeze-dried samples were ground to form a 200-mesh powder
and then ignited at 600 °C to determine the loss on ignition. About
30-45 mg of each sample was then digested using a mixture of
HNO; + HF on a hot plate. Subsequently, the eluted samples were di-
luted with 2% HNO; prior to major and trace-element analysis using a
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C. wuellerstorfi to the LR04 global benthic 5180 reference stack
(Lisiecki and Raymo, 2005; Fig. 2a). This allowed us to establish
the first high-precision Site U1490 chronostratigraphy for the
period 5.1-2.6 Ma. The close agreement between the two 5180
records allowed us to assign the section between approximately
37.8 and 96.6 m in the U1490 splice to 5.1-2.6 Ma, which
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equates to an average sedimentation rate of 2-3 cm/kyr (Fig.
2e).
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Fig. 2. Site U1490 age model between 5.1 Ma and 2.6 Ma. (a) U1490 benthic 61806.wuellerstorﬁ (blue) versus composite core
depth below seafloor (CCSF). (b) LR04 global benthic 180 reference stack (gray) on age scale (Lisiecki and Raymo, 2005). Vertical
lines between (a) and (b) indicate tie-lines between records. (c) U1490 benthic foraminiferal §180 record (blue) tuned to the LR04
stack (gray). (d) Comparison of 41-kyr band-pass filtered records of U1490 benthic foraminiferal 6180 record and obliquity. The
obliquity data are from Laskar et al. (2004). (e) Calculated linear sedimentation rate between 2.6 Ma and 5.1 Ma. The dashed line
indicates an average of 2.35 cm/ka. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4. Results
4.1. Planktonic and benthic foraminiferal §'3C

The 813Cr sqccutifer and 813Cg uynigq T€COrds from Site U1490 covering
the period 5.1-2.6 Ma show high amplitude variations between 1.10%o
and 2.09%o, and between 0.94%. and 1.80%o, respectively (Fig. 3b, c).
Between approximately 5.1 Ma and 4.8 Ma, 8'3Cr,qccuifer Shows a grad-
ually increasing trend. Between 4.8 Ma and 4.2 Ma, 8'3Crqccuier de-
creases gradually by about 0.5%o, followed by a sharp rise and fall from
4.2 Ma to 3.8 Ma. After a further increase between 3.8 Ma and 3.6 Ma,
the 813Cr sqccuiifer record returns to the same level as before 4.8 Ma. The
813G umida fluctuations are similar to the 8!3Cy.sqccuiper record, although
the mean value (1.43%o) is lighter than that of T. sacculifer (1.6%o; Fig.
3c). In particular, between approximately 4.8 Ma and 4.3 Ma,
813G wmida increases slightly, while 8'3Cyqccuifer declines. The benthic
813Cc wuetterstorsi data range from —0.33%o to 0.64%., with an average of
0.19%.. Compared with the planktonic 8!3C profiles, benthic §!3C gen-
erally exhibits similar variations but with significantly different ampli-
tudes (Fig. 3d).

4.2. §'3C gradients in Site U1490

To explore changes in nutricline depth and productivity in the WTP,
we estimated the §'3C differences between T. sacculifer and G. tumida
(surface-to-thermocline gradient, A8'3Cg,. ) and between T. sacculifer
and C. wuellerstorfi (surface-to-deep gradient, AS8'3Cg,cpenthic) at Site
U1490 as indicators of nutricline depth and productivity, respectively
(Fig. 4a, b). The A8'3Cg,c.cum value is generally higher between 5.1 Ma
and 4.8 Ma, then decreases sharply around 4.8 Ma and maintains this
relatively lower value between 4.8 Ma and 3.8 Ma, except for a slight
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increase at about 4.1 Ma. During the period 3.8-3.5 Ma, A8!'3Cgac.tum
gradually increases, then maintains relatively higher values between
3.5 Ma and 3.0 Ma, but decreases again between 3.0 Ma and 2.6 Ma.
Similarly, the A8'3Cg,cpenmic record is characterized by higher or in-
creasing values between 5.1 Ma and 4.8 Ma, then decreases and main-
tains lower values between 4.8 Ma and 3.8 Ma, except for an increase
around 4.1 Ma. Values gradually increase during 3.8-3.5 Ma, then
reach higher values between 3.5 Ma and 2.6 Ma. That is, in general,
smaller surface-to-thermocline gradients in the carbon isotope records
roughly covary with low surface-to-deep gradients in our study area.

4.3. Ba/Ti changes at Site U1490

The Ba/Ti profile from Site U1490 shows prominent and well-
defined staged changes over longer timescales. That is, the Ba/Ti ratios
are high between 5.1 Ma and 4.8 Ma, then decline rapidly around
4.8 Ma and remain at these lower levels until 3.8 Ma (Fig. 4c). Subse-
quently, the Ba/Ti ratio gradually increases between 3.8 Ma and
3.5 Ma as a period of transition from long-term higher to lower produc-
tivity, and then sustains higher values between 3.5 Ma and 3.0 Ma, be-
fore decreasing again from 3.0 Ma to 2.6 Ma.

5. Discussion

5.1. Reconstruction of nutricline depth and productivity based on
foraminiferal 513C

As different planktic foraminiferal species have specific preferred
depth habitats, their isotope-geochemical compositions can be used to
reconstruct the upper water column structure (e.g., Hollstein et al.,
2017; Steinke et al., 2010). Notably, the various species reveal different
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Fig. 3. Pliocene 8!3C records from Site U1490. (a) U1490 benthic 8'80¢ yepiersiori ON age scale for reference. (b) 8'3C record of surface-dwelling planktonic
foraminifer T. sacculifer. Extra Y axis represents the corrected 8!3C scale after equilibrium correction. (c) 8!3C record of thermocline-dwelling planktonic foraminifer
G. tumida. Extra Y axis represents the corrected 513C scale after equilibrium correction. (d) §!3C record of benthic foraminifer C. wuellerstorfi. The 8!3C records are
shown with their long-term trends (17-running averages). Dashed lines indicate mean values of these records. CAS = Central American Seaway; ITF = Indonesian

Throughflow; iNHG = intensification of Northern Hemisphere Glaciation.
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A813Cgqc-benthic)- (¢) Ba/Ti ratios. CAS = Central American Seaway; ITF = Indonesian Throughflow; iNHG = intensification of

Northern Hemisphere Glaciation.

813C fractionations between biogenic calcite and dissolved inorganic
carbon (DIC) in seawater due to vital effects (Birch et al., 2013;
Cannariato and Ravelo, 1997; Ravelo and Fairbanks, 1995; Ravelo et
al., 1990; Rippert et al., 2016). According to previous studies, 513C val-
ues obtained from T. sacculifer and G. tumida are shifted by —0.5%o
and — 1.0%o, respectively, with respect to the 8'3C changes of DIC in
seawater (8!3Cp¢; Cannariato and Ravelo, 1997; Ravelo and Fairbanks,
1995). These offsets have been used to correct the long-term planktic
foraminifera 8!3C records in order to remove the influence of vital ef-
fects (Cannariato and Ravelo, 1997; Reghellin et al., 2020). To better
assess the 813Cp;c, the §13C records of planktic foraminifera presented
here have been corrected for these equilibrium offsets (Fig. 3b, c;
Cannariato and Ravelo, 1997; Ravelo and Fairbanks, 1995). 813Cpy is
predominately controlled by global carbon changes (interactions
among atmospheric, terrestrial and oceanic carbon reservoirs) and local
shifts created mainly by changes in nutrient supply and utilization
(Steph et al., 2006; Tiedemann et al., 2007). Thus, the differences in the
corrected carbon isotope compositions of planktic foraminifera that
lived in the mixed layer and thermocline have been widely used to re-
construct upper-ocean nutrient structures (e.g., Beltran et al., 2014;
Mulitza et al., 1998).

Vertical migration of planktic foraminifera species over their live
times might have been crucial of the §!3C-signal formation, and needs
to be considered cautiously. Core top analyses indicate that T. sacculifer
reflects mixed layer conditions in the WTP (Hollstein et al., 2017;
Sagawa et al., 2012). Cannariato and Ravelo (1997) have proposed that
a general lack of a linear trend between 8180 and 813C values coupled
with the overall small range (~1.0%0) implies that T. sacculifer calcified
in the surface mixed layer during the Pliocene even when considering
depth migrations. As our T. sacculifer 813C values also span a similar
small range (~0.99%o) during the Pliocene, we here assume that T. sac-
culifer calcified in the surface mixed layer, where nutrient concentra-
tions are relatively low. Instead, G. tumida reflects lower thermocline
conditions (Hollstein et al., 2017; Sagawa et al., 2012). Previous studies

indicate that G. tumida calcifies close to the bottom of the photic zone,
which acts as an anchor point to reflect thermocline changes
(Cannariato and Ravelo, 1997; Ravelo and Fairbanks, 1995). In addi-
tion, Ford et al. (2015) clarified that the long-term subsurface cooling
trend in G. tumida was related to alterations in thermocline conditions
rather than a change in its depth habitat in the WTP. As the nutricline
and thermocline are tightly coupled in the modern WTP (Fig. 1d), we
suggest that differences in the §13C fluctuations between T. sacculifer
and G.tumida reflect nutricline depth variations.

As phosphate concentrations are usually very low in tropical surface
waters (Fig. 1a, ¢, d), the reduced 813C difference between mixed layer
and thermocline-dwelling species (e.g. A8'3Cgc.um) implies corre-
spondingly lower nutrient concentration in the thermocline waters, and
thus a deeper nutricline (Mulitza et al., 1998; Beltran et al., 2014). Re-
garding the past conditions, Pliocene thermocline reconstructions along
the equatorial Pacific reveal that the WTP thermocline was deeper dur-
ing the early Pliocene compared to today (Ford et al., 2015). We there-
fore assume that the phosphate concentrations in the WTP surface wa-
ter were also close to zero in the Pliocene due to this deeper thermo-
cline. Thus, A8'3Cg,c.ym from our study site can be used as an indicator
of nutricline depth. In terms of physical oceanography, nutricline
changes would indicate that an increase in upwelling parallels in-
creased nutrient content in the deep waters (Schmidt et al., 1993). Con-
sequently, the depth of the nutricline reflects nutrient supply to the up-
per ocean (Cermeio et al., 2008).

Phytoplankton prefers to absorb 12C through photosynthesis, lead-
ing to heavier 813C in the upper layer. During the decomposition of
sinking organic carbon 12C is released into the deeper depth levels,
which in turn leads to a lighter 813C close to the seafloor (Berger and
Vincent, 1986). The differences in §!3C records between planktonic and
benthic foraminifera have been used as a qualitative indicator of pro-
ductivity in tropical and subtropical oceans, with larger values indicat-
ing a period of increased productivity (Sarnthein and Winn, 1990; Jian
et al., 2001; Li et al., 2010). Consequently, the differences in §!3C
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records between T. sacculifer and C. wuellerstorfi (A8'3Cg,c.penthic) from
our study site can be used to approximate changes in productivity.

5.2. Coupling of nutricline and productivity variability in the WPWP

Since the low-latitude processes and its dynamics of WTP
and ETP are tightly coupled both in the present and past, we
first compare Site U1490 813C records to those from ETP sites.
The benthic §13C records from Ocean Drilling Program (ODP)
Site 1241 and other sites in the ETP reflect shifts in the carbon
budget of the global ocean (Mix et al., 1995; Steph et al., 2006;
Tiedemann et al., 2007). Fig. 5 shows the comparisons between
our Site U1490 benthic 813C records and the benthic §13C
records from ETP Site 1241. It is evident that the benthic U1490
813C profile broadly follows the benthic §13C record of ETP
Site 1241 (Tiedemann et al., 2007; Fig. 5 and Fig. S1). Likewise,
long-term fluctuations of our planktonic foraminifera §13C
records are similar to benthic and planktonic foraminifera §13C
records from the ETP (ODP Sites 1241 and 851; Cannariato and
Ravelo, 1997; Steph et al., 2006). Thus, we suggest that these
similar variations in the Site 1490 planktonic foraminifera §13C
records broadly reflect the global carbon cycle during the
Pliocene (Fig. 5 and Fig. S1). Besides, there is an interesting ob-
servation that the T. sacculifer §13C values from ETP Sites 851
and 1241 are obviously higher than those from Site U1490. This
phenomenon might have resulted from the overall higher pro-
ductivity in the ETP than that in the oligotrophic WTP. Higher
productivity generally leads to 12C depletion in surface water,
remaining heavier 613C in DIC as well as foraminiferal calcite
(Ravelo and Hillaire-Marcel, 2007). With the biological pump
bringing 12C-riched organic carbon into the deep ocean, ben-
thic 813C generally becomes lighter due to the respiration/oxi-
dization of such 12C-riched carbon. Consequently, the benthic
813C difference between WTP and ETP is opposite to the §13C
difference in T. sacculifer, with higher benthic §13C values at
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Site U1490 and lower values at ETP Site 1241 (Fig. 5). These
opposite 813C differences also infer a larger surface to benthic
813C gradient in the ETP, which further implies that the pro-
ductivity in the WTP was lower than in the ETP throughout the
Pliocene.

Although affected mainly by the Pliocene global carbon cycle (Fig.
5), there are still subtle differences in the §!3C fluctuations of the two
planktonic species from Site U1490 (Fig. 5), which were most probably
caused by locally differential nutrient supply and utilization. Therefore,
we used the §13C differences between the two species (i.e., AS'3Cg,c.um)
as an indicator of changes in the nutricline depth, excluding the com-
mon global carbon cycle signature (see Section 5.1).

Increased A8'3Cg,..um Values point to a shallower nutricline and vice
versa (Fig. 6a). During 5.1-4.8 Ma, the generally higher A8'3Cq,c um
value indicates that the nutricline was rather shallow. After ~4.8 Ma,
the decreasing A8!3C, .. implies a significant deepening of the nutri-
cline, while the nutricline maintained a relatively deep position be-
tween 4.8 Ma and 3.8 Ma, except for a slightly shoaling at ~4.1 Ma.
Over the period 3.8-3.5 Ma, the nutricline again started to shoal, and
maintained a shallower level until 3.0 Ma before deepening again be-
tween 3.0 Ma and 2.6 Ma.

To investigate the temporal changes in marine productivity, we
used the A813C,cpenthic and Ba/Ti records from Site U1490 (see Section
5.1). By comparing these with changes in the nutricline depth, we
found a good covariant relationship between nutricline depth and pro-
ductivity changes in our study area (Fig. 6a, b, ¢, and Fig. S2). The pe-
riod between 5.1 Ma and 4.8 Ma was characterized by an overall shal-
lower nutricline and increased productivity (Fig. 6a, b, c). Specifically,
the Ba/Ti values were significantly higher than those during other peri-
ods. Between 4.8 Ma and 3.8 Ma, the nutricline deepened and re-
mained at relatively deeper levels, and the productivity records showed
similar decreasing values. During 3.8-3.5 Ma, productivity increased
slowly and was accompanied by a gradual shoaling of the nutricline.
The period between 3.5 Ma and 3.0 Ma was again characterized by an
overall shallower nutricline and increased productivity (Fig. 6a, b, c).
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During 3.0-2.6 Ma, the Ba/Ti ratios indicate that productivity de-
creased slightly (Fig. 6¢). In contrast, the A8!3Cg,¢ penmic record points
towards a period of greater productivity during 3.0-2.6 Ma, especially
after 2.75 Ma (Fig. 6b). The mechanism of such divergence might be
that the pre-formed 8'3C value of the subsurface or deep waters
changed or the subducting locations of these waters changed with the
onset of the NHG. In addition, the atmospheric CO, concentration de-
creased significantly during the iNHG (Willeit et al., 2015), which may
have affected the 13Cp; values in the surface waters via air-sea ex-
change. Hence, A8!3Cg,¢ pentic records could be in response to the iNHG,
but might not indicate productivity changes as the Ba/Ti ratios showed
in this period. In consequence, decreased productivity was accompa-
nied by a deepening of the nutricline in the study area during
3.0-2.6 Ma. Our data suggest that the changes in productivity vary con-
sistently with changes in nutricline depth, which might have been a re-
sponse to increased nutrient supply. Consequently, we hypothesize that
the dynamics of nutricline depth play an important role in regulating
productivity, because a shallower nutricline allows increased nutrient
supply to the upper ocean, and hence, would foster productivity.

5.3. Response to the early Pliocene “biogenic bloom” and closure of
the Central American Seaway

Potential factors, which might have had major impact on the
Pliocene WTP productivity and nutricline depth include changes in
global carbon cycles, fluctuations in tropical mean state, remote forcing
from the Pacific Meridional Overturning Circulation (PMOC) and tec-
tonic events (Burls et al., 2017; Cane and Molnar, 2001; Grant and
Dickens, 2002; Nathan and Leckie, 2009; Wells et al., 1999). Published
corresponding records from WTP (ODP Site 806), ETP (ODP Sites 847,
1239, 1241 and IODP Site U1338), North Pacific (ODP Site 882) and
southwestern Pacific (Deep Sea Drilling Program Site 590B) are in-
volved in this study to evaluate and figure out the possible mechanisms
of the long-term variations in productivity and nutricline depth. Ac-
cording to Farrell et al. (1995) and Lyle and Baldauf (2015), a “biogenic
bloom event” occurred between approximately 6.7 Ma and 4.5 Ma in
the ETP, which was characterized by an overall increase in biogenic ac-
cumulation along the equator. This event has been observed primarily
in the tropical Indo-Pacific (Farrell et al., 1995), but also in other parts
of the global ocean. Intense biogenic blooms have been also reported
from the sediment cores in the Indian Ocean between 6.0 Ma and
5.0 Ma (Dickens and Owen, 1999; Imai et al., 2020), and in the Atlantic
Ocean at 8.2-5.4 Ma, 6.6-6.0 Ma, and at ~5.0 Ma (Diester-Haass et al.,
2005). Therefore, biogenic bloom events can be regarded as global phe-
nomena, although the timing of their occurrence might have been vari-
able and the trigger mechanisms still remain unknown (Imai et al.,
2020). As shown in Figs. 6a, b and c, a stable shallower nutricline and
higher productivity during 5.1-4.8 Ma were also observed in our
records. For that reason, we suggest that the stable shallow nutricline
and increased productivity conditions over the period 5.1-4.8 Ma ap-
pear to be a regional response of the global biogenic bloom event.

Modern ENSO events typically associated with variations of the
trade winds and the Walker Circulation (Etourneau et al., 2010) com-
monly result in a seesaw productivity anomaly across the tropical Pa-
cific. Turk et al. (2001) found that a shallower nutricline and greater
productivity in the WPWP likely develop during modern El Nifio condi-
tions, when the WPWP thermocline is relatively shallow, while in the
ETP a deeper nutricline leads to reduced marine productivity. We use
this framework to investigate changes in mean nutricline and produc-
tivity states during the Pliocene, although the dynamics of the tropical
Pacific mean state changes on tectonic timescales are not the same as
modern climate dynamics, which generate interannual El Nifio events
(Fedorov et al., 2013). Here we use the Pliocene tropical Pacific
west—east sea surface temperature (SST) gradient (Fig. 6d), which is
based on Mg/Car sccufer-derived Pliocene SST records from ODP Sites
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806 and 847 (Wara et al., 2005), as an indicator of how EI Nifio-like or
La Nifa-like conditions changed in the past, and compared our nutri-
cline and productivity changes to this gradient. At ~4.8 Ma, a remark-
able turning point (Fig. 6a, b, c) is followed by a period with a relatively
deep nutricline and low productivity (i.e., oligotrophic conditions;
4.8-3.5 Ma). Similarly, productivity was low in the ETP, where low bio-
genic opal accumulation rates (at ODP Site 1239) point to low diatom
productivity between 4.8 Ma and 3.8 Ma (Steph et al., 2010). In addi-
tion, the comparison of our productivity records (Fig. 6b, c) with corre-
sponding records from ETP Sites 1241 and U1338 (Lyle et al., 2019;
Steph et al., 2006; Fig. 6e, f), shows no inverse relationship of produc-
tivity between the WTP and ETP. We therefore conclude that variations
in the trade winds combined with corresponding Walker Circulation
changes or west-east seesaw fluctuations of tropical mean state can be
ruled out as primary drivers of early Pliocene changes in biogenic pro-
duction and nutricline depth. Bolton et al. (2010) support this interpre-
tation as they also found no evidence of productivity control by either
west—east tilting or basin-wide diabatic movements of the thermocline
in the late Pliocene tropical Pacific.

Alternatively, the northern-sourced water masses formed at high-
latitudes might have contributed to the tropical Pacific nutrient inven-
tory, and hence, marine productivity (Haug et al., 1999). One key
process in this respect is the evolution of the PMOC, because the
strengthened inter-basin gradient and thus enhanced PMOC can in-
crease the supply rate of silicates to the subarctic Pacific surface
through vertical exchange and upwelling, leading to increased produc-
tivity in the subarctic Pacific (Burls et al., 2017; Haug et al., 1999). Con-
sequently, upwelling in the subarctic Pacific represents a potential
route for high-nutrient deeper waters to get entrained into intermediate
and surface-water, thus affecting the nutrient conditions in the low-
latitudes (Burls et al., 2017; Haug et al., 1999). Hence, the development
of the PMOC may be a functional alternative to explain the productivity
variations in the low-latitude regions and at the southern margin of the
subarctic North Pacific during the Pliocene.

Unfortunately, we found no covariant relationship between
productivity changes (i.e. Ba/Ti) in our study area and opal ac-
cumulation rates from ODP Site 882 in the subarctic North Pa-
cific. Even when combined with productivity changes from
Sites U1490 and 882 by cross-correlation analysis, no obvious
positive correlation was found (Fig. S2). The missing correla-
tion might indicate that northern Pacific-sourced nutrient-rich
water masses were not responsible for nutricline and productiv-
ity changes in our study area. In addition to nutrient supply
from the North Pacific, changes of sea water pH might have af-
fected productivity in the tropical Pacific. According to Shankle
et al. (2021), the higher productivity in the ETP can be ex-
plained by i) more acidic water than modern ETP and ii) decou-
pled zonal pH and temperature gradients across the tropical Pa-
cific in response to a strengthened PMOC during the Pliocene.
However, as there is no significant difference in pH between
modern and Pliocene (Shankle et al., 2021), and as the pH
changes in the Pliocene WTP were likely too small to effectively
cause productivity changes, we speculate that the productivity
changes in our study area must have been caused by other
processes. Further, the missing correlation to Site 882 might be
due to the fact that Site 882 is too far in the north, located north
of the highly variable Kuroshio/Oyashio system in the subarctic
North Pacific (Masujima et al., 2003; Nakano et al., 2018).

At ~4.8 Ma, the closing of the Central American Seaway reached a
critical point (Haug et al., 2001; Haug and Tiedemann, 1998; Steph et
al., 2006), initiating circulation changes (Schneider and Schmittner,
2006) and large-scale oceanic nutrient redistribution. In particular, the
distinct and permanent shift in the tropical Pacific maximum opal mass
accumulation rate at ~4.4 Ma was causally linked to the final closure of
the CAS (Farrell et al.,, 1995), supported by model simulations
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(Schneider and Schmittner, 2006). During 4.6-4.0 Ma, the observed
surface cooling/freshening at Deep Sea Drilling Program (DSDP) Site
590B shows the meridional SST gradient between the WPWP and the
southwestern Pacific (Tasman Sea) increased continuously, indicating
weakened East Australian Current (EAC) and surface heat transport to-
wards the southwestern Pacific, which presumably related to the clo-
sure of the CAS (Fig. 6g; Karas et al., 2011). Although the reliability of
Mg/Ca-derived temperature records of Site 590B were questioned since
the changes in water pH caused by a decline in upwelling of old waters
might significantly affect planktonic foraminifera Mg/Ca (Dickens and
Backman, 2012). Karas et al. (2012) provided the T. sacculifer §13C
records of Site 590B, suggesting that their study area did not experience
a distinct decline in deep and cold upwelling during the Pliocene.
Therefore, we would like to take the Mg/Ca-derived temperature differ-
ence between Sites 806 and 590B as an available proxy of meridional
SST gradient.

Evidenced by the increased meridional SST gradient (Fig. 6g), the
reduced southward heat transport has been interpreted as a response to
the closure of the CAS (Karas et al., 2011), with the effect that the
oceanic heat retained in the tropical Pacific. Chaisson and Ravelo
(2000) have suggested that after 4.5 Ma the vertical subsurface temper-
ature in the WTP remained relatively warm, pointing to a thick mixed
layer. This notion is also supported by the surface-to-subsurface vertical
temperature gradient (ATgyfacesubsurface) at central WPWP, which im-
plies a deeper thermocline during the period ~4.8-4.0 Ma (Ford et al.,
2015; Fig. 6h) and thus an expanded mixed layer. In the WPWP, conse-
quently, a thick mixed layer developed, and nutrient-rich intermediate
waters were located beyond the reach of Ekman pumping, so that only
nutrient-poor mixed-layer water masses were brought to the surface
(Berger et al., 1993; Chaisson and Ravelo, 2000). We therefore specu-
late that between 4.8 Ma and 3.8 Ma, the general low levels of produc-
tivity might have been the result of a thick mixed layer and thus a
deeper nutricline, which acted as a barrier to the vertical transport of
nutrients responding to the closure of CAS.

5.4. Response to the restriction of the Indonesian Seaway

During ~3.5-3.0 Ma, the west—east SST gradient (Wara et
al., 2005) points to predominantly La Nifa-like conditions, al-
though the highly variable SST gradient implies a rather unsta-
ble mean state across the tropical Pacific (Fig. 6d). Over this
same period, however, an overall shallower nutricline and in-
creased productivity developed at our WPWP study site (Fig.
6a, b, ¢), which is contradictory to La Nifia-like conditions. Also
in the ETP (Sites 1241 and U1338), both the
A813Cplanktic-benthic and BaSO4/TiOp ratios point to an
overall shallower nutricline and increased productivity, indi-
cated by slightly higher or equal values than over the period
4.8-3.5 Ma, and especially between 4.6 Ma and 3.5 Ma, with
no values that are significantly lower than in the WTP (Lyle and
Baldauf, 2015; Steph et al., 2006). We therefore suggest that
during the period 3.5-3.0 Ma the west—east tropical fluctua-
tions between La Nifia-like and El Nifio-like climate states were
most likely not driving marine productivity changes in our
study area.

Rather, the high-latitude sourced intermediate waters (specifically,
the Subantarctic Mode Water, SAMW) are delivering nutrients to the
equatorial Pacific thermocline (Palter et al., 2010; Sarmiento et al.,
2004; Toggweiler et al., 1991). During 3.5-3.0 Ma, Karas et al. (2011)
interpreted the significant freshening and cooling subsurface water at
Tasman Sea Site 590B in terms of the increasing presence of the south-
ern-sourced SAMW/AAIW, in line with the gradual establishment of the
Antarctic Frontal System (Fig. S3). As the main conduit of nutrients
from the Southern Ocean to the equatorial Pacific, the SAMW/AAIW
was similarly allowed to migrate northwards and ventilate via “ocean
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tunnelling” into the Subtropical Gyre, and then affect the thermocline
in the tropical Pacific (Bostock et al., 2010; Sarmiento et al., 2004).
Higher AT, face-subsurface at Site 806 throughout the period 3.5-3.0 Ma
also points to a continuous shoaling thermocline (Ford et al., 2015; Fig.
6h) and nutricline (Fig. 6a) in the WTP, which was likely attributed to
the invasion of cooler and eutrophic SAMW/AAIW. At the same time,
the ongoing constriction of the ITF (Karas et al., 2009; Karas et al.,
2017) prevented a large proportion of the southern-Pacific-sourced wa-
ter from flowing through the Indonesian Seaway into the tropical In-
dian Ocean, and more southern-sourced water might have remained in
the WTP instead (Auer et al., 2019; Cane and Molnar, 2001). Thus, the
northward migration of the SAMW/AAIW between 3.5 Ma and 3.0 Ma
implies that the higher productivity at WTP Site U1490 might have
been influenced by the cooler and nutrient-enriched SAMW/AAIW via
“ocean tunnelling”. Karas et al. (2011) suspected that the continuous
restriction of the Indonesian Seaway contributed, via the cooling of the
southern Indian and Atlantic oceans, to the development of the present
Antarctic Frontal System, with stronger westerly winds leading to cool-
ing and/or northward migration of the Mode Waters. In consequence,
changes in nutricline and productivity at Site U1490 might have addi-
tionally responded to the constriction of the ITF.

During 3.0-2.6 Ma, and especially after ~2.75 Ma, the nutricline
deepened slightly in our study area, and the Ba/Ti ratios decreased
slightly indicating lower productivity. The change in subsurface flow
through the ITF from the South Pacific to the North Pacific was com-
plete after ~2.95 Ma (Karas et al., 2009). The decreasing productivity
in the WTP during the intensification of the Northern Hemisphere
glaciation (< 2.75 Ma) might have been caused by the weakened influ-
ence of a cooler and nutrient enriched SAMW.

6. Conclusions

In this study, we used foraminifera carbon isotope and geochemical
records obtained from IODP Site U1490, which is located within the
NECC in the central WPWP, to provide new insights into Pliocene nutri-
cline dynamics and changes in marine productivity between 5.1 Ma
and 2.6 Ma. We also discussed the WPWP nutricline and productivity
changes in relation to tectonically related oceanic reorganizations in
the CAS and ITF. Our main conclusions are as follows.

(1) The records of temporal change in the nutricline and
productivity levels show synchronous long-term variations; i.e.,
coupled variations between the nutricline and productivity in
our study area over tectonic timescales. The dynamics of the
nutricline play an important role in regulating productivity in
the WTP.

(2) Between 4.8 Ma and 3.5 Ma, the general deepening of the
nutricline was accompanied by a decline in productivity. This
might have been fostered by the closure of the CAS, leading to the
thickening of the mixed layer and the deepening of the nutricline
in the WPWP, which acted as a barrier to the vertical transport of
nutrients.

The period between 3.5 Ma and 3.0 Ma was characterized by an

overall shallower nutricline and increased productivity in our

study area, which may have been the result of the restriction of
the ITF via the enhanced influence of high-latitude southern-
sourced mode waters.
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