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Abstract The late Miocene-early Pliocene was a time of global cooling and the development of modern
meridional thermal gradients. Equatorial Pacific sea surface conditions potentially played an important role
in this global climate transition, but their evolution is poorly understood. Here we present the first continuous
late Miocene-early Pliocene (8.0–4.4 Ma) planktic foraminiferal stable isotope records from eastern equatorial
Pacific Integrated Ocean Drilling Program Site U1338, with a new astrochronology spanning 8.0–3.5 Ma.
Mg/Ca analyses on surface dwelling foraminifera Trilobatus sacculifer from carefully selected samples suggest
that mean sea surface temperatures (SSTs) are ~27.8 ± 1.1°C (1σ) between 6.4 and 5.5 Ma. The planktic
foraminiferal δ18O record implies a 2°C cooling between 7.2 and 6.1 Ma and an up to 3°C warming between
6.1 and 4.4 Ma, consistent with observed tropical alkenone paleo-SSTs. Diverging fine-fraction-to-
foraminiferal δ13C gradients likely suggest increased upwelling between 7.1–6.0 and 5.8–4.6 Ma, concurrent
with the globally recognized late Miocene Biogenic Bloom. This study shows that both warm and asymmetric
mean states occurred in the equatorial Pacific during the late Miocene-early Pliocene. Between 8.0–6.5
and 5.2–4.4 Ma, low east-west δ18O and SST gradients and generally warm conditions prevailed. However, an
asymmetric mean climate state developed between 6.5 and 5.7 Ma, with larger east-west δ18O and SST
gradients and eastern equatorial Pacific cooling. The asymmetric mean state suggests stronger trade winds
developed, driven by increased meridional thermal gradients associated with global cooling and declining
atmospheric pCO2 concentrations. These oscillations in equatorial Pacific mean state are reinforced by
Antarctic cryosphere expansion and related changes in oceanic gateways (e.g., Central American
Seaway/Indonesian Throughflow restriction).

1. Introduction

The equatorial Pacific Ocean comprises 50% of all tropical water masses and plays an essential role in global
heat transport, carbon cycling and hydrological cycling. Variations in sea surface temperatures (SSTs) affect
local Hadley and Walker cells, thereby perturbing global atmospheric circulation patterns (Bryden & Brady,
1985; Lyle et al., 2010; Takahashi et al., 1997). The modern equatorial Pacific Ocean is influenced by the El
Niño–Southern Oscillation (ENSO), which causes widespread and global precipitation and temperature
anomalies (Alexander et al., 2002; Goddard et al., 2001). ENSO oscillates interannually between a warm
“El Niño” phase, with weak east-west equatorial SST gradients and a generally deep thermocline across the
equatorial Pacific, and a cold “La Niña” phase, with an amplified east-west SST gradient and eastern equatorial
Pacific thermocline shoaling and SST cooling (Alexander et al., 2002; Goddard et al., 2001; Trenberth, 1997).

The evolution of modern equatorial Pacific SSTs and upper ocean circulation is not fully understood.
Paleoceanographical records indicate that modern patterns, including the appearance of the eastern
equatorial cold tongue, developed during the late Miocene to early Pliocene (Figure 1) (Gasperi & Kennett,
1993; Herbert et al., 2016; Kennett et al., 1985; Pisias et al., 1995; Rousselle et al., 2013; Savin et al., 1985).
Permanent El Niño-like conditions, with generally warm equatorial SSTs and a minimal east-west thermal
gradient are proposed for the Pliocene (Dekens et al., 2008; Ford et al., 2012; Groeneveld et al., 2006;
Lawrence et al., 2006; Ravelo et al., 2014; Seki et al., 2012; Steph et al., 2006; Wara et al., 2005). However, late
Miocene sea surface conditions are not well understood due to the current lack of high-resolution surface
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ocean records from the equatorial Pacific Ocean, and in particular from the eastern equatorial Pacific region
covering intervals prior to 6 Ma. Evidence exists for generally warm equatorial Pacific surface ocean
conditions between ~12 and 5 Ma (Gasperi & Kennett, 1993; LaRiviere et al., 2012). However, these
observations contradict evidence for either oscillating dominant El Niño-/La Niña-like conditions during
the late Miocene (Nathan & Leckie, 2009) or stable E-W equatorial SST gradients for the last 12 Myr (Zhang
et al., 2014). Further complicating understanding of the equatorial Pacific Ocean, is the globally
recognized, but not globally synchronous Late Miocene Biogenic Bloom (LMBB), which occurred in both
upwelling zones and oligotrophic regions between ~8.0 and 4.5 Ma, and may reflect increased surface
ocean nutrient delivery via either increased upwelling of cool nutrient-rich waters or increased continental
runoff (Diester-Haass et al., 2002, 2005, 2006; Grant & Dickens, 2002; Hermoyian & Owen, 2001; Liao & Lyle,
2014; Lyle & Baldauf, 2015; Herbert et al., 2016). However, a forcing mechanism of increased upwelling
(Grant & Dickens, 2002) is difficult to reconcile with observations of eastern equatorial Pacific surface
warmth and a deep E-W thermocline across the equatorial Pacific Ocean (LaRiviere et al., 2012).

Here we investigate the evolution of eastern equatorial Pacific surface ocean conditions during the late
Miocene to early Pliocene (8.0 to 4.4 Ma) using samples from Integrated Ocean Drilling Program (IODP)
Site U1338. We selected Site U1338 because it has expanded late Miocene-early Pliocene sedimentary
sequences and is ideal for resolving the poorly understood interval prior to 6.0 Ma. Recently discovered
stratigraphic issues affect the original late Miocene-early Pliocene chronology (Drury et al., 2016, 2018).
We therefore generated a new astrochronology for the 8.0 to 3.5 Ma interval at Site U1338 using published
benthic Cibicidoides mundulus δ18O records (Drury et al., 2016). We analyzed planktic foraminiferal
Trilobatus sacculifer (T. sacculifer) Mg/Ca ratios to broadly evaluate average SSTs at Site U1338 and enable
a comparison to alkenone (Uk’

37) and clumped isotopes (Δ47) SST estimates from the same location (Drury &
John, 2016; Rousselle et al., 2013). We generated the first continuous T. sacculifer δ18O record spanning the
late Miocene to early Pliocene and combined these records with published Uk’

37 and benthic δ18O records
(Drury et al., 2016; Rousselle et al., 2013) to reconstruct the SST evolution in the eastern equatorial Pacific

Figure 1. (a) Modern equatorial sea surface temperatures and upper ocean currents, with site locations indicated for ODP
806, 1241 and IODP U1338. (b) Temperature transect at 2°N across the equatorial Pacific, with locations of 806, 1241, and
U1338 (Locarnini et al., 2010; Pisias et al., 1995; Schlitzer, 2010).
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between 8.0 and 4.4 Ma. We then assessed eastern equatorial Pacific Ocean productivity and upwelling by
comparing planktic and benthic foraminiferal, and fine fraction (<63 μm) δ13C records (Drury et al., 2016;
Reghellin et al., 2015). Finally, we combined multiple proxy records from Site U1338 and ODP Sites 806
(western equatorial Pacific) and 1241 (far eastern equatorial Pacific) to establish east-west equatorial plank-
tic foraminiferal δ18O and SST gradients, determine the equatorial Pacific Ocean mean state, and reconcile
apparent contradictions between a dominant late Miocene El Niño-like state, and high, upwelling-driven
productivity during the LMBB. Finally, we investigate the relationship between the mean state of the equa-
torial Pacific Ocean and the evolution of oceanic gateways and global climate.

2. Materials and Methods
2.1. Equatorial Pacific Ocean Paleoceanographic Setting (IODP Site U1338)

Modern equatorial Pacific Ocean surface circulation (Figure 1a) reflects tropical atmospheric circulation pat-
terns and the change in the direction of the Coriolis force across the equator (Pisias et al., 1995). The late
Miocene to early Pliocene equatorial Pacific Ocean surface circulation broadly resembled modern circulation
(Gasperi & Kennett, 1993; Kennett et al., 1985; Pisias et al., 1995; Savin et al., 1985), with sedimentological evi-
dence for high biogenic deposition in the equatorial Pacific Ocean indicating that equatorial divergence
existed since the late Eocene (Mitchell et al., 2003; Moore et al., 2004; Van Andel et al., 1975). The
Intertropical Convergence Zone is situated north of the equator, between the Northern and Southern
Equatorial currents (NEC, SEC), which drive warm waters westward to form the Western Pacific Warm Pool
(WPWP). The warm water build-up in the WPWP drives the warm North Equatorial Counter Current (NECC)
and the cooler Equatorial Undercurrent (EUC) eastward. The NECC feeds the Eastern Pacific Warm Pool
(EPWP) and the EUC combines with the cool Peru and Chile currents to form the Eastern Equatorial Cold
Tongue (EECT). Thus, the regional physical oceanography results in an asymmetrical thermocline, which is
deepest in the western equatorial Pacific Ocean (Figure 1b).

Much of the late Neogene work in the eastern equatorial Pacific has focused on the last 6 Ma (Dekens et al.,
2008; Ford et al., 2012; Groeneveld et al., 2006; Lawrence et al., 2006; Steph et al., 2006; Wara et al., 2005); how-
ever, records covering the interval prior to 6 Ma are distinctly fewer and low-resolution (Rousselle et al., 2013;
Seki et al., 2012). We selected Site U1338 (2°30.4690N, 117°58.1780W; water depth 4200 m, paleowater depth
~3850–4050 m), which was located in the center of the equatorial Pacific productivity belt during the late
Miocene-early Pliocene (Expedition 320/321 Scientists, 2010; Lyle & Baldauf, 2015; Pälike et al., 2010)
(Figures 1a and 1b). An expanded composite sedimentary section of calcareous nannofossil ooze with silic-
eous microfossil-rich intervals was recovered during IODP Expedition 321 (Expedition 320/321 Scientists,
2010; Wilkens et al., 2013). Planktic foraminifera comprise >80% of the >63 μm fraction, with variable fair
to poor preservation (Drury et al., 2014; Hayashi et al., 2013).

2.2. Planktic Foraminiferal Stable Isotope Analyses

We analyzed 212 samples every ~50 cm (average temporal resolution: 16 kyr) along the revised composite
splice between 62 and 185 m core composite depth below sea floor (CCSF-A; Wilkens et al., 2013). Each
15 cm3 sample was freeze dried, wet sieved at 63 μm, and oven dried at 45°C. We analyzed two to eight
mixed layer planktic foraminifera T. sacculifer tests (250–355 μm; previously Globogerinoides sacculifer;
Spezzaferri et al., 2015) for δ18O and δ13C (supporting information Table S1). We preferentially selected trans-
lucent tests, whereas we avoided fragmented tests and tests with visible inorganic calcite overgrowth and/or
dissolution. Prior to analysis, tests were ultrasonicated in methanol to remove any fine-grained particles.
Samples were analyzed using a Thermo Kiel IV-Finnigan Mat 253 (70°C 105% H3PO4) in the Qatar Stable
Isotope Laboratory at Imperial College London. During the project, analytical precision was 0.07‰ for δ18O
and 0.04‰ for δ13C. Replicates of 10% of the data reveal that reproducibility and natural sample variability
are better than 0.1‰ for both δ18O and δ13C. Results are reported against Vienna Peedee Belemnite
(VPDB) using the standard δ notation expressed in per mill (‰).

2.3. Planktic Foraminiferal Trace Element Analyses

Between 90 and 120 m CCSF-A, 12 samples that contained sufficiently abundant and well-preserved T. sac-
culifer were selected for trace element/Ca analysis (supporting information Table S2). T. sacculifer tests were
selected from multiple size fractions (250–355 μm = ~18 tests; 355–425 μm = ~10 tests; 425–500 μm = ~6
tests) to determine if test size influenced Mg/Ca, as previously reported (Elderfield et al., 2002). Samples
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were cleaned using the adapted Cd-cleaning protocol, including the reductive and oxidative steps, but
excluding the corrosive DTAP step (Boyle & Keigwin, 1985; Martin & Lea, 2002). Planktic foraminiferal
Mg/Ca, Sr/Ca, Fe/Ca, Al/Ca, and Mn/Ca ratios were measured on the Varian ICP-OES at University College
London, using the intensity ratio calibration method (de Villiers et al., 2002). Fe/Ca, Al/Ca, and Mn/Ca ratios
were used to monitor cleaning efficacy (Barker et al., 2003; Boyle & Keigwin, 1985; Elderfield et al., 2010).
During this project, analytical precision was 0.025 mmol/mol (2σ) for Mg/Ca and 0.007 mmol/mol (2σ) for
Sr/Ca. Repeated analysis of an limestone standard (ECRM 752–1) yielded a value of 3.72 ± 0.03 mmol/mol,
in excellent agreement with Greaves et al. (2005). Replicates of 14% of the samples indicate a reproducibility
(2σ) of 0.18 mmol/mol (0.73°C) for Mg/Ca and 0.01 mmol/mol for Sr/Ca. Mg/Ca ratios from the larger test sizes
were divided by a size fraction correction factor, calculated by normalizing Mg/Ca ratios to the smallest size
fraction and using a linear regression through the normalized data (see supporting information). The size-
specific correction introduces additional uncertainty of 0.16 mmol/mol, increasing the overall Mg/Ca uncer-
tainty to 0.24 mmol/mol (0.97°C) for size-corrected samples.

To correct for potential effects of dissolution onMg/Ca ratios due to decreasing [CO3
2�] with increasing water

depth (Dekens et al., 2002; Elderfield et al., 2006; Rosenthal et al., 2006; Yu & Elderfield, 2008), the paleowater
depth was calculated for each sample based on the U1338 paleowater depth reconstructions in Pälike et al.
(2012) (supporting information Table S2). We infer that the late Miocene-early Pliocene [CO3

2�] was similar to
the present day, as the Pacific Ocean calcite compensation depth (CCD) reconstructions indicate that the CCD
was only ~100 m shallower than today (Pälike et al., 2012). Thus, we converted the planktic Mg/Ca ratios to
SSTs using the T. sacculifer calibration of Dekens et al. (2002), which incorporates a Pacific Ocean-specific cor-
rection factor for dissolution due to decreasing [CO3

2�] with increasing water depth. We additionally cor-
rected for past seawater Mg/Ca changes, using the approach of Lear et al. (2000):

Mg=Ca ¼ 0:37
Mg=CaMioPlioSW

Mg=CaModSW

� �
e0:09 T�0:36 depthð Þ�2:0½ � (1)

Mg/Ca is the T. sacculifer calcite Mg/Ca ratio, T is calculated SSTs (°C) and depth (m) is the palaeowater depth
taken from Pälike et al. (2012). Modern seawater Mg/Ca (Mg/CaModSW) is 5.2 mol/mol (Ries, 2004) and we use
an average Miocene-Pliocene Mg/Ca seawater value (Mg/CaMioPlioSW) of 4.1 ± 0.05 mol/mol (Higgins &
Schrag, 2015). Over the Mg/Caseawater range considered for the studied interval (4.05–4.15mol/mol), any non-
linear effects of Mg/Caseawater on reconstructed SSTs are likely minor compared to the linear correction
applied in equation (1) (Evans, Brierley, et al., 2016). The past seawater Mg/Ca correction introduces an addi-
tional uncertainty of 0.25°C, increasing the total temperature uncertainty to 0.98°C for nonsize-corrected sam-
ples and 1.22°C for size-corrected samples. While seawater carbonate chemistry can influence Mg/Ca in other
species of planktic foraminifera (e.g., Evans, Wade, et al., 2016; Gray et al., 2018), culture studies indicate that
T. sacculiferMg/Ca is insensitive to changes in seawater carbonate chemistry (<1%/0.1 pH units) (Allen et al.,
2016); thus, no correction was made. Salinity may also influence T. sacculifer Mg/Ca (Hönisch et al., 2013).
However, there is little constraint on Miocene-Pliocene equatorial Pacific Ocean seawater salinity and a ±1
PSU change in salinity would only result in a temperature change of ~ ±0.5°C, which is within the temperature
calibration error (Hönisch et al., 2013). Recent research found that the Globigerinoides ruber Mg/Ca tempera-
ture sensitivity was 6%/°C, substantially lower than the widely applied 9%/°C temperature sensitivity (Gray
et al., 2018). If future calibration work also demonstrates similar results for T. sacculifer, T. sacculifer-derived
Mg/Ca SSTs would need reexamining.

3. Astrochronology

The age model for Site U1338 was originally published in Drury et al. (2016), by stratigraphically correlating
Site U1338 to the astronomically tuned North Atlantic ODP Site 982 (Hodell et al., 2001). However, recent stu-
dies showmajor issues with the Site 982 shipboard composite splice, with considerable consequences for the
Hodell et al. (2001) astrochronology (Bickert et al., 2004; Drury et al., 2018; Khelifi et al., 2012; van der Laan
et al., 2005). As a result, it became crucial to develop a new, independent astrochronology for Site U1338.
Since the publication of Drury et al. (2016), a highly-accurate astrochronology was developed for the 8.3 to
6.0 Ma interval at nearby IODP Site U1337, by correlating the benthic δ18O series to an equally weighted
Laskar et al. (2004) eccentricity, tilt, and Northern Hemisphere precession tuning target without a phase shift
(E+T-P) (Drury et al., 2017).
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Considering the similarities between the Sites U1337 and U1338 isotope stratigraphies, we used the same
E+T-P tuning target to generate the Site U1338 astrochronology. Milankovitch-scale cyclicity observed in
high-resolution XRF core-scanning data, composite core images, and high-resolution stable isotope data
from Sites U1337 and U1338 (Drury et al., 2016, 2017; Lyle et al., 2012; Shackford et al., 2014; Wilkens et al.,
2013) enable a highly accurate depth-depth correlation between the neighboring sites using the Site-2-
Site functions included in CODD (Code for Ocean Drilling Data) (Wilkens et al., 2017) (supporting information
Table S3). Using the U1337-U1338 correlation, we transferred the Site U1337 astrochronology to the Site
U1338 depth scale, resulting in a high-resolution astrochronology for the 8.0 to 6.0 Ma interval (53 light green
ties, Figure 2; supporting information Table S4 and Figure S6). Once ties were transferred to Site U1338, the
alignment between the Site U1338 benthic δ18O minima and the E+T-P maxima was visually assessed to
inspect whether each tie was optimally placed. We then extended the astrochronology at U1338 to span

Figure 2. (a) Spliced Site U1338 core photo (Wilkens et al., 2013, 2017) and planktic T. sacculifer (b) δ13C and (c) δ18O stable
isotope records from Site U1338 (this study). Benthic foraminiferal (d) δ13C from ODP Site 926 on its independent
astrochronology (Drury et al., 2017; Zeeden et al., 2013; Wilkens et al., 2017) and (e) δ13C and (f) δ18O stratigraphies
from IODP Site U1338 on the new astrochronology presented here. (g) The E+T-P tuning target (Laskar et al., 2004)
used to generate the new Site U1338 astrochronology. (h) Benthic C. mundulus δ18O stratigraphy from Site U1338 on
composite depth (Drury et al., 2016; Wilkens et al., 2013). (i) New sedimentation rates for Site U1338 based on the new
astrochronology. The tuning ties are distinguished between ties transferred from the high-resolution astrochronology
developed at Site U1337 in dark gray (Drury et al., 2017) and those based solely at Site U1338 in dark purple.
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Figure 3. Planktic T. sacculifer (a) uncorrected Mg/Ca ratios, (b) size-corrected Mg/Ca ratios, (c) Sr/Ca ratios, and (d) size- and
seawater-corrected Mg/Ca ratios, Mg/Ca-derived SSTs plotted versus age. Figures 3a–3c show only data from samples
where multiple size fractions were measured. Figure 3d shows all data.
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the entire 8.0 to 3.5 Ma interval, by generating 14 additional ties between δ18O minima and E+T-P maxima
from 6.0 to 3.5 Ma (dark green ties, Figure 2; supporting information Table S4 and Figure S6). The
8.0–3.5 Ma Site U1338 astrochronology is supported by the agreement in the amplitude modulations of
the obliquity component of the U1338 δ18O record and of obliquity from La2004 (determined using the
TimeOpt methodology for the R-package astrochron; see supporting information) (Meyers, 2014, 2015;
Zeeden et al., 2015). Our new astrochronology is further supported by the close agreement of the Site
U1338 benthic δ13C record and the equatorial Atlantic ODP Site 926 benthic δ13C record, which has a high-
resolution astrochronology generated independently of the stable isotope stratigraphy (Figures 2d and 2e;
Drury et al., 2017; Wilkens et al., 2017; Zeeden et al., 2013).

4. Results
4.1. Site U1338 T. sacculifer δ18O and δ13C

The Site U1338 T. sacculifer δ18O data decrease by ~0.5‰ between 8.0 and 4.4 Ma, from average δ18O values
of �1.0‰ around 8.0 Ma to �1.5‰ by 4.4 Ma (Figure 2c). Between ~8.0 and 7.2 Ma, average planktic δ18O
decreases by �0.5‰ (�1.0 to �1.5‰), followed by a 0.65‰ increase (�1.4 to �0.75‰) between 7.2 and
6.2 Ma. Between 6.2 and 4.4 Ma, average T. sacculifer δ18O decreases by �0.75‰ (�0.75 to �1.5‰). The
T. sacculifer δ13C data exhibit long-term (100 kyr smoothed) variability throughout the record (Figure 2b).
Between 7.6 and 6.7 Ma, there is a long-term �1.2‰ shift from ~2.9 to 1.7‰. From 6.7 to 4.4 Ma, average
δ13C is characterized by 0.2‰ fluctuations around a 2.0‰ mean. Short-term (<100 kyr) variability is ~0.6–
0.9‰ for T. sacculifer δ18O and ~0.5–0.7‰ for T. sacculifer δ13C.

4.2. Site U1338 T. sacculifer Mg/Ca and Sr/Ca and Mg-Derived SSTs

The T. sacculifer Mg/Ca ratios increase with increasing test size in all samples where multiple size fractions
were analyzed (Figure 3a). After a size fraction correction, the Mg/Ca ratios in the 355–425 and 425–
500 μm fractions decline by 0.35 ± 0.03 (1.4 ± 0.1°C) and 0.65 ± 0.06 (2.5 ± 0.3°C) mmol/mol, respectively; cor-
rected Mg/Ca ratios are similar between fractions within sample uncertainty (Figure 3b). The uncorrected
Sr/Ca ratios reveal no trend with increasing test size (Figure 3c).

Size-corrected Mg/Ca ratios range between 2.20 and 3.10 mmol/mol, translating to a 26–30°C when account-
ing for late Miocene-early Pliocene Mg/Caseawater (Figure 3d). Without a correction for past Mg/Caseawater
changes, Mg/Ca-derived SSTs would be ~3°C lower (23–27°C). In the remainder of this paper, Mg/Ca-derived
SSTs corrected for past Mg/Caseawater are reported. Across the entire interval, average Mg/Ca-derived SSTs are
27.8 ± 1.1°C. The coolest temperatures (<26°C) are seen between ~6.5 and 6.2 Ma; by 5.8 Ma temperatures
increased and remained around 27–30°C between 5.8 and 5.5 Ma.

5. Discussion
5.1. Eastern Equatorial Pacific Ocean Surface Conditions
5.1.1. Sea Surface Temperatures
Late Miocene Mg/Ca-derived SSTs from Site U1338 average 27.8 ± 1.1°C (Figure 3d). These Mg/Ca-derived
SSTs, which are the first late Miocene trace element SST estimates for this region, agree with average Site
U1338 alkenone Uk’

37- and clumped isotope Δ47-derived SSTs of ~27 ± 1.2°C and 27 ± 2°C, respectively
(Drury & John, 2016; Rousselle et al., 2013). The planktic Mg/Ca-derived SSTs support the accuracy of the
Uk’
37 temperatures, which are at the upper temperature limit of the Uk’

37 calibration in this region (Herbert,
2003; Herbert et al., 2016; Rousselle et al., 2013). The Site U1338 SST estimates are about 3°C warmer than
the modern SSTs (24.7°C; Locarnini et al., 2013) observed at the paleoposition of Site U1338 at 6 Ma (Pälike
et al., 2012). The combined Site U1338 SSTs further corroborate the generally warm regional eastern
equatorial alkenone and Mg/Ca SSTs (26–28°C at ODP Sites 846, 847 and 1241) across the Miocene–
Pliocene boundary and into the early Pliocene (Dekens et al., 2007; Groeneveld et al., 2006; Lawrence et al.,
2006; Seki et al., 2012; Wara et al., 2005).

Here we use Site U1338 Uk’
37-derived SSTs, and planktic and benthic δ18O to assess the contributions of

temperature, global ice volume, and salinity to the planktic δ18O records (Figure 4). Planktic δ18O reflects
the temperature and the surrounding seawater δ18O (δ18Osw) and can be used to estimate SSTs
(~�0.23‰/°C; Epstein et al., 1953; Bemis et al., 1998) when local δ18Osw variations (e.g., changes in
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global ice volume, salinity (0.5‰/psu) and pH), diagenesis and vital effects are known (Edgar et al., 2015,
2017; Katz et al., 2010; Rohling & Bigg, 1998; Shackleton & Opdyke, 1973; Spero et al., 1997; Spero & Lea,
1993; Spero & Williams, 1988). To circumvent unknown changes in past δ18Osw, we use the relationship of
~�0.23‰/°C (slope of foraminiferal δ18O-T relationship derived by Epstein et al., 1953), to provide a
first-order approximation of relative temperature change based on the planktic δ18O record (Figure 4b,
right axis). Selecting visually well-preserved T. sacculifer minimized the effect of diagenesis on the
planktic δ18O record, supported by scanning electron microscopy on T. sacculifer from Site U1338
showing that inorganic calcite overgrowths and infilling are absent, and that original growth features
are retained (Drury et al., 2014). Although palaeo-vital effects remain difficult to constrain (Birch et al.,
2013; Nathan & Leckie, 2009), by selecting T. sacculifer from a narrow and consistent size fraction
at Site U1338, vital effects relating to ontogenic changes likely remained comparable throughout
the record.

As expected, the U1338 planktic δ18O record shows greater variability than the benthic δ18O record, suggest-
ing the temporal planktic δ18O trends are primary (e.g., reflecting surface ocean variability) and not the result
of diagenetic overprinting. Between 7.2 and 6.1 Ma, planktic δ18O increases by ~0.5‰, which equates to a
~2°C cooling if driven by SSTs alone (Figure 4b). It seems reasonable to discuss the planktic δ18O record in
terms of SST changes between 7.2 and 6.1 Ma, as the ~2°C cooling is similar to the observed Uk’

37 SST cooling
(Figures 4a and 4b) and the global late Miocene cooling trend (~7.5–6 Ma) (Herbert et al., 2016). Between 6.2
and 4.4 Ma, planktic δ18O decreases by ~0.8‰ (Figure 4b), suggesting a 3°C warming, if this change is
solely associated with temperature, whilst the Uk’

37-derived SSTs only warm by ~2°C (Figures 4a and 4b).
Despite the ~1°C δ18O-Uk’

37 offset, the δ18O-derived 3°C warming agrees well with the timing and

Figure 4. Overview of the Site U1338 (a) Uk’37-derived SSTs (Rousselle et al., 2013), (b) δ18O records on the same axis from
planktic (this study) and benthic foraminifera (Drury et al., 2016), as well as from the fine fraction (<63 μm) (Reghellin et al.,
2015), and (c) the spliced Site U1338 core photo (Wilkens et al., 2013, 2017). The relative temperature change approxi-
mation derived on the planktic δ18O using the relationship ~�0.23‰/°C (Epstein et al., 1953) is shown on the right axis in
Figure 4b.
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magnitude of the global warming trend marking the end of the late Miocene cooling (Herbert et al., 2016).
It is therefore reasonable to discuss the planktic δ18O changes between 6.2 and 4.4 Ma as mostly related to
temperature change. The 1°C offset between δ18O- and Uk’

37-derived SSTs most likely reflects a decrease in
global ice volume additionally influencing planktic δ18O. A decline in Antarctic ice volume is supported by a
reduction in average benthic δ18O from 4.7 to 4.4 Ma and early Pliocene ice-proximal continental shelf and
slope records of ice retreat from West and East Antarctica (Cook et al., 2013; Drury et al., 2016; Gulick et al.,
2017; McKay et al., 2009).
5.1.2. Water Column δ13C Structure: Implications for Paleoproductivity
We reconstructed vertical water mass structure and biogenic bloom extent by integrating the new Site U1338
planktic δ13C data with fine fraction (<63 μm) (Reghellin et al., 2015) and benthic δ13C records (Drury et al.,
2016). At Site U1338, the<63 μm fine fraction contains a large calcite component, which predominantly con-
sists of coccolithophore calcite and some foraminiferal fragments (Drury et al., 2014; Reghellin et al., 2015), as
observed elsewhere in the eastern equatorial Pacific (Broecker & Clark, 2009; Shackleton & Hall, 1995).
Foraminiferal and coccolithophore δ13C values predominantly reflect the δ13C of the dissolved inorganic car-
bon (δ13CDIC) in the surrounding seawater (Epstein et al., 1953; Kroopnick, 1985; Margolis et al., 1975).
Although foraminiferal and coccolithophore δ13C are complicated by vital effects (Bemis et al., 1998; Spero
& Lea, 1993; Ziveri et al., 2003), comparing surface to deep δ13C signals can be useful for deconvolving surface
productivity from global carbon cycling. Covarying planktic-benthic foraminiferal δ13C can indicate a change
in the global carbon cycle, whereas antiphase converging/diverging planktic-benthic δ13C can result from
decreasing/increasing surface water productivity, respectively (Broecker, 1982; Broecker & Peng, 1982;
Hodell & Woodruff, 1994; Maslin & Swann, 2005). Planktic-benthic δ13C gradient changes driven by the
benthic δ13C signal can also reflect changes in deep water circulation (Broecker & Peng, 1982). At Site
U1338, the ~1.8–2.5‰ range of benthic-planktic Δδ13C (Figures 5a and 5b) reflects the preferential uptake
of 12C into organic matter in the surface waters, whereas the 1‰ offset of the fine fraction δ13C record rela-
tive to the planktic δ13C (Figures 5a–5c) reflects large and temporally variable species-specific coccolitho-
phore vital effects (Bolton et al., 2012; Ziveri et al., 2003).

From 8.0 to 7.7 Ma, all three U1338 δ13C records exhibit a broad maximum, followed by a ~1‰ decrease from
7.6 to 6.7 Ma in the foraminiferal δ13C records and a ~0.8‰ decrease in the <63 μm δ13C record from 7.6 to
7.1 Ma (Figure 5a). This decrease, referred to as the late Miocene Carbon Isotope Shift (LMCIS) is a widespread
and globally synchronous event (Bickert et al., 2004; Drury et al., 2017; Haq et al., 1980; Hodell & Venz-Curtis,
2006; Keigwin, 1979). Prior to and during most of the LMCIS (~8.0–7.1 Ma), the Site U1338 δ13C gradients
remain comparatively constant: the planktic-benthic δ13C gradient is ~2.1‰, the fine-benthic δ13C gradient
is ~0.8‰, and the planktic-fine δ13C gradients is ~1.25‰ (dashed lines, Figure 5c). The late Miocene Biogenic
Bloom (LMBB), also observed in all oceanic basins, is partially coeval with the LMCIS, suggesting that
increased global productivity may have driven the LMCIS (Diester-Haass et al., 2002, 2006; Expedition
320/321 Scientists, 2010; Grant & Dickens, 2002; Lyle et al., 2012; Lyle & Baldauf, 2015; Pälike et al.,
2010). At Site U1338, sedimentation rates are generally higher between ~8.0–4.6 Ma (Figure 2f), supporting
the proposed 8.0 to 4.5 Ma timing of the LMBB at Site U1338 (Lyle & Baldauf, 2015; Reghellin et al., 2015).
However, the identical shape of the three U1338 δ13C records at the onset of the LMCIS makes it unlikely
that this shift was productivity-driven (Figure 5a), as productivity would have likely caused a surface-deep
δ13C divergence (Figure 5). The covariance of all three Site U1338 δ13C records provides additional
evidence that the LMCIS reflects a global oceanic δ13C reservoir shift, further supported by the global
extent and synchronous (within 2 kyr) nature of the LMCIS (Drury et al., 2017; Hodell & Venz-Curtis,
2006; Keigwin, 1979).

After 7.1 Ma, the covariance in the Site U1338 fine-fraction and foraminiferal δ13C records breaks down.
The planktic-benthic δ13C records remain roughly coherent at a gradient of ~2.0–2.2‰ throughout the
record. However, the fine fraction δ13C record shows a different trend relative to the benthic and planktic
δ13C records, illustrated by the inverse coherence of the fine-benthic and planktic-fine δ13C gradients
(respectively left and right axes of Figure 5c). Between 7.1–6.0 and 5.8–4.6 Ma, the fine fraction δ13C
record increases more dramatically than the foraminiferal δ13C (Figures 5a–5c), curtailing the LMCIS in
the fine fraction δ13C record, making it shorter and more muted than in the foraminiferal δ13C records.
The relatively stronger increase in fine fraction δ13C relative to the foraminiferal δ13C records is further
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highlighted by a change in the fine-foraminiferal gradients relative to their LMCIS averages (dashed lines,
Figure 5c). Grant and Dickens (2002) suggest that increased upwelling and productivity could increase fine
fraction δ13C (due to 12C uptake in the upper mixed layer) relative to the planktic δ13C (deeper mixed
layer), which either decrease or remain constant. As such, the increase in the fine-benthic δ13C gradient
to ~1.1–1.3‰ and the decrease in the planktic-fine δ13C gradient to ~0.75–1.0‰ between 7.1–6.0 and
5.8–4.6 Ma (Figure 5c) may indicate that the region experienced enhanced upwelling and productivity.
This observation is in line with evidence for increased upwelling between 4.5 and at least 6.5 Ma
(Zhang et al., 2017). Increased productivity toward the end of the LMCIS is also supported by slightly
increased planktic-benthic Δδ13C between 6.6–5.5 and 5.1–4.4 Ma, indicating higher primary
productivity in the surface ocean, although slightly converging planktic-benthic δ13C records from 5.5 to
5.1 Ma indicate that productivity may have experienced some variability in strength (Figures 5a and 5b).
The fine fraction-foraminiferal δ13C gradients may also reflect the onset of coccolithophore vital effects
(6.6–4.6 Ma) (Bolton & Stoll, 2013). Between 8.9 and 8.4 Ma average planktic-nannofossil δ18O offsets
were ~0.75‰ (Beltran et al., 2014), which is similar to the average planktic-fine fraction offset (range
~0.5–1.0‰) seen at Site U1338 (Figure 4b). Although the δ13C offsets prior to the LMCIS are currently
unknown, based on the similarity of the δ18O offsets, it is unlikely that vital effects can explain the
deviations in the fine fraction foraminiferal δ13C gradients. However, further investigations of detailed
coccolith vital effects across this interval are required to confirm this. The concurrence of the LMBB
and inferred upwelling between 7.1–6.0 and 5.8–4.6 Ma supports the hypothesis that this event was
largely driven by upwelling of nutrient-rich waters in the equatorial Pacific Ocean. However, the
influence of aeolian dust input cannot be excluded (Diester-Haass et al., 2006; Hovan, 1995), especially

Figure 5. Overview of the Site U1338 (a) δ13C records from planktic (pink, this study) and benthic foraminifera (red) (Drury
et al., 2016), as well as from the fine fraction (<63 μm) (orange) (Reghellin et al., 2015). The lateMiocene carbon isotope shift is
indicated with a black arrow. The δ13C gradients are shown in (b) for the planktic-benthic (dark green) and fine-benthic
(green) records and in (c) for the planktic-fine (light green) records, with the axes colored accordingly. The planktic-fine
δ13C gradient is shown on a reverse axis (right axis) to illustrate the inverse coherence of the planktic-fine δ13C gradient and
fine-benthic δ13C gradient, which is shown on the left axis. Dashed lines show the average δ13C gradients during the LMCIS,
with the dark green line indicating the LMCIS planktic-benthic δ13C gradient (~2.1‰) and the graded green-light green
line indicating the LMCIS fine-benthic δ13C gradient on the left axis (~0.8‰) and the LMCIS planktic-fine δ13C gradient on
the right (reversed) axis (~1.25‰). The spliced core photo is shown in (d) (Wilkens et al., 2013, 2017).

Paleoceanography and Paleoclimatology 10.1002/2017PA003245

DRURY ET AL. 10



as the timing of the upwelling implied by the Site U1338 δ13C gradients cannot explain the onset of the
LMBB ~8.0 Ma.

5.2. Equatorial Pacific Mean State, Oceanic Gateways, and Global Climate
5.2.1. Establishing the Mean State of the Equatorial Pacific
Records from the western (Site 806), eastern (Site U1338) and far eastern (Site 1241) equatorial Pacific pro-
vide a picture of the mean background state of the equatorial Pacific Ocean during the late Miocene to
early Pliocene (Figures 1 and 6). Between 8.0 and 6.5 Ma, the planktic δ18O records from U1338 and 806
agree well (Figure 6b). Considering the similarity of the planktic δ18O and Uk’

37-derived SSTs, the low E-W
δ18O gradient may indicate consistent mixed layer temperatures across the equatorial Pacific, although

Figure 6. East-west equatorial Pacific mean state overview, with (a) Uk’37-derived SSTs from Sites 1241 and U1338 (Rousselle
et al., 2013; Seki et al., 2012), (b) planktic δ18O records from Sites U1338 (this study) and 806 (Nathan & Leckie, 2009; Wara
et al., 2005), and (c) planktic (this study), fine fraction (<63 μm) and benthic δ13C records (Drury et al., 2016; Reghellin et al.,
2015). The δ13C gradients are shown in (d) for the planktic-benthic (dark green) and fine-benthic (green) records and in
(e) for the planktic-fine (light green) records. The planktic-fine δ13C gradient is shown on a reverse axis (right axis) to illus-
trate the inverse coherence of the planktic-fine δ13C gradient and fine-benthic δ13C gradient (left axis). Dashed lines show
the average LMCIS δ13C gradients: the dark green line = the LMCIS planktic-benthic δ13C gradient (~2.1‰); the graded
green-light green line = the LMCIS fine-benthic δ13C gradient (~0.8‰; left axis)/planktic-fine δ13C gradient (~1.25‰; right,
reversed axis). Orange bars indicate a warm mean state, with low zonal SST gradients and a warm eastern equatorial Pacific
(EEP). The blue bar indicates the asymmetric mean state, with increased cross-equatorial gradients and cooling in the EEP.
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regional salinity differences cannot be excluded. Warm Uk’
37-derived SSTs are also observed at Site U1338

and Site 1241 (Rousselle et al., 2013; Seki et al., 2012) indicating that uniform, warm SSTs dominated the
eastern Pacific between 8.0 and 6.8 Ma (Figure 6a), and extended to ~1°N, the location of the modern cold
tongue (for backtracked positions, see Pisias et al., 1995 and Pälike et al., 2012). Thus, the observed low
equatorial temperature gradient indicates a warm equatorial Pacific mean state from 8.0 to 6.5 Ma (orange
bar, Figure 6b).

Between 7.2 and 6.5 Ma, the opposing trend in the planktic δ18O records, where the Site 806 δ18O data
decreases and the Site U1338 data increases, indicates a gradual transition away from the pervasive warm
mean state, although E-W δ18O gradients remain comparatively low during this time (Figure 6b). The Sites
U1338 and 806 planktic δ18O records diverge by 6.5 Ma (Figure 6b), suggesting an increased E-Wmixed layer
temperature gradient, although increased salinity at Site U1338 cannot be ruled out. Coincidentally, the east-
ern equatorial Pacific Uk’

37-derived SSTs diverge, with Site U1338 becoming ~1–2°C cooler than Site 1241 after
~6.8 Ma (Rousselle et al., 2013) (Figure 6a), either reflecting the movement of Site 1241 into the EPWP and/or
the development of cooler currents at Site U1338 (Figure 1a). The changes observed at Sites 806, U1338, and
1241 indicate an asymmetric equatorial Pacific mean state developed by 6.5 Ma and prevailed until ~5.7 Ma
(blue bar, Figure 6b). This asymmetric mean state is characterized by increased E-W mixed layer temperature
gradients and cooling in the eastern equatorial Pacific (Figures 6a and 6b). Following the stratigraphic gap at
Site 806, the planktic δ18O records from Sites U1338 and 806 remain converged between 5.2 and 4.4 Ma, sug-
gesting the return of a pervasive warm mean state, with low equatorial Pacific mixed-layer temperature gra-
dients (orange bar, Figure 6b).

Past late Miocene reconstructions of the equatorial Pacific mean state are contradictory, with studies sug-
gesting 1) a dominant warm state (LaRiviere et al., 2012), 2) oscillations in long-term El Niño-/La Niña-like
conditions (Nathan & Leckie, 2009), or 3) modern equatorial thermal gradients unchanged over the last 12
Myr (Zhang et al., 2014). Data from Sites 1241, U1338 and 806 strongly support a warm mean state
between 8.0 and 6.5 Ma, an asymmetric mean state, with cooling in the east, between 6.5 Ma and
~5.7 Ma, and a warm mean state between ~5.2 and 4.4 Ma (orange and blue bars, Figure 6). The warm
mean state from 8.0 to 6.5 Ma (Figure 6b) is consistent with permanent El Niño-like conditions interpreted
from thermocline reconstructions at Site 806 between 9.6 and 6.5 Ma (Nathan & Leckie, 2009). Increased
temperature (Sites 1241–U1338) and δ18O (Sites U1338–806) gradients (Figures 6a and 6b) indicate that
the equatorial Pacific experienced an asymmetric mean state from 6.5 to ~5.7 Ma. The timing of the
asymmetric mean state agrees well with evidence for a deeper thermocline at Site 806 in the WPWP
(Nathan & Leckie, 2009). The return of a prevailing warm equatorial Pacific mean state between ~5.2
and 4.4 Ma agrees with other reconstructions indicating widespread warmth during the Pliocene, inter-
preted as permanent El Niño-like conditions (Dekens et al., 2008; Ford et al., 2012; Groeneveld et al.,
2006; Lawrence et al., 2006; Ravelo et al., 2014; Seki et al., 2012; Steph et al., 2006; Wara et al., 2005).
Our results therefore support the hypothesis that the equatorial Pacific Ocean oscillates between warm
and asymmetric mean states during the late Miocene and early Pliocene. However, the low-resolution nat-
ure of records from the western equatorial Pacific limit our observations. As such, future work in the
WPWP area, most notably expected from recent IODP Expedition 363 (Rosenthal et al., 2017), will be
essential to test our interpretations.
5.2.2. Role of Oceanic Gateways
Changes in equatorial Pacificmean state could originate from tectonic/glacio-eustatic changes to the oceanic
gateways that enclose the region, namely the Indonesian Throughflow (ITF) in the west, and the Central
American Seaway (CAS) in the east. Tectonic and/or glacio-eustatic-driven changes in flow through these
gateways may have driven the long-term equatorial mean state changes described here (Figure 6b).
Models indicate that changes in the ITF affect equatorial Pacific conditions, with a more open ITF allowing
for uniform E-W distribution of warm waters (Cane & Molnar, 2001; Molnar & Cane, 2002). The warm mean
state, observed between 8.0–6.5 and 5.2–4.4 Ma, may be the result of a relatively unrestricted ITF following
global sea level rise driven by a reduction in global ice volume between 7.7–6.7 and 5.2–4.4 Ma, as indicated
by deep-sea benthic δ18O and ice proximal evidence (Cook et al., 2013; Drury et al., 2016, 2017; Hodell et al.,
2001; McKay et al., 2009). Furthermore, coincident with the early Pliocene warmmean state (~5.2–4.4 Ma), the
onset of humid conditions in northwest Australia at ~5.5 Ma has also been attributed to a more open ITF
(Christensen et al., 2017).
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The asymmetric mean state (6.5 to ~5.7 Ma) may indicate further ITF restriction, coincident with increased
benthic δ18O and Antarctic cryosphere expansion (Drury et al., 2016, 2017; Nathan & Leckie, 2009;
Ohneiser et al., 2015). The asymmetric mean state could also reflect shoaling of the CAS, which models have
shown could result in a shallower eastern equatorial Pacific thermocline (Zhang et al., 2012). CAS shoaling
during the middle to late Miocene has been inferred from various deep-sea and continental records
(Billups & Schrag, 2002; Kennett et al., 1985; Lear, Rosenthal, & Wright, 2003; Lyle, Dadey, & Farrell, 1995;
Montes et al., 2015; Osborne et al., 2014; Savin et al., 1985; Woodruff & Savin, 1989; Wright et al., 1991).

Changes in ITF restriction and CAS shoaling could explain the changes in the distribution of warmth observed
in the equatorial Pacific during the warm-to-asymmetric mean state oscillations. However, models also indi-
cate that the opening and closing of the oceanic gateways enclosing the Pacific Ocean (CAS, ITF, Bering
Straits) are not sufficient to explain the amplitude of the observed late Miocene-early Pliocene changes in
equatorial Pacific mean state (Brierley & Fedorov, 2016), and therefore other factors likely contributed.

5.2.3. Equatorial Mean State and the Late Miocene Global Cooling
Late Miocene to early Pliocene global climate underwent considerable perturbation. During the Tortonian
(11.63–7.46 Ma) and the early Pliocene (5.33–4.4 Ma), globally warm conditions prevailed and meridional
thermal gradients were low (Herbert et al., 2016; Pound et al., 2011). However, during the sustained late
Miocene global cooling (7.0–5.4 Ma), which was potentially driven by declining atmospheric pCO2 concentra-
tions, SSTs decreased and meridional thermal gradients increased to modern values by 5.4 Ma (Herbert et al.,
2016; Pound et al., 2012). Such changes most likely caused considerable perturbations to the atmospheric
Hadley and Walker cells, which are key driving forces of the equatorial Pacific upper ocean circulation
(Herbert et al., 2016; Lee & Poulsen, 2006; Pisias et al., 1995), and as such, these shifts may have forced the
oscillations in the mean equatorial Pacific climate state observed here (Figure 6b).

A reduction of trade wind intensity across the equatorial Pacific would have established the warm E-W sur-
face ocean conditions seen during the warm mean state between 8.0–6.5 Ma and 5.2–4.4 Ma. The warm
mean state between 8.0 and 6.5 Ma (Figure 6b) coincides with reduced latitudinal SST gradients, a weak-
ening and southward shift of the Hadley cell, and weakening of the trade winds (Groeneveld et al.,
2017; Herbert et al., 2016). Similarly, after 5.4 Ma, at the end of the late Miocene cooling, SSTs warmed
and latitudinal thermal gradients decreased (Herbert et al., 2016), likely resulting in weakening of the
Hadley and Walker circulations and the development of a warm equatorial Pacific mean state between
5.2 and 4.4 Ma.

The transition to (7.2–6.5 Ma) and dominant asymmetric mean state (6.5–5.7 Ma) (Figure 6), may represent
cooling of thermocline waters advected to the eastern equatorial Pacific from subpolar regions during the
late Miocene global cooling (7.2–5.4 Ma), when sustained high-latitude surface and deep sea cooling
occurred (Drury et al., 2018; Fedorov et al., 2006, 2013; Herbert et al., 2016). The progressive asymmetric
E-W gradient and eastern equatorial Pacific cooling from 7.2 to 5.7 Ma (Figure 6) may also reflect an intensi-
fication of trade winds, which is supported by increased aeolian deposits in eastern equatorial Pacific to the
north of Site U1338 (Hovan, 1995). At present, the eastern equatorial Pacific is dominated by the Eastern
Equatorial Cold Tongue (EECT), formed from the cool PCC and some input from the EUC, and partially
controlled by the Walker and Hadley circulation (Figure 1a) (Pisias et al., 1995; Rousselle et al., 2013). The
development of the asymmetric E-W gradient suggests that the EUC and PCC and the development of the
(proto-)EECT first occurred by ~6.5 Ma, which is earlier than previously suggested (4.8–4.0 Ma) (Rousselle et al.,
2013). Although there is some coincident evidence for increased benthic δ18O and cryosphere expansion
(Drury et al., 2016, 2017; Ohneiser et al., 2015), our results strongly suggest that the late Miocene experienced
significant reorganizations of ocean circulation and climate without large corresponding changes in polar
ice sheets. A major reorganization without greatly increased polar ice sheets could indicate that the
equatorial Pacific changes were also partly driven by extended sea ice conditions in the southern
hemisphere, which models indicated could cause enhanced equatorial Pacific SST gradients during the
Plio-Pleistocene (Lee & Poulsen, 2006). The covariance between the mean state of the equatorial Pacific
and high-latitude SSTs further supports that high-latitude changes drove late Miocene global cooling.
The asymmetric mean state seen between 6.5 and ~5.7 Ma likely arose because of trade wind intensifica-
tion and eastern equatorial Pacific thermocline cooling at the peak of the late Miocene cooling, amplified
by glacio-eustatic driven ITF restriction and/or increased CAS shoaling. In turn, global precipitation patterns
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may have undergone considerable perturbation in response to the oscillation in equatorial Pacific mean
state, late Miocene SST changes (with associated changes in atmospheric and oceanic circulation)
(Herbert et al., 2016) and implied decrease in atmospheric pCO2 concentrations (Bolton & Stoll, 2013;
Herbert et al., 2016; Mejía et al., 2017). Such perturbations in global precipitation may have played a role
in bringing about the onset of widespread aridity and associated continental C4-grassland expansion during
the late Miocene (Cerling et al., 1997; Christensen et al., 2017; Herbert et al., 2016; Lyle et al., 2008; Pagani
et al., 1999; Uno et al., 2016).

6. Conclusions

Late Miocene-early Pliocene equatorial Pacific planktic foraminifer Mg/Ca-derived SSTs (corrected for past
Mg/Caseawater) average ~27.8 ± 1.1°C at Site U1338, in line with Uk’

37 and Δ47-derived SSTs and 3°C warmer
than modern SSTs at the same position. We observe a ~2°C cooling in planktic δ18O and Uk’

37-derived SSTs
between 7.2 and 6.1 Ma and a +2°C warming between 6.1 and 4.4 Ma. The LMCIS occurs as a near-
identical negative 0.8–1‰ shift in the fine fraction and foraminiferal δ13C records, further confirming that
the LMCIS is driven by a change in oceanic reservoir δ13C. Enhanced sedimentation rates between 8.0 and
4.6 Ma and fine fraction-foraminiferal δ13C gradients suggest that stronger upwelling of nutrient-rich
waters and a shallower thermocline in the eastern equatorial Pacific Ocean between 7.1–6.0 Ma and
5.8–4.6 Ma drove high productivity during the LMBB, although an additional, secondary nutrient input
through aeolian dust deposits cannot be excluded. A convergence in planktic-benthic δ13C between 5.5
and 5.1 Ma also suggests a relative decrease in surface water productivity, indicating the LMBB strength
varied with time.

Combined planktic δ18O from Sites U1338 and 806 and Uk’
37-derived SSTs from Sites U1338 and 1241 sug-

gest that a warm mean state dominated the equatorial Pacific between 8.0 and 7.2 Ma, which transi-
tioned to an asymmetric mean state by 6.5 Ma, and back to a warm mean state by 5.2 Ma. The warm
states were characterized by low E-W thermal gradients; the asymmetric state was characterized by stron-
ger SST gradients from west to east and cooling in the eastern equatorial Pacific. The younger warm
phase (5.2–4.4 Ma) is consistent with prevalent warmth during the Pliocene. The presence of an asym-
metric mean state, with cooler SSTs and a shallower thermocline, from 6.5 to ~5.7 Ma, is most likely a
result of strengthened trade winds due to increased meridional temperature gradients, CAS shoaling
and/or further restriction of the ITF through cryosphere expansions. Additionally, increased trade winds
would have led to more vigorous surface water circulation and thermocline shoaling, and driven the
emergence of a (proto-)EECT ~6.5 Ma.
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