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Abstract The transition from the Pliocene to the Pleistocene was accompanied by major tectonic
reorganizations of key oceanic gateways. In particular, the gradual closure of the Panama Gateway and
the constriction of the Indonesian Gateway significantly affected the structure of the Pacific thermocline. In
the East Pacific, the thermocline shoaled from an early Pliocene El Niño‐like depth to its modern state,
which had significant implications for global climate. Here we use Mg/Ca temperature estimates from
subsurface and thermocline dwelling foraminifera to reconstruct the meridional Plio‐Pleistocene evolution
of the Southeast Pacific thermocline, in relation to atmospheric circulation changes. In combination with
similar reconstructions from the north‐equatorial Pacific, our data indicate a change in the thermocline,
responding to the northward displacement of the Intertropical Convergence Zone/South Pacific High
system between ~3.8 and 3.5 Ma. After 3.5 Ma, we record a second major phase of thermocline shoaling,
which points to the Intertropical Convergence Zone/South Pacific High‐system movement toward its
modern position along with the gradual cooling of the Northern Hemisphere and its associated glaciation.
These findings highlight that a warming globe may affect equatorial regions more intensively due to the
potential temperature‐driven movement of the Intertropical Convergence Zone/South Pacific High and
their associated oceanic systems.

Plain Language Summary Over the course of the last 5 million years (Ma), two oceanic gateways
experienced changes due to major tectonic reorganizations. At ~4.4 Ma, the passage connecting the Atlantic
and Pacific closed when the connection between the Americas — the Panama land bridge — formed.
On the western side of the Pacific, the formation of volcanic islands around Indonesia and Papua New
Guinea at ~3.5–3 Ma hampered the transport of tropical water from the Pacific into the Indian Ocean. These
processes significantly changed the ocean dynamics and should have altered the tropical Pacific temperature
distribution from potential permanent El Niño‐like conditions (warm west, warm east) to the modern
state. We present sea surface and subsurface temperature reconstructions for the tropical East Pacific off
Chile covering the last 5 Ma. Our data imply that the Intertropical Convergence Zone and the South Pacific
Highmoved toward the north along with the warming Northern Hemisphere from ~3.8 to 3.5 Ma. Parallel to
the subsequent cooling and glaciation of the Northern Hemisphere, the East Pacific Intertropical
Convergence Zone/South Pacific High gradually moved toward their modern position. Ultimately, our data
show how hemispherical warming/cooling can affect the position of the Intertropical Convergence
Zone/South Pacific High and their associated systems of oceanic temperatures.

1. Introduction

The last 5 million years, spanning the early Pliocene to the late Pleistocene, mark a time period of radical
changes in Earth's climate. During this interval, the entire globe evolved from warmer than present con-
ditions toward the cooler icehouse climate of the Pleistocene (Filippelli & Flores, 2009; Haywood et al.,
2009; Lisiecki & Raymo, 2007; Raymo et al., 2006). The Pliocene was marked by temperatures ~2 °C to
~3 °C warmer (Haywood et al., 2009), significantly higher CO2 levels at ~400 ppm — similar to the
~414 ppm reached due to our combustion of fossil fuels (Pagani et al., 2010; Raymo et al., 1996; Seki
et al., 2010) — and global sea level 12 to 20 m higher (Miller et al., 2019) than in the preindustrial
Holocene period. These factors make the Pliocene a valued (yet not identical) analogue for the predicted
future climate change (Bonham et al., 2009; Dowsett & Robinson, 2009; Lunt et al., 2009). Furthermore,
some studies indicate that the Pliocene might have experienced permanent El Niño‐like conditions in the
Pacific Ocean (Bonham et al., 2009; Ravelo et al., 2004; Wara et al., 2005), with an altered Walker
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circulation and — as a result — a deepened thermocline in the tropical East Pacific (TEP; Etourneau
et al., 2010; Ravelo et al., 2004; Wara et al., 2005).

Accordingly, a climate warming‐related change in El Niño–Southern Oscillation behavior is among the
policy‐relevant tipping elements (Lenton et al., 2008). Global climate modeling studies have demonstrated
that additional anthropogenic forcing may lead to more frequent El Niño events due to reduced temperature
gradients in the eastern equatorial Pacific (Cai et al., 2014; Latif et al., 2015; Timmermann et al., 1999).

The notion of permanent El Niño‐like conditions, however, is not unchallenged. Coral δ18O data from the
West Pacific point to Pliocene conditions rather similar to modern El Niño–Southern Oscillation dynamics
(Watanabe et al., 2011). Further, the re‐evaluation of low‐latitude temperature reconstructions arguing for
permanent El Niño‐like conditions (e.g., Wara et al., 2005) showed that the Western Pacific Warm Pool
and the eastern cold tongue might have maintained their zonal temperature gradient throughout the
Pliocene (Zhang et al., 2014). Notably, during the Mid‐Pliocene (~4.5–3 Ma) tectonic changes of important
oceanic gateways are considered to have significantly reorganized the deep thermohaline circulation, ulti-
mately resulting in the transition to the colder Pleistocene climate. The closure of the Central American
Seaway (CAS; Panama) has experienced its most critical phase just during this time interval (Haug et al.,
2001; Haug & Tiedemann, 1998). The constriction and final closure of the CAS led to the intensification
of both the Gulf Stream and, in a broader perspective, the AtlanticMeridional Overturning Circulation, lead-
ing to commonly higher sea surface temperatures (SSTs; Haug & Tiedemann, 1998; Haug et al., 2001; Karas
et al., 2017) and salinities (Keigwin, 1982) in the Caribbean sector of the western Atlantic. At the same time,
the East Pacific experienced a decline in surface temperatures, the intensification of costal upwelling
(Dekens et al., 2007; Ibaraki, 1997), and the shoaling of the tropical East Pacific thermocline (Steph et al.,
2006). Ultimately, the closure of the CAS is thought to have preconditioned the initiation of the Northern
Hemisphere glaciation (NHG; Haug & Tiedemann, 1998; Haug et al., 2001; Karas et al., 2017; Lunt et al.,
2007). The Indonesian Gateway is also considered as a major driver of the reorganization of the Plio‐
Pleistocene oceanic and climatic system (Cane & Molnar, 2001; Karas et al., 2009). The constriction of this
gateway, in particular between 3.5 and 2.95 Ma, intensified the West Pacific Warm Pool, deepened the tro-
pical Indian Ocean thermocline, and thereby fostered the formation of the East Pacific cold tongue (Karas
et al., 2009, 2017).

By providing new Mg/Ca‐derived temperature records from surface to deep‐dwelling planktic foraminiferal
species from ODP Site 1236 (~1,100 km off northern Chile), we further constrain the spatiotemporal evolu-
tion of the tropical East Pacific thermocline as well as new insight into the position of the Intertropical
Convergence Zone (ITCZ) and the South Pacific High (SPH). The location of Site 1236 is ideal in this respect,
for further constraining the shoaling and finally the closure of the CAS.

1.1. Regional Oceanography

Despite the fact that throughout the last 5 Ma the eastward drift of the Nazca Plate moved the location of Site
1236 about 185 km closer toward the South American continent (Meschede & Barckhausen, 2000), it is con-
sidered that oceanic and sedimentary parameters remained similar to modern conditions over this time per-
iod (Mix et al., 2003b).

Propelled by the perpetual force of the Southeast trade winds, deep waters shoal along the Peruvian coast
(Kessler, 2006; Strub et al., 1998). Associated with the position of the ITCZ, moving toward the north during
the austral winter (Strub et al., 1998), the upwelling intensity increases (Karstensen & Ulloa, 2008; Letelier
et al., 2009), likewise decreasing SSTs in the TEP (Cane, 2005). Similar to the north‐south movement of the
ITCZ, the position of the SPH as well is driven by a seasonal migration toward the warmer hemisphere
(Schneider et al., 2017). However, due to its remote position, the costal upwelling does not directly influence
Site 1236; thus, it is recording more oligotrophic subtropical gyre conditions (Mix et al., 2003b).

Subtropical Surface Water (SSW) is characterizing the surface parameters in our research area ~21° south of
the equator with SSTs around 20 °C and a salinity of more than 35‰ (Strub et al., 1998). The SSW is formed
by increased evaporation rates in this area (Strub et al., 1998). To the east, the mixing of SSW and cold
upwelled water results in Cold Coastal Water, colder than ~19 °C, which is dominating the surface waters
up to the South American Coast (Ayón et al., 2008). North of the area occupied by SSW, mixing of SSW,
Cold Costal Water, and North Pacific Tropical Surface Water forms Equatorial Surface Water (Strub et al.,
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1998). At the location of Site 1236, South Pacific Eastern Subtropical Mode Water (SPESTMW) is occupying
the depth between ~100 and 150 m right underneath SSW (Wong & Johnson, 2003). SPESTMW is defined by
its potential vorticity|Q|smaller than 3 × 10−10 m−1 s−1(Wong & Johnson, 2003) and a temperature range of
13–20 °C (Fiedler & Talley, 2006). Further below, Southern Ocean Intermediate Waters (SOIW), comprising
of Subantarctic Mode Water and Antarctic Intermediate Water, ventilates the water depth between about
200 and 1,400 m (Fiedler & Talley, 2006; Pena et al., 2013; Rippert et al., 2017).

Located at the Nazca Ridge, Site 1236 is close to the western edge of the northward flowing Peru Chile
Current (PCC; Figure 1), one of the globe's four major eastern boundary currents (Strub et al., 1998). The
PCC is part of a larger East Pacific current system, sometimes referred to as the Humboldt or Peru Chile
Current System. Besides the PCC, the current system includes the poleward directed Peru Chile Counter
Current and the Peru Chile Undercurrent (Ayón et al., 2008; Strub et al., 1998). As part of the Subtropical
Gyre, the PCC is a conduit for cold, nutrient‐rich Subantarctic surface waters toward the equator (Silva
et al., 2009). Opposed to that, the Peru Chile Counter Current and the Peru Chile Undercurrent transport
warmer equatorial and subtropical surface and subsurface waters toward the south (Silva et al., 2009).

1.2. El Niño–Southern Oscillation and Thermocline Depth

Usually, a temperature gradient prevails between aWest Pacific warm pool and cold, nutrient‐rich waters in
the East Pacific (Figures 2a and 2b). This pattern is accompanied by a deep thermocline off Indonesia and a
shallow thermocline off Chile and Peru (Figures 2c and 2d). Typically, every two to seven years, the tempera-
tures in the East Pacific alternate between unusual warm (El Niño) and cold (La Niña) conditions (e.g.,
McPhaden et al., 2006). Throughout an El Niño event, the equatorial trade winds weaken, resulting in a
weakening of the Humboldt Current System and ultimately in reduced upwelling off South America
(McPhaden et al., 2006). The decrease in wind stress allows for an eastward flow of warm equatorial waters,
relaxing the inclined Pacific thermocline, hence leading to a deepening of the thermocline in the East Pacific
(Philander & Fedorov, 2003a; Sun et al., 2004). During so‐called La Niña events, stronger winds amplify the
“normal” pattern, accumulating warmth in the West Pacific and decreasing thermocline depth in the east
(Philander & Fedorov, 2003a; Sun et al., 2004). While not undisputed (Watanabe et al., 2011), several

Figure 1. General Pacific circulation patterns (Ayón et al., 2008; Fiedler & Talley, 2006; Mix et al., 2003a). ACC ‐ Antarctic Circumpolar Current, EUC ‐ Equatorial
Undercurrent, NEC/SEC ‐ North/South Equatorial Current, NECC ‐ North Equatorial Counter Current, PCC ‐ Peru Chile Current, PCCC ‐ Peru Chile Counter
Current. Core locations indicated by red dots. Map created with GeoMapApp.
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studies have suggested that permanent El Niño‐like conditions, with a deep TEP thermocline, prevailed
throughout the warmer than present Pliocene between ~5 and 3 Ma (e.g., Fedorov et al., 2006; Philander
& Fedorov, 2003b; Steph et al., 2010; Wara et al., 2005).

2. Material and Methods

Our study is based on new data from the tropical East Pacific ODP Site 1236 (Leg 202; 21°21.538′S, 81°26.164′
W; Mix et al., 2003a), drilled in a water depth of 1,322 m. All reconstructions follow the mean composite

Figure 2. Pacific temperature pattern (Locarnini et al., 2013). (a) Sea surface temperatures. (b) Temperatures at 140‐m water depth. (c) Depth section of tempera-
ture along the black line indicated in (a). Apparent calcification depth of T. sacculifer ‐ 1, G. tumida ‐ 2, G. inflata ‐ 3. (d) Depth section of temperature along
the black line indicated in (b). SSW ‐ Subtropical Surface Water, SOIW ‐ Southern Ocean Intermediate Water, SPESTMW ‐ South Pacific Eastern Subtropical Mode
Water. Core locations discussed here are indicated by red dots in (a) and (b) and vertical black lines in (c) and (d). Figure generated using ODV (Schlitzer, 2019).
Color palette ‐ Life Aquatic by P. Rafter.
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depth scale of Site 1236 (Mix et al., 2003b). The combination of succeeding and complete sediment sequences
from different holes, which forms themean composite depth record, is given in the data set archived at www.
PANGAEA.de, supplementing this manuscript. Sediment samples were freeze‐dried and wet‐sieved using a
63‐μm sieve. Dry samples were split into <125‐, 125–250‐, 250–315‐, 315–400‐, and >400‐μm size fractions.

2.1. Foraminiferal Species

To reconstruct the temporal and vertical evolution of East Pacific surface to subsurface properties, we ana-
lyzed Mg/Ca ratios as well as the stable isotope composition of three different planktic foraminiferal species
(Trilobatus sacculifer (Spezzaferri et al., 2015) without saclike final chamber, Globorotalia tumida, and
Globorotalia inflata), which are known to occupy different habitat depths within the upper ocean. The habi-
tat occupied by these species relies on different oceanic parameters such as nutrients, light levels, and tem-
perature or the concentration of chlorophyll (Curry et al., 1983; Fairbanks et al., 1980; Fairbanks & Wiebe,
1980; Steph et al., 2006; Watkins et al., 1998).

The symbiont‐bearing T. sacculifer is known to calcify within the well‐lit, nutrient‐depleted warm mixed
layer (~50 m), down to the upper thermocline (Anand et al., 2003; Curry et al., 1983; Fairbanks et al.,
1982; Hemleben et al., 1988; Jentzen et al., 2018; Lynch‐Stieglitz et al., 2015; Rippert et al., 2016).
Nevertheless, at least some specimens calcify within in deeper waters down to about ~100 m and might
therefore record higher δ18O values (Duplessy et al., 1981; Lohmann, 1995; Lynch‐Stieglitz et al., 2015;
Spero et al., 2003). Further down the water column,G. tumida is known to live toward the bottom of the pho-
tic zone (BOPZ) between ~100 and ~140 m (Lynch‐Stieglitz et al., 2015; Ravelo & Fairbanks, 1992; Ravelo &
Shackleton, 1995). This habitat depth is close to constant in tropical waters (Steph et al., 2006), making the
isotopic composition and Mg/Ca ratios of G. tumida ideal to record changes in the depth of the thermocline
(today ~100–150 m; Locarnini et al., 2013), as the temperature at the tropical BOPZ is to some extent regu-
lated by the vertical position of the thermocline (Steph et al., 2006). The deep‐dwelling G. inflata is known to
calcify in a broader depth range than the other two species (mixed layer down to >500 m; Groeneveld &
Chiessi, 2011). Based on a core‐top study from the tropical South Atlantic, the apparent calcification depth
(ACD) for the G. inflata specimens used by us is reported to range between 350 and 400 m (Groeneveld &
Chiessi, 2011). For each species, we selected ~35 well‐preserved specimens from the narrow 315–400‐μm size
fraction (e.g., Steph et al., 2006; Wara et al., 2005). To account for the broader calcification depth ofG. inflata,
we followed the suggestions of Groeneveld and Chiessi (2011) according to which only specimens without a
shiny calcite crust and three chambers in the final whorl were selected.

2.2. Mg/Ca Temperatures

For sample treatment, we followed the cleaning procedure of Schmidt and Lynch‐Stieglitz (2011), supple-
mented by a final reductive cleaning step described in Reißig et al. (2019). All samples were measured at
the GEOMAR, using a Varian 720‐ES ICP OES. The Mg/Ca data were related to the ECRM752‐1 standard
(Greaves et al., 2008), with a Mg/Ca reference value of 3.762 mmol/mol. Results were further drift corrected,
using the ECRM752‐1 as internal consistency standard. The long‐term precision was ±0.1 mmol mol−1.

We used the calibration of Anand et al. (2003) for the conversion of both T. sacculifer (subsurface tempera-
tures = subSSTT. sacculifer) and G. tumida (thermocline temperatures = TTG. tumida) Mg/Ca ratios to tempera-
tures (Mg/Ca = 0.38exp(0.09 × T °C)). For G. inflata (deep thermocline temperatures = DTTG. inflata), we
applied the calibration of Groeneveld and Chiessi (2011) (Mg/Ca = 0.72exp(0.076 × T °C)). These equations
were also used by Steph et al. (2006, 2010) and thus allow for a robust comparison of the East Pacific ODP site
records. We are aware that the species used by us might have a different sensitivity to calcite dissolution and
diagenetic affect. With a water depth of 1,322 m, Site 1236 is situated in slightly calcite unsaturated waters,
below the threshold of Δ[CO3

2−] of 21.3 μmol kg−1 (Regenberg et al., 2014), indicating that Mg2+ removal
might be of minor concern. However, Site 1236 sits well above the lysocline and carbonate preservation
for the time interval covered by this study is excellent (Mix et al., 2003b). Thus, we consider a potential error
introduced by dissolution of minor concern. Nonetheless, preferential removal of Mg2+ ions might affect
absolute temperature reconstructions, but the vertical gradient of our reconstructions and the comparison
to similar records remains robust and thus allows for a comparison of subSST, TT, and DTT throughout
the record.
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2.3. Benthic Stable Isotopes

Benthic 18O/16O isotope ratios (reported in δ notation versus VPDB; calibrated via NBS19 standard) were
measured at the Alfred‐Wegener‐Institute (Bremerhaven, Germany) on Cibicidoides wuellerstorfi and
Cibicidoides kullenbergi, using a Thermo Scientific MAT 253 mass spectrometer coupled to a Kiel IV
Carbonate Device. Based on an internal laboratory standard (Solnhofen limestone) the one‐year long‐term
precision was better than ±0.08‰. The sampling interval was 2 cm on average. However, we were not able
to find at least three monospecific specimens in the interval between ~8 and 9.40 m (~2–2.3 Ma).

2.4. Age Model

For the time interval between ~2.5 and 5 Ma, the initial age model for Site 1236 was established on magne-
tostratigraphy (Tiedemann et al., 2007). Based on this initial model, benthic δ13C and δ18O records were
visually correlated to the records of orbital‐tuned Site 1241 (Tiedemann et al., 2007). In order to extend
the age model toward the top of the sediment record (0‐ to ~8‐m composite depth), we correlated the benthic
δ18O isotope record to the benthic isotope stack LR04 (Lisiecki & Raymo, 2005) using AnalySeries 2.0.4.2
(Paillard et al., 1996). The correlation and tie lines of the Site 1236 isotope record (this study; Tiedemann
et al., 2007) to reference Site 1241 and the LR04 stack are displayed in Figure 3 and show a good correlation
between both records. Due to the use of these independent methods (magnetostratigraphy, δ13C, δ18O, orbi-
tal tuning (1241)) we have a high confidence in the age model of Site 1236, in particular for the main interval
(2–5 Ma) primarily discussed in this study.

3. Results
3.1. Mg/Ca Temperatures

Over the last 5 million years Mg/Ca ratios varied between 2.19 and 4.04 mmol mol−1 for T. sacculifer, show-
ing consistently higher Mg/Ca ratios than the other species. For G. tumida, Mg/Ca ratios range between 1.29
and 2.36 mmol mol−1 and are close for those ofG. inflata (1.64 and 2.39 mmol mol−1; Figure 4). According to
the ACD of the different planktic foraminiferal species outlined above, the Mg/Ca ratios as well depict a con-
sistent depth distribution with T. sacculifer representing subsea surface (subSST), G. tumida thermocline
(TT), and G. inflata deep thermocline (DTT) temperatures throughout the record. Our interpretations
assume that the foraminiferal species did not significantly change their habitat depth and apparent calcifica-
tion depth over the time period covered in this paper.

Small changes (~3.5 °C) in subSSTs are observed throughout the entire record with an average temperature
of about 21 °C, close to the modern SST of ~20 °C, as inferred from WOA13 (Locarnini et al., 2013). After
about 3.8 Ma (coinciding with the closure of the CAS), temperatures gradually increase by ~1 °C. The most
significant deviation from the 5‐million‐year average, reaching ~27 °C, is recorded between ~2.4 and 2.2
Ma (Figure 4).

Figure 3. Benthic δ18O records of Site 1236 (red; this study; 2.4–5Ma; Tiedemann et al., 2007), Site 1241 (blue; Tiedemann et al., 2007), and the global benthic stack
LR04 (black; Lisiecki & Raymo, 2005). Vertical orange lines indicate the tie lines between Site 1236 (~0 to 2 Ma) and the LR04 Stack.
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On average, TTG. tumida are lower than subSSTT. sacculifer (Figure 4). Before ~4.8 Ma however, TTG. tumida and
subSSTT. sacculifer are in a similar range. Between ~4.8 and ~3.8 Ma TTG. tumida gradually decrease from about
20 °C to 16 °C, parallel to the closure of the CAS. From 3.8 to 3.5 Ma, TTG. tumida rapidly increase by about
5 °C, almost reaching subSSTT. sacculifer values that also increase by ~1 °C (Figure 4). Following this warming
event, TTG. tumida progressively decrease toward modern values, showing a more dynamic evolution with
higher amplitudes than subSSTT. sacculifer values.

The DTTG. inflata also shows lower amplitudes than TTG. tumida with a 5‐million‐year average of about 13 °C,
indicating that the BOPZ depth is the most dynamic depth in our study area. While TTG. tumida rapidly
increase, DTTG. inflata begin to decrease after ~3.8 Ma from 15 °C to 11 °C (Figure 4). For the rest of the
DTTG. inflata record, values oscillate between ~11 °C and ~14 °C but show no visible trend on average.

Figure 4. Site 1236 downcore records. (a) Mg/Ca records of T. sacculifer (broken red), G. tumida (broken green), and G. inflata (broken blue). (b) Mg/Ca‐based
temperatures of T. sacculifer — subSSTT. sacculifer, G. tumida ‐ TTG. tumida, and G. inflata ‐ DTTG. inflata. Colored dots indicate modern temperatures at Site
1236 (Locarnini et al., 2013). Red broken line ‐ average subSSTT. sacculifer. (c) SubSSTT. sacculifer to TTG. tumida difference (ΔT; orange), seven‐point smoothed ΔT
record (green). (d) Global benthic δ18O stack (Lisiecki & Raymo, 2005). CAS ‐ intensification of Central American Seaway closure, ITF ‐ intensification of the
constriction of the Indonesian Throughflow, iNHG ‐ intensification of Northern Hemisphere Glaciation, MPT ‐ Mid‐Pleistocene Transition.
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The vertical temperature gradient (primarily defined by the subSSTT. sacculifer and TTG. tumida records) pro-
gressively increases throughout the record from ~0 °C to ~7 °C (Figure 4). This trend is interrupted by an
event between 3.8 and 3.5 Ma, caused by warming TTG. tumida and a second event between ~2.3 and
~1.7 Ma, as a result of rapidly warming subSSTT. sacculifer.

4. Discussion

As we show in Figure 2c, the isotherms steeply slope toward the South American continent. To assess
whether or not the observed temperature patterns in our records were caused by changes in oceanic para-
meters or by the tectonic drift along the backtrack of the sites, we analyzed the temperature distribution
along their path. Moving Site 1236 along its backtrack results in no substantial change of subSSTs, TTs, or
DTTs (Figure 5). Likewise, we discard the tectonic movement of Site 1241 (Steph et al., 2006) as the potential
driver of the temperature pattern between Sites 1236 and 1241. During the time interval in question (~2.6–4
Ma; Figure 6), all changes are driven by the pattern of Site 1236 and not by 1241 temperatures. In our
research area, instead, the TT might have been sensitive to a shift in the geographical position of Site 1236
(Figure 5). Nevertheless, this ~3° longitudinal shift might only have accounted for a TT change of 0.7 to
1 °C, a small fraction of the total ~7 °C decrease. Hence, we discard the tectonic effect on the observed tem-
perature patterns and interpret these as changes in the water mass structure of the TEP.

4.1. Plio‐Pleistocene Zonal Temperatures

On its own, the East Pacific Site 1236 subSSTT. sacculifer record (Figure 4) displays no significant feature over
the last 5 Ma. The comparison of Site 1236 subSSTT. sacculifer to the western Pacific record from ODP Site 806
(Wara et al., 2005) shows that Site 1236 temperatures constantly remained below Site 806 values, only inter-
rupted by a warm spike at Site 1236 between ~2.4 and ~2.2 Ma, parallel to the intensification of the NHG
(Figure 6). During this brief time interval subSST across the tropical Pacific converge (Figures 6a–6c;
Raddatz et al., 2017; Wara et al., 2005), before the modern east‐west gradient is fully established. Between
~2.1 and 2.4 Ma, the southwest migration of the South Pacific Convergence Zone (Raddatz et al., 2017) trig-
gered a displacement of the West Pacific Warm Pool, thus reorganizing the temperature patterns across the
tropical Pacific. If the additional information from ODP Site 847 (Wara et al., 2005) is considered, the Site
1236 pattern points to permanent El Niño‐like conditions between ~3 and 5 Ma. During modern non‐El
Niño conditions a strong east to west temperature gradient is observed within the Pacific subSSTT. sacculifer.
Propelled by the perpetual motion of the equatorial trade winds, cold deep water shoals along the coast off
South America, resulting in a shallow thermocline and colder subSSTT. sacculifer in the southeast Pacific.
During an El Niño event, the trade winds weaken significantly. This mitigation results in the relaxation of

Figure 5. Tectonic backtrack of Sites 1236 and 1241. (a) Sea surface temperatures. (b) Temperatures at the bottom of the photic zone (140 m). Red interval indicates
the last 5 Ma. Background grey scale indicates modern temperatures (Locarnini et al., 2013) with bold numbers indicating temperatures at the modern location and
the site 5 Ma ago.
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the eastward sloping thermocline depth (TCD) and increased subSSTT. sacculifer in the East Pacific (Cane,
2005; Sun et al., 2004). After ~2.3 Ma the West Pacific subSSTT. sacculifer start to increase (ODP Site 806;
Wara et al., 2005), while the East Pacific temperatures decrease (Site 847; Wara et al., 2005) and/or
remain the same (Site 1236; this study). Several studies have attributed this change to the end of the
permanent El Niño‐like state (e.g., Fedorov et al., 2006; Wara et al., 2005) and the transition toward
modern conditions (Figure 6). However, as stated in our introduction, the notion of permanent El Niño‐
like conditions is not unchallenged and the scientific discussion is far from being settled (Watanabe
et al., 2011).

4.2. East Pacific Subsurface to Thermocline Temperatures

Below the surface, an increasing temperature gradient between surface and deeper waters indicates that this
transition began almost 2.3 million years before it became apparent in surface temperatures of equatorial
Site 847 (Wara et al., 2005) at about 2.4 Ma. We interpret the large increase in the temperature gradient
between subsurface waters (T. sacculifer), the BOPZ (G. tumida), and the deeper waters (G. inflata) as the
progressive decrease in the depth of the East Pacific thermocline (Figure 7). At Site 1236, the thermocline

Figure 6. Plio‐Pleistocene evolution of East Pacific temperatures. (a) Surface temperatures of Sites 1236 (this study), 847/806 (Wara et al., 2005), and 1241 (Steph
et al., 2006). (b) Subsurface temperatures of Sites 1236 (this study), 1239 (Steph et al., 2010), and 1241 (Steph et al., 2006). (c) Temperature gradient of subSSTT.
sacculifer (red) and TTG. tumida (blue). The black arrow indicates the northward displacement of the ITCZ/SPH. The brown arrow points to the last data point of Site
847.
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Figure 7. Plio‐Pleistocene evolution of East Pacific thermocline structure. (a) Early Pliocene. Tropical Pacific thermocline begins to tilt slightly. BOPZwaters of Site
1236 and Site 1241 experience elevated temperatures. (b) Late Pliocene. Intensification of the westward directed trade winds intensifies upwelling, triggering the
shoaling of the thermocline. ITCZ/SPH and associated wind and current systems displaced to the north. BOPZ waters at Site 1241 colder than at Site 1236. (c)
Pleistocene. Southward movement of the ITCZ/SPH and associated wind and current systems. Thermocline bulge moves toward the south, relaxation of the
temperature gradient between Sites 1236 and 1241; shoaling of thermocline at Site 1236, deepening at Site 1241. Blue arrows ‐ Equatorial Undercurrent, red arrows ‐
South Equatorial Current, blue to red arrow ‐ upwelling, brown arrows ‐ North Equatorial Countercurrent, green arrow ‐ Walker Cell.
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was relatively deep during the Early Pliocene from ~5 to 4.5 Ma. During this time, parallel to the closure of
the CAS, a gradual cooling of the TTG. tumidamarks the first step of thermocline shoaling and is completed at
about 4 Ma. This early modification in East Pacific TCD is also observed in the tropical Northeast Pacific
record at ODP Site 1241 (Steph et al., 2006) as well as the equatorial ODP Site 1239 (Figures 6 and 7a;
Steph et al., 2010). With respect to our reconstructed subSSTT. sacculifer temperatures, it is noteworthy that
South Pacific subSST were significantly warmer than equatorial temperatures at Site 847 (Figure 6; Wara
et al., 2005). The modern East Pacific temperature gradient (Locarnini et al., 2013) indicates a subSST tem-
perature difference of up to 2.5 °C for the calcification depth of T. sacculifer, with lower temperatures prevail-
ing at Site 847. We assume that the continuous shoaling of the East Pacific thermocline place Site 847 under
the influence of colder waters after ~1.6 Ma.

An interval of warming TTG. tumida and to a lesser extend subSSTT. sacculifer temperatures interrupted the
transition to colder modern‐like conditions at Site 1236, between ~3.8 and 3.5 Ma (Figures 6 and 7b). No
such pattern was registered in the deeper DTTG. inflata record. Hence, we assume that the temperature rise
reflects a deepening of TCD to a depth between the habitats of G. tumida and G. inflata. Similar to the mod-
ern East Pacific, the subsurface temperatures at all northerly sites are clearly higher than subSSTT. sacculifer at
Site 1236, during this interval. This pattern is reversed at the habitat depth of G. tumida, as the time period
between ~3.8 and 2.6 Ma is characterized by TTG. tumida, which were up to 5 °C warmer at the southerly Site
1236, compared to the northern Sites 1239 and 1241 (Figure 6; Steph et al., 2006, 2010).

Several mechanisms might be responsible for this observed TTG. tumida warming at Site 1236 (Figure 6): (1)
shifting boundaries between SPESTMW and underlying SOIW; (2) rivaling influence of SOIW and North
Pacific Intermediate Water (NPIW); or (3) latitudinal shifting of the ITCZ, the SPH, and associated
upwelling systems.

As SOIW is significantly colder than overlying SPESTMW (Locarnini et al., 2013), a reduced influence of
these southern‐sourced waters would result in warmer temperatures at the location of Site 1236. Parallel
to the constriction of the Indonesian Gateway at ~3.5 Ma (Karas et al., 2009), SOIW became more dominant
at subtropical West Pacific subsurface level and resulted in the gradual cooling of these waters (Karas et al.,
2011; McClymont et al., 2016). In a similar way, the northward expansion of SOIW in the East Pacific could
have contributed to the gradual cooling observed in TTG. tumida at our site after ~3.5 Ma. Likewise, decreased
SOIW influence between ~3.8 and 3.5 Ma might explain the warming TTG. tumida trend at Site 1236.
Although we cannot rule out a contribution of this process to the pattern observed by us, a second process
must have acted upon TTG. tumida, as no warming trend was observed between 3.8 and 3.5 Ma by deeper
dwelling G. inflata (Figure 6). As this pattern is only observed by G. tumida, we argue that the largest change
in subsurface processes must have occurred between the habitat depth of G. tumida and G. inflata.

At ~21°S, the tongue of SOIW is about 2–3 °C colder than modern NPIW to the north of the equator
(Locarnini et al., 2013). Replacing the influence of SOIW with slightly warmer NPIW would thus result in
a TTG. tumida increase at Site 1236 similar to the pattern observed by us (Figure 6). The rivaling influence
of NPIW and SOIW in the equatorial East Pacific was previously demonstrated for the last two glacial‐
interglacial cycles (Rippert et al., 2017). Reconstructed δ13C records on the subthermocline species
Globorotaloides hexagonus indicate the dominant presence of NPIW during peak glacial, and SOIW during
interglacial periods (Rippert et al., 2017). The ACD of G. hexagonus (340–430 m; Rippert et al., 2016) is close
to the ACD of G. inflata (Groeneveld & Chiessi, 2011). Thus, we would expect to see this pattern in our G.
inflata record, parallel to the G. tumida warming signal. If slightly warmer NPIW would have penetrated
from the north, we would also expect to observe the warming signal in both northern sites (1239/1241)
and not only at our South Pacific Site.

As we discussed above, the westward directed equatorial trade winds cause upwelling along the equator.
Their motion results in a thermocline “bulge” that deepens toward the north and the south (Figures 7 and
8), resulting in elevated TTG. tumida at modern Site 1236, when compared to Sites 1239 and 1241 (Figures 7
and 8). While previous studies primarily focused on the evolution of the zonal gradient between the East
andWest Pacific (e.g., Wara et al., 2005; Zhang et al., 2014), we present a newmeridional perspective of ther-
mocline depth and temperatures, independent from the permanent El Niño discussion. As tropical precipi-
tation is intimately coupled to the location of the ITCZ, several proxy records highlight a glacial‐interglacial

10.1029/2019PA003758Paleoceanography and Paleoclimatology

RONGE ET AL. 11 of 17



Figure 8. Temperature section along the black line indicated in Figure 1b. (a) El Niño year of 2015 versus (b) the reference year of 2017. Red lines indicate the 16 °C
isotherm, which is the most dominant isotherm of the BOPZ during an El Niño event. Comparing 2015 and 2017, the development of the thermocline bulge
discussed here becomes apparent. Despite its southern location, the BOPZ at 1236 is also experiencing a considerable warming during an El Niño event. Black lines
indicate the water masses above Sites 1236/1241. Black boxes mark the average habitat depth of G. tumida. (c) Time series of temperature anomalies (versus
monthly average) during the 2015/2016 El Niño event at the location of Site 1236. The grey bar indicates the average habitat depth of G. tumida (Argo Program,
2019).
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displacement of rainfall patterns, hence the ITCZ, toward the warmer hemisphere (Broccoli et al., 2006;
Clark et al., 2012; Escobar et al., 2012; McGee et al., 2014; Wang et al., 2004; Wang & Rong, 2007). While
the movement of the ITCZ and the SPH is by now a well‐established mechanism (Broccoli et al., 2006;
Chiang et al., 2014; Schneider et al., 2017), there is no information on the Pliocene evolution of the oceanic
(upwelling) response to latitudinal changes in the ITCZ/SPH wind systems.

The BOPZ temperature (TTG. tumida) increase observed between 3.8 and 3.5 Ma indicates the northward
movement of the SPH and the ITCZ, and thus of the trade winds. This process places the BOPZ of Sites
1239 and 1241 in the direct vicinity of the thermocline, while the TCD increases toward the south. As seen
in Figure 2c, the ACD of G. tumida is right at the depth of the modern thermocline. The north‐eastward
movement of the SPH (and the northerly ITCZ) places this depth under the influence of warmer waters
above the thermocline. At the same time subSSTT. sacculifer also warm (Figure 4). The observed thermocline
deepening (as indicated by the increasing TTG. tumida temperatures) likely also affected the calcification
depth of T. sacculifer (subSST), triggering the observed increase in temperatures. Following this first forma-
tion of the temperature bulge, the subsequent cooling observed in our TTG. tumida record suggests a gradual
shoaling of East Pacific TCD into the Pleistocene. After 3 Ma, Steph et al. (2006) observed a significant tem-
perature increase at the BOPZ (TTG. tumida). This increase can result from a relaxation of the meridional East
Pacific temperature gradient, causing a decreased gradient of TTG. tumida at the northern sites and South
Pacific Site 1236 (Figure 7c). This relaxation argues for the southward movement of the ITCZ/SPH system,
slowly establishing the modern temperature gradient between Sites 1236 and 1241. Both northern sites
experienced a phase of thermocline deepening between ~3.0 and 2.4 Ma (Steph et al., 2010). Following
our hypothesis, this phase points to the southward movement of the bulge and its associated
TCD (Figure 7c).

Our records show that a gradual shoaling of the TCD affected the deeper waters (G. inflata) between 4 and
2.5 Ma. Following this time period, no significant trend in their respective temperatures is observed. Hence,
we assume that thereafter, this water depth permanently remained below the depth of the
constantly shoaling East Pacific thermocline. However, indicated by our G. tumida record (Figure 4) the
East Pacific thermocline continued to shoal throughout the entire time period from 3.5 to ~0.13 Ma.

The very long interval over which the shoaling of the East Pacific TCD occurred, points toward a slow and
steady driving force behind these processes. The long‐term formation of the northern hemisphere ice cap
(Fedorov et al., 2006) and/or tectonic processes (Karas et al., 2009; Steph et al., 2006, 2010) are likely candi-
dates to have caused the perturbation in the Pliocene and Pleistocene eastern Pacific water column.

Two ocean gateways, crucial to global oceanic circulation, closed or narrowed parallel to the changes
observed in the East Pacific water column. A critical threshold in the closure of the CAS was reached
between 4.7 and 4.2 Ma in the East Pacific (Haug et al., 2001). The CAS closure had a significant impact
on circulation patterns of the Atlantic and the Pacific and is considered to be a likely candidate for the ampli-
fication of the Northern Hemisphere glaciation (Haug & Tiedemann, 1998; Hay, 1996).

Throughout the tropical Pacific, the CAS closure was accompanied by cooling equatorial Pacific SSTs, while
the magnitude and evolution of the west‐east gradient and the permanent El Niño‐like conditions are still a
matter of an ongoing debate (Bonham et al., 2009; Haug & Tiedemann, 1998; Ravelo et al., 2004; Steph et al.,
2006; Wara et al., 2005; Watanabe et al., 2011; Zhang et al., 2014). In addition to these processes, thermocline
temperature reconstructions indicate a progressive shoaling of the East Pacific thermocline during the Plio‐
Pleisotcene (Steph et al., 2010; Zhang et al., 2012; this study). However, the timing of changes in East Pacific
indicates that different or additional processes affected the meridional development of TCD. Following the
closure of the CAS, a strengthening of the global thermohaline circulation resulted in the intensification of
the Atlantic Meridional Overturning Circulation since ~4.6 Ma (Haug & Tiedemann, 1998; Karas et al.,
2017), transporting moisture and heat to the Northern Hemisphere. In turn, the ITCZ/SPH system moves
toward the warmer hemisphere (Broccoli et al., 2006) and displaces the position of the Walker Circulation
and the trade winds to the north. The northward displacement of the equatorial wind systems induced a
similar shift in the equatorial thermocline bulge and placed the BOPZ of Site 1236 (this study) in warmer
waters compared to northerly Site 1241 (Steph et al., 2006; Figure 7b). During the time interval in question
(~3.8–3.5 Ma) however, North Atlantic subSSTT. sacculifer declined, while southern tropical Atlantic tempera-
tures increased (Karas et al., 2017). This pattern most likely resulted in a weakened Atlantic Meridional
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Overturning Circulation and thus a reduced heat transport toward the Northern Hemisphere, hence ham-
pering the northward migration of the ITCZ/SPH system. While there is no modern analogue to a compar-
able overturning circulation in the Pacific (PMOC), data and modeling evidence show that a distinct PMOC
existed in the Pliocene Pacific, transporting heat from the Southern Hemisphere to the north (Burls et al.,
2017). These reconstructions show a rapid PMOC strengthening between ~4 and 3 Ma (Burls et al., 2017)
that resulted in pronounced warming of the Northern Pacific and presumably accounted for the northward
displacement of the ITCZ/SPH. As a reaction to the gradual intensification of the NHG after ~2.4 Ma
(Raymo, 1994), TTG. tumida at our core location started to continuously cool all the way into the
Pleistocene (Figure 4). The Northern Hemisphere cooling slowly forced a gradual shift in the location of
the ITCZ/SPH system toward the south. This shift moved the trade winds and upwelling systems closer to
our site; thus, it gradually diminished the temperature gradient between 1236 and 1241 (Figure 7c). Our
interpretation of the north‐south movement of the ITCZ/SPH system and the thermocline bulge does not
rely on the presence or absence of Pliocene El Niño‐like conditions or the noted presence or absence of a
west‐east SST gradient (Karas et al., 2009; Steph et al., 2006, 2010; Wara et al., 2005; Watanabe et al.,
2011; Zhang et al., 2012; Zhang et al., 2014).

While the long‐term shoaling of the East Pacific TCD and the development of the zonal Pacific SST gradient
was a result of the closure/constriction of oceanic gateways (CAS and IG), we argue that the meridional evo-
lution of BOPZ temperatures (TTG. tumida) in the East Pacific was mostly driven by the north‐south move-
ment of the ITCZ/SPH system that was in turn forced by the intensification of the Gulf Stream, the
PMOC, and later on by the increased NHG.

The offset of our youngest data points at ~135 ka to modern East Pacific temperatures (Figure 4b; Locarnini
et al., 2013) likely reflects the Pleistocene evolution of the East Pacific cold tongue (Liu et al., 2019).

5. Summary and Conclusions

Our reconstructions of Pliocene and Pleistocene changes in East Pacific subsurface and thermocline tem-
peratures shed new light on the evolution of the Pacific thermocline depth. Based onMg/Ca‐derived records,
the subSSTT. sacculifer evolution at Site 1236 shows no distinctive trend and maintains a more or less constant
offset to the tropicalWest Pacific (Figure 6;Wara et al., 2005). UsingMg/Ca temperatures from deeper dwell-
ing G. tumida, Steph et al. (2006) were able to show that the shoaling of East Pacific TCD affected the BOPZ
(TTG. tumida) already at ~4.8 Ma.

While the zonal gradient in thermocline evolution is widely examined, our data add a so far unconsidered
meridional component to these reconstructions. We are able to show that the East Pacific water column
was not homogenous between ~4 and 2.7 Ma. Rather it was marked by a pronounced meridional difference
between the doldrums sites to the north and the South Pacific (Figure 7). While the TTG. tumida at the dol-
drums reached modern‐like values during this time period (Steph et al., 2006), our data show a pronounced
increase in TTG. tumida between 3.8 and 3.5Ma that was followed by a gradual decline toward the Pleistocene.
The TTG. tumida gradient—highlighted in Figures 6 and 7—points to a three‐dimensional thermocline pat-
tern that began to form at ~3.8 Ma. The first component of this pattern is the known zonal evolution
throughout the Plio‐Pleistocene (Groeneveld et al., 2006; Steph et al., 2006; Steph et al., 2010; Wara et al.,
2005; Y. G. Zhang et al., 2014). The second component is the northward movement of the ITCZ/SPH system
and thus the equatorial temperature bulge that slopes toward the north and the south (Figure 7). Compared
to ODP Site 1241 (Steph et al., 2006) we propose that coupled to the position of the ITCZ/SPH and their wind
systems, the latitudinal dimension of this bulge might have been more variable through time. Hence, it
might be more prone to local or short‐termed changes caused by a reorganization of global temperatures.

According to the IPCC, the ongoing global warming may favor more El Niño‐like conditions over the next
centuries via the weakening of the equatorial Walker circulation (Vecchi & Soden, 2007). This weakening
will result in a deepening of the East Pacific thermocline and diminish the eastward transport of subsurface
waters from the West to the East Pacific. However, this transport is crucial for the supply of micronutrients
from volcanic influenced regions in the west toward the high‐chlorophyll low‐nutrient area in the east
(Behrens et al., 2018). Furthermore, a warming globe might also cause significant changes in the position
of the ITCZ/SPH (Schneider et al., 2017). Our study shows that this process could affect equatorial regions
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more intensively due to the potential temperature‐drivenmovement of the ITCZ/SPH and thus, the equator-
ial thermocline bulge. To achieve a more detailed picture of the evolution of the East Pacific ITCZ, the SPH,
and the associated development and meridional movement of the thermocline bulge during the Warm
Pliocene, we need a better meridional resolution of sediment records, covering the modern position of the
bulge (Figure 8b).
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