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Overview 

 This dissertation comprises a paleoceanographic study of the evolution of the eastern 

equatorial Pacific Ocean from the Late Miocene to the present. This time span saw considerable 

global climate evolution from a warmer world that sustained permanent ice cover on a single 

pole to the colder world of the Late Pleistocene marked by bipolar glaciation. The work 

presented here evaluates processes that changed ocean surface and subsurface temperature, east-

west temperature gradients, surface and subsurface biological productivity and nutrient gradients, 

and deep water properties. 

 

1. OceaQ¶V UROe iQ UegXOaWiQg gORbaO cOiPaWe 

 EaUWh¶V oceanV SoVVeVV oYeU 1,000 WimeV Whe heaW caSaciW\ of Whe aWmoVSheUe (Schmitt, 

2018) and have absorbed over 90% of warming generated through anthropogenic carbon dioxide 

(CO2) emissions over the last several decades (Rhein et al., 2013). The modern ocean acts as a 

Vink foU XS Wo 30% of anWhUoSogenic caUbon, and Whe ocean¶V abiliW\ Wo UegXlaWe aWmoVSheUic CO2 

in past climate states has resulted in glacial-interglacial climate variability (Fischer et al., 2010). 

In tropical upwelling zones like the eastern equatorial Pacific Ocean (EEP), cold subsurface 

water outcrops at the surface, producing a net transfer of heat from the atmosphere into the 

ocean. The heat uptake and CO2 regulation capabilities of upwelling zones are particularly 

important as global climate warms in the coming decades (Marshall & Zanna, 2014). 

 The influx of colder subsurface water rich in dissolved nutrients upwelled to the EEP 

surface fuels among the highest surface primary productivity of photosynthetic marine organisms 

in the global oceans (Chavez & Barber, 1987). Although primary productivity removes dissolved 

CO2 in the surface ocean, deeper decomposition of large volumes of sinking organic matter and 
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warming of recently ventilated subsurface waters releases CO2, making the high-nutrient low-

chlorophyll EEP region responsible for the largest yearly marine CO2 flux into the atmosphere 

relative to other areas of the ocean (Takahashi et al., 1997). In addition to global carbon cycle 

contributions, phytoplankton also comprise the base of the marine food web, serving as food 

sources for higher trophic level organisms important to EEP fisheries (Pennington et al., 2006). 

The herring, anchovy, and tuna fisheries support over a million jobs in countries bordering the 

eastern Pacific and make up ~10% of global fisheries (Clarke et al., 2021). The future of EEP 

fisheries remains uncertain in the face of anthropogenic climate change which has altered surface 

temperature, upwelling, and primary productivity (Clarke et al., 2021). 

 There is no precedent within the history of human civilization for global average 

temperature projected by the end of the 21st century (Noguer et al., 2002). We look to 

SaleoceanogUaShic UecoUdV Wo locaWe analogV foU EaUWh¶V SUojecWed fXWXUe climaWe like Whe Pliocene 

Epoch (5.3-2.6 Ma), given that anthropogenic climate change will drastically alter global climate 

over the next generation. The historical record of marine conditions is spatially and temporally 

limited relative to terrestrial records (Lundstad et al., 2023), so we rely on proxy reconstructions 

of ocean WemSeUaWXUe and biological SUodXcWiYiW\ fUom a ZaUmeU SeUiod in EaUWh¶V hiVWoU\ Wo 

inform future climate projections. Constraining eastern tropical Pacific temperature and 

productivity changes over the last seYeUal million \eaUV iV cUiWical giYen Whe Uegion¶V abiliW\ Wo 

counteract anthropogenic warming as well as its globally important fisheries (Clarke et al., 2021; 

Rhein et al., 2013). 

 

2. Modern tropical Pacific setting 

2.1 Eastern equatorial Pacific oceanography 
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The modern EEP is marked by strong east-west (zonal) gradients in sea surface 

temperature (SST) and surface primary productivity. Easterly winds drive water away from 

coastal South America and allow cold and nutrient-rich water to upwell from intermediate depths 

in the eastern EEP, supporting high biological productivity in a tongue of cold water that extends 

into the central Pacific. As upwelling increases toward the eastern EEP, the thermocline shoals to 

a depth of ~50 m relative to the ~100 m thermocline depth of the western Pacific (Jakob et al., 

2018). The asymmetry of the EEP thermocline and upwelling generates large modern gradients 

in temperature, nutrients, and productivity that enhance the signal to noise ratio of climate 

parameters measured on either side of the EEP.  

El Niño-Southern Oscillation (ENSO) dominates modern tropical Pacific temperature and 

upwelling patterns on 2-7 year timescales (Cane, 2005; Wang et al., 2017). The significantly 

weakened easterly winds, reduced EEP upwelling velocity, flattened and deepened EEP 

thermocline, reduced east-west SST gradient, and diminished EEP productivity characteristic of 

El Niño events affect not only local tropical climate, but extratropical regions as well (Stan et al., 

2017). Weakened Walker circulation results in eastern Pacific convection while the western 

Pacific experiences drought, and global atmospheric reorganization influences weather patterns 

as far as the eastern USA through teleconnections (Pielke & Landsea, 1999; Yu et al., 2012). 

 Water upwelling in the EEP originates in high southern and northern latitudes where 

average conditions are colder and nutrient concentrations are higher because phytoplankton 

cannot utilize all preformed nutrients brought to the euphotic zone through weak vertical density 

gradients (Sigman & Hain, 2012). Remineralized nutrients also accumulate on the transit from 

the high latitudes to the EEP as sinking organic matter decomposes in the water column (Rafter 

et al., 2012). Most EEP upwelled water comes from the South Pacific and Southern Ocean 
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(Figure 1) in the form of nitrate- and phosphate-rich (but silicate-deplete) Subantarctic Mode 

Water (SAMW) and Antarctic Intermediate Water (AAIW). SAMW forms in a band in the 

Subantarctic Zone when late winter temperatures cool surface water enough to subduct 

(McCartney, 1979). It flows northwest from its formation regions at water depths between ~300-

600 m before traveling eastward across the equatorial Pacific subsurface and upwelling in the 

EEP (McCartney, 1979; Qu et al., 2009; Rintoul & England, 2002; Toggweiler et al., 1991). 

AAIW also forms in the Southern Ocean, with the main formation region positioned west of the 

Drake Passage where the coldest and densest SAMW mix with Antarctic Surface Waters 

(Bostock et al., 2010). AAIW then flows northwest from its formation region at depths greater 

than ~600 m before contributing to Equatorial Pacific Intermediate Water and flowing eastward 

along the equator to upwell in the EEP (Bostock et al., 2010, 2013; Herraiz-Borreguero & 

Rintoul, 2011; McCartney, 1979). A smaller portion of upwelled EEP water comes from North 

Pacific Intermediate Water (NPIW) forming east of Japan (Talley, 1993; Yasuda, 1997). In 

addition to being nitrate- and phosphate-rich, NPIW almost exclusively supplies silicate to the 

EEP (Sarmiento et al., 2004). 

The process of transporting physical and biogeochemical water properties that formed at 

high latitudes to the tropics is oceanic tunneling (Liu & Alexander, 2007; Liu & Yang, 2003), 

where SAMW, AAIW, and NPIW flow at intermediate water depths eastward across the equator 

and shape the temperature and nutrient concentrations of upwelled EEP waters (Figure 1). 

 

2.2 Top-down and bottom-up climate forcings 

 Several local and distal climate processes influence EEP temperature and productivity 

gradients. Note that over Plio-Pleistocene timescales, these processes are equilibrated and play 
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out over longer time spans than modern ENSO variability, which dominates tropical Pacific 

climate dynamics today. Following Bolton, Gibbs, et al. (2010), we have characterized these 

processes into top-down forcings, which affect EEP conditions through the atmosphere, and 

bottom-up forcings, which govern surface patterns through the EEP subsurface.  

Amongst the top-down controls, decreasing atmospheric CO2 concentrations since the 

Pliocene have cooled local ocean surface temperatures through the greenhouse effect (de la Vega 

et al., 2020; Foster et al., 2012). Zonal wind stress may have increased over the Plio-Pleistocene 

as zonal SST gradients strengthened, which would have increased upwelling velocity and 

intensified Walker circulation by linking atmospheric gradients to SST gradients through the 

Bjerknes feedback (Ravelo et al., 2004). Increasing meridional gradients in cloud albedo may 

have accompanied greater high-low latitude SST gradients that developed over several million 

years of global cooling, which could have strengthened zonal SST gradients across the EEP 

(Burls & Fedorov, 2014). Orbital variations govern insolation received in the tropics and alter 

global energy distribution, making orbital changes ultimately responsible for global ice volume 

(Hays et al., 1976). Obliquity cycles occurring at 41-kyr intervals are mostly associated with 

high latitude changes because high latitude insolation variability increases significantly with a 

larger obliquity while tropical seasonality remains small (Liu & Herbert, 2004). Changes in 23- 

and 19-kyr precession cycles prompt atmospheric circulation and hydrologic responses at low 

latitudes, altering zonal and meridional atmospheric heating gradients (Clement et al., 2004). 

 Bottom-up processes that influence EEP temperature and productivity include high 

latitude source water properties transmitted through the oceanic tunnel to the EEP subsurface 

(Bolton, Lawrence, et al., 2010; Dekens et al., 2007; Fedorov et al., 2006; Lee & Poulsen, 2005; 

Philander & Fedorov, 2003). This dissertation discusses how Plio-Pleistocene cooling of high 
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latitude formation regions of SAMW, AAIW, and NPIW may have allowed the oceanic tunnel to 

transport cooler water to the base of the EEP thermocline. Likewise, changes in source water 

nutrient concentrations or the proportions of different water bodies feeding nutrients to the EEP 

subsurface may have governed EEP productivity and nutricline evolution. Paleo-proxy 

reconstructions are best explained by high latitude oceanic tunnel forcings of tropical Pacific 

climate, rather than top-down forcings that affect local variability. 

 This dissertation assesses the top-down and bottom-up controls on EEP SST and 

productivity evolution over the last several million years using geochemical signals preserved in 

marine sediment cores in a transect along the modern EEP cold tongue.  

 

3. Eastern equatorial Pacific paleoclimate  

3.1 Existing paleoclimate reconstructions 

 Although several paleoclimate records reconstructing SST gradients between the eastern 

and western tropical Pacific exist (Dekens et al., 2007; Fedorov et al., 2006; Ravelo et al., 2006; 

Wara et al., 2005), they rely on different proxies to estimate temperatures in the western Pacific 

warm pool versus the EEP. Mixing proxies at different sites often results in contradictory 

paleoclimate interpretations: i.e., whether Pacific zonal SST gradients weakened (Ford et al., 

2015; Ravelo et al., 2004, 2006; Wara et al., 2005) or remained stable (O¶BUien eW al., 2014; 

Zhang et al., 2014) during the Pliocene. Cross-Pacific productivity reconstructions spanning the 

Pliocene to modern are even more rare, especially at orbital resolution (Dekens et al., 2007). Few 

studies synthesize temperature and productivity data from an equatorial transect of sites in the 

EEP, despite the strong zonal gradients eliciting high signal to noise in measurements. The 

reconstructions in this dissertation reflect long downcore records with high temporal and spatial 
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resolution of EEP SST using the same proxy, surface productivity, and subsurface temperature 

and nutrient availability spanning the Pliocene to modern. The work presented here contributes 

novel insights into EEP zonal surface and subsurface temperature and productivity gradient 

evolution in the context of high latitude controls on tropical climate. All newly generated data 

will be archived through an online data publisher so they are publicly available. 

 

3.2 Ocean surface paleo-reconstructions 

This doctoral dissertation examines how EEP temperature and productivity gradients 

evolved from the Pliocene to modern. We first constrained EEP SST and productivity patterns 

during the Pliocene to assess if our proxies agreed with other tropical Pacific paleoclimate 

UeconVWUXcWionV dXUing a globall\ ZaUmeU Wime in EaUWh¶V SaVW. We XVed alkenone 

palaeothermometry to reconstruct SST, which relies on biomarkers synthesized by 

phytoplankton in the ocean mixed layer (Herbert, 2014). The alkenone Uk¶37 index measures the 

degree of unsaturation of alkenone molecules, which is strongly correlated with temperature 

where more saturated alkenones with fewer double bonds between carbon atoms are produced 

under warmer conditions (Herbert, 2014; Müller et al., 1998). The total concentration of C37 

alkenones (C37 total) shares strong positive correlations with both surface chlorophyll and marine 

export productivity (Raja & Rosell-Melé, 2021), and we interpret the C37 total index as a 

productivity proxy. Before assessing the forcings that drove EEP climate change over the last 

several million years, we first reconstructed mean state conditions during the Pliocene and 

modern. 

 Chapter 2 presents alkenone biomarker and X-ray fluorescence (XRF) elemental 

reconstructions of Pliocene (3.0-3.6 Ma) SST and productivity relative to modern from four 
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Ocean Drilling Program sites in a transect across the EEP (Kimble et al., 2024). Analyses of core 

top sediments from 44 EEP sites and comparison to observed modern ocean conditions 

supported the use of alkenone proxies for EEP paleoclimate reconstructions because the proxies 

successfully captured modern zonal gradients: core top alkenone SST strongly correlated with 

observed modern SST and alkenone C37 total mass accumulation rates (MAR) reflected satellite 

chlorophyll estimates. We applied the alkenone proxies to Pliocene sediments to reconstruct 

downcore records at ~3-kyr resolution. We found that although Pliocene zonal gradients were 

greatly reduced (0.9°C as compared to 1.8°C today), productivity gradients remained as strong or 

stronger than modern, based on XRF calculations of biologically produced silicate and alkenone 

C37 total MAR. The Pliocene warming and increased productivity was most noticeable in the 

eastern EEP in the heart of the upwelling zone with the closest high latitude connections. This 

Pliocene pattern of decoupled temperature and productivity is opposite the modern El Niño 

pattern of tight coupling between warm and unproductive waters, suggesting that high latitude 

source waters were both warmer in the globally warmer Pliocene and more nutrient-rich, which 

could occur if source water initial nutrient content were higher and/or if older water upwelled. 

 After constraining SST and surface productivity gradients across the Pliocene EEP, we 

sought to identify the timing of the surface gradient evolution over the last 3.6 Ma in Chapter 3. 

We also considered the oceanographic processes and external climate forcings responsible for 

the transition from the decoupled SST and productivity of the Pliocene EEP to the modern tight 

coupling. Chapter 3 presents new orbitally resolved alkenone biomarker reconstructions of SST 

and productivity spanning four time windows of >300 kyr through the Plio-Pleistocene from four 

sites arrayed in an east-west EEP transect. We record continuous strengthening of zonal SST 

gradients throughout the Plio-Pleistocene as eastern EEP waters cooled, which supports previous 
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equatorial Pacific gradient reconstructions (Dekens et al., 2007; Lawrence et al., 2006; Ravelo et 

al., 2006; Wara et al., 2005). However, alkenone C37 total MARs indicate that the surface 

productivity gradient weakened from the Late Pliocene to modern, despite progressive cooling of 

upwelled water, suggesting that high latitude water sources delivered progressively more 

nutrient-depleted water though the oceanic tunnel over time. Obliquity cycles paced eastern EEP 

SST until the dominant 100-kyr cycles of the Late Pleistocene, providing further evidence of 

high latitude controls on EEP upwelling. The Pliocene decoupling of SST and productivity 

persisted into the Late Pleistocene as productivity gradients appeared to have evolved 

independently from SST gradients, indicating that warm waters could support high primary 

productivity (Dekens et al., 2007) and complicating the current understanding of both the 

Pliocene permanent El Niño and future changes to ENSO in the face of anthropogenic warming. 

 

3.3 Ocean subsurface and deep water paleo-reconstructions 

Surface temperature and productivity reconstructions only partially capture subsurface 

thermocline and nutricline dynamics, which prompted the exploration of subsurface water 

properties using planktic foraminiferal stable isotopic data presented in Chapter 4 and benthic 

isotopes in Chapter 5. Single-celled foraminifera live in the ocean surface and subsurface 

(planktic foraminifera) and on the seafloor (benthic foraminifera) and record water chemistry in 

their tests. More enriched foraminiferal oxygen isotope ratios (G18O) correspond to globally 

colder conditions with greater ice volume (Spero et al., 2003), and more depleted planktic carbon 

isotopes (G13C) reflect greater upwelling of water rich in nutrients and respired carbon (Claret et 

al., 2021; Spero et al., 2003). Combining planktic foraminiferal isotopic data with alkenone SST 

and productivity reconstructions provides independent estimates of surface and subsurface 
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temperature and nutrients, which we use to assess our Chapter 1 and 2 conclusions that high 

latitude cooling and depleted nutrient concentrations resulted in decoupled EEP SST and 

productivity. 

In Chapter 4, we present planktic foraminiferal G18O and G13C measured on paired 

surface- and thermocline-dwelling species from two EEP sites spanning four time windows of 

>250 kyr through the Plio-Pleistocene. The combination of alkenone SST with surface and 

subsurface planktic G18O reveals signs of initial Northern Hemisphere high latitude glaciation 

beginning at ~2.72 Ma outcropping in the eastern EEP. A trend toward more enriched subsurface 

planktic G13C suggests that EEP nutrient availability diminished over the last 3.5 Ma, which is 

consistent with alkenone surface productivity records showing greater Pliocene EEP productivity 

decreasing toward modern (Kimble et al., 2024). Progressively enriched planktic G18O in the 

eastern EEP subsurface implies oceanic tunnels transferred cool high latitude waters to the EEP 

subsurface since 3.5 Ma, which shoaled and tilted the thermocline. Weakening vertical G13C 

gradients between surface- and subsurface-dwelling foraminifera suggest diminished available 

nutrients transported within the upwelled waters, which may have caused the EEP nutricline to 

deepen toward its modern position. The surface temperature and productivity gradient 

decoupling reported in previous chapters is mimicked in the subsurface based on the decoupled 

thermocline and nutricline evolution recorded in the planktic isotope data. A common thread in 

the surface and subsurface reconstructions is that high latitude ocean changes exert critical 

controls on EEP temperature, nutrients, and productivity. 

Chapter 5 re-evaluates the Shackleton et al. (1995) benthic foraminiferal stable isotope 

record from the historically important Ocean Drilling Program Site 846, recognized as the gold 

standard of chronological correlations. However, we were unable to replicate the often-cited 
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structure in the original benthic isotope record, possibly due to analytical shortcomings, 

instrument malfunctions, reproducibility issues, and interspecies isotopic offsets in the original 

benthic isotope measurements. In Chapter 5, we present new benthic oxygen and carbon stable 

isotope analyses from Site 846 over a Late Miocene to Pliocene interval (~4.0-6.2 Ma), resolved 

to ~3-kyr to capture orbital variability. The new record was measured using updated analytical 

techniques (i.e., individual vial acidification rather than a common acid bath) and a single 

foraminifera genus (Cibicidoides spp.) instead of a dozen species. The new records exhibit 

roughly half the variance of the original data for both G18O and G13C. Our updated benthic G18O 

record displays considerable intermittent offsets relative to the Shackleton et al. (1995) record 

(oXU UecoUd ZaV 0.18Å moUe enUiched fUom 5.1-5.5 Ma bXW < 0.05Å moUe enUiched WhUoXghoXW 

the rest of the Late Miocene to Early Pliocene), but the two G13C records were within analytical 

error. Other global benthic records align more closely with the newly generated G18O and G13C 

reconstructions than the original estimates, and substituting the new data for the Shackleton et al. 

(1995) values in global benthic G18O stacks would substantially reduce the uncertainty in the 

benthic stacks. Inter-lab analytical artifacts may introduce significant uncertainty in global 

benthic isotope reconstructions, and we argue that revisiting historically important benthic 

records is worthwhile. 

 

4. Conclusion 

 The data presented in this dissertation are united in the interpretation that high latitude 

processes have shaped EEP upwelling over the last several million years. We record high latitude 

signals through several proxies applied to marine sediment core paleoclimate archives, and we 

offer mechanisms to explain why bottom-up forcings with high latitude origins overwhelm local 
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tropical processes and top-down forcings. As global climate warms in the coming decades, the 

high latitudes are expected to experience the greatest change (Holland & Bitz, 2003). The results 

outlined in this dissertation indicate that the EEP will be far from immune to high latitude 

changes because oceanic tunneling connects tropical and high latitude regions. If the Pliocene 

does serve as an appropriate analog for global climate by the year 2100, then we expect the EEP 

thermocline would become deeper, warmer, and flatter due to upwelling of warmer waters, 

UedXcing Whe EEP¶V abiliW\ Wo abVoUb aWmoVSheUic heaW. WaUmeU EEP ZaWeUV ma\ VWill VXSSoUW 

high surface primary productivity, as we observed in the equilibrated Pliocene mean state, but 

the crucial difference between anthropogenic climate change and the Pliocene lies in the 

exorbitant rate of modern warming. 
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Figures 

Figure 1. Approximate formation regions of intermediate waters that upwell in the EEP (top 
panel), after Bostock et al. (2013). Subantarctic Mode Water (SAMW) and Antarctic 
Intermediate Water (AAIW) supply a greater contribution of modern EEP water relative to North 
Pacific Intermediate Water (NPIW; Bostock et al., 2013). The salinity depth profile of an east-
west transect at 30°S (black bar on map) shows the cool and relatively low salinity AAIW 
flowing northwest at >600 m water depth (bottom panel). Temperature data are from the World 
Ocean Atlas 2018 (Boyer et al., 2018; Locarnini et al., 2019) and salinity data are from the 
World Ocean Atlas 2023 (Reagan et al., 2024). Black circles in the EEP are the five downcore 
sites discussed in this dissertation. 
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Key Points: 

x East-ZeVW Vea VXUface WemSeUaWXUe gUadienWV in Whe eaVWeUn WUoSical Pacific ³cold WongXe´ 

were smaller in the Pliocene compared to modern. 

x High easternmost equatorial Pacific biogenic opal and alkenone accumulation rates imply 

stronger productivity gradients than modern. 

x Taken together, these observations suggest vigorous upwelling of subsurface waters that 

were significantly warmer than today. 
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Abstract 

The modern eastern equatorial Pacific Ocean (EEP) exhibits strong upwelling, producing 

pronounced gradients in sea surface temperature (SST), nutrient concentration, and biological 

productivity between 80° and 140°W. During the globally warmer late Pliocene (3.0-3.6 Ma), the 

EEP may have experienced permanent El Niño-like conditions, supported by a reduced SST 

gradient across the equatorial Pacific. However, the weakened east-west SST gradient has been 

controversial, with disparate results depending on the proxy used to monitor Western Warm Pool 

SSTs. We present new Pliocene alkenone-based SST and paleoproductivity records from four 

Ocean Drilling Program (ODP) cores spanning an east-west transect across the EEP, which 

present an internally consistent picture of SST and productivity gradients in the modern cold 

tongue, resolved at orbital-scale variability. Strong agreement between core top reconstructions 

and satellite estimates indicates that alkenone paleotemperature and paleoproductivity proxies 

are appropriate for reconstructing Pliocene EEP conditions. The average SST gradient between 

90°-120°W was reduced from the modern 1.8°C gradient to 0.9°C in the late Pliocene. Despite 

the weakened SST gradient, the surface productivity gradient was stronger during the late 

Pliocene compared to modern, based on calibrated X-ray fluorescence biogenic opal and 

alkenone average accumulation rates. Contrary to modern El Niño SST and productivity patterns, 

reduced Pliocene surface productivity did not accompany the weakened SST gradient. Instead, 

strong Pliocene biogenic opal and alkenone concentration accumulation gradients in the eastern 

EEP suggest that subsurface tilting of the nutricline and thermocline persisted to supply vigorous 

upwelling of warm but nutrient-rich subsurface waters in a warmer climate. 

 

Plain language summary 
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 Ocean surface temperature is often related to productivity, or the intensity of biological 

activity from algae that live in surface waters and use sunlight energy to grow. Colder waters 

rich in nutrients important to these algae are brought from the deeper ocean to the sunlit zone at 

specific locations in the ocean, including the eastern tropical Pacific Ocean. Therefore, colder 

waters are often associated with higher biological productivity. This research assesses the 

relationship between temperature and productivity in eastern Pacific waters during a period in 

EaUWh¶V hiVWoU\ aUoXnd WhUee million \eaUV ago Zhen global WemSeUaWXUeV ZeUe ZaUmeU Whan 

modern. We used geochemical tools to reconstruct temperature and productivity from four 

locations in the eastern Pacific. We found that three million years ago, the easternmost site was 

significantly warmer than modern, but biological productivity remained similar to today, which 

contradicts the pattern we observe in the modern Pacific Ocean. As we expect ocean and global 

temperatures to warm in the coming decades, relationships between temperature and productivity 

are important to understand. Determining how organisms at the base of the food web respond to 

warmer waters has implications for fishing, shipping, and other societal and economic activities 

along the eastern Pacific. 

 

1. Introduction 

Ocean upwelling zones are important controls on the global carbon cycle because cold, 

nutrient-rich, and CO2-rich bottom waters ascend to the surface and enhance primary 

productivity (Toggweiler & Sarmiento, 1985). The modern eastern equatorial Pacific Ocean 

(EEP) exhibits a zonal gradient in sea surface temperature (SST) and productivity due to an 

asymmetrical upwelling regime: stronger upwelling delivers cooler waters to the eastern EEP 

and SSTs warm toward the central Pacific (Liu et al., 2019). The east-west SST gradient 
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contributes to the Walker Cycle and influences the El Niño-Southern Oscillation, which affects 

interannual climate variability across the globe (Delcroix, 1998; Wang et al., 2017). 

Despite its reputation as one of the most productive marine upwelling regions in the 

world, the modern EEP is a net source of CO2 to the atmosphere (Diz et al., 2018; Fiedler et al., 

1991; Takahashi et al., 2009). The marine biogeochemistry of the EEP represents a leaky valve 

in the soft-tissue pump because incomplete nutrient utilization limits the amount of surface 

productivity the region can support (Dugdale & Goering, 1967). The strong modern gradients in 

surface productivity between the eastern and western EEP imply potential variations in the 

leverage by which the EEP carbon cycle influences global climate. A change in upwelling or a 

change in biological efficiency could affect CO2 outgassing and the export accumulation of 

carbon from the surface. 

The EEP is one of the only locations where waters originating in the Southern Ocean 

upwell near the equator (Bostock et al., 2010; Lehmann et al., 2018; Rafter et al., 2013; 

Toggweiler et al., 1991; Toggweiler & Carson, 1995). In the tropical Pacific, surface currents 

follow the direction of easterly trade winds. However, in the subsurface, the Equatorial 

Undercurrent flows eastward at a depth of about 200 m and supplies cool, nutrient-rich water to 

the EEP upwelling zone (Kessler, 2006; Rafter & Sigman, 2016). South Pacific Intermediate 

Water, which forms at Southern Hemisphere high latitudes, feeds the Equatorial Undercurrent 

waters and establishes the high latitude-tropics connection between the Southern Ocean and the 

EEP (Lu et al., 1998). The ³aWmoVSheUic bUidge and oceanic WXnnel´ h\SoWheViV SoViWV WhaW 

extratropical temperature changes can be detected at the equator both rapidly through the 

atmosphere and more slowly through the ocean subsurface (Gu & Philander, 1997; Liu & Yang, 

2003). The modern subsurface structure of the EEP functions as a conduit between high latitude 
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orbital forcings and tropical SST and productivity responses (Lee & Poulsen, 2005). The EEP 

offers a unique opportunity to study how changes in the global forcings that affect high latitudes 

propagate throughout the tropics. 

The mid-Pliocene warm period (roughly 3.3 to 3.0 Ma) provides a potential analog for 

21st century climate change, revealing how an equilibrated EEP upper water column and carbon 

cycle might respond in a warmer world (Dowsett, 2007; McClymont et al., 2020). The pole-

equator temperature gradients that drive easterly winds and upwelling strength in the equatorial 

Pacific may have been weaker during the Pliocene when high latitudes were significantly 

warmer than modern. The temperature of waters upwelled via the oceanic tunnel thus may have 

been relatively warm (Dekens et al., 2007; Ford et al., 2015). Not much is known about EEP 

nutrient content and utilization during the Pliocene, but more nutrient-rich upwelled waters may 

have supported higher primary productivity (Zhang et al., 2017). The warmer and wetter 

Pliocene climate also may have hindered dust deposition in the EEP, which restricted nutrient 

utilization because phytoplankton were physiologically prevented from using available nutrients 

when dust-deposited Fe concentrations were low (Behrenfeld et al., 1996).  

Previous Pliocene SST investigations compare a combination of the of the Uk¶37 index 

(organic biomarker), TEX86 (organic biomarker), and Mg/Ca (planktonic foraminiferal 

elemental ratio) SST proxies from the warmer western Pacific to the cool EEP, resulting in two 

conflicting positions within the paleoceanography community concerning the SST and 

productivity of the Pliocene EEP (O¶BUien eW al., 2014; RaYelo eW al., 2014; Zhang eW al., 2014). 

One set of SST reconstructions suggests that the equatorial Pacific experienced homogeneously 

ZaUm (³SeUmanenW El Nixo´) condiWionV, ZiWh YeU\ Zeak SST gUadienWV (Ford et al., 2015; 

Ravelo et al., 2004, 2006, 2014; Wara et al., 2005). Other SST reconstructions suggest that SST 
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gradients remained strong during the Pliocene, similar to modern conditions (O'Brien et al., 

2014; Zhang et al., 2014). These differing interpretations hinge on the controversial 

interpretation of western Pacific warm pool (WPWP) temperature proxies. 

Here, we present paleotemperature and productivity records sampled at orbital resolution 

from the EEP spanning 3.0 to 3.6 Ma. We focus on this region for two reasons. First, modern 

east-west gradients in SST and productivity are intense, enhancing the potential signal to noise 

ratio of paleoceanographic proxy comparisons to the modern day. Second, we apply the well-

validated alkenone proxy for SST to our paleotemperature analyses, allowing us to generate an 

internally consistent estimate of past SST gradients that avoids the difficulties of comparing 

different SST proxies between the EEP and the WPWP. We restrict our analysis region to the 

EEP to avoid the limitation of alkenone saturation at high temperatures typical of the WPWP. 

Our SST records address the extent to which upwelled high latitude waters controlled EEP SST 

and productivity during the warmer Pliocene, predating the initiation of cyclic Northern 

Hemisphere glaciation (Bartoli et al., 2011). We also investigate east-west gradients in the 

accumulation of organic biomarkers, specifically alkenone concentrations, which are useful 

productivity proxies for phytoplankton abundance and activity (Raja & Rosell-Melé, 2021; 

Volkman et al., 1998), in addition to inorganic proxies related to ocean surface production. The 

ensemble of proxy estimates allows us to investigate the relative importance of upwelling in 

setting Pliocene SST gradients. 

 

2. Materials and methods 

2.1 Study sites and data acquisition 
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 Ocean Drilling Program (ODP) Leg 138 recovered sediment cores from the EEP, 

inclXding ODP SiWeV 846 (3�5.696¶S, 90�49.078¶W, 3296 mbVl), 849 (0�10.983¶N, 

110�31.183¶W, 3837 mbVl), and 850 (1�17.837¶N, 110�31.283¶W, 3786 mbVl) in 1991. 

Integrated Ocean Drilling Program (IODP) Leg 320/321 revisited the EEP in 2010 and collected 

VedimenW fUom SiWe U1338 (2�30.469¶N, 117�58.178¶W, 4200 mbVl; Figure 1). The four sites 

form a transect spanning the modern Pacific cold tongue, where the shallow thermocline results 

from the shoaling of the Equatorial Undercurrent and advection of water from the eastern 

boundary current along the Peru-Chile margin (Lavín et al., 2006; Liu & Herbert, 2004; 

Toggweiler et al., 1991). Sites along this equatorial transect are ideally situated to capture 

modern and past gradients in SST and bioproductivity. The reference temperatures used to 

estimate Pliocene anomalies are the modern SSTs at the 3 Ma backtracked paleo-locations of 

each downcore site rather than SSTs at the present-day site locations. 

 An additional 44 sites located between 5°N, 5°S, 80°W, and 140°W containing core top 

sediments were selected for a modern model-proxy comparison of SST and bioproductivity in 

the EEP. These sites span the cold tongue and have sufficient satellite-derived and instrumental 

SST and productivity data for comparison with core top alkenone data. SST data were extracted 

from the World Ocean Atlas 2018 (WOA18) dataset and compared to alkenone SST 

reconstructions (Boyer et al., 2018; Locarnini et al., 2019). Alkenone primary productivity 

reconstructions were compared to modeled coccolithophore phytoplankton productivity (Losa et 

al., 2017) and Moderate Resolution Imaging Spectroradiometer (MODIS) satellite chlorophyll 

estimates (NASA Goddard Space Flight Center, 2022). 

Sediment data were acquired from several published sources. Calibrated X-ray 

fluorescence (XRF) data are from Lyle et al. (2019) for Sites 849 and U1338, and from Robinson 
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et al. (2019) for Site 846. Alkenone SST and productivity data are from Lawrence et al. (2006) 

for Site 846, and from Herbert et al. (2021) for Site 850. Sites 846 and 850 G18O and G13C data 

are from Herbert et al. (2021), and Site 849 isotope data are from Mix et al. (1995). The age 

model for Site 846 is from Herbert et al. (2021), while the age models for Sites 849, 850, and 

U1338 are from Lyle et al. (2019). Modern SST and chlorophyll data are from the WOA18 

collection (Boyer et al., 2018; Locarnini et al., 2019) and the MODIS satellite (NASA Goddard 

Space Flight Center, 2022), respectively, while additional core top alkenone productivity data are 

from Kienast et al. (2012) and modeled coccolithophore productivity data are from Losa et al. 

(2017). 

The Match program (Lisiecki & Lisiecki, 2002) was used to align SST and stable isotopic 

time series from Sites 849, 850, and U1338 (SST only) to a slightly modified version of the age-

depth tuning of Lisiecki & Raymo (2005), updated with a revised composite section spanning the 

M2 glacial interval at Sites 846 and 850 (Herbert et al., 2021). XRF data from Sites 846, 849, 

and U1338 were used as secondary alignment records in the Match program for the SST and 

isotope time series.  

 

2.2 Paleo-SST estimations 

 The Uk¶37 index is a widely used SST proxy derived from haptophyte phytoplankton (one 

lineage of coccolithophores) living near the ocean surface. Uk¶37 is calculated based on the degree 

of unsaturation of alkenones, or the number of double bonds connecting carbon atoms, according 

to the following equation (Prahl et al., 1988):  

Uଷ଻
୩ᇱ = ሾCయళ:2ሿ

ሾCయళ:2+Cయళ:యሿ  [Equation 1] 
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Pliocene SSTs are reported using the Müller et al. (1998) global core-top calibration, which 

reflects the alkenone-SST calibration directly measured from ocean sediment. Although other 

non-linear (Tierney & Tingley, 2018) and linear (Conte et al., 2006) Uk¶37 calibrations exist, we 

chose to present the Müller et al. (1998) calibration due to negligible differences between the 

calibrations (Figure S1). Previous work successfully applied alkenone paleotemperature 

reconstructions to the Pliocene EEP (Etourneau et al., 2013; Lawrence et al., 2006; Rousselle et 

al., 2013). We validate the faithfulness of the Uk¶37 proxy in estimating modern SST in a later 

section. 

Average sampling resolution differs between sites (1.3 kyr at Site 846, 3.1 kyr at Site 

849, 1.7 kyr at Site 850, and 2.8 kyr at Site U1338), so the difference in SST between sites was 

calculated by resampling the higher-resolution SST data to the age scale of the lower-resolution 

data to determine an estimated 'SST for each time step. 

 

2.3 Paleo-productivity estimations 

Several proxies, based on both alkenones and inorganic phases (XRF-based), record 

relative marine productivity. The concentration of C37 alkenoneV (³C37 WoWal,´ Whe concenWUaWion 

of C37 ketones relative to grams of dry sediment extracted) is positively correlated to primary 

productivity and surface chlorophyll concentration (Raja & Rosell-Melé, 2021; Volkman et al., 

1995). High C37 total values may indicate high surface primary productivity among 

photosynthetic algae and presumably strong upwelling (Bolton, Lawrence, et al., 2010; Ko et al., 

2018; Rostek et al., 1997; Villanueva et al., 2002).  

Calibrated XRF mass accumulation rates can reflect biogenic opal and carbonate surface 

productivity, provided that dilution by terrigenous material and dissolution at depth do not 
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overwhelm the surface signal (Gebregiorgis et al., 2020). Lyle et al. (2019) provide the Site 849 

raw XRF scanning data and report calibrated weight percentage concentrations of element oxides 

according to a normalized median-scaled calibration. Robinson et al. (2019) provide the Site 846 

raw XRF scanning data and report calibrated weight percentage concentrations of element oxides 

according to a log-ratio calibration equation. Oxides were converted to elements according to 

known conversion factors before any element ratio comparisons were undertaken (e.g., the oxide 

SiO2 was multiplied by 0.4674 to convert to the element Si). 

The XRF element concentrations represent the total combination of biogenic and non-

biogenic portions of each of the sediment components. However, SiO2 in the EEP is composed 

of both biogenic and non-biogenic (terrigenous) components. Biogenic silica (also called bio-

SiO2 or biogenic opal here) was calculated from the calibrated SiO2 wt% at each site according 

to the following: 

ሾbio SiO2ሿ୵t% = ሺሾSitotalሿ୵t% − ൬Si
Alterrigeno୳s

൰ × ሾAltotalሿ୵t%ሻ × ሺoxide conversionሻ  

where Si/Alterrigenous = 2.717 (Li, 2000), and Si oxide conversion = 2.1393        [Equation 2] 

Bio-SiO2 was multiplied by 1.09 because biogenic SiO2 sediments contain 9% water (Scheinost, 

2005). High biogenic opal indicates either strong SiO2 productivity and upwelling or little 

silicate dissolution at depth (Koning et al., 2002). Bio-SiO2 calculated here agrees with Lyle et 

al. (2019) low-resolution discrete opal measurements (r2 = 0.652, reduced major axis regression 

slope = 0.900).  

 

2.4 Sediment accumulation rates 

Variations in terrigenous and biogenic inputs cause the sedimentation rates at the sites to 

change over time. To avoid the confounding effects of dilution due to these changing 
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sedimentation rates, mass accumulations rates (MAR) of CaCO3, bio-SiO2, and clays were 

calculated based on the Site 846, 849, and U1338 XRF data. MARs are calculated as the weight 

percent (wt%) of each sediment component × dry bulk density (g/cm3) × linear sedimentation 

rate (cm/kyr). Dry bulk density (DBD) was calculated based on the shipboard wet bulk density 

(WBD) measurements for Sites 846, 849, and U1338 according to the sediment density 

measurement calibration of Herbert and Mayer (1991): 

DBD = ቀ1 − 2.65−୛BD
2.65−1.025

ቁ × 2.65 + ቀ2.65−୛BD
2.65−1.025

ቁ × 0.025 [Equation 3] 

Linear sedimentation rates were calculated based on the individual age models for Site 846 

(Herbert et al., 2021) and Sites 849, 850, and U1338 (M. Lyle et al., 2019) according to the 

following: 

linear sedimentation rateሺ௜ሻ = de୮t୦ሺ೔+1ሻ −  de୮t୦ሺ೔ሻ

ageሺ೔+1ሻ −  ageሺ೔ሻ
 [Equation 4] 

Note that the MAR is only strictly correct over the entire interval between age control points and 

should not be taken literally on a point-by-point basis. 

 C37 total MARs for all sites were calculated by multiplying the C37 total concentration (in 

ȝg/g) by the product of the dry bulk density and the linear sedimentation rate, so C37 total MARs 

are reported in units of ȝg cm-2 kyr-1. The XRF and C37 total MARs reported here depend on the 

validity of the age models and represent averages between age control points (average distance 

between control points is <3 kyr). Gradients in C37 total MAR between sites were deemed more 

appropriate than C37 total concentration gradients to account for the fivefold difference in 

Pliocene sediment accumulation rates between the eastern part of the transect (3.4 g/cm2/kyr 

average MAR) versus the western end (0.6 g/cm2/kyr). 

XRF wt% values were used to approximate the proportions of the major sediment 

components (CaCO3, bio-SiO2, and detrital material) to compare sediment accumulation rates 



 
 

 35 

between sites. The normalized wt% values used here have smaller relative errors than raw peak 

area data (M. Lyle et al., 2012). CaCO3 and bio-SiO2 are produced at the ocean surface, while 

detrital material (also called clay or terrigenous material here) is deposited as aeolian dust in this 

region. Although there are other origins for elements of interest in the sediment, they appear in 

such minor concentrations that it is assumed that CaCO3, bio-SiO2, and detrital material are the 

only components present. Consequently, the individual component wt% estimates were divided 

by the total sum of the carbonate, bio-SiO2, and clay wt% estimates to force the sum of sediment 

components to 100%, as shown in Equations 5-7. 

All the carbonate at the three sites is assumed to be biogenic in origin: 

biogenic CaCOଷ = CaCOయ total
୵t%total

× 100 [Equation 5] 

The bio-SiO2 calculation is the same as Equation 2:                                                                                    

biogenic SiO2 =
൬ሾSiO2ሿ౭t%−ቀ൫Si/Alterrigeno౫s൯ × ሾAltotalሿ౭t%ቁ൰ × ሺoxide conversionሻ

୵t%total
× 100 

[Equation 6] 

Detrital material is the sum of the remaining MnO, TiO2, Al2O3, Fe2O3, Na2O, K2O and 

non-biogenic SiO2 components. The average hemipelagic shale compositions of Na and K (Li, 

2000) were normalized to Al wt% and converted to the oxides Na2O and K2O, respectively, in 

order to estimate detrital material because these oxides were not reported in XRF measurements.  

detrital = MnO + ୘iO2 + Al2Oయ + ୊e2Oయ +  ୒a2O + ୏2O + ሺSiO2 total −  bio SiO2ሻ
୵t%total

× 100  [Equation 7] 

Biogenic barium accumulation (Baxs MAR), a proxy for organic matter export from the 

surface to the deep ocean (Dymond et al., 1992), was calculated according to the following: 

ሾ𝐵𝑎௫௦ሿ௪௧% = ሺሾ𝐵𝑎௧௢௧𝑎௟ሿ௪௧% − ቆ
Ba
Al terrigeno୳s

ቇ × ሾAltotalሿ୵t%ሻ × ሺoxide conversionሻ  
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[Equation 8] 

The average MAR at each time step was multiplied by the normalized weight percentage 

of biogenic CaCO3, SiO2, and clay to yield MARs for each sediment component. Note that 

without point-by-point normalization to a constant flux proxy, MAR should be estimated as a 

time-averaged quantity. Average MARs and sediment component wt% were calculated for two 

time periods: 3.0 to 3.6 Ma in the Pliocene and 0 to 10 ka as a modern comparison.  

 

2.5 Spectral analysis 

Spectral analyses were conducted on G18O, SST, and C37 total MAR to determine which 

orbital frequencies, if any, are dominant controls on temporal variability. Data were normalized, 

detrended, and linearly interpolated to <3-kyr timesteps. A multitaper method Fourier transform 

was used to calculate spectra (Meyers et al., 2021), which are reported relative to the 90% 

confidence interval. The ARAND time-series analysis software (Howell et al., 2006) was used to 

calculate coherence between G18O, SST, C37 total MAR and a normalized average record of 

eccentricity, tilt (obliquity), and precession (ETP).  

 

3 Results 

3.1 Comparison of proxy-satellite SST and productivity estimates 

 Among the 44 core top sites, there is strong agreement between SST estimated by the 

Uk¶37 proxy and WOA18 SST and little coherent spatial variability in residual SST (the 

difference between the two SST estimates) across the modern EEP (Figure 2a). Therefore, Uk¶37 

SST is a good approximation of modeled and observed SST in the EEP today (Figure 2b). As 

discussed later, our time series results suggest that SST gradients can be recorded more precisely 
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than suggested by Figure 2b; this perhaps results from the benefits of generating alkenone 

estimates in the same laboratory for this study (unlike the data from multiple laboratories used in 

the EEP Uk¶37 core top compilation). Note that there is no suggestion of systematic regional 

offsets of the Uk¶37 proxy relative to modern SST. The correlation between Uk¶37 SST and 

WOA18 SST reported here supports the regional findings of Kienast et al. (2012) that 

biomarker- and satellite-derived SST estimates are reliably consistent in the EEP, but this study 

focuses on a smaller region restricted to 5° north and south of the equator and between 80°W and 

140°W. 

The strong positive linear correlation between alkenone C37 total and satellite estimates of 

surface chlorophyll in the modern EEP indicate that C37 total scales reliably to estimates of 

surface primary productivity (Figure 2c). Alkenone-producing haptophyte productivity and 

nutrient availability may be partially decoupled in the modern EEP by incomplete N and P 

utilization, yet C37 total is still a good proxy for surface primary productivity as evidenced by the 

strong positive relationship with chlorophyll. We will interpret C37 total MAR reconstructions 

from the Pliocene as a proxy for surface productivity, consistent with the global relationship 

calculated in other recent studies (Raja & Rosell-Melé, 2021; Figure S2). However, C37 total is 

negatively correlated with coccolithophore carbonate production (Figure 2d), possibly because 

only a small subset of known coccolithophore species produce alkenones.  

 Recent studies have shown that bottom water oxygenation affects alkenone C37 total 

preservation (Anderson et al., 2019; Jacobel et al., 2020), but the four sites are located at 

relatively deep water depths (~3300-4200 mbsl) with minimal vertical oxygen gradients in the 

modern ocean, so any bottom water oxygenation effects on organic proxies would be imparted 

equally for all sites (Figure S3). If oxygen were the major control on C37 total preservation at 
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each site, then C37 total would look similar across the transect. Moreover, changes in dissolved 

inorganic carbon (DIC) on glacial-interglacial time scales account for the main G13C signal, and 

greater respired carbon and lower oxygen results in higher DIC and more depleted G13C values. 

The weak correlations between C37 total and G13C at each site imply that oxygen had little effect 

on the C37 total signal (Figure S3). 

 

3.2 Paleo-SST estimations 

The modeUn ]onal SST gUadienWV UeSoUWed heUe XVe Whe modeUn SST aboYe Whe ViWeV¶ Saleo-

locations backtracked to 3 Ma, rather than the present day locations of each site. Modern EEP 

SST gradients depend on both latitude and longitude (or, in the case of longitude, distance from 

the South American coastline), as both influence winds (upwelling) and exchange of heat with 

the atmosphere (SST). Over the last 3 Ma, as the Pacific and Nazca plates have moved apart, 

several sites (849, 850, U1338) that used to be located closer to the equator during the Pliocene 

are now located up to 1° farther north, and therefore are differently positioned in relation to the 

heart of the cold tongue upwelling today compared to 3 Ma. These shifts in longitude are 

important in the EEP where strong zonal and meridional SST gradients exist. Following the 

practice of the ODP Scientific Results for Leg 138 (Pisias et al., 1995) and other papers 

concerned with SST change over time (Herbert et al., 2016), the paleo-locations of each site are 

used to estimate Pliocene SST anomalies. 

 Ocean temperatures in the EEP were warmer during the Pliocene (3.0-3.6 Ma) compared 

to modern (Figure 3d). Note that SST offsets between the four sites included in this transect 

covaried closely across a 600-kyr period. The consistent SST offsets between sites seem reliable 

despite absolute calibration uncertainties of ~1.5°C and analytical error of 0.15°C, particularly 
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when noting that the differences between mean SSTs are not constant, but oscillate 

systematically with orbital cycles. These orbital scale changes in gradient are further indications 

of good signal to noise in the measurements. Error estimates of SST measurements using 

Gaussian Process modeling (Figure S4) show that out of 189 downcore samples, there are no 

reversals of the expected east-west (Site 846-U1338) colder-warmer gradient (Figure 4). 

Even with uncertainty in the absolute SST, the Pliocene Uk¶37-SST values are clearly 

warmer when compared to the modern alkenone-derived SST from core top samples along the 

transect (Figure 3d). The average site-to-site correlation coefficients are strong, with  R2 values 

greater than 0.73, and the SST differences between sites are maintained over 600 kyr (Figure 

S5). The average SST gradient between the easternmost and westernmost sites in the transect 

weakened to 0.9°C during the Pliocene, compared to the modern >1.8°C gradient (Figure 4). 

This pattern is consistent with the longer Pliocene-Pleistocene trend of tropical Pacific SST: the 

eastern EEP (Site 846) experienced the greatest cooling over the Plio-Pleistocene as the Pacific 

cold tongue developed, while the western and central EEP did not cool as drastically (Lawrence 

et al., 2006). The SST gradients between the farthest east and west sites, and the farthest east and 

central sites generally oscillated with similar orbital-scale variability to that recorded in benthic 

G18O (Figure 4). During warmer intervals, the SST gradient was reduced (the eastern EEP 

warmed to match the western EEP), while during colder intervals, the SST gradient became more 

positive (the western EEP cooled less than the eastern EEP). 

 

3.3 Paleo-productivity estimations 

 On average, C37 total mass accumulation rates were stronger in the eastern EEP than in 

the western or central EEP during the Pliocene (Figures 4c, 5d). Like the Pliocene SST gradient, 
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the C37 total gradient between the western and eastern EEP also oscillated with glacial-

interglacial climate variability. There appeared to be a divide between the higher average C37 

total MAR east of ~100°W (Site 846) and the lower alkenone accumulation west of 100°W 

(Sites 849, 850, U1338) throughout the mid-Pliocene (Figure 5d). Additionally, during warmer 

intervals (i.e., 3.4-3.5 Ma), the C37 total MAR gradient weakened (eastern EEP inferred 

productivity decreased to match that of the western EEP), while during colder intervals (i.e., the 

M2 glaciation at ~3.3 Ma), the C37 total MAR gradient strengthened (we infer that the eastern 

EEP primary productivity increase outpaced that of the western EEP). Alternatively, better 

oxygenated Pacific Deep Water bathing the eastern EEP site (Site 846) during warmer intervals 

may have decreased C37 total preservation (Anderson et al., 2019; Jacobel et al., 2020), although 

bio-SiO2 MARs at Site 846 (Figure 5c) did not experience the same glacial-interglacial 

variability as the zonal C37 total MAR gradient (Figure 4c). 

The sediment component accumulation estimates, represented as average MARs from 3.0 

to 3.6 Ma, can account for elements of ecosystem productivity that C37 total MAR alone cannot 

capture. Bio-SiO2 was particularly important in the Pliocene EEP. Not only did biogenic opal 

comprise a larger proportion of eastern EEP sediment relative to western or central EEP 

sediment during the Pliocene (Figure 5c), but much higher biogenic opal production (and/or 

preservation) occurred in the Pliocene relative to the modern eastern EEP (Figure S6). Higher 

Baxs MARs recorded in the eastern EEP relative to the west or central parts of the transect 

(Figure 5e) also support stronger Pliocene eastern EEP productivity compared to modern. 

Meanwhile, detrital MARs changed little from the Pliocene to modern, except at Site 846, 

where detrital MARs were ~40% higher during the Pliocene relative to modern (Figure 5a). 

Likewise, CaCO3 MARs in the eastern EEP were only slightly higher relative to the central and 



 
 

 41 

western EEP during the Pliocene, while the east-west CaCO3 MAR gradient was similarly small 

in the present day (Figure 5b, Figure S6).  

XRF ratios clarify the relationship between CaCO3 and bio-SiO2 and point to increased 

biogenic opal production in the Pliocene relative to modern (Figure 6). CaCO3/Fe2O3 and 

CaCO3/BaSO4 ratios show slight decreases in carbonate production normalized to dust 

deposition and export production, respectively, across the EEP from 3.6 to 3.0 Ma (Figure 6a, 

6c). Meanwhile, high bio-SiO2/CaCO3 and bio-SiO2/BaSO4 ratios indicate that biogenic opal 

accounts for most of the skeletal export production in the eastern EEP, specifically between 

~3.2-3.4 Ma (Figure 6b, 6d). A possible ecological shift from siliceous to calcareous plankton 

from the Pliocene to the late Pleistocene may be consistent with the decline in bio-SiO2 toward 

the present (Figure 5c). 

 

3.4 Spectral structure 

Multitaper method Fourier transform spectral analyses were performed to identify the 

dominant periods of variability in the SST and productivity records at the 90% confidence 

interval (Figure 7). The G18O records from Sites 846 and 849 had dominant periodicities at 100 

kyr and 41 kyr based on the analysis interval from 3.0 to 3.6 Ma. SST at all sites showed 

significant sensitivity to the 100 kyr periodicity, as well as the 41 kyr periodicity (Figure 7c). 

Coherence between G18O, SST, and C37 total MAR versus normalized average eccentricity, tilt 

(obliquity), and precession (ETP) demonstrate strongest coherency in the obliquity band for all 

variables and across all sites (Figure 7). 
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4. Discussion 

4.1 Time-averaged controls on SST and upwelling in the EEP 

 The data sets presented here address two related questions: how did the background (e.g., 

super-orbital) EEP near-surface oceanography differ in the Pliocene compared to today, and how 

did this background state affect variability at the orbital scale? In the modern EEP, a combination 

of wind strength, upwelling velocity, thermocline tilt, and subsurface water temperature governs 

SST. These processes of ocean heat and momentum exchange also affect the energy of 

atmospheric circulation through the Bjerknes feedback, with strengthened zonal SST gradients 

corresponding to stronger zonal wind stresses. These factors largely determine surface 

productivity as well, although incomplete nutrient utilization also plays a role.  

However, there are several probable differences between the modern oceanographic 

setting and the background state of the Pliocene EEP. Top-down controls on EEP SST include 

weaker zonal wind stresses derived from smaller Pliocene pole-equator temperature gradients, as 

well as higher than pre-industrial CO2 concentrations (de la Vega et al., 2020; Foster et al., 

2017), which warmed surface waters in the tropical Pacific. Reduced meridional gradients in 

cloud albedo also weakened zonal Pacific SST gradients (Burls & Fedorov, 2014). Pliocene 

bottom-up controls include warmer subsurface waters delivered from an oceanic tunnel 

connecting the warmer high latitudes and the tropics (Bolton, Lawrence, et al., 2010; Dekens et 

al., 2007; Fedorov et al., 2006; Lee & Poulsen, 2005; Philander & Fedorov, 2003), as well as the 

nutrient content of subsurface waters.  

The alkenone SST records reported here avoid the ambiguity of the western equatorial 

Pacific warm pool proxy discrepancies by restricting SST reconstructions to the EEP and by 
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using a single proxy. Note that our conclusion that eastern-western EEP SST gradients were 

reduced significantly does not depend strictly on the absolute calibration of Uk¶37 to SST, as the 

gradient in Pliocene proxy values (Figure 4b) is strongly reduced relative to our core top Uk¶37 

transect.  

The SST reconstructions reflect a reduced SST gradient between the western and eastern 

EEP and support other alkenone-based and Mg/Ca paleothermometer records of reduced zonal 

gradients between the western Pacific warm pool and the EEP (Dekens et al., 2007; Fedorov et 

al., 2006; Lawrence et al., 2006; Wara et al., 2005). The boundary between warmer western (Site 

1338) and cooler eastern (Sites 846 and 849) SSTs persisted during the Pliocene, despite the 

overall weakening in the Pliocene zonal SST gradient (Figure S7). 

A combination of both top-down and bottom-up forcings may be responsible for the 

Pliocene SST and productivity patterns reported here. An increase in atmospheric pCO2 may 

produce approximately equal warming across the eastern and western EEP, thereby maintaining 

the modern strong SST gradient (Heede & Fedorov, 2021; Jia & Wu, 2013; Lee & Poulsen, 

2005). However, the alkenone SST record presented here indicates that the eastern EEP 

experienced greater Pliocene warming than the core of the EEP relative to today (Figure 3d), 

which implies that the top-down forcing is not solely responsible for Pliocene EEP temperature 

anomalies (Fedorov et al., 2013).  

By contrast, warming of subsurface water at the base of the thermocline in the eastern 

EEP (a possible consequence of higher global pCO2 warming high latitudes and transporting 

water through an oceanic tunnel) would produce zonal differences in SST akin to the observed 

SST gradient reduction recorded in the alkenone data presented here (Brierley et al., 2009; 

Dekens et al., 2007; Fedorov et al., 2006; Ford et al., 2015; Gu & Philander, 1997; Lee & 
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Poulsen, 2005). Source waters for the Equatorial Undercurrent in the South Pacific and Southern 

Ocean likely experienced warmer SSTs during the Pliocene based on extratropical alkenone SST 

records and ocean general circulation models (Brierley et al., 2009). With warmer subsurface 

waters, upwelling would produce a less pronounced EEP cold tongue.  

If our interpretation of strong east-west gradients in productivity in the warm Pliocene are 

correct, these observations raise the question of background changes in wind stress and 

subsurface nutrient content, factors that would exert primary control on productivity. The 

significant reduction in Pliocene C37 total and biogenic opal MARs from the eastern to western 

EEP (Figure 5c-d) suggests that E-W differences in zonal upwelling velocity, zonal winds, or 

vertical density profiles (which would have been weaker with warmer subsurface waters feeding 

the thermocline) influenced productivity during the Pliocene when weaker zonal SST gradients 

prevailed. Upwelling rates would depend on the wind stress at the ocean surface, and on the 

density structure of the shallow subsurface, as the work required for wind stress to upwell water 

will depend on the density gradient.  

Easterly trade winds, which drive EEP upwelling today, may have been weaker in the 

Pliocene when pole-equator temperature gradients were reduced (Dowsett et al., 1996). Since 

~3.6 Ma, changes in tropical wind fields may have fueled increased upwelling and productivity 

as Northern Hemisphere glaciation intensified (Steph et al., 2010). However, upper-ocean 

stratification in the EEP may have been diminished during the Pliocene relative to modern 

(Bartoli et al., 2011; Burls et al., 2017), so average wind speeds equal to or slower than modern 

could result in upwelling strong enough to support the productivity gradients observed here. The 

observation that the Pliocene zonal productivity gradient was as strong if not stronger than 

modern suggests that Pliocene upwelling was more effective than today at supporting highly 
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productive waters in the eastern EEP (Figure 5). Further analyses of thermocline depth proxies 

and model simulations of trade winds and vertical upwelling velocity are necessary to elucidate 

implied changes in upwelling velocity.  

An alternative possibility is that a greater nutrient content of upwelled waters, in addition 

to an increase in upwelling velocity, could account for the larger productivity gradient across the 

Pliocene EEP. Differences in intermediate water nutrient sources during the Pliocene compared 

to modern (i.e., North Pacific Deep Water formation) may explain the strengthened tropical 

zonal productivity gradient (Ford et al., 2022). Additionally, the biogeochemistry of high latitude 

waters may have changed between the Pliocene and today, and as these nutrient-rich high 

latitude source waters joined subtropical gyre surface waters as the oceanic tunnel, they delivered 

nutrients to the EEP thermocline (Lee & Poulsen, 2005; Palter et al., 2011; Philander & Fedorov, 

2003; Sarmiento et al., 2004). Specifically, higher nitrate and phosphate from SAMW may have 

been exported through the Pliocene tunnel, independent of changes in ocean circulation (Rafter 

et al., 2013; Toggweiler et al., 1991). North Pacific G13C records show a reversal in the 

meridional carbon isotope gradient during the mid-Pliocene, suggesting that North Pacific Deep 

Water formed in the warmer Pliocene and could account for the proposed older, more nutrient-

rich water upwelling in the EEP (Ford et al., 2022). Incomplete nutrient utilization in North 

Pacific Deep Water formation regions could export excess nutrients to lower latitudes, thereby 

fueling highly productive but warmer eastern EEP waters during the Pliocene (Burls et al., 2017; 

Shankle et al., 2021). Air-sea disequilibrium of CO2 also indicates that warm but nutrient-rich 

ZaWeUV XSZelled in Whe EEP becaXVe Whe higheU ³e[ceVV CO2 indicates incomplete nutrient 

utilization in the Mio-Pliocene (Zhang et al., 2017). Studies tracking pH as a proxy for water 

nutrient content (where lower pH is associated with higher nutrient concentrations) attest that 
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more nutrient-rich water upwelled in the Pliocene EEP relative to modern, which would allow 

for a smaller volume of less stratified upwelled water to support greater productivity (Shankle et 

al., 2021), potentially counteracting the influence of unchanged or even reduced easterly wind 

strength during the warmer Pliocene. 

Despite the possibility that upwelled water nutrient content could influence the 

productivity gradient detected in the Pliocene EEP, a subsurface tilt of the nutricline and 

thermocline must have persisted to account for the continued zonal variations in upwelling that 

produce much stronger biogenic opal and alkenone concentration MARs in the eastern EEP than 

in the west (Etourneau et al., 2013). The prevalence of biogenic opal in the eastern EEP records 

presented here indicate that silicate concentrations were sufficiently high to support diatom 

blooms that diluted the carbonate record (Figure 5c); attributing the source of EEP silicate to 

either the North Pacific or Southern Ocean would be constructive. Today, the North Pacific is Si-

rich (Reynolds et al., 2006), which may imply that North Pacific waters supplied EEP upwelling 

during the Pliocene to a greater degree than they do in the present. The main sites of biogenic 

opal deposition have shifted around the global oceans over at least the past 15 Ma, and during the 

Mid to Late Pliocene, the EEP was a major opal sink (Cortese et al., 2004), which the bio-SiO2 

MARs reported here confirm. 

 

4.2 Orbital-scale controls on SST and upwelling 

The interpretation of the importance of bottom-up versus top-down controls on 

background EEP state also affect the interpretation of the orbital-scale variability observed in our 

SST and paleoproductivity time series. The similarity of the zonal SST gradient to the G18O 

record (Pearson correlation between Site U1338-846 SST gradient and G18O = 0.547) is a strong 
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indicator of a global, and likely high-latitude, control (Figure 4). The strong coherence between 

G18O and the zonal SST gradient between the western and eastern EEP sites provides quantitative 

support for this global control on EEP SST (Figure 7e). Moreover, there are orbital-scale 

variations in both Florisphaera profunda nannofossil MAR and C37 total at Site 846 in the 

eastern EEP through the early Pleistocene (Bolton, Lawrence, et al., 2010), which indicate that 

the variations in temperature and biogeochemical properties reported here may reflect 

fluctuations in thermocline depth on orbital time scales. 

As obliquity forcing is negligible in the tropics (Lawrence et al., 2006; Lee & Poulsen, 

2005; Z. Liu & Herbert, 2004), the significant spectral sensitivity to obliquity reported here 

(Figure 7) attests to processes associates with the high latitudes (Etourneau et al., 2013; Lee & 

Poulsen, 2005). The strong sensitivity to obliquity in the Pliocene eastern EEP SST suggests that 

the upwelling of high latitude-VoXUced ZaWeUV, Zhich ma\ UeVSond Wo changeV in EaUWh¶V WilW, ZaV 

enhanced relative to western and central EEP sites (Figure 7; Bolton et al., 2010). F. profunda 

phytoplankton abundance varies with obliquity in the eastern EEP during the Early Pleistocene 

as well, implying that bottom-up forcings originating in the Southern Ocean affect the EEP 

before the western Pacific (Bolton, Lawrence, et al., 2010). The M2 glacial interval at ~3.295 Ma 

is clearly detected as a cold excursion lasting ~20 kyr in both the benthic G18O records and the 

alkenone SST and C37 total records (Figure 3), and it is a particular example of how a global 

anomaly in G18O manifests locally in enhanced EEP SST and productivity gradients (Figure 4).  

 

5. Conclusion 

The SST and productivity data reported here support a relaxation of the coupling between 

physical (SST) and biogeochemical (productivity) gradients evident during modern El Niño 
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events (Dekens et al., 2007; Shankle et al., 2021). This decoupling may reflect significantly 

diffeUenW WUoSical Pacific ZaWeU SUoSeUWieV Whan modeUn and alVo fUom Whe h\SoWheVi]ed ³El 

PadUe´ SeUmanenW El Nixo-like state of the Pliocene (Ford et al., 2015). Instead, source water of 

Pliocene EEP upwelling could have been located either farther toward the pole in the Southern 

Ocean (Ford et al., 2012, 2015; Shankle et al., 2021) or in the North Pacific (Ford et al., 2022) 

before being brought up to intermediate depths (1000 m) in the tropical Indo-Pacific and 

upwelled in the EEP.  

 A mix of two scenarios can explain the paradoxically reduced SST gradient and strong 

productivity gradient measured in the Pliocene EEP: warmer waters were upwelled at faster rates 

than modern, or upwelling strength was unchanged but more nutrient-rich warm waters were 

delivered to the surface. Either the biogeochemical properties and temperature, or the origin 

region of the warm subsurface source water in the Late Pliocene were different than the cold and 

nutrient-rich water upwelling in the EEP today (Ma et al., 2015). Ultimately, vigorous upwelling 

of possibly more nutrient-rich and warmer waters from the base of the thermocline can explain 

the observed changes in the Late Pliocene EEP records (Dekens et al., 2007). In either case, the 

reduced Pliocene EEP SST gradient should not be interpreted as a signal of reduced upwelling. 

 These changes observed in the EEP sediment record and proposed high latitude forcings 

have implications for future warming and the ability of the EEP to sequester atmospheric CO2. 

The record presented here reflects an equilibrated system in the Late Pliocene, while the next 100 

years of anthropogenically-induced climate change will see the system transitioning and not 

necessarily replicating the Pliocene. In an equilibrated regime, a warmer world could see 

changes in equatorial Pacific upwelling akin to the Pliocene reduced zonal SST gradient and 

ecological shift toward high siliceous productivity in the eastern EEP. These changes present 
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significant consequences for adjacent communities dependent on the economic and ecosystem 

services provided by the EEP (Anderson et al., 2017; Christensen et al., 2014; Gutiérrez et al., 

2016; Iizumi et al., 2014).  
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Figures 
 

 
Figure 1. Locations of ODP Sites 846, 849, and 850 and IODP Site U1338 (bold black outlines) 
in the EEP, along with the paleo-locations of the four sites backtracked to 3 Ma (bold yellow 
outlines). The 44 core top sites are displayed with thin black outlines. Site locations are 
overlayed on modern annual mean SST from WOA18 (Boyer et al., 2018; Locarnini et al., 
2019). The 3 Ma locations of Sites 846 and U1338 represent a modern zonal SST gradient of 
1.8°C, while the meridional SST gradient between the 3 Ma locations of Sites 849 and 850 is 
0.3°C.  
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Figure 2. (a) Residual SST across the modern EEP, calculated as the difference between Uk¶37 
SST (using the calibration of Prahl et al. [1988]) and WOA18 SST (Boyer et al., 2018; Locarnini 
et al., 2019). (b) Correlation between WOA18 SST and Uk¶37 SST, with slope of the linear 
trendline = 1.03. (c) Correlation between chlorophyll estimates from the MODIS satellite (NASA 
Goddard Space Flight Center, 2022) and core top C37 total concentration. (d) Core top 
coccolithophore productivity (measured in mg chlorophyll-a per m3, from Losa et al. [2017]) 
compared to C37 total concentrations also suggests that C37 total does not reflect total 
coccolithophore community production.  
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Figure 3. Time series of SST and productivity proxies from ODP Sites 846, 849, and 850 and 
IODP Site U1338 in the EEP from 3.0-3.6 Ma. (a) Orbital time series template displaying 2 × 
obliquity normalized - precession normalized (2T-P), (b) benthic G18O, (c) benthic G13C, (d) Uk¶37 
SST (using the calibration of Müller et al. [1998]) with dashed lines representing modern SST 
derived from WOA18 observations (Boyer et al., 2018; Locarnini et al., 2019) at the backtracked 
site locations from 3 Ma, and (e) Log[C37 total concentration] with dashed lines representing 
modern Log[C37 total] estimated from core top samples corresponding to the 3 Ma paleo-
locations of each site. 
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Figure 4. Time series of (a) benthic G18O, (b) SST gradient between Sites U1338 and 846 and (c) 
Log[C37 total MAR] gradient between Sites 846 and U1338, with the blue and green dashed lines 
representing the modern SST and Log[C37 total] gradients, respectively, using the 3 Ma paleo-
locations of Sites 846 and U1338. The gray dotted lines represent 0, or no gradient. Positive 
values in (b) reflect a cooler western EEP relative to the eastern EEP, and positive values in (c) 
reflect a more productive eastern EEP relative to the western EEP. 
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Figure 5. Time series of (a) detrital MAR, (b) CaCO3 MAR, (c) bio-SiO2 MAR, (d) Log[C37 
total MAR], and (e) Baxs MAR with dashed lines representing modern MAR values from ODP 
Sites 846 and 849, and IODP Site U1338. Note that the Baxs MARs from Sites 849 and U1338 
are calculated from 10kV XRF scans, which are less reliable than the 50 kV scans of Site 846. 
 
 



 
 

 55 

Figure 6. Time series of (a) CaCO3/Fe2O3 ratios, (b) bio-SiO2/CaCO3 ratios, (c) CaCO3/BaSO4 
ratios, and (d) bio-SiO2/BaSO4 ratios with dashed lines representing modern ratio values from 
ODP Sites 846 and 849, and IODP Site U1338. 
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Figure 7. Spectral power and coherence relative to ETP of (a) benthic G18O, (b) SST, and (c) C37 
total MAR from ODP Sites 846, 849, 850, and IODP Site U1338, and (d) coherence of G18O 
relative to the SST gradient between U1338-846. Data are normalized, detrended, and linearly 
interpolated to an age scale with equal <3 kyr time steps prior to bandpass filtering between 10-
130 kyr to remove high and low frequencies outside the range of orbital frequencies discussed 
here. The multitaper method Fourier transform is used to analyze spectral power (Meyers et al., 
2021). The ARAND time-series analysis software was used to calculate coherency (Howell et 
al., 2006). 
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Supporting information 

Figure S1. Three linear and non-linear Uk¶37 SST calibrations applied to Sites 846, 849, 850, and 
U1338 to assess how much the zonal gradient between sites changes depending on the 
calibration method. The calibrations compared here are from (a) Müller et al. (1998), (b) Tierney 
& Tingley (2018), and (c) Conte et al. (2006). Note that the zonal SST gradient appears similar 
(the western Site U1338 is warmer than the central and eastern Sites 850, 849, and 846, which 
plot on top of one another) no matter the calibration. The east-west SST gradient between Sites 
846 and U1338 (d) calculated using the three calibrations shows negligible differences between 
the calibrations. 
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Figure S2. Correlation between C37 total and chlorophyll concentration. Yellow markers are the 
data reported in this study, plotted on top of the global tropical compilation from Raja & Rosell-
Melé (2021), suggesting that C37 total is a reliable proxy for net primary productivity. 
 

Figure S3. Relationship between G13C and C37 total from 3.0-3.6 Ma at ODP Sites 846, 849, and 
850. Although complicated, the main G13C signal on glacial-interglacial time scales comes from 
changes in dissolved inorganic carbon (DIC). Greater respired carbon and lower oxygen results 
in higher DIC and more depleted G13C values. Even though there might be correlation without 
causation (e.g., high DIC at depth and high productivity at the surface, which are not directly 
connected to one another), the weak correlations between C37 total and G13C at each site imply 
that oxygen had little effect on the C37 total signal.  
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Figure S4. Error estimates of the Pliocene alkenone SST reconstructions from Sites 846, 849, 
850, and U1338. A Gaussian Process model with Matérn32 and radial basis function kernels 
(Rasmussen & Williams, 2006) was applied to each SST record to produce a predicted mean 
SST (thick lines) and predicted upper and lower 95% confidence intervals (shading). Individual 
SST measurements are represented as crosses. The Gaussian Process model estimates the 
likelihood of a value at a given position, given the values at adjacent points. The kernel (in this 
case, the sum of Matérn32 and radial basis function kernels) defines the length and weighting 
function of the covariance matrix, which returns the most likely value. See the Open Research 
source for the Gaussian Process code. 
 

Figure S5. Correlations between alkenone Uk¶37 SST at (a-c) Sites 846, 849, 850, and U1338 for 
3.0-3.6 Ma show strong SST agreement between sites, indicating temperatures vary across the 
EEP transect in concert. 
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Figure S6. XRF MAR gradients between Sites 846 and U1338 for (a) detrital MAR, (b) CaCO3 
MAR, (c) bio-SiO2 MAR, and (d) Baxs MAR, shown with the modern gradients between the sites 
(dashed lines). The gray dotted lines represent 0, or no gradient. Note that the Baxs MARs from 
Site U1338 are calculated from 10 kV XRF scans, which are less reliable than the 50 kV scans of 
Site 846. 
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Figure S7. SST gradients between (a-c) Sites 846, 849, 850, and U1338 during the Pliocene, 
shown with the modern SST gradients between the sites (dashed lines). The gray dotted lines 
represent 0, or no gradient. Maps of (d) modern and (e) Pliocene average SSTs at each downcore 
site indicate that the boundary between warmer westerns and cooler eastern SSTs at ~115°W 
persisted during the Pliocene, despite the weaker overall zonal SST gradient. 
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CHAPTER 3 

 

High latitude oceanic tunnel controls of eastern equatorial Pacific  
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Key Points: 

x The modern tight coupling between ocean temperature and productivity gradients in the 

eastern equatorial Pacific was weaker during the Pliocene. 

x Modern east-west temperature gradients developed during the mid-Pleistocene, but 

stronger than modern productivity gradients persisted through 400 ka. 

x The strengthening of temperature gradients largely reflects the upwelling of progressively 

cooler but less nutrient-rich waters sourced from high latitudes. 
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Abstract 

Robust modern gradients in sea surface temperature (SST) and biological primary 

productivity across the eastern equatorial Pacific Ocean (EEP) between 80° and 140° W derive 

from vigorous upwelling of cold and nutrient-rich intermediate waters. However, during the mid-

Pliocene warm period (3.0-3.3 Ma), the zonal SST gradient was reduced to <0.5°C but the 

productivity gradient remained as strong if not stronger than modern. We consider the 

oceanographic mechanisms and external climate forcings responsible for the evolution of the 

Pliocene decoupling between SST and productivity to the modern tight SST-productivity 

coupling. We synthesize existing records and present new reconstructions of alkenone biomarker 

SST and productivity from four EEP sites spanning an east-west transect along the equator. In 

contrast to the increasing SST gradient development throughout the Plio-Pleistocene, alkenone 

mass accumulation rates indicate that the surface productivity gradient was stronger during the 

Late Pliocene compared to modern. The observations are best explained by dominance of the 

oceanic tunnel over surface forcings: SST changes dominantly reflect the cooling of high latitude 

water masses toward the present while productivity proxies suggest these waters became less 

nutrient-rich. 

 

Plain language summary 

 The modern eastern tropical Pacific Ocean is cold and highly biologically productive 

because nutrients important to organisms at the base of the marine food web are brought from the 

colder deeper ocean to the sunlit zone. Therefore, cold waters found at the eastern margin of the 

equatorial Pacific are more productive than the central and western regions. However, during a 

globally warmer period three million years ago, warm waters in the eastern tropical Pacific 
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supported higher productivity than in the recent past. We reconstructed the surface temperature 

and productivity from four sites in the eastern Pacific over the last three million years to assess 

how the temperature and productivity relationship evolved to the modern state. We proposed that 

changes in ocean temperature and nutrient conditions at the high latitude origination of water 

emerging in the tropical Pacific influenced the evolving relationship between temperature and 

productivity as opposed to regional factors such as wind-driven upwelling of deeper water. These 

connections between the poles and the tropics are important to consider as the oceans warm in 

the coming decades. 

 

1. Introduction 

 Ocean temperature and biological primary productivity are often closely linked to one 

another in upwelling zones, where colder subsurface water replete with nutrients outcrops at the 

surface (Lyle et al., 1992). The eastern equatorial Pacific (EEP) Ocean cold tongue upwelling 

zone contains high concentrations of nitrate and phosphate, but is limited in the micronutrient 

iron, which is thought to reduce the capacity to support surface productivity and results in 

incomplete nutrient utilization (Brzezinski et al., 2011; Costa et al., 2016). Dissolved marine CO2 

can freely exchange with the atmosphere because primary producers do not fully consume 

nutrients in the surface ocean, which links changes in atmospheric CO2 to biological pump 

efficiency (Farrell et al., 1995). Stronger upwelling velocity in the eastern relative to the western 

EEP results in colder and more productive waters in the east, which yields gradients in the 

degree to which the EEP influences the carbon cycle.  

 Walker circulation and El Niño-Southern Oscillation (ENSO) cycles govern east-west 

patterns in sea surface temperature (SST) and marine biological productivity in the modern EEP 
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(Wang et al., 2017). These cycles accentuate the strong negative relationship between SST and 

productivity: during El Niño years, reduced east-west wind stress diminishes upwelling velocity 

in the EEP, resulting in warmer than average water and reduced surface productivity (Delcroix, 

1998).  

There are two possible mechanisms that influence EEP SST and productivity 

relationships on ENSO and orbital timescales. First, a top-down forcing like atmospheric CO2 

concentrations would affect the eastern and western EEP equally, so if decreasing pCO2 during 

the Plio-Pleistocene was responsible for cooling EEP SSTs, then the region should experience 

uniform cooling (Bolton, Gibbs, et al., 2010; Burton et al., 2024). Additional top-down forcings, 

such as local wind fields (Amador et al., 2006), cloud feedbacks (Burls & Fedorov, 2014), and 

orbital forcing (specifically, precession; Clement et al., 2004), contribute to the ENSO-style SST 

and productivity relationship. 

The second mechanism encompasses bottom-up forcings like oceanic tunnels, which 

transport water from the southern and northern high latitudes to the EEP through the 

thermocline, allow the EEP subsurface to respond at decadal and longer timescales to 

extratropical temperature changes (Gu & Philander, 1997; Lee & Poulsen, 2005; Z. Liu & Yang, 

2003). Progressive high latitude cooling over the Plio-Pleistocene would first materialize as 

cooler SSTs in the eastern EEP upwelling core, then progress to cooling in the central and 

western EEP (Lu et al., 1998). Excess nutrients in high latitude waters may be subducted and 

transported through oceanic tunnels and upwell in the EEP to fuel primary productivity in the 

iron-limited regime (Burls et al., 2017; Sarmiento et al., 2004; Shankle et al., 2021; Toggweiler 

et al., 1991). Subantarctic Mode Water and Antarctic Intermediate Water, both of which are 

major components of Equatorial Pacific Intermediate Water, are sourced from the southern high 
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latitudes and reach the EEP surface through oceanic tunnels (Bostock et al., 2010; Toggweiler et 

al., 1991). Changes in high latitude temperature and nutrient content are transferred to the EEP 

through these high-low latitude connections (Burls et al., 2017; Lee & Poulsen, 2005; Philander 

& Fedorov, 2003).  

Thermocline temperature, depth, and tilt are also crucial subsurface controls on nutrient 

delivery and surface temperature in the EEP across the Plio-Pleistocene. Ford et al. (2015) 

identified cooling, shoaling, and steepening of the equatorial Pacific thermocline as responsible 

for the cooling of the eastern EEP beginning in the mid-Pliocene. Further cooling of the rest of 

the EEP throughout the Pleistocene was attributed to cooling and shoaling of the thermocline 

(Ford et al., 2015). 

The development of the modern EEP cold tongue and the high latitude and/or global 

forcings responsible for the evolution of EEP temperature and productivity relationships are not 

well understood. Although EEP waters were warmer than modern during the mid-Pliocene warm 

period (3.0-3.3 Ma), zonal productivity gradients were as strong if not stronger than modern 

(Kimble et al., 2024), suggesting that a weaker correlation between SST and productivity 

persisted in the Pliocene EEP (Figure 1). The modern tight coupling between SST and 

productivity may have developed at some point between the Pliocene and the present. This work 

assesses the timing and mechanisms of SST and productivity gradient evolution in the EEP over 

the last 3.6 Ma.  

Here, we address two questions: (1) What was the timing of the Plio-Pleistocene SST and 

productivity gradient development? (2) What mechanisms were responsible for the development 

of modern temperature and productivity gradients across the EEP? We present new alkenone 

biomarker SST and productivity reconstructions from four cores from the International Ocean 
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Discovery Program and its previous iterations spanning an east-west transect across the EEP. We 

reconstruct zonal gradients in SST and the accumulation of alkenone biomarker concentrations to 

investigate the role of upwelling in the evolution of these EEP gradients over the Plio-

Pleistocene relative to modern conditions derived from core top measurements and instrumental 

observations. 

 

2. Setting and methods 

Four EEP marine sediment core sites collected by the International Ocean Discovery 

Program (IODP) and its previous iterations were used to reconstruct SST and productivity. IODP 

SiWe U1338 (2�30.47¶N, 117�58.18¶W, 4,200 mbVl), ODP SiWeV 849 (0�10.98¶N, 110�31.18¶W, 

3,837 mbVl), 846 (3� 5.70¶S, 90�49.08¶W, 3,296 mbVl), and 1239 (0�40.32¶S, 82� 4.86, 1,414 

mbsl). The sites are arranged in a transect along the equator (Figure 2), with eastern sites (Sites 

1239 and 846) receiving a greater proportion of cooler upwelled Equatorial Undercurrent water 

than western sites (Sites 849 and U1338). The paleo-locations of each site were backtracked to 3 

Ma, and modern temperatures at these backtracked locations, derived from the World Ocean 

Atlas 2018 (Boyer et al., 2018; Locarnini et al., 2019), were used to estimate Pliocene SST 

anomalies relative to modern SST at the paleo-location. 

Sedimentation rates at all four sites were relatively stable over the Plio-Pleistocene, 

ranging from 1.3 cm/kyr at Site U1338, 2.6 cm/kyr at Site 849, 4.3 cm/kyr at Site 846, to 8.4 

cm/kyr at Site 1239, averaged over the last 3.6 Ma. There were few intervals of increased 

sedimentation rate, with only Site 1239 displaying much variability (~17 cm/kyr at ~1.8 Ma, ~14 

cm/kyr at ~2.0 Ma, and ~16 cm/kyr from 2.9-3.1 Ma). Sediment composition estimated from X-

ray fluorescence (XRF) elemental intensities indicate that less than 10% of the sediment was 
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inorganic detrital material over the entire the Pliocene to modern interval. The major sediment 

component (>70% at Sites U1338 and 849 and >50% at Site 846) was carbonate. Biogenic silica 

made up ~15% of the sediment at Sites U1338 and 849 and >30% at Site 846 (Kimble et al., 

2024; Lyle et al., 2019). 

The downcore SST estimates were derived from the widely used Uk¶37 index, which is a 

SST proxy calculated from the degree of unsaturation of alkenones, organic molecules 

synthesized by one lineage of coccolithophore phytoplankton. SSTs are reported using the 

Müller et al. (1998) global core-top calibration. Kimble et al. (2024) showed negligible 

differences between other non-linear alkenone-SST calibrations (Tierney & Tingley, 2018) and 

the Müller et al. (1998) calibration. 

Relative marine surface productivity was estimated using the concentration of C37 

alkenones (C37 total), which is positively correlated to modern primary productivity and surface 

chlorophyll concentration (Kimble et al., 2024; Raja & Rosell-Melé, 2021; Volkman et al., 

1995). C37 total mass accumulation rates (MAR) were estimated for each time step to normalize 

the different sedimentation rates at each site. C37 WoWal MARV (ȝg/cm2/kyr) were calculated as the 

C37 WoWal maVV (ȝg/g) u dry bulk density (g/cm3) u linear sedimentation rate (cm/kyr) for each 

time step. MARs are displayed on a log scale to account for differences in alkenone 

concentration and sedimentation rates between eastern and western EEP sites. Sediment samples 

were prepared for alkenone SST and C37 total analyses and measured on an Agilent Technologies 

gas chromatograph-flame ionization detector according to Herbert et al. (2021).  

Four time intervals were selected for SST and productivity reconstruction because the 

zonal SST gradients between the EEP and western Pacific warm pool exhibited significant 

change according to Wara et al. (2005): a Pliocene interval (3.0-3.6 Ma), a Plio-Pleistocene 
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interval (2.4-2.8 Ma), a mid-Pleistocene interval (1.4-1.7 Ma), and a Late Pleistocene interval 

(350-650 ka). The existing Site 846 SST and productivity records are continuous from modern to 

3.6 Ma (Herbert et al., 2021; Lawrence et al., 2006, 2020), while the Site 1239 records extend 

only to 3.1 Ma (Etourneau et al., 2010; Shaari et al., 2013). The Site 849 records span three 

intervals, 0.3 to 1.7 (new data generated at Brown University and McClymont & Rosell-Melé, 

2005), 2.4 to 2.8 (new data), and 3.0 to 3.6 Ma (Kimble et al., 2024). Due to a consistent 

laboratory offset between the McClymont & Rosell-Melé (2005) data and newly generated SST 

data, 0.74°C was subtracted from the McClymont & Rosell-Melé (2005) Site 849 data spanning 

650-1380 ka. The remaining Site U1338 SST and productivity data were generated at Brown 

University including the previously published interval from 3.0-3.6 Ma (Kimble et al., 2024). 

A slightly modified version of the age-depth tuning of Lisiecki and Raymo (2005) was 

used to assign ages to the Site 846 data, updated with the revised composite section of Herbert et 

al. (2021) spanning the M2 glacial interval. The Match program (Lisiecki & Lisiecki, 2002) was 

used to align SST data from Sites U1338, 849, and 1239 to the age-depth model of Site 846, 

using XRF data from Sites 846, 849, and U1338 as secondary alignment records.  

Evolutive power spectral analyses using the Thomson multitaper method (Thomson, 

1982) were conducted on SST and productivity data to assess changes in the dominance of 

different orbital frequencies over the Plio-Pleistocene (Meyers et al., 2021). Data were detrended 

and linearly interpolated to 3-kyr timesteps prior to analysis.  

Error estimates for reconstructed SST and C37 total MAR values were calculated using a 

Gaussian Process model (Rasmussen & Williams, 2006). The Gaussian Process model estimates 

the likelihood of a value at a given position, given the values at adjacent points. The kernel (in 

this case, the sum of Matérn32 and radial basis function kernels) defines the length and 
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weighting function of the covariance matrix, which returns the most likely value (see the data 

availability statement for the Gaussian Process code). The adaptively smoothed time series are 

much less sensitive to analytical or proxy noise than raw values and hence used to estimate 

gradients between sites. SST gradients between sites were calculated by Gaussian Process 

resampling of the higher-resolution data to the age points of the lower-resolution data. 

 

3. Results 

3.1 SST evolution 

The modern average >2°C SST gradient between 82° and 118°W (Sites 1239 and U1338, 

respectively) diminished to <0.9°C during the mid-Pliocene (3.0-3.6 Ma; Figures 3, 4). By the 

Plio-Pleistocene transition (2.4-2.8 Ma), the average SST gradient between Sites 846 and U1338 

increased to ~1.5°C. By the mid-Pleistocene (1.4-1.7 Ma), SSTs in the eastern EEP cooled to 

nearly modern temperatures (24.0°C at Site 846) but western and central EEP SSTs were still 

warmer than modern, resulting in a ~1.8°C 'SST between Sites 846 and U1338. Cooling SSTs 

across the transect yielded the modern 'SST gradient of >2°C by the Late Pleistocene ~650 ka 

(Figure 4).  

SST variability was clearly present on glacial-interglacial timescales. Eastern EEP SST 

gradients intensified during glacial intervals beginning at the ~2.7 Ma glaciation, increasing the 

zonal 'SST to 3°C between Sites 846 and U1338 during glacials but retaining the Pliocene 

weakened gradient of <0.9°C during interglacials. By the Late Pleistocene (350-650 ka) eastern 

EEP (Site 846) SSTs frequently cooled below modern and only warmed to modern temperatures 

during interglacial periods (Figure 3). SSTs at Site 1239, located a couple degrees north of the 

heart of modern cold tongue upwelling, very closely track Site U1338 SSTs, also located just 
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noUWh of Whe cold WongXe, deVSiWe Whe WZo ViWeV¶ SoViWionV on oSSoViWe endV of Whe eTXaWoUial 

transect (Figure 3), arguing for a coherent evolution of temperatures at the margins of the cold 

tongue. Thus, we assume that SSTs at the western EEP Site U1338 would behave similarly to the 

more continuous Site 1239 SST record, so that SST estimates at Site 1239 augment data gaps at 

Site U1338. 

The spatial evolution of EEP temperature reconstructions are consistent with amplified 

cooling in the heart of the modern cold tongue which first appeared during glacial intervals at 

Site 846 and persisted through long term Plio-Pleistocene cooling. The western and central 

Pacific did not begin to cool as soon as the EEP, nor did the western and central Pacific 

experience as dramatic Plio-Pleistocene cooling as the EEP (Lawrence et al., 2006). 

 

3.2 Productivity evolution 

 Eastern EEP (Sites 846 and 1239) C37 total MAR was higher throughout the Plio-

Pleistocene relative to modern (Figure 3). However, C37 total MAR of the western and central 

EEP (Sites U1338 and 849) decreased from the Pliocene through the Late Pleistocene and the 

modern gradient established as late as the Holocene, resulting in a stronger Pliocene C37 total 

MAR gUadienW (7.1 ȝg cm-2 kyr-1) between Sites U1338 and 846 (Figure 4) compared to the 

ZeakeU modeUn gUadienW (0.9 ȝg cm-2 kyr-1). X-ray fluorescence (XRF) elemental data and mass 

accumulation rates of biogenic SiO2 (calculated according to Kimble et al., 2024) support the 

Plio-Pleistocene C37 total MAR patterns as Pliocene bio-SiO2 in the eastern EEP was greater than 

modern, suggesting that both C37 total and bio-SiO2 productivity during the Plio-Pleistocene was 

heightened relative to today (Figure S1). 
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 Glacial-interglacial variability was present in the surface productivity records as well, 

with stronger zonal productivity gradients generally accompanying glacial intervals. By the 

beginning of the Pleistocene (2.6 Ma) the zonal gradient in C37 WoWal MAR ZaV a9 ȝg cm-2 kyr-1 

(VWill an oUdeU of magniWXde gUeaWeU Whan Whe modeUn 0.9 ȝg cm-2 kyr-1 gradient) during 

inWeUglacialV and incUeaVed Wo Whe moUe W\Sical aYeUage PleiVWocene YalXeV of a20 ȝg cm-2 kyr-1 

during glacials. The zonal productivity gradient contrast increased throughout Pleistocene 

cooling, but eventually had to weaken to reach Holocene values. The disparate timing of SST 

and productivity gradient evolution implies that the eastern EEP productivity developed quite 

differently from SST. 

 

3.3 Spectral sensitivity to high latitude forcings 

 Evolutive power spectral analyses assessed at the 90% confidence interval indicate that 

SSTs at all four EEP sites were significantly tuned to 41-kyr obliquity cycles during the Pliocene 

and through the Plio-Pleistocene transition (Figure 5a). Although EEP SSTs were still sensitive 

to obliquity (especially in the eastern part of the transect) throughout the Pleistocene, 100-kyr 

eccentricity paced SSTs at all sites by the Late Pleistocene. Site 846 G18O and SST show strong 

coherence in the eccentricity and obliquity bands, especially as both records share significant 41-

kyr components from the Pliocene through the mid-Pleistocene (Figure 5b). The coherence 

between eastern EEP SST spectra and the more globally attuned G18O suggests persistent 

connections between high latitudes and equatorial temperatures.  
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By the Plio-Pleistocene transition C37 total MAR-estimated productivity at both the two 

eastern EEP sites (Sites 846 and 1239) was responsive to 41-kyr periodicity (Figure 5c). By the 

mid-Pleistocene (1.4-1.7 Ma), productivity at the western and central sites (Sites U1338 and 849) 

were paced by obliquity as well. The abundance of eastern EEP Florisphaera profunda, a 

nannofossil that inhabits the lower photic zone, exhibited 41-kyr periodicity and was 

anticorrelated with log[C37 total MAR] during the Early Pleistocene (Bolton, Gibbs, et al., 2010). 

Nutricline depth, as recorded by F. profunda abundance, fluctuated with obliquity such that the 

nutricline shoaled during glacials (Figure S2). High latitude physical and biogeochemical 

changes may have been transmitted through oceanic tunnels to reach the eastern EEP before the 

western EEP.  

 

4. Discussion 

4.1 Top-down vs. bottom-up controls on SST and productivity gradients 

Both top-down forcings like the regional effects of atmospheric CO2 concentrations and 

bottom-up forcings like subsurface oceanic tunnels governed the relationship between EEP SST 

and SUodXcWiYiW\ gUadienWV oYeU Whe laVW 3.6 Ma. HoZeYeU, Whe foUcingV¶ VSaWial SaWWeUnV Wook 

different shapes, and therefore gave insights into which processes dominated the trends we 

document here.  

The Plio-Pleistocene decrease in pCO2 would influence SST at all sites equally (Burton et 

al., 2024; Heede & Fedorov, 2021; Jia & Wu, 2013; Lee & Poulsen, 2005), which is not apparent 

in the SST records presented here because the eastern EEP (Site 846) cooled before (and more 

intensely than) the central and western sites (Sites 849 and U1338; Figure 3). During the 

globally warmer Pliocene, high latitude waters warmed significantly and weakened pole-tropics 
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SST gradients, producing smaller zonal SST gradients by warming the eastern EEP where the 

high latitude water upwelled (Dekens et al., 2007; Fedorov et al., 2006, 2015). As atmospheric 

CO2 concentrations decreased over the Pleistocene, extratropical SST records depicted greater 

cooling relative to low latitudes (Brierley et al., 2009).  

Top-down forcings exerted through other means may have influenced Plio-Pleistocene 

EEP SST and productivity. Changes to easterly wind strength and position would alter EEP 

upwelling velocity (Amador et al., 2006). Grain size evidence of decreasing eolian input to the 

EEP since the Pliocene reflects relatively wetter conditions, but trade wind strength has remained 

relatively constant since 3.0 Ma (Hovan, 1995). Reconstructed strong eastern EEP productivity 

implies vigorous upwelling persisted. The weakly stratified mixed layer of the Pliocene EEP 

would have required lower wind stress to result in the same amount of water upwelled as a 

higher wind stress under more stratified conditions. Therefore, weaker easterlies could have 

upwelled sufficient nutrients given the weaker density stratification of the Pliocene relative to the 

Pleistocene and modern. Orbital forcings influence EEP physical and biogeochemical patterns, 

but the strong Plio-Pleistocene obliquity pacing we report here would not be expected to 

dominate either SST or productivity in the tropics where precession is more influential (Clement 

et al., 2004). Finally, cloud albedo feedbacks are critical controls on meridional SST gradients 

between the tropical and extratropical Pacific, with changes to cloud albedo necessary to 

maintain Pliocene EEP warmth (Burls & Fedorov, 2014). However, neither the pCO2 decrease, 

wind field changes, orbital forcings, nor cloud feedbacks alone cannot account for the 

reconstructed EEP productivity gradient evolution. 

The bottom-up oceanic tunnel mechanism transported cooler waters from southern and 

northern high latitude sources to the base of the eastern EEP thermocline (Gu & Philander, 1997; 
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Lee & Poulsen, 2005; Z. Liu & Yang, 2003). Progressive high latitude cooling over the Plio-

Pleistocene would first materialize as cooler SSTs in the eastern EEP upwelling core, then 

advance to cooling in the central and western EEP (Lu et al., 1998), resulting in a steepening, 

cooling, and shoaling thermocline (Ford et al., 2015). ³PUe-foUmed´ nXWUienWV in high laWiWXde 

waters may have been subducted and transported through oceanic tunnels and upwelled in the 

EEP, fueling primary productivity in the iron-limited regime (Burls et al., 2017; Shankle et al., 

2021). High-low latitude connections are apparent in the strong spectral response to 41-kyr 

obliquity cycles from the SST records, especially in the eastern EEP, which strengthened at the 

Plio-Pleistocene transition (Figure 5). The evolution of the zonal EEP SST gradient synchronous 

with benthic G18O also points to high latitude or global forcings transmitted through the oceanic 

tunnel (Fedorov et al., 2013) rather than tropical insolation forcing, which was opposite SST 

gradient changes on glacial-interglacial timescales (Figure 4). 

Previous work pointed to around or prior to (Dekens et al., 2007) the initiation of 

Northern Hemisphere glaciation near the Plio-Pleistocene boundary, or to ~1.7 Ma prior to the 

Mid-Pleistocene Transition (Ravelo et al., 2006; Wara et al., 2005) as potential stages when the 

zonal SST gradient intensified between the eastern and western Pacific. The EEP alkenone SST 

records reported here indicate strengthened zonal SST gradients during glacial intervals 

beginning as early as ~2.7 Ma, but there is evidence for continued cold tongue evolution fed by 

cool waters of the oceanic tunnel through the mid to Late Pleistocene (Lawrence et al., 2006). 

Ravelo et al. (2006) suggest Walker circulation strengthened at ~1.7 Ma when planktic 

foraminiferal oxygen isotope from sites at either side of the equatorial Pacific approached the 

modern zonal SST gradient of 5°C. A modern cross-Pacific SST gradient achieved by ~1.7 Ma 
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does not necessarily oppose continued development of the EEP zonal SST and productivity 

gradients into the Late Pleistocene, especially when evaluated on glacial-interglacial timescales.  

 

4.2 High latitude influences on EEP upwelling through oceanic tunneling 

The timing of the evolving zonal SST gradient, which reached the modern gradient as 

early as the Plio-Pleistocene boundary, and the productivity gradient, which was stronger than 

modern until at least the Late Pleistocene (Figure 4), suggests that physical and biogeochemical 

properties of the EEP evolved separately. The Site 1239 SST and productivity records indicate 

that warmer temperatures (relative to those of Site 846) can support strong productivity (relative 

to Site 846). Despite the weakened Pliocene SST gradient, subsurface tilting (Etourneau et al., 

2013) and shoaling (Jakob et al., 2021) of both the thermocline and nutricline would be 

necessary to maintain vigorous upwelling of nutrients to the EEP surface. 

However, the Pliocene decoupling of SST from productivity remains to be explained. 

Either source waters contained higher nutrient concentrations that eventually outcropped in the 

EEP, or upwelling velocity was greater during the Pliocene relative to modern to explain a 

warmer but highly productive Pliocene EEP (Bartoli et al., 2011; Burls et al., 2017; H. Dowsett 

et al., 1996; Ford et al., 2022). The recoupling between SST and productivity that is observed 

between the Pliocene and modern may have occurred due to a breakdown of one or both of the 

two listed mechanisms: (1) high latitude waters went from warm to cool and from containing 

high to low nutrient concentrations from the Pliocene to modern, and/or (2) high latitude waters 

went from warm to cool and EEP upwelling velocity went from stronger to weaker from the 

Pliocene to modern. 
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Possible changes in the source water locations between the Southern Ocean and the North 

Pacific may have been responsible for the continuous cooling of EEP SSTs concurrent with 

strengthening productivity gradients. Comparable cooling would have occurred at southern and 

northern high latitudes, but different nutrient concentrations were associated with the water 

sources (Sarmiento et al., 2004), so the disconnect between SST and productivity may be 

attributed to progressively lower nutrient concentrations from different source waters fueling 

eastern EEP productivity over the Pleistocene (Ford et al., 2015, 2022; Shankle et al., 2021).  

 

5. Conclusion 

The alkenone SST and productivity data reported here indicate a strengthening of the 

zonal EEP SST gradient throughout the Plio-Pleistocene, in contrast to the surface productivity 

gradient, which was stronger during the Late Pliocene compared to modern. The evidence from 

productivity proxies is thus that the combination of wind-induced upwelling and subsurface 

nutrient content and/or utilization has not strengthened as the equatorial cold tongue intensified. 

Existing alkenone-based and Mg/Ca paleothermometer records show increasing zonal SST 

gradients between the western Pacific warm pool and the EEP over the Plio-Pleistocene (Dekens 

et al., 2007; Fedorov et al., 2006; Lawrence et al., 2006; Ravelo et al., 2006; Wara et al., 2005), 

supporting our reconstructions of eastern EEP cooling. Upwelling of nutrient-rich water occurred 

despite warmer-than-modern eastern EEP temperatures through the Plio-Pleistocene (Dekens et 

al., 2007). At the orbital scale, the dominant frequency of eastern EEP SST and G18O cycles was 

41-kyr until Late Pleistocene 100-kyr cycles prevailed. High-latitude forcings influenced tropical 

upwelling during the Plio-PleiVWocene becaXVe Whe EEP¶V SolaU ZaWeU VoXUceV cooled bXW 

remained nutrient-rich throughout the 41-kyr world, keeping SST and productivity decoupled 
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through the Late Pleistocene. These results suggest a reexamination of Whe ³SeUmanenW El Nixo-

like´ oU ³El PadUe´ idea, giYen WhaW SUodXcWiYiW\ gUadienWV aSSeaUed Wo haYe eYolYed 

independently from SST gradients over the last 3.6 Myr. Neither the intensification of Northern 

Hemisphere glaciation near the Plio-Pleistocene transition nor ~1.7 Ma Walker circulation 

strengthening appeared to interrupt the continuously increasing SST gradients and decreasing 

productivity gradients across the EEP. 
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Figures 
 

Figure 1. Correlations between SST and log[C37 total] from the four sites during (a) the 
Holocene, (b) the Late Pleistocene (350-650 ka), and (c) the Pliocene (3.0-3.6 Ma). The modern 
tight coupling between SST and productivity evolved from much weaker relationships in the 
Pliocene and through the Late Pleistocene. 
 

Figure 2. Locations of IODP Site U1338 and ODP Sites 849, 846, and 1239 (colorful circles) in 
the EEP overlayed on modern annual mean SST from World Ocean Atlas 2018 (Boyer et al., 
2018; Locarnini et al., 2019). The paleo-locations of each site backtracked to 3 Ma are displayed 
as black circles with arrows showing the direction of site migration. The inset map shows the 
modern position of the four sites with respect to the Pacific Ocean.  
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Figure 3. Time series of SST and productivity from four IODP and ODP sites over the last 3.6 
Ma. (a) Uk¶37 SST (using the calibration of (Müller et al., 1998) with bold crosses representing 
modern SST derived from WOA18 observations (Boyer et al., 2018; Locarnini et al., 2019) at 
the backtracked site locations from 3 Ma, and (b) Log[C37 total MAR] with diamonds 
representing modern Log[C37 total MAR] estimated from core top samples corresponding to the 
3 Ma paleo-locations of each site. Note that there is no Site 1239 C37 total record from ~500 ka 
to modern. Error estimates on SST and Log[C37 total MAR] were calculated using a Gaussian 
Process model with Matérn32 and radial basis function kernels (Rasmussen & Williams, 2006). 
Predicted mean values (thick lines), predicted upper and lower 95% confidence intervals 
(shading), and original values (small crosses). 
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Figure 4. Time series of (a) benthic G18O from Site 846 (blue) and June 21st insolation at 0° 
(gray), (b) SST gradients between Sites 846 and 1239, 849, and U1338, and (c) Log[C37 total 
MAR] gradients between Sites 846 and 849 and U1338. Diamonds represent the modern SST 
and Log[C37 total] gradients, using the 3 Ma paleo-locations of all sites. The gray dotted lines 
represent 0, or no gradient. Positive values in (b) reflect a cooler western EEP relative to the 
eastern EEP, and positive values in (c) reflect a more productive eastern EEP relative to the 
western EEP. Results of Gaussian Process models with Matérn32 and radial basis function 
kernels (Rasmussen & Williams, 2006) are represented as predicted mean values (thick lines), 
predicted upper and lower 95% confidence intervals (shading), and original values (small 
crosses). 
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Figure 5. (a) Evolutive power spectra of SST and (c) log[C37 total MAR] at Sites U1338, 849, 
846, and 1239 showing the changing influence of eccentricity, obliquity, and precession in each 
record spanning the Pliocene to modern. (b) Coherence between G18O and SST at Site 846 
throughout the 3.6-myr record shows strong coherence at orbital frequencies. Lavender bands 
represent orbital cycles at 100-kyr, 41-kyr, 23-kyr, and 19-kyr frequencies. Power spectra are 
displayed for each time window at Sites 849 and U1338 instead of evolutive spectra due to the 
discontinuous nature of these records. 
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Supporting information 

 
Figure S1. (a) Log[C37 total mass accumulation rates] at Sites 1239, 846, 849, and U1338 with 
diamonds representing modern log[C37 total MAR] estimated from core top samples 
corresponding to the 3 Ma paleo-locations of each site. Predicted mean values (thick lines) were 
calculated using a Gaussian Process model with Matérn32 and radial basis function kernels 
(Rasmussen & Williams, 2006). Original values are small crosses. (b) Bio-SiO2 MAR at Sites 
846, 849, and U1338 with diamonds representing modern bio-SiO2 estimated from X-ray 
fluorescence scan data. Thick lines are 30-kyr smoothed data and original values are small 
crosses. 
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Figure S2. (a) Log[C37 total MAR] overlayed on the abundance of the lower photic zone 
nannofossil Florisphaera profunda at Site 846 (Bolton, Gibbs, et al., 2010), showing clear 
anticorrelation between the two records paced by 41-kyr cycles during an early Pleistocene 
interval. High surface productivity was correlated with low F. profunda abundance and a shoaled 
nutricline. (b) Alkenone SST from Site 846 indicates that glacial intervals were marked by a 
shoaled nutricline and high surface productivity. 
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CHAPTER 4 

 

Thermocline steepening and shoaling  

in the eastern equatorial Pacific since 3.5 Ma  

 

K. M. Kimble1 and T. D. Herbert1 
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Key Points: 

x New planktic foraminiferal stable isotope evidence indicates the eastern equatorial 

Pacific thermocline cooled and shoaled at the end of the Pliocene, initiating a protracted 

evolution toward modern temperature gradients that only arrived during the Late 

Pleistocene 100-kyr world. 

x Progressively cooler and less nutrient-rich waters from high latitude source regions were 

conveyed through the ventilated thermocline to the equatorial Pacific, forcing low-

latitude temperature and productivity changes through bottom-up mechanisms. 

x High-low latitude connections persisted over the last 3.5 Myr, driving possible 

thermocline steepening and shoaling coincident with nutricline deepening over the Plio-

Pleistocene, suggesting decoupled temperature and productivity extended into the Late 

Pleistocene.  
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Abstract 

 The Pliocene permanent El Niño-like mean state of the eastern equatorial Pacific Ocean 

(EEP) was defined by reduced east-west sea surface temperature (SST) gradients due to a deeper 

and warmer thermocline and weaker atmospheric Walker circulation. Over the last 3.5 Myr, the 

EEP thermocline shoaled and zonal SST gradients increased to reach modern conditions, where 

cool and nutrient-rich intermediate waters sourced from high latitude formation regions upwell in 

the tropics. Although the EEP surface temperature gradient evolution is constrained spatially and 

temporally, the relatively unknown development of zonal nutrient gradients would provide 

insight into the evolving relationship between temperature and biological productivity. Paired 

surface and subsurface reconstructions of temperature and nutrient availability guide novel 

interpretations of EEP thermocline and nutricline evolution forced by high latitude physical and 

biogeochemical changes over the Plio-Pleistocene. Here we present zonal and vertical transects 

of planktic foraminiferal stable oxygen and carbon isotopes from two cores in the EEP for the 

Pliocene (3.2-3.5 Ma), Plio-Pleistocene (2.5-2.8 Ma), mid-Pleistocene (1.5-1.7 Ma), and Late 

Pleistocene (0.4-0.6 Ma). We assess high-low latitude connections and forcings of the EEP 

thermocline and nutricline using windows of orbitally resolved, paired surface- and thermocline-

dwelling foraminiferal stable isotopic data collected along the east-west axis of the modern EEP 

cold tongue. We report signs of incipient Northern Hemisphere glaciation beginning at ~2.72 Ma 

outcropping as cooling eastern EEP subsurface waters. These new planktic isotope records are 

consistent with previous reports of warmer Pliocene water supporting strong productivity, and 

we find evidence that subsurface nutrient availability weakened since 3.5 Ma. Plio-Pleistocene 

cooling of high latitude waters was transferred to the EEP subsurface through oceanic tunnels, 

which cooled and shoaled the thermocline, while diminishing nutrient availability may have 
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deepened the nutricline over the last 3.5 Myr. The temperature and nutrient gradient evolutions 

reported here may be attributed to changing temperature and nutrient properties of the oceanic 

tunnel waters, perhaps as a consequence of shifting source locations from the nutrient-replete 

Pliocene North Pacific to the modern Southern Ocean. 

 

Plain language summary 

Three million years ago, both surface and subsurface waters in the eastern tropical Pacific 

Ocean were warmer than they are today. The temperature contrast between the eastern and 

western part of the region was small and but there was still high biological activity of 

phytoplankton, marine organisms at the base of the food web. These past average conditions 

gradually evolved to the modern scenario where cold polar water travels through the deep ocean 

to emerge in the eastern tropical Pacific surface, bringing nutrients and oxygen to fuel strong 

biological productivity. We used geochemical signals trapped in the shells of fossilized marine 

plankton that live in the ocean surface and subsurface to address how eastern tropical Pacific 

temperature and nutrients changed over the last three million years. We found that as global 

climate and polar waters cooled over the last three million years, progressively cooler but less 

nutrient-rich water traveled from polar formation regions through the deep ocean and emerged in 

the subsurface tropical Pacific, which resulted in cooling and decreasing nutrient content. The 

three-million-year-old relationship between water temperature and nutrient availability is 

contrary to modern conditions, demonstrating the importance of looking to the fossil record to 

address future changes in the tropical Pacific Ocean. 
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1. Introduction 

The tropical Pacific Ocean regulates global climate over long time scales by transporting 

heat poleward, while cold and nutrient-rich water sourced from high southern and northern 

latitudes emerges in the eastern equatorial Pacific (EEP) through upwelling (Cane, 1998). High 

latitude surface water is subducted and transported to the EEP thermocline through oceanic 

tunnels, thereby linking physical (temperature) and biogeochemical (primary productivity) 

changes in high latitudes to those in low latitudes (Liu & Yang, 2003). These high-low latitude 

connections make the EEP an ideal area to address how the intensification of Northern 

Hemisphere glaciation over the Plio-Pleistocene boundary influenced tropical ocean temperature 

and marine primary productivity (Lawrence et al., 2006) because the imprint of high latitude 

cooling emerges in equatorial upwelling zones like the EEP. Furthermore, the Plio-Pleistocene 

evolution of thermal and nutrient properties of the EEP may become relevant as global climate 

equilibrates to anthropogenic climate change. As the high latitude sources of tropical upwelled 

waters warm in the coming decades, high-low latitude connections that distribute heat 

throughout the planet are compromised (Cai et al., 2021; Wang et al., 2017). 

The modern east-west sea surface temperature (SST) gradient is tightly coupled to 

thermocline depth (Wara et al., 2005), both of which dictate surface primary productivity 

(Pennington et al., 2006) in the EEP. Easterly trade winds drive surface water westward across 

the tropical Pacific, creating asymmetrical upwelling, temperature, and biological productivity 

patterns. A shallow thermocline and strong upwelling bring cold water temperatures and high 

nutrient concentrations to the EEP surface, while the deep western Pacific thermocline is 

associated with warm surface temperatures and reduced surface productivity. High surface air 

pressure over the EEP and low pressure over the western Pacific strengthens the trade winds and 
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enhances zonal SST and thermocline depth asymmetry, which is a diagnostic feature of strong 

atmospheric Walker circulation (Cane, 1986). When Walker circulation severely weakens on 2-

7-year time scales during El Niño events, the tropical Pacific zonal SST and productivity 

gradients decrease, largely because the thermocline becomes deeper and less steep in the EEP, 

diminishing upwelling strength and nutrient delivery to warmer surface waters (Cane, 2005).  

Several characteristics of the Pliocene (5.3-2.6 Ma) tropical Pacific resembled modern El 

Niño events, namely, warmer EEP SSTs relative to today, a reduced zonal SST gradient, and a 

deeper EEP thermocline (Wara et al., 2005). The Pliocene permanent El Niño state assumes a 

fundamental restructuring of the tropical Pacific thermocline, with a deeper, less tilted, and 

warmer thermocline necessary to explain subsurface temperature records (Ford et al., 2015) and 

SST patterns reconstructed across the equatorial Pacific (Wara et al., 2005). Several independent 

lines of evidence support a Pliocene reduction in the zonal SST gradient, including foraminiferal 

assemblage studies (Chaisson, 1995), foraminiferal magnesium to calcium ratios (Rickaby & 

Halloran, 2005; Wara et al., 2005), geochemical analyses using alkenones (Ravelo et al., 2006), 

and model simulations (Haywood et al., 2007; Scroxton et al., 2011). As high latitude waters 

cooled between the Pliocene and the present, Fedorov et al. (2006) have postulated that 

extratropical heat loss increased, causing the EEP thermocline to shoal, became more steeply 

tilted, and cool relative to ~3 Ma. Upwelling strength may have increased with the shoaled and 

steepened thermocline, based on a South Atlantic example of cooling SST concurrent with 

increasing upwelling species abundance (Marlow et al., 2000). High latitude cooling prior to and 

during the intensification of Northern Hemisphere glaciation and the development of permanent 

Northern Hemisphere ice sheets would have transported cooler water to the base of the EEP 

thermocline (Dekens et al., 2007; Fedorov et al., 2006), sparking the transition from the proposed 
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Pliocene permanent El Niño state of a deeper, warmer, flatter EEP thermocline to the modern 

shallow, cool, and tilted structure (Ford et al., 2015).  

Contrary to the El Niño-like characteristics of the Pliocene EEP thermocline, the 

nutricline was likely still slightly tilted to allow strong eastern EEP productivity, and nutrient 

content of waters upwelled in the EEP may have decreased from relatively high concentrations in 

the Pliocene to lower modern concentrations (Kimble et al., 2024). It is unclear whether EEP 

nutricline shoaling and steepening accompanied Plio-Pleistocene cooling (Shaari et al., 2014), 

but the nutrient concentration of upwelled waters likely decreased to reflect the observed pattern 

of stronger than modern Pliocene eastern EEP productivity relative to the western EEP. Surface 

records indicate a decoupling of EEP temperature and productivity as warm Pliocene SSTs still 

supported high productivity through the upwelling of nutrient-rich water or through stronger than 

modern upwelling (Dekens et al., 2007; Kimble et al., 2024). 

However, coupled thermocline-nutricline evolution in the EEP remains unconstrained 

during the intensification of Northern Hemisphere glaciation and throughout the Plio-

Pleistocene. Specifically, questions remain about the degree to which colder water and nutrients 

were transmitted from high latitude source regions through oceanic tunnels to the EEP 

subsurface (Ford et al., 2022). Here we present new orbitally resolved planktic foraminiferal 

stable isotope data from two sites in the EEP over four time intervals of roughly ~250 kyr which 

span the last 3.5 Myr. The position of the two sites in an east-west transect along the EEP allows 

us to examine fluctuations in thermocline and nutricline depth, tilt steepness, and intensity that a 

single site alone would be unable to capture. Temperature properties are monitored by a 

combination of alkenone paleothermometry and planktic foraminiferal oxygen isotope offsets 

between surface and thermocline-dwelling species, while nutricline properties are tracked using a 
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combination of carbon stable isotopic analyses and paleoproductivity indices. The contrast 

between surface and subsurface oxygen isotope values measured on the same samples eliminates 

global ice volume fluctuations and focuses on local temperature or salinity effects (Ravelo et al., 

2006).  

 

2. Methods 

2.1 Site location and chronology 

The two cores used in this study were collected by the International Ocean Discovery 

PUogUam (IODP) and iWV SUeYioXV iWeUaWionV. IODP SiWe U1338 (2�30.47¶N, 117�58.18¶W, 4,200 

m water deSWh) ZaV collecWed in VSUing 2009, and ODP SiWe 846 (3�5.70¶S, 90�49.08¶W, 3,296 m 

water depth) was collected in spring 1991. The sites are positioned at the eastern and western 

bounds of the EEP cold tongue (Figure 1), with cool and nutrient-rich Equatorial Undercurrent 

and Equatorial Pacific Intermediate Water (sourced from southern high latitude Subantarctic 

Mode Water and Antarctic Intermediate Water) bathing the eastern Site 846 to a greater degree 

than the western Site U1338 (Bostock et al., 2010; Toggweiler et al., 1991).  

The age-depth tuning reported in Chapter 3 was used to assign ages to the Site 846 data, 

which is based on slightly modified versions of the age-depth tuning of Lisiecki and Raymo 

(2005) and updated with the revised composite section of Herbert et al. (2021) for the M2 glacial 

interval. The Match program (Lisiecki & Lisiecki, 2002) was used to align SST data from Site 
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U1338 to the age-depth model of Site 846, adjusted with secondary alignment records from Sites 

846 and U1338 X-ray fluorescence elemental data. 

 

2.2 Analytical methods and data acquisition 

 Foraminiferal stable oxygen (G18O) and carbon (G13C) isotope analyses were conducted 

on 291 samples from Site 846 and 264 samples from Site U1338 spanning four time intervals 

over the last 3.5 Myr: Pliocene (3.22-3.46 Ma), Plio-Pleistocene (2.50-2.78 Ma), mid-Pleistocene 

(1.50-1.72 Ma), and Late Pleistocene (0.42-0.63 Ma). Two planktic species were analyzed per 

sample: Trilobatus sacculifer (without sac), a surface-dwelling foraminifer that lives in the upper 

~50 m of the mixed layer (Ravelo & Fairbanks, 1992; Spero et al., 2003), and Neogloboquadrina 

dutertrei, a middle to deep thermocline-dwelling species associated with the chlorophyll 

maximum and that lives at ~60-150 m water depth (Fairbanks et al., 1982; Spero et al., 2003).  

Sample preparation consisted of wet-sieving to >150 ȝm, dU\ing aW 40�C, and Sicking 20-

30 individual T. sacculifer and N. dutertrei in the dry-sieved 250-355 ȝm fraction. A sample size 

of ~30 individual planktic foraminifera has been shown to produce consistent stable isotope 

results (Thirumalai et al., 2013). The specimens were cleaned prior to analysis by sonicating for 

~30 s in 200 PL ethanol and pipetting off excess carbonate, then crushing the specimens to 

homogenize the samples prior to removing roughly half the sample for analysis. Samples in 

ethanol dried overnight at room temperature. 

 Isotope ratio mass spectrometry (IRMS) analyses were conducted on a MAT253+ 

coupled to a Kiel IV Carbonate Device at Brown University. Results are reported relative to Å 
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VPDB with uncertainties of r0.02Å foU G13C and r0.06Å foU G18O of in-house Carrara standard 

(n=81, 1V) and r0.03Å foU G13C and r0.08Å foU G18O of in-house BYM standard (n=53, 1V). 

Site 846 alkenone SST and productivity mass accumulation rate (MAR) data are from 

Herbert et al. (2021) and Lawrence et al. (2006, 2020). SST and productivity MAR data from 

Site U1338 are from Kimble et al. (2024) and Chapter 3. The alkenone Uk¶37 index reliably 

estimates SST based on the number of double bonds and type of ketone group in alkenone 

molecules (Herbert, 2014), while the alkenone C37 total value indicates the abundance of 

alkenone molecules in sediment, which positively correlates with surface chlorophyll and 

primary productivity (Kimble et al., 2024; Raja & Rosell-Melé, 2021). 

We took alkenone SST as an approximation of mean annual SST, which allowed us to 

scale surface-dwelling T. sacculifer G18O to temperature and vertical isotope gradients using the 

Bemis et al. (1998) high light equation: 

G𝟏𝟖𝐎𝐞𝐱𝐩𝐞𝐜𝐭𝐞𝐝 𝐩𝐥𝐚𝐧𝐤𝐭𝐢𝐜 =  G𝟏𝟖𝐎𝐬𝐞𝐚𝐰𝐚𝐭𝐞𝐫 +  
𝟏𝟒. 𝟗 − 𝐒𝐒𝐓

𝟒. 𝟖
 

We used modern estimates of EEP G18Oseawater = 0.3Å, and Ze aVVXmed WhaW boWh 

alkenone producers and surface-dwelling T. sacculifer lived in the mixed layer throughout our 

record. After accounting for the temperature effect with the independent alkenone proxy, residual 

T. sacculifer G18O variability can be attributed to global ice volume change (Shackleton, 1987) 

and local G18Oseawater variability. Assuming the T. sacculifer G18O and alkenone producers lived in 

the surface mixed layer, we can roughly approximate subsurface temperatures using the 

difference between T. sacculifer and N. dutertrei G18O ('G18O) and the relationship between the 

change in temperature ('T) and vertical 'G18O, where 'G18O of 1.0Å iV eTXiYalenW Wo 'T of 

~4.5°C. We converted the vertical 'G18O for each sample to 'T and subtracted from the 



 
 

 119 

alkenone SST records at Sites 846 and U1338 to produce rough subsurface temperature 

estimates, a close enough approximation if SST and subsurface temperatures are relatively 

tightly coupled. 

A Gaussian Process model using the sum of Matérn32 and radial basis function kernels 

(Rasmussen & Williams, 2006) was applied to more robustly constrain trends and gradients in 

the face of analytical noise (see the data availability section for the Gaussian Process code). 

Spectral analyses using the Thomson multitaper method (Thomson, 1982) were 

conducted on the G18O and G13C data from each time interval to assess the dominance of different 

orbital frequencies at each site (Meyers et al., 2021). Data were detrended and linearly 

interpolated to 3-kyr timesteps prior to analysis.  

 

3. Results 

3.1 Planktic G18O and SST 

 Planktic foraminiferal G18O records a combination of local ocean temperature and global 

ice volume, with more depleted G18O coinciding with warmer intervals and more enriched G18O 

corresponding to colder intervals (Spero et al., 2003). The core top zonal gradient in planktic 

G18O beWZeen a110� and a90�W iV a0.4Å aW Whe VXUface and a0.6Å aW a deSWh of 100 m, and 

vertical G18O gradients between the inferred depth habitats of T. sacculifer and N. dutertrei are 

a1.4Å aW SiWe 846 and a1.6Å aW SiWe U1338 (Figure 2). More depleted T. sacculifer and N. 

dutertrei G18O values were recorded in eastern core tops relative to the west, despite the modern 

~2°C temperature contrast between 110° and 90°W at the surface and at depth (Figures 1, 2). 

The depleted planktic G18O values may be attributed to strong modern upwelling of isotopically 

depleted G18Oseawater in the eastern part of the EEP because Sub-Antarctic Mode Water formation 
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regions in the Southern Ocean have G18Oseawater YalXeV WhaW aUe >0.5Å lighWeU Whan WhoVe of Whe 

modern EEP (Bigg & Rohling, 2000; Schmidt, 1999; Schmidt et al., 1999). 

The sufficient magnitude of modern zonal and vertical G18O gradients justifies their 

reconstruction through the Plio-Pleistocene because they exceed the expected error of isotopic 

analyses. Over the four time windows, both surface and subsurface temperatures cooled toward 

modern based on progressively heavier T. sacculifer and N. dutertrei G18O values (Figure 3). 

Cooling recorded in alkenone SSTs from both sites agrees with reconstructed surface planktic 

G18O, with Plio-Pleistocene cooling at Site 846 in the east appearing earlier and more intensely 

than at the western Site U1338. Zonal T. sacculifer and N. dutertrei G18O gradients were 

consistently offset through ~2.5 Ma, but during the mid- and Late Pleistocene T. sacculifer G18O 

values at both sites converged while N. dutertrei G18O retained a stronger zonal gradient (Figure 

3b). Progressively greater proportions of more depleted Sub-Antarctic Mode Water G18Oseawater 

may have upwelled in the EEP beginning in the mid-Pleistocene, affecting the eastern site to a 

greater degree than the west and making Site 846 T. sacculifer G18O values appear more depleted 

than the alkenone SST records suggest. 

The difference in G18O between surface-dwelling T. sacculifer and subsurface-dwelling 

N. dutertrei ('G18O) tracked the combination of the difference in temperature between the 

surface and ~100 m water depth ('T), and isotopic gradients correlated to the vertical salinity 

gradient of the EEP. Lakhani et al. (2024) reported relatively strong correlations (R=0.76) 

between the observed modern thermocline depth and core top 'G18O across 20 sites in the 

tropical Pacific. The vertical 'G18O gradients at both sites were comparable during the Pliocene 

through early Pleistocene (average 'G18O of a0.8 Å eTXaWeV Wo 'T of ~3.6°C). A similar 'G18O 
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at the eastern and western site, combined with a reduced alkenone SST zonal gradient relative to 

the Late Pleistocene, implied that the EEP thermocline was not steeply tilted through 2.5 Ma 

because both surface and subsurface temperatures were comparable in the eastern and western 

parts of the transect (Figure 3c). However, by the mid-Pleistocene (~1.7 Ma) and through the 

Late Pleistocene (~400 ka), the vertical 'G18O gradient was larger in the east (average 'G18O of 

a1.2 Å, 'T of ~5.4°C) than in the west (average 'G18O of a0.9 Å, 'T of ~4.1°). The 

thermocline was more steeply tilted to produce a greater contrast between the surface and 

subsurface temperatures in the east due to more cold water upwelling in the east relative to the 

west.  

 On orbital time scales, eastern Site 846 T. sacculifer G18O and alkenone SST (both 

representative of surface temperatures) cooled to reach N. dutertrei G18O values of western Site 

U1338 (which reflected subsurface temperatures) beginning ~2.7 Ma, a pattern that was repeated 

during every major glacial event recorded in these time intervals. During glacials, cold water 

upwelled in the east to a much greater degree than in the west, extending the western subsurface 

isotherm in a steepened slope to the eastern surface (Figure 3b). Specifically, the late Pliocene-

early Pleistocene glacials at ~2.72, ~2.68, ~2.64, ~2.61, ~2.57, and ~2.53 Ma mark times when 

Site U1338 N. dutertrei G18O values matched those of Site 846 T. sacculifer, suggesting that 

western subsurface temperatures apparently outcropped at the eastern surface. 

 Independently estimated alkenone SST records provide useful constraints surface 

temperature because T. sacculifer G18O values reflect global ice volume and local salinity 

conditions in addition to temperature. The T. sacculifer G18O records were corrected for the 

temperature effect by subtracting alkenone SST estimates of expected foraminiferal carbonate 

G18O from T. sacculifer G18O. The smaller the residual between T. sacculifer G18O and SST-
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estimated G18O, the greater role temperature played in accounting for planktic G18O. In the 

Pliocene, local temperature accounted for slightly more G18O variability at the western site 

relative to the east (Figure 3e). B\ Whe LaWe PleiVWocene all bXW a0.6Å of SlankWic G18O could be 

aWWUibXWed Wo SST change Zhile Whe UeVidXal aW Whe ZeVWeUn ViWe ZaV cloVeU Wo a1.5Å, VXggeVWing 

ice volume changes were more important in the Late Pleistocene western EEP while SST 

changes controlled eastern EEP G18O (Figure 3e). Overall, much of T. sacculifer G18O variance 

comes from SST change, based on alkenone SST estimates. 

 

3.2 Planktic G13C and productivity 

Subsurface N. dutertrei G13C values were always more depleted than those of surface T. 

sacculifer because surface photosynthesis discriminates against 13C, while respiration at depth 

reintroduces 12C back into the water column (Spero et al., 2003). Available nutrients are also 

utilized during surface photosynthesis and remineralized at depth, so depleted G13C strongly 

correlates with higher nutrient concentrations and incomplete nutrient utilization of surface 

primary producers in modern sediments (Figure S1). Given these interpretations, the more 

depleted G13C values of N. dutertrei at both sites corresponded to greater local upwelling and 

higher nutrient availability at depth, while the more enriched T. sacculifer G13C values indicated 

diminished upwelling strength and lower nutrient availability at the surface (Figure 4). Surface 

G13C values at both sites remained enriched over the last 3.5 Myr, but subsurface upwelling 

strength (as recorded by N. dutertrei G13C) was greater during the Pliocene and decreased over 

the Pleistocene to a similar degree at both sites (Figure 4). By the Late Pleistocene (~400 ka), 

subsurface G13C had become nearly as enriched as surface values, coincident with stronger 
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vertical G18O gradients that point to colder water upwelling occurring across the EEP, but 

especially in the east (Figure 3).  

The vertical gradient in G13C between surface-dwelling T. sacculifer and thermocline-

dwelling N. dutertrei ('G13C) reflected a combination of the upwelled source water G13C and 

surface nutrient uptake associated with photosynthesis. Vertical 'G13C gradients evolved 

similarly at both sites, approaching no offset by the Late Pleistocene (Figure 4c). Unlike surface 

G18O, which followed SST tightly at both sites, surface G13C weakly resembled surface 

productivity recorded by alkenone C37 total. High C37 total mass accumulation rates (MAR) are 

strongly correlated with high export productivity in modern sediments (Kimble et al., 2024; Raja 

& Rosell-Melé, 2021). In general, periods of depleted G13C coincided with increased C37 MAR or 

inferred primary productivity (Figure S2). As C37 total MAR and associated primary 

productivity decreased at the western site from the Pliocene to modern, western upwelling 

recorded by progressively enriched N. dutertrei G13C weakened as well (Figure 4b). A 

combination of increased Pliocene upwelling strength and possibly greater nutrient 

concentrations allowed for higher western (and eastern) productivity in the Pliocene relative to 

the present.  

Individual glacial events (notably at ~2.72, ~2.68, ~2.64, ~2.60 Ma, and throughout the 

mid- to Late Pleistocene) appear in the G13C records as more depleted eastern T. sacculifer 

excursions, coinciding with more enriched G18O events and cooler alkenone SSTs. During these 

Early Pleistocene glacials, vertical 'G18O and 'G13C gradients approached zero at the eastern 

site, largely because surface-dwelling T. sacculifer became more enriched in G18O and more 

depleted in G13C, which suggested spans of enhanced upwelling and greater local nutrient 

availability coincident with glacial periods. By glacial intervals of the mid- and Late Pleistocene, 
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surface G13C still became more depleted while surface and subsurface G18O became more 

enriched at both sites, but subsurface G13C had become progressively more enriched, reflecting 

Pleistocene cooling and possible diminished nutrient concentrations of waters upwelling in the 

EEP (Figures 3, 4).  

The nutricline may have been shallower during the Pliocene when the vertical 'G13C 

gradients at both sites were strong (Figure 5). A shoaled nutricline could account for greater 

Pliocene productivity relative to modern despite warmer EEP SSTs and a deeper thermocline 

during the Pliocene (Kimble et al., 2024). By the Late Pleistocene, the EEP thermocline had 

shoaled and steepened while the nutricline deepened relative to the Pliocene, suggesting that the 

thermocline and nutricline evolved independently. 

 

3.3 G18O and G13C spectral power 

 Multitaper spectral analyses indicate that eastern subsurface G18O was more sensitive to 

obliquity and precession than the western surface or subsurface in the Pliocene and at the Plio-

Pleistocene boundary (Figure 6). By the mid- to Late Pleistocene, eccentricity cycles paced G18O 

and G13C at both sites, signaling a shift from high latitude 41-kyr forcings affecting eastern EEP 

upwelling during the Pliocene to 100-kyr glacial-interglacial pacing after the mid-Pleistocene 

Transition. 

 

4. Discussion 

4.1 Controls on EEP thermocline and nutricline 

 EEP planktic G18O depended on local temperature of the surface or subsurface waters 

where the foraminifera lived, G18Oseawater of high latitude water from EEP upwelling source 
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regions, and global ice volume effects that influenced the global pool of 18O and 16O (Lea, 2003). 

Alkenone SST reflected top-down forcings like atmospheric CO2 concentration that influenced 

surface water temperature where alkenone-producing organisms lived, as well as bottom-up 

forcings like the temperature of source water upwelling in the EEP delivered by oceanic tunnels 

(Bolton, Gibbs, et al., 2010). Planktic G13C values were related to nutrient concentrations both 

due to local tropical processes and high latitude conditions transferred to the EEP subsurface 

though upwelled waters. Strong local photosynthesis depleted nutrients and enriched planktic 

G13C, while remineralization released nutrients back into the water column and respiration 

depleted G13C by adding 12C at depth (Holden et al., 2013; Spero et al., 2003). High latitude 

source water could transmit 12C and nutrient properties through the oceanic tunnel to the EEP 

subsurface (Liu & Yang, 2003). Upwelled water from older sources tended to be more nutrient-

rich and isotopically depleted in G13C (Broecker et al., 1998). Air-sea gas exchange of CO2 also 

affected the isotopic composition of planktic foraminiferal calcite (Gruber et al., 1999; Holden et 

al., 2013; J. Zhang & Quay, 1997) and could partly explain large glacial-interglacial G13C 

variability (Wolf-Gladrow et al., 1999). 

 

4.2 Long-term cooling and decreasing nutrient availability 

 The Site 846 and U1338 SST records reflected surface cooling at both sites over the Plio-

Pleistocene, but most significantly in the eastern EEP. The new T. sacculifer and N. dutertrei 

G18O data presented here showed cooling concurrent with alkenone SST change at both sites and 

in both the surface and subsurface over the same time windows. Progressive subsurface G18O 

enrichment at both sites reflected upwelling of cool high latitude waters, with eastern subsurface 

cooling especially noticeable during glacials (Figure 3). The eastern EEP vertical 'G18O gradient 
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increased more than in the west by the mid-Pleistocene, which likely pointed to a major 

thermocline cooling and tilt increase. The planktic G13C reconstructions indicated stable surface 

G13C at both sites but progressively more enriched subsurface G13C throughout the Pleistocene as 

the nutricline deepened and the subsurface nutrient inventory decreased (Figure 4). Depleted 

eastern EEP subsurface G13C excursions during glacials marked influxes of high latitude nutrients 

transmitted through the oceanic tunnel. The G13C values argued for a deepening nutricline over 

the last 3.5 Ma because the vertical 'G13C gradient shrank at both sites as the subsurface nutrient 

inventory decreased during the Pleistocene.  

The combination of alkenone SST with surface and subsurface G18O presents the 

strongest available evidence for a major increase in EEP thermocline tilt coincident with high 

latitude source water cooling transmitted through the oceanic tunnel into the EEP subsurface 

during the Early Pleistocene. The EEP thermocline has evolved considerably since the Plio-

Pleistocene, which poses a challenge to understanding how high latitude source waters changed. 

Source regions for EEP waters in both northern and southern high latitudes cooled by at 

least 8°C (Brierley et al., 2009; Fedorov et al., 2015) prior to and during the intensification of 

Northern Hemisphere glaciation. Nutrient concentrations may have decreased either in source 

regions or due to shifting contributions of northern and southern high latitude waters (Ford et al., 

2015, 2022; Shankle et al., 2021). These cooler and less nutrient-rich waters traveled through 

oceanic tunnels and emerged through the thermocline into the EEP surface, conveying physical 

(temperature) and biogeochemical (nutrient availability and productivity) characteristics to the 

upwelling location. 

Increasing strength of upwelling-favorable winds alone cannot explain the cooling 

temperatures and lower nutrient availability recorded in planktic G18O and G13C (Dekens et al., 
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2007) because nutrients and associated productivity decreased toward modern, based on trends 

toward more enriched G13C and lower C37 total in the western EEP over the Plio-Pleistocene. The 

EEP subsurface G18O (Zhich ZaV SUeVXmabl\ oXW of Ueach of Whe ZindV¶ inflXence) cooled SUioU 

to and more intensely than the surface, pointing to the temperature signal of upwelled water 

rather than wind stress controlling zonal SST gradients. The more weakly stratified mixed layer 

of the Pliocene EEP would have required lower zonal wind stress to upwell the same amount of 

nutrients as the more stratified Late Pleistocene EEP (Figure 5). High latitude cooling and 

resulting EEP thermocline shoaling manifested as cooler surface alkenone-based temperatures 

and planktic G18O (Fedorov et al., 2006). Progressive eastern EEP subsurface cooling may have 

led to an increased thermocline tilt via surface wind stresses, producing the possibility of a 

feedback between thermocline temperature, tilt, and wind strength. 

Equatorial Pacific thermocline steepening and shoaling over the Plio-Pleistocene is well 

documented (Fedorov et al., 2006; Ford et al., 2015; Ravelo et al., 2006; Rickaby & Halloran, 

2005; Wara et al., 2005). EEP nutricline evolution is more elusive, with some studies indicating 

nutricline shoaling toward modern based on benthic (Jakob et al., 2021) and planktic (Cannariato 

& Ravelo, 1997) G13C, and others suggesting enhanced productivity accompanied cooler 

intervals (Bolton, Lawrence, et al., 2010), but most records point to high latitude forcing of 

surface productivity through the Pliocene. Cannariato & Ravelo (1997) published T. sacculifer 

and N. dutertrei VWable iVoWoSe daWa VSanning Whe laVW 5.0 M\U fUom ODP SiWe 851 (2�30.47¶N, 

117�58.18¶W, 4,200 m ZaWeU deSWh), Zhich ViWV beWZeen SiWeV 846 and U1338, VlighWl\ noUWh and 

toward the western side of the transect. Site 851 planktic G18O reflected surface and subsurface 

cooling of the same magnitude as we report here and subsurface G13C values increased since 3.5 

Ma (Figure 3), supporting weakened upwelling of less nutrient-rich water in the western EEP. 



 
 

 128 

However, average surface G13C ZaV a0.4 Å more enriched at Site 851 during the Pliocene 

compared to that of Sites 846 and U1338 (Figure 4), possibly because Site 851 sat farther north 

of the EEP cold tongue and received considerably fewer upwelled nutrients. 

Dang et al. (2024) reported long-term trends of Western Pacific warm pool (WPWP) 

thermocline cooling and shoaling based on surface- and thermocline-dwelling foraminiferal G18O 

records. Other WPWP planktic G13C and geochemical reconstructions recorded tight couplings of 

productivity and nutricline depth during the Pliocene, with a deeper nutricline regulating lower 

surface productivity (Shi et al., 2022). Planktic G18O and Mg/Ca ratios from the WPWP and 

alkenone SST from the EEP indicated that a significant increase in east-west SST gradients 

across the Pacific occurred during glacial intervals beginning ~1.2 Ma due to cooler upwelled 

eastern EEP waters (de Garidel-Thoron et al., 2005). Despite the clear Plio-Pleistocene cooling 

trend, the zonal cross-Pacific SST gradient approached the prior Early Pleistocene values during 

interglacials, a pattern repeated in the EEP surface and subsurface temperature gradients reported 

here. 

Two scenarios could explain the trends toward more isotopically enriched planktic G13C 

and decreased western EEP biological productivity in the context of Plio-Pleistocene cooling: 

upwelling strength decreased toward modern, or nutrient concentrations of upwelled waters 

(evidenced by G13C of subsurface foraminifera) decreased since the Pliocene. Marlow et al. 

(2000) report intensified upwelling and greater surface cooling during the Plio-Pleistocene 

transition based on diatom assemblages in the southeast Atlantic upwelling zone. The modern El 

Niño-style pattern of cold water and strong upwelling fueling high productivity did not apply to 

the average Pliocene EEP, where we recorded warm productive water. The emergence of cold 

water (enriched surface G18O and cooler SSTs) with high nutrient content (depleted surface G13C) 
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beginning ~2.72 Ma was coupled to high latitude processes just prior to the intensification of 

Northern Hemisphere glaciation (Figures 3, 4). As meridional temperature gradients increased 

with Pleistocene cooling, which affected the high latitudes most strongly, zonal SST gradients 

increased across the EEP (Fedorov et al., 2006), strengthening zonal wind stress through the 

Bjerknes feedback and boosting eastern upwelling (Dekens et al., 2007). 

A more likely scenario is that since 3.5 Ma, nutrient concentrations of upwelled EEP 

waters decreased due to possible shifts in high latitude source water locations and/or nutrient 

utilization (Cannariato & Ravelo, 1997). EEP N. dutertrei G13C values are subsurface tags that 

reflect surface processes in the high latitude regions where EEP upwelled source water forms. 

Different nutrient concentrations are associated with the Southern Ocean and the North Pacific 

because more nutrients accumulate in the Pacific given the relatively older water age (Pondaven 

et al., 1999; Rippert et al., 2017). Progressive sourcing from more nutrient-deplete regions could 

explain decreasing western EEP productivity concurrent with enriched subsurface G13C 

indicating lower nutrient availability throughout the Pleistocene (Cannariato & Ravelo, 1997; 

Ford et al., 2015, 2022; Shankle et al., 2021). In the context of the Pliocene El Padre, the 

warmer, deeper, and less steeply tilted thermocline reconstructed from different equatorial 

Pacific sites and geochemical methods (Ford et al., 2015; Ravelo et al., 2006; Wara et al., 2005) 

is consistent with our reported surface and subsurface G18O warmth at ~3.0 Ma, while our 

depleted Pliocene G13C suggests greater EEP nutrient availability relative to modern. The 

reconstructed Pliocene relationship between temperature and nutrients poses a challenge to the 
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future of understanding not only the evolution of high latitude temperatures, but also nutrient 

inventories and biogeochemistry. 

 

4.3 Glacial-interglacial thermocline and nutricline variability  

Evidence of high latitude cooling and high nutrient availability cropped up in the eastern 

part of the equatorial transect in the form of enriched G18O and depleted G13C excursions, which 

became particularly apparent beginning with the ~2.72 Ma glaciation and continuing throughout 

the Pleistocene (Figures 3, 4). Glacial-interglacial variability in the planktic G18O and G13C 

records exhibited 41-kyr cyclicity during the Early Pleistocene and agrees with reconstructions 

of the deep-photic species Florisphaera profunda abundance, which is associated with nutricline 

depth (Bolton, Gibbs, et al., 2010). F. profunda abundance decreased and the EEP nutricline 

shoaled during glacials, a pattern repeated in the ~2.53 Ma glacial when planktic G18O became 

more enriched and G13C became depleted (Figure S3). Decreased upwelling may have been less 

important than reduced nutrient availability over the long-term trend toward depleted subsurface 

planktic G13C, which accompanied Plio-Pleistocene cooling in both the surface (alkenone SST 

and T. sacculifer G18O) and subsurface (N. dutertrei G18O). Early to mid-Pleistocene glacial 

excursions of depleted surface G13C indicated brief reversals of greater nutrients availability. 

Glacial intervals accentuated high-low latitude connections through the oceanic tunnel as 

Southern Ocean and/or North Pacific cold temperatures and nutrients were transmitted through 

the EEP subsurface. 

 

5. Conclusion 
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 New surface and subsurface foraminiferal stable isotope analyses from two EEP sites 

demonstrate that upwelled waters became cooler and less nutrient-rich over the last 3.5 Myr. 

Significant change occurred between the four ~250-kyr windows reported here, so the ultimate 

question of whether the gradient evolution was punctuated or gradual cannot yet be addressed. 

Vertical 'G18O gradients reflect EEP subsurface cooling coincident with high latitude cooling 

and the intensification of Northern Hemisphere glaciation, which delivered colder waters from 

high latitudes to the EEP. Vertical 'G13C gradients decreased toward modern, indicating that 

oceanic tunnels transported diminishing nutrient supplies to the EEP throughout the Plio-

Pleistocene as upwelling strength or nutrient availability decreased at both sites. The flatter and 

warmer thermocline of the Pliocene EEP supports current interpretations of Pliocene El Padre 

mean state temperature patterns (Fedorov et al., 2006; Ford et al., 2015; Wara et al., 2005). 

However, the greater Pliocene upwelling strength or nutrient availability relative to modern 

implied by subsurface G13C contradicts the warm and unproductive waters of modern El Niño 

events. The demonstrated decoupling between the thermocline and nutricline raises questions 

about future EEP temperature and productivity evolution. Atmospheric CO2 concentrations, high 

latitude ice volume, and global temperatures have changed significantly over the Plio-

Pleistocene, but the planktic foraminiferal isotopic data reported here point to the critical role of 

high latitude oceans in communicating changes to the tropics. 
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Figures 

Figure 1. Location of Site 846 (blue), Site U1338 (red), and core top sites (black) in the EEP. 
The top panel shows modern annual mean SSTs, while the bottom panel shows thermocline 
depth across the EEP. Note the different color bar scales. Data are from the World Ocean Atlas 
2018 (Boyer et al., 2018; Locarnini et al., 2019). 
 

Figure 2. Modern depth profile of the EEP transect with G18O values of T. sacculifer and N. 
dutertrei (colored circles at water depths of 25 m = T. sacculifer and 100 m = N. dutertrei). 
Background colors are expected foraminiferal G18O corrected for the temperature effect using 
alkenone SST using the Bemis et al. (1998) equation. Temperature data are from the World 
Ocean Atlas 2018 (Boyer et al., 2018; Locarnini et al., 2019) and G18Oseawater data are from the 
Global Seawater Oxygen-18 Database (Bigg & Rohling, 2000; Schmidt, 1999; Schmidt et al., 
1999). 
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Figure 3. Time series of (a) Sites 846 and U1338 alkenone SST (solid lines) and subsurface 
temperature (dashed lines) estimated by converting the difference between N. dutertrei and T. 
sacculifer G18O Wo �C (1Å G18O change = ~4.5°C) and subtracting from alkenone SST at each 
time step, (b) Sites 846 and U1338 T. sacculifer and N. dutertrei G18O, (c) vertical ǻG18O 
gradient, (d) Site 851 T. sacculifer and N. dutertrei G18O, (e) and residual G18O attributed to 
factors other than SST, calculated by subtracting foraminiferal carbonate G18O corrected for the 
temperature effect using alkenone SST (Bemis et al., 1998) from measured T. sacculifer G18O. 
Values that approach zero in (e) reflect a greater influence of SST in T. sacculifer G18O 
variability. 
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Figure 4. Time series of (a) Sites 846 and U1338 alkenone log[C37 total MAR], (b) Sites 846 
and U1338 T. sacculifer and N. dutertrei G13C, (c) vertical ǻG13C gradient, and (d) Site 851 T. 
sacculifer and N. dutertrei G13C.  
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Figure 5. Depth profiles of possible thermocline (top panels) and nutricline (bottom panels) 
positions relative to Sites 846 and U1338 during four windows over the Plio-Pleistocene. 
Inferred depth habitats of T. sacculifer and N. dutertrei are indicated with foraminifera cartoons. 
The thermocline and nutricline were not strictly coupled and could have evolved independently, 
so long as they were slightly tilted to allow upwelled water to reach the EEP surface. 
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Figure 6. Power spectra of planktic (a) G18O and (b) G13C at Sites U1338 and 846 showing the 
influence of eccentricity, obliquity, and precession. The four paired panels reflect the four time 
windows analyzed in this study: the left panels show the 0.42-0.63 Ma time window, the second-
to-left panels show the 1.50-1.72 Ma window, the third-to-left panels show the 2.50-2.78 Ma 
window, and the right panels show the 3.22-3.46 Ma window. Lavender bands represent orbital 
cycles at 100-kyr, 41-kyr, 23-kyr, and 19-kyr frequencies. 
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Supporting information 
 

Figure S1: The strong negative correlation between phosphate nutrient concentration (PO4) and 
G13C of dissolved inorganic carbon (G13CDIC) in modern Pacific sediments. High surface 
photosynthesis enriches planktic G13C and depletes nutrients like phosphate. Respiration and 
remineralization at depth result in more depleted planktic G13C and greater nutrient 
concentrations. Data are from Claret et al. (2021). 
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Figure S2: Correlation between log[C37 total MAR] and G13C of T. sacculifer and N. dutertrei 
from Sites U1338 and 846. In general, alkenone productivity and planktic G13C are weakly 
negatively correlated, indicating greater upwelling of available nutrients corresponds to higher 
alkenone productivity.  
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Figure S3: The abundance of the lower photic zone species Florisphaera profunda overlayed on 
(a) planktic G18O and (b) planktic G13C data from Site 846 during a window in the Early 
Pleistocene. The F. profunda and planktic isotope records are positively correlated and paced by 
41-kyr cycles, suggesting that cooler glacial intervals corresponded to a shoaled nutricline and 
high surface productivity due to greater surface nutrient availability. Site 846 F. profunda 
abundance data are from (Bolton, Gibbs, et al., 2010). 
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from the Mio-Pliocene ODP site 846 
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Key Points 

x Analytical offsets between preexisting and newly generated benthic isotope records are 

obstacles to estimates of past global climate states. 

x A widely used isotope record appears to suffer significant analytical artifacts in light of 

newly generated stable isotopic data: carbon isotopes are consistent with new results, but 

oxygen isotopic values deviate significantly and unpredictably. 

x The new Mio-Pliocene benthic record from Ocean Drilling Program Site 846 is consistent 

with most published stable isotopic data from the same time window and removes a 

potential large reduction in ice volume and/or deep sea temperature rise from ~5.1-5.5 

Ma interpreted from the previous results at Site 846. 

x Variability in the updated benthic isotope record can provide insight into global ice 

volume versus deep ocean temperature change during a period of warmer-than-present 

climate. 
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Abstract 

 Paleoceanographic records from the tropical Pacific Ocean have been instrumental in 

constraining past climate mean states and variability both locally and globally. Ocean Drilling 

Program Site 846 in the eastern equatorial Pacific yielded a stable isotope record that spanned 

1.8-6.1 Ma, making it one of the longest orbitally resolved isotope records in existence. As such, 

it has comprised a major portion of global benthic isotope stacks. However, several 

considerations arose regarding the original benthic isotope record from Site 846 related to 

analytical advancements, reproducibility, and interspecies isotope offsets. Here we present new 

benthic oxygen and carbon isotope data generated from a single genus (Cibicidoides spp.) at Site 

846 over a Late Miocene to Pliocene window (~4.0-6.2 Ma). Our updated benthic oxygen 

isotope record displayed a YaUiable heaYieU offVeW UelaWiYe Wo Whe oUiginal UecoUd (aYeUage +0.18Å 

from 5.1-5.5 Ma bXW < +0.05Å WhUoXghoXW Whe UeVW of Whe LaWe Miocene Wo EaUl\ Pliocene), bXW 

the WZo UecoUdV¶ caUbon iVoWoSic YalXeV aUe ZiWhin anal\Wical eUUoU. AW oUbiWal VcaleV, Whe neZl\ 

generated oxygen and carbon isotope data agree with Site 846 variability in physical properties 

and alkenone-derived sea surface temperature estimates and align much better with benthic 

records spanning various water depths and locations globally than the previous estimates. Our 

revision suggests that a significant fraction of uncertainty in global isotope reconstructions could 

result from inter-lab analytical artifacts. 

 

Plain language summary 

 Ocean sediment cores provide key records of past local and global climate change 

through microscopic skeletons of deep ocean organisms that recorded surrounding water 

temperature and chemistry when they were alive millions of years ago. One historically 
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important record of deep ocean oxygen and carbon isotopes comes from the eastern tropical 

Pacific Ocean, and it was generated in the 1990s. The record captures significant global cooling 

and the expansion of permanent ice sheets in the Northern Hemisphere polar regions over the last 

several million years. However, major advancements in analytical techniques and data 

reproducibility have occurred since the original oxygen and carbon isotope records were 

measured, so we re-analyzed geochemical signals trapped in microscopic marine skeletons from 

the same site and over the same time period to assess the differences between the original and 

new records. We found variable offsets between the old and new deep ocean oxygen isotopic 

records with the original record indicating a half-million-year-long interval of deep-sea warming 

and/or increased sea level that does not appear in the updated data. We looked to other records 

from around the global oceans and determined that global isotopic variability more closely 

resembles that captured in the new record. These offsets between the original and newly 

generated records serve as reminders to revisit historically important sites that influence the 

interpretation of global climate history. 

 

1. Introduction 

 Ocean DUilling PUogUam (ODP) SiWe 846 haV been deVcUibed aV a ³SlaWinXm mine´ of 

continuous, high-resolution, non-destructive records for paleoclimate reconstructions (Mayer et 

al., 1992). Its location in the heart of the eastern equatorial Pacific (EEP) upwelling zone 

positions Site 846 to capture both tropical and extratropical changes because cold tongue waters 

originate in high northern and southern latitudes (Liu & Yang, 2003). Sediment recovered from 

Site 846 extends to the middle Miocene and tracks a period of significant global cooling (Mayer 
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et al., 1992). Stable isotopic reconstructions from this site trace the evolution of deep ocean 

temperature and global ice volume change over Mio-Pliocene cooling (Shackleton, 1987).  

 Several million-year-long, high-resolution paleoclimate records have been generated for 

Site 846, including benthic stable oxygen and carbon isotopes (Mix et al., 1995; Shackleton, 

Hall, et al., 1995), lithological physical properties (Hagelberg et al., 1995), and sea surface 

temperatures (SST; Lawrence et al., 2006, 2020). The Shackleton, Hall, et al. (1995) benthic 

isotope record supplied the Pliocene backbone of the Lisiecki & Raymo (2005) and Ahn et al. 

(2017) global G18O stacks, and thus Site 846 stable isotopic records have been influential in age 

model development and paleoclimate interpretations over the Plio-Pleistocene. However, some 

questions have been raised as to the appropriateness of the shipboard composite section used 

(Herbert et al., 2021), the stable isotope data reduction (Shackleton, Hall, et al., 1995), and the 

benthic foraminiferal interspecies isotopic offsets used to create an integrated record (Shackleton 

& Opdyke, 1973).  

 Despite its importance as a pillar of paleoceanographic climate interpretation, the 

Shackleton, Hall, et al. (1995) record warned of occasionally variable reproducibility, which was 

attributed to daily to weekly variability in vacuum line contamination. Systematic isotopic 

fractionation due to valve malfunctioning was also reported in Shackleton, Hall, et al. (1995), 

although affected data that were caught were rejected. Analytical advancements, such as sample 

acidification within individual sealed vessels rather than in a common acid bath, have become 

more widely used over the last 30 years and may yield more accurate stable isotope 

measurements (Swart et al., 1991). The original Site 846 stable isotope record also relied on over 

a dozen separate benthic species to generate a continuous record at ~2.5-kyr resolution, so it 

represents a splice of G18O and G13C adjusted for vital effect offsets.  
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If the goal of the measurements was to derive the most likely stable isotope time series on 

which to perform time series analysis, then it may have been justified to discard visually 

anomalous data that diverged from surrounding data and from replicate analyses (Shackleton, 

Hall, et al., 1995). However, this data reduction approach may prove too heavy-handed, and new 

comparisons of reduced and unreduced data would be informative. 

In an effort to improve the original shipboard composite that misidentified the 

stratigraphy around marine isotope stage M2, Herbert et al. (2021) analyzed benthic foraminifera 

over equivalent intervals to Shackleton, Hall, et al. (1995) and foXnd a 0.17Å offVeW in G18O 

between the new data and the original record (new data heavier). They found no offset between 

the re-analyzed and original G13C values. Whether due to differences in analytical techniques, 

reproducibility issues, or data reduction methods, the offsets between G18O but not G13C records 

that cropped up in the Pliocene may have persisted in older samples.  

We revisited the original Site 846 benthic isotope record, incorporating new splices 

where relevant, to assess the offset between newly generated G18O data and the original data over 

the time span ~4.0-6.2 Ma. We largely followed the same splices and sampled the same cores as 

Shackleton, Hall, et al. (1995), so offsets between records cannot be attributed to stratigraphy. 

One goal of this research is to investigate whether the new G18O and/or G13C data diverge from 

the original data over discrete time intervals or over the entire Mio-Pliocene record.  

Here we present new benthic foraminiferal stable isotope data from ODP Site 846 over 

the >2-Myr-long interval from 4.0-6.2 Ma at ~3-kyr resolution, generated from Cibicidoides spp. 

and Uvigerina spp. Only 35% of the original Shackleton, Hall, et al. (1995) data were from 

Cibicidoides spp. and 45% were from Uvigerina spp., while the other 20% were a mix of a dozen 

benthic species. Located in the EEP cold tongue but connected to high latitudes through 
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upwelled waters, Site 846 captured relations in surface temperature change relative to changes in 

deep ocean temperature, ocean circulation, and high latitude ice volume over the last several 

million years (Herbert et al., 2010), and an updated benthic stable isotope record addresses 

oceanographic questions on a global scale. 

 

2. Methods 

2.1 Oceanographic setting and chronology 

 ODP SiWe 846 (3�5.70¶S, 90�49.08¶W, 3,296 m ZaWeU deSWh) ViWV in Whe heaUW of Whe EEP 

cold tongue, where intermediate depth Equatorial Pacific Intermediate Water delivers cool 

temperatures and nutrients to the surface through the EEP upwelling zone (Figure 1). Site 846 

was cored to reconstruct the history of the biologically productive Peru Current and its 

interaction with the South Equatorial Current with regard to global climate change (Mayer et al., 

1992). The location of Site 846 in the heart of the EEP upwelling zone accentuates its 

connections to high latitude and global climate (Liu & Herbert, 2004), as water that is sourced 

from high northern and southern latitudes upwells at Site 846. The Late Miocene through 

Pliocene sediments of Site 846 consist of biogenic carbonate (nannofossil ooze) and siliceous 

ooze (Mayer et al., 1992). Foraminifera are present in sufficient quantities for stable isotope 

analyses, and sedimentation rates exceeding 40 m/Myr assure high-resolution paleoclimate 

reconstructions that can resolve orbital variability. A continuous shipboard composite section 

was developed through the middle Miocene, but more recent composite revisions focused on the 

mid Pliocene have emphasized the importance of revisiting oceanographically important sites 

(Herbert et al., 2021). 
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 The Site 846 core composite splices of Shackleton, Crowhurst, et al. (1995) and Herbert 

et al. (2021) were used to guide sample selection for the newly generated stable isotope data 

collected in the ~4.0-6.2 Ma time window. Slightly modified versions of the age-depth tunings of 

Lisiecki & Raymo (2005), Herbert et al. (2021), and Kimble et al. (2024) were used to assign 

ages to new Site 846 data. Sample labels associated with the Shackleton, Hall, et al. (1995) 

benthic isotope data were used to update the ages assigned by Shackleton, Hall, et al. (1995) 

according to the slightly modified age-depth tunings. 

 

2.2 Stable isotope analyses 

 We analyzed 710 samples from holes 846B, 846C, and 846D to generate new benthic 

isotopic data at the Brown University stable isotope facility. The new data span the Late Miocene 

to Early Pliocene (~4.0-6.2 Ma). Samples were wet-sieved using a 150 Pm sieve and dried at 

40°C. Benthic foraminifera (Cibicidoides spp. and Uvigerina spp. but predominantly 

Cibicidoides wuellerstorfi and Uvigerina peregrina) were dry-sieved and picked from the 150-

355 Pm fraction. When sample volume was sufficient to yield enough benthic foraminifera for 

isotope analysis, foraminifera were preferentially picked from the 250-355 Pm fraction. 

Foraminifera were cleaned by cracking open the tests and sonicating in 200 PL ethanol for ~30 

seconds, after which excess ethanol was drawn off with a pipette. Paired analyses of cracked 

open versus uncracked samples (n=22) revealed that anomalously low G13C values may be 

attributed to non-foraminiferal carbonate within the test (Figure S1). All new data reported here 

are from foraminifera that were cracked open, sonicated for ~30 seconds, had ethanol drawn off 

with a pipette, and dried overnight at room temperature. 
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 Isotope ratios were measured using a MAT253+ coupled to a Kiel IV Carbonate Device 

at Brown University, where the individual sample was reacted with 70°C H3PO4. Results are 

UeSoUWed UelaWiYe Wo Å VPDB ZiWh XnceUWainWieV of r0.02Å foU G13C and r0.06Å foU G18O of in-

house Carrara standard (n=84, 1V) and r0.03Å foU G13C and r0.05Å foU G18O of in-house BYM 

standard (n=52, 1V). 

 When more than one foraminifera species was analyzed in the Shackleton, Hall, et al. 

(1995) and Herbert et al. (2021) records isotopic adjustments between each species and 

Cibicidoides spp. were calculated and applied. Although the data include analyses of many 

species, we limited the Shackleton, Hall, et al. (1995) data shown here to only Cibicidoides spp., 

Uvigerina peregrina, and Oridorsalis umbonatus. The reported adjustments between species 

were Uvigerina + 0.90Å and Oridorsalis + 1.00Å foU G13C values and Cibicidoides + 0.64Å foU 

G18O values (Shackleton, Hall, et al., 1995). However, based on duplicate analyses of the 

published Shackleton, Hall, et al. (1995) Cibicidoides and Uvigerina stable isotope data (159 

paired samples), we calculated average offsets of 0.86 r 0.26Å (1V) for G13C (Cibicidoides 

heavier) and 0.58 r 0.19Å (1V) for G18O (Uvigerina heavier). Paired analyses of published 

Cibicidoides and Oridorsalis (n=41) yielded average offsets of 1.13 r 0.39Å (1V) for G13C 

(Cibicidoides heavier) and 0.56 r 0.24Å (1V) for G18O (Oridorsalis heavier). The species offsets 

between Cibicidoides and Uvigerina (n=95 paired samples) reported in Herbert et al. (2021) 

were similar to those calculated based on the Shackleton, Hall, et al. (1995) data: 0.97 r 0.02Å 

(1V) for G13C (Cibicidoides heavier) and 0.64 r 0.01Å (1V) for G18O (Uvigerina heavier).  

 This study includes new duplicate analyses of Cibicidoides and Uvigerina (n=75) 

spanning 4.0-6.2 Ma. The calculated species offsets were comparable to those reported in 

Shackleton, Hall, et al. (1995) and Herbert et al. (2021): 0.86 r 0.26Å (1V) for G13C 
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(Cibicidoides heavier) and 0.49 r 0.18Å (1V) for G18O (Uvigerina heavier). We found non-

negligible linear trends in the species offsets over the 4.0-6.2 Ma interval (Figure S2), in 

agreement with shifts observed in longer records where core top data required larger species 

adjustments relative to ~5-Myr-old downcore data (Clemens et al., 2008). AW 4 Ma, 0.86Å ZaV 

added to Uvigerina G13C, Zhile aW 6 Ma, 0.82Å ZaV added Wo Uvigerina to make it consistent 

with Cibicidoides G13C. AW 4 Ma, 0.56Å ZaV added Wo Cibicidoides G18O, Zhile aW 6 Ma, 0.49Å 

was added to Cibicidoides to make it consistent with Uvigerina G18O. The same linear 

adjustments were applied to the Shackleton, Hall, et al. (1995) Cibicidoides and Uvigerina data 

over the same Mio-Pliocene interval. For the newly generated data, duplicate Cibicidoides values 

were averaged and Uvigerina data were not included in the G13C and G18O records shown here, so 

of the newly generated records only data from Cibicidoides are displayed. 

 

2.3 Data sources 

 Physical property data (dry bulk density and reflectance) are from the Janus Web 

Database (Mithal & Becker, 2006). Alkenone SST and productivity (C37 total mass accumulation 

rate, MAR) data are from Herbert et al. (2021) and Lawrence et al. (2006, 2020). Other global 

benthic isotope records are sourced from IODP Site U1338 in the EEP (Drury et al., 2016), ODP 

Site 982 in the North Atlantic (Drury et al., 2018; Hodell et al., 2001), ODP Site 999 in the Gulf 

of Mexico (Haug & Tiedemann, 1998), ODP Site 1264 in the South Atlantic (Westerhold et al., 

2020), IODP Site U1443 (Bolton et al., 2022) and IODP Site U1448 (Jöhnck et al., 2020) in the 

Indian Ocean, and ODP Site 1146 in the western Pacific (Holbourn et al., 2018). 

 

3. Results 



 
 

 159 

 The newly generated Site 846 stable isotope data extend the revised composite record of 

Herbert et al. (2021) from ~4.0 Ma back to 6.2 Ma (Figure 2). Overall, the average offset 

between the new G18O data and the G18O record reported in Shackleton, Hall, et al. (1995) was 

ZiWhin anal\Wical eUUoU (a0.06Å ZiWh Whe neZ daWa moUe enUiched) bXW jXmSed Wo 0.18Å beWZeen 

5.1-5.5 Ma (the new G18O data were more enriched). Although the average offset is small, there 

are many instances where the records deviate significantly at the orbital scale. Notably, the new 

data displayed significantly lower variance over the 4.0-6.2 Myr interval (0.06 for G13C and 0.02 

for G18O) relative to the Shackleton, Hall, et al. (1995) stable isotope record (0.11 for G13C and 

0.05 for G18O; Table 1). 

The updated G18O record does not follow the warming trend that appears in the Site 846 

alkenone SST record spanning ~5.1-5.5 Ma (Figure 3), in contrast to the Shackleton, Hall, et al. 

(1995) G18O data over the same interval. Despite this long term SST warming interval that does 

not emerge in the new record, cooler SSTs were coincident with enriched G18O on the orbital 

scale (Figure 3c). Physical properties data including reflectance and wet bulk density did not 

differ significantly in the 5.1-5.5 Ma window relative to the rest of the Late Miocene through 

Pliocene (Figure 4).  

There was no average offset between the updated G13C and the Shackleton, Hall, et al. 

(1995) UecoUd (a0.05Å offVeW WhUoXghoXW Whe 4.0-6.2 Ma interval with the original data more 

depleted than the newly generated data). Several isotopically depleted outliers remain in the 

original Shackleton, Hall, et al. (1995) G13C record, and removing those points for the purpose of 

statistical comparison reduces the average offset between the original and new G13C record to 

0.004Å and Whe YaUiance of Whe G13C record drops to 0.06 (equivalent to the variance of the 

newly generated G13C data; Table 1). Enriched G13C values may correspond to younger bottom 
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waters while depleted G13C values indicate older bottom waters that have accumulated more 

respired 12C over time. There was no discernable trend in bottom water G13C becoming more 

depleted or enriched toward present, but G13C data share a stronger correlation with G18O in the 

newly generated record relative to the original (Figure 2). There is little resemblance between 

the alkenone productivity record and the updated G13C record at Site 846, but in general, more 

enriched G13C coincided with lower alkenone C37 total MAR (Figure 3). 

 Global benthic G18O stacks compiled by Lisiecki & Raymo (2005; LR04) and Ahn et al. 

(2017; Prob-stack) used the Shackleton, Hall, et al. (1995) G18O data, so comparing the two 

global stacks to the original Site 846 record indicates the degree to which the Site 846 data 

influence the average benthic stacks (Figure 5). As LR04 compiled only four other benthic G18O 

records older than 5.0 Ma (Lisiecki & Raymo, 2005), it is likely that the Site 846 data heavily 

influenced the early Pliocene stack. Subtracting Shackleton, Hall, et al. (1995) G18O from the 

G18O of the global stacks yields the residual difference between Shackleton, Hall, et al. (1995) 

and LR04, and Shackleton, Hall, et al. (1995) and Prob-stack, which highlights anomalies of the 

Site 846 data in relation to global benthic G18O compilations (Figure 5c). Although the LR04 

record extends to only 5.3 Ma and the Prob-stack ends at 5.0 Ma, the 5.1-5.5 Ma isotope 

depletion presented in Shackleton, Hall, et al. (1995) appears to influence the oldest segment of 

the LR04 record, a feature not appearing in the newly generated Site 846 G18O data reported here. 

Other benthic G18O records from around the globe display no trend in ice volume and/or 

deep sea temperature during the latest Miocene, except possibly Site 982 in the North Atlantic, 

Zhich e[SeUienced a a0.14Å G18O depletion from 5.1-5.5 relative to the 4.5-5.1 Ma and 5.5-6.2 

Ma intervals (Figure 6). Overall, a trend of enriched G18O likely indicative of increasing global 
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ice volume (and potentially suggesting deep water cooling) appeared by the Late Pliocene, which 

is consistent with Site 846 cooling as recorded by alkenone SST and global cooling prior to the 

intensification of Northern Hemisphere glaciation. Variability in global G13C records showed 

strong agreement with both the preexisting and newly generated Site 846 G13C data (Figure 7). 

 Evolutive spectral power analysis of the preexisting and updated G18O records indicated 

significant obliquity pacing and no significant eccentricity cycles from ~4.0-6.2 Ma (Figure 8). 

This 41-kyr pacing appears to have strengthened after 5 Ma. In comparison to the original G18O 

data, spectral peaks corresponding to obliquity and precession are more distinctly resolved in the 

new records (note that both data sets were analyzed on the same age model). Significant 41-kyr 

obliquity cycles were present in the updated Site 846 G13C record but were absent from the 

preexisting record during the Late Miocene to Pliocene interval. Many Pliocene glacial intervals 

(recognized by enriched G18O) corresponded with more depleted G13C and older bottom water 

signatures (Figure 2). 

 

4. Discussion 

 Oceanographic and climate factors that could influence benthic foraminiferal stable 

oxygen isotope ratios include bottom water temperature, oxygen isotopic composition of sea 

water, and perhaps most importantly, global ice volume and resulting sea level (Emiliani, 1955; 

Shackleton, 1967). Stable carbon isotopes track bottom water dissolved inorganic carbon, which 

can infer ocean circulation and deep water relative age in addition to carbon cycle processes 

(Curry & Oppo, 2005; Duplessy et al., 1988). 

Explaining variable offsets between the Shackleton, Hall, et al. (1995) and newly 

generated G18O records from the same ODP site cannot be a matter of changing environmental 
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conditions, because the records were produced using the same sediments, but instead may be a 

sign of analytical differences. The original and updated G13C records are not statistically 

different, a finding supported by Herbert et al. (2021), pointing to an analytical process that 

affects G18O alone WhaW ZoXld geneUaWe a a0.17Å mid-Pliocene offVeW and a a0.18Å LaWe 

Miocene offset. The common acid bath used to acidify carbonate samples measured in 

Shackleton, Hall, et al. (1995) could allow exchange between CO2 produced in the reaction and 

the acid or dissolution of CO2 in Whe acid, and boWh VcenaUioV ZoXld SUeVeUYe Whe ³memoU\´ of 

previous samples (Swart et al., 1991). Liquid nitrogen continually removed CO2 from the 

common acid bath, but accumulated water may have altered G18O without affecting G13C. For the 

sake of transparency, Shackleton, Hall, et al. (1995) mention occasional data reproducibility and 

instrumental issues they encountered when generating the Site 846 benthic G18O and G13C 

records, but affected data were rejected if caught. 

Given the small number of Early Pliocene records included in LR04 (Lisiecki & Raymo, 

2005), the original Site 846 G18O data exert substantial influence on the benthic stack (Figure 5). 

A revised LR04 or Prob-stack record substituting the updated G18O values for the original likely 

would not show Late Miocene to Early Pliocene (5.1-5.5 Ma) ice volume reduction. Benthic 

G18O records generated since LR04 was published indicate stable global ice volume from 5.1-5.5 

Ma (Figure 6), lending further support to the updated Site 846 G18O record reported here (Bolton 

et al., 2022; Drury et al., 2016, 2018; Haug & Tiedemann, 1998; Hodell et al., 2001; Holbourn et 

al., 2018; Jöhnck et al., 2020; Westerhold et al., 2020). The LR04 and Prob-stack global 

compilations supplied age models and climate interpretations for countless studies, and the 

variable offset between the original and updated Site 846 G18O data is a reminder to revisit 

historically important isotopic records. 
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The reduction in global ice volume and sea level rise at 5.1-5.5 Ma recorded in the 

Shackleton, Hall, et al. (1995) G18O data has been used as evidence that apparent deglaciation 

and sea level rise predated Mediterranean flooding at the Mio-Pliocene boundary and tectonic 

forcings were responsible instead (van der Laan et al., 2006). Ice volume or sea level rise 

changes in the Late Miocene may have been smaller than previously predicted using the original 

Site 846 G18O, calling into question Mio-Pliocene climate interpretations (van der Laan et al., 

2006). 

Within the global records spanning ~3.0-6.2 Ma, average G13C offVeWV of XS Wo a1Å 

between sites in the North Atlantic and the EEP, for example, were consistent with Atlantic-

Pacific deep water age and circulation (Figure 7). Surface and mixed layer water in contact with 

atmospheric CO2 has isotopically enriched G13C relative to deep water because mixed layer 

photosynthesis removes 12C. North Atlantic benthic G13C records would be expected to be 

isotopically enriched relative to other regions because subducting surface water transports 

enriched G13C water to the deep ocean (Kroopnick, 1985). As deep water travels from its source 

in the North Atlantic to the other deep ocean basins it accumulates respired 12C and 

remineralized nutrients, resulting in a progressively depleted G13C signature by the time the water 

arrives in the EEP (Duplessy et al., 1984). Water depth also influences the global benthic isotope 

records because shallow sites may not reflect deep water conditions. For example, Sites 982 

(water depth = 1134 m) and U1448 (water depth = 1098 m) may be bathed in intermediate water, 

which would make them too shallow to capture changes in deep water G18O and G13C (Figure 1). 

 

5. Conclusion 
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 Newly generated Late Miocene through Pliocene benthic foraminiferal stable isotope data 

fUom Whe hiVWoUicall\ imSoUWanW ODP SiWe 846 in Whe EEP diVSla\ conVideUable (0.18Å) offVeWV in 

G18O values relative to the record reported in Shackleton, Hall, et al. (1995), but statistically 

negligible offsets in G13C. The common acid bath used to acidify samples prior to analysis may 

have accumulated water or preserved memory from prior samples, which would have altered 

G18O while leaving G13C unchanged (Swart et al., 1991), bXW Whe YaUiable naWXUe of Whe 0.18Å 

G18O offset indicates more intermittent disagreement. The updated Mio-Pliocene benthic record 

is consistent with both local and global isotope records collected from a variety of water depths, 

as well as reflectance and wet bulk density data generated at Site 846, arguing for coherence of 

various climatic signals. Site 846 SST records indicate warming from ~5.1-5.5 Ma coincident 

with an interval of depleted Shackleton, Hall, et al. (1995) G18O, which disagree with the stable 

ice volume and/or deep water temperatures implied by the updated G18O record. Substituting the 

newly generated record for the original Shackleton, Hall, et al. (1995) data in the global benthic 

G18O stacks generated by Lisiecki & Raymo (2005) and Ahn et al. (2017) would substantially 

reduce the uncertainty in LR04 and Prob-stack. The oversized influence of Site 846 data in 

creating age models and interpreting paleoceanographic data emphasizes the importance of 

addressing analytical uncertainty. If paired with planktic stable isotope data, the updated benthic 

isotope record presented here can provide insight into the degree to which global ice volume 

versus deep ocean temperature influenced benthic G18O variability during a period of warmer-

than-present global temperature (Shackleton, 1987). 
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Figures 

Figure 1: Location of ODP Site 846 in the EEP in relation to other ODP and IODP sites with 
benthic isotope records. Water depth at each site is indicated with the color scale to provide 
context for whether the site captures deep water masses. 
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Figure 2: Time series of (a) benthic G18O and (b) benthic G13C showing the newly generated data 
in the context of the Shackleton, Hall, et al. (1995) data and the Herbert et al. (2021) data. The 
time series data are smoothed with a 6-kyr running average with original data plotted as crosses. 
Coherence between the Shackleton, Hall, et al. (1995) data and the updated data reported here for 
(c) benthic G18O and (d) G13C show general agreement between the records (lavender bands 
represent orbital cycles at 100-kyr, 41-kyr, 23-kyr, and 19-kyr frequencies). Correlations 
between (e) G13C and G18O for the Shackleton, Hall, et al. (1995) and newly generated data 
suggest a tighter correlation exists between the new data.  
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Table 1: Average, standard error, and variance calculations for the G13C and G18O records 
reported in Shackleton, Hall, et al. (1995) and presented here. The values in parentheses under 
the Shackleton, Hall, et al. (1995) G13C column represent average, standard error, and variance 
calculations after removing isotopically depleted G13C outliers included in the original dataset.  
 

 Shackleton et 
al. (1995) G13C 

Shackleton et 
al. (1995) G18O This study G13C This study G18O 

4.0-6.2 Ma 
Average 

-0.�2�Å  
(-0.3�2Å) 3.0�1Å -0.3��Å 3.10�Å 

4.0-6.2 Ma 
Standard error 

0.013Å 
(0.00�Å) 0.00�Å 0.010Å 0.00�Å 

4.0-6.2 Ma 
Variance 

0.111 
(0.059) 0.053 0.061 0.020 
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Figure 3: Time series of (a) benthic G18O relative to Site 846 SST and (b) G13C relative to 
alkenone productivity. Coherence between (c) SST and benthic G18O and (d) alkenone 
productivity and benthic G13C for the original and updated records. Benthic isotope data are 
smoothed with a 6-kyr running average (crosses are original data). Lavender bands represent 
orbital cycles at 100-kyr, 41-kyr, 23-kyr, and 19-kyr frequencies. 
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Figure 4: Time series of (a) newly generated G18O and (b) G13C records relative to the commonly 
measured sediment physical properties composite (a) dry bulk density (DBD) and (b) 
reflectance. Benthic isotope data are smoothed with a 6-kyr running average while dry bulk 
density and reflectance are smoothed with a 10-kyr running average (crosses are original data). 
Coherence between (c) DBD and benthic G18O, (d) DBD and benthic G13C, (e) reflectance and 
benthic G18O, and (f) reflectance and benthic G13C for the original and updated records. Lavender 
bands represent orbital cycles at 100-kyr, 41-kyr, 23-kyr, and 19-kyr frequencies. 
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Figure 5: Time series of (a) preexisting benthic G18O data from EEP Site 846 and the LR04 
global benthic G18O stack (Lisiecki & Raymo, 2005) and (b) Site 846 benthic G18O and the Prob-
stack benthic G18O compilation (Ahn et al., 2017). Both benthic stacks heavily relied on the Site 
846 oxygen isotope record and (c) the residual after subtracting the Site 846 G18O from the G18O 
of the global stacks demonstrates the relative contribution of the Shackleton, Hall, et al., (1995) 
record. The dashed line in (c) represents no residual. Site 846 benthic G18O data are smoothed 
with a 6-kyr running average (crosses are original data). 
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Figure 6: Time series of (a) new and preexisting benthic G18O data from EEP Site 846 relative to 
other benthic G18O records spanning the globe, including records from (b) IODP Site U1338 in 
the EEP (Drury et al., 2016), (c) ODP Site 1146 in the western Pacific (Holbourn et al., 2018), 
(d) IODP Site U1443 (Bolton et al., 2022), and (e) IODP Site U1448 (Jöhnck et al., 2020), in the 
Indian Ocean, (f) ODP Site 1264 in the South Atlantic (Westerhold et al., 2020), (g) ODP Site 
982 in the North Atlantic (Drury et al., 2018; Hodell et al., 2001), and (h) ODP Site 999 in the 
Gulf of Mexico (Haug & Tiedemann, 1998). Benthic G18O data are smoothed with a 6-kyr 
running average (crosses are original data). 
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Figure 7: Time series of (a) new and preexisting benthic G13C data from EEP Site 846 relative to 
other benthic G13C records spanning the globe, including records from (b) IODP Site U1338 in 
the EEP (Drury et al., 2016), (c) ODP Site 1146 in the western Pacific (Holbourn et al., 2018), 
(d) IODP Site U1443 (Bolton et al., 2022), and (e) IODP Site U1448 (Jöhnck et al., 2020), in the 
Indian Ocean, (f) ODP Site 1264 in the South Atlantic (Westerhold et al., 2020), (g) ODP Site 
982 in the North Atlantic (Drury et al., 2018; Hodell et al., 2001), and (h) ODP Site 999 in the 
Gulf of Mexico (Haug & Tiedemann, 1998). Benthic G13C data are smoothed with a 6-kyr 
running average (crosses are original data). 
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Figure 8: Evolutive power spectra from 4.0-6.2 Ma of (a) preexisting G18O and (b) G13C Site 846 
data from Shackleton et al. (1995), and the new (c) G18O and (d) G13C records reported here. The 
right-side panels show non-evolutive power spectra of the entire 4.0-6.2 Ma records for (e) 
preexisting G18O and (f) G13C, and updated (g) G18O and (h) G13C. Lavender bands in (e-h) 
represent orbital cycles at 100-kyr, 41-kyr, 23-kyr, and 19-kyr frequencies. Dashed lines in (e-h) 
reflect the 90% confidence interval. 
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Supporting information 
 

Figure S1: Time series showing benthic records of (a) G18O and (b) G13C with the uncracked 
(open diamonds) duplicate analyses not incorporated into the final records, which do include the 
cracked analyses (blue crosses). Note the anomalously depleted G13C values associated with most 
uncracked analyses. Correlations between uncracked and cracked foraminiferal stable isotope 
analyses for (c) G18O and (d) G13C. 
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Figure S2: Linear long-term trends in (a) G18O and (b) G13C values recorded in the two benthic 
foraminifera species Cibicidoides spp. (black circles) and Uvigerina spp. (blue diamonds) used 
for Site 846 analyses. The species adjustments are smaller in the Late Miocene (Uvigerina G13C 
+ 0.82Å and Cibicidoides G18O + 0.49Å aW 6 Ma) relative to the Pliocene (Uvigerina G13C + 
0.86Å and Cibicidoides G18O + 0.56Å aW 4 Ma). 
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