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Abstract The functioning of the Pacific Ocean—the world's largest ocean—during a warmer-than-present
paleoclimate state remains underexplored. We present planktonic and benthic foraminiferal stable oxygen
(8'80) and carbon (8'3C) isotope records from Integrated Ocean Drilling Program (IODP) Site U1334 that span
the Oligocene-Miocene Transition (OMT) interval, from 24.15 to 21.95 million years ago (Ma). We reconstruct
(sub-)surface and deep-water conditions and provide better constraints on the physical and chemical
oceanography of the eastern equatorial Pacific Ocean (EEP). Positive trends in planktonic and benthic
foraminiferal 5'®0 values, mark a largely uniform imprint of increased land-ice volume/global cooling on
surface- and deep-waters. We document a delayed planktonic foraminiferal 3'%0 increase across the OMT as
well as an increase in the amplitude variability of planktonic foraminiferal 8'30 values on eccentricity
timescales during the early Miocene. We interpret this as an enhanced glacioeustatic sea-level control on
Atlantic-Pacific salinity exchange through the Central American Seaway (CAS) or as the onset of more variable
surface currents and oceanic fronts in the EEP. Positive trends in planktonic and benthic foraminiferal &'*C
values characterize the whole-ocean depletion in '2C linked to organic carbon burial during the Oligocene-
Miocene carbon maximum (CM-OM). However, this depletion is more pronounced in the planktonic
foraminiferal 5'*C record, especially during ~400 Kyr eccentricity minima, reflecting an increase in nutrient
upwelling and the efficacy of the biological carbon pump (BCP) when global temperatures decreased across the
OMT and during the early Miocene. Our study highlights the dynamic behavior of the EEP in a warmer-than-
present unipolar icehouse state.

Plain Language Summary Twenty-three million years ago, climatic conditions on Earth were
warmer than today, there was a large ice sheet on Antarctica, but, unlike today, not on Greenland. Furthermore,
the Atlantic and Pacific Oceans were still connected with a seaway that ran in-between North and South
America. This seaway governed the equatorial transport of heat, salt, and nutrients between the two oceans. To
better understand the role of the eastern Pacific Ocean in causing and responding to climatic change at this time,
we analyzed the chemical composition of foraminifera shells, single celled organisms that lived in the surface
and deep waters and at the seafloor. By comparing surface- to deep-water chemistry results, namely oxygen and
carbon isotopes, we attempt to reconstruct the chemical and physical structure of the water column. We interpret
that the eastern Pacific surface ocean was saltier at times when Atlantic waters were flowing westward.
Furthermore, we find an increase in productivity in the equatorial Pacific surface ocean when climate cooled.

1. Introduction
1.1. Scope and Objective of This Study

In this study, we aim to reconstruct oceanographic conditions of the eastern equatorial Pacific Ocean (EEP)
during a two million-year-long Oligocene-Miocene Transition (OMT) spanning time interval, from 24.15 to
21.95 million years ago (Ma). The OMT is a time of major Cenozoic climatic change. Detailed benthic fora-
minifera oxygen and carbon isotope records across the OMT (~23 Ma) reveal marked temperature shifts, ice
volume fluctuations and carbon cycle reorganizations (Diester-Haass et al., 2011; Greenop et al., 2019; Kim &
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Zhang, 2022; Lear et al., 2004; Liebrand et al., 2017; Mawbey & Lear, 2013). However, to date there have been no
high-resolution planktonic foraminifera stable isotope records. Here we present planktonic foraminiferal accu-
mulation rates (PFAR), and stable oxygen and carbon isotope (i.e., 5'%0 and &'3C, respectively) records from
Integrated Ocean Drilling Program (IODP) Site U1334 (Beddow, 2016). We compare these planktonic data to
previously published epifaunal and infaunal benthic foraminiferal 5'%0 and 8'>C values, also from Site U1334
(Beddow et al., 2016, 2018), and present isotopic trends and vertical/water column gradients. We examine the
timing of upper water column changes and investigate whether the pronounced changes in the benthic forami-
nifera records are reflected in the tropical Pacific surface ocean. We use these combined data sets to shed new
light on the dynamic oceanography of the EEP, and on global climatic, cryospheric, and carbon cycle dynamics,
across the OMT. We are especially interested in the potential effects of glacio-eustatic sea level changes on
Central American Seaway (CAS) throughflow and surface EEP oceanography. Furthermore, we aim to further
constrain the evolution of the biological carbon pump (BCP) in the EEP in response to global cooling across the
OMT and across the Oligocene-Miocene carbon maximum (CM-OM) (Hodell & Woodruff, 1994).

1.2. Oligo-Miocene Climatic, Cryospheric, and Geographic Background Conditions

Following the establishment of a continental-sized ice sheet on Antarctica, during the Eocene-Oligocene Tran-
sition (EOT) at ~34 Ma, Earth's Oligocene climate-cryosphere system was marked by a highly dynamic evo-
lution, on both astronomical and longer time scales (Liebrand et al., 2017; Pilike, Norris, et al., 2006; Wade &
Palike, 2004; Westerhold et al., 2020). High resolution benthic foraminiferal §'®0 records from both the Atlantic
and Pacific Oceans detail the evolution of deep-sea (i.e., high latitude, where deep waters sink) temperatures and
global ice volumes combined (Beddow et al., 2016; Billups et al., 2002; Liebrand et al., 2016; Pilike, Frazier,
et al., 2006). The OMT (at ~23 Ma) interrupts the late Oligocene warming (LOW, i.e., 26.3-23.7 Ma) (Beddow
et al., 2016; Liebrand et al., 2017; Zachos et al., 2001), and is marked by a transient ~1.0%o increase in benthic
foraminiferal 8'30 values. The OMT is interpreted as a major global cooling event and probably constitutes a
complete re-glaciation of Antarctica following the ice-freer conditions that marked the LOW (Liebrand
et al., 2017; Pilike, Norris, et al., 2006). The northern hemisphere (NH) is thought to have remained largely land-
ice free during this time, although a relatively short-lived glaciation concurrent with peak OMT conditions cannot
be ruled out (DeConto et al., 2008). NH cooling across the OMT probably affected the intensity of El Nifio-
Southern Oscillation (ENSO) (McPhaden et al., 2006), and is understood to have caused a more permanent
southward shift of the intertropical convergence zone in the EEP (Hyeong et al., 2014).

In benthic foraminiferal 8'80 records, the recovery phase of the OMT to near pre-excursion values is charac-
terized by three well-expressed ~110-Kyr cycles (Liebrand et al., 2017; Zachos et al., 2001). In benthic fora-
miniferal 8'2C records, the OMT interval is associated with the CM-OM (Hodell & Woodruff, 1994), which
constitutes a global carbon cycle event marked by a ~1.5-Myr long positive excursion in 8'>C that probably
involved the (temporary) storage of biologically fixed '*C on land or on the continental shelves (in North America
and South Africa), where organic carbon and phosphate rich deposits of Oligo-Miocene age have been reported
(Compton et al., 1990, 1993, 2004; Hodell & Woodruff, 1994; Steinthorsdottir et al., 2021). Shorter-lived and
transient carbon cycle perturbations associated with the OMT are also reported from the deep ocean (Diester-
Haass et al., 2011; Kim & Zhang, 2022; Mawbey & Lear, 2013). Atmospheric CO, concentrations varied broadly
between ~450 and ~850 parts per million, with the largest rise in CO, values occurring during the early Miocene,
after the peak glacial conditions of the OMT (Greenop et al., 2019; Rae et al., 2021). Geographically, Earth looked
broadly like the present-day (Steinthorsdottir et al., 2021). However, at ~23 Ma, the Pacific Ocean was wider by
about 1,000 km, at the expense of the Atlantic Ocean (Cande & Kent, 1992). Furthermore, the CAS formed either
one, or several, deep- and/or shallow-water connection(s) between the Atlantic and Pacific Oceans (Miiller
et al., 2018).

1.3. Oceanography of the Modern Eastern Equatorial Pacific Ocean

To provide context to our paleoceanographic reconstructions of the EEP, it is important to understand its modern
oceanography. The present-day EEP is marked by a complex oceanography with North-South divergent equa-
torial upwelling, as well as spatially and temporally varying oceanic fronts that impact temperature, salinity, and
nutrient-availability (Figures 1 and 2). ENSO variability strongly affects the spatiotemporal heterogeneity of both
physical and chemical oceanographic conditions in the modern EEP (McPhaden et al., 2006). Thermocline,
pycnocline, nutriclines, and oxycline are situated between ~50 and 200 m water depth (Figure 2) (Boyer
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Figure 1. Present-day surface oceanographic context of the EEP. Sea surface (a) temperature, (b) salinity, (c) dissolved inorganic carbon (DIC), (d) nitrate, (e) phosphate,
and (f) oxygen (Boyer et al., 2018; Lauvset et al., 2022; Schlitzer, 2022). Present-day location of Site U1334 is indicated with a small full color yellow star (7°59’N,
—131°58"W). This location is several degrees to the NW from its paleo-location at 23 Ma (3°N, —116°W) (Pilike et al., 2010) during the OMT, indicated with a large

shaded yellow star.

et al., 2018; Lauvset et al., 2022; Schlitzer, 2022). They mark the distinction between the equatorial undercurrent
(EUC) and equatorial Pacific intermediate water (EqPIW), on top, and Pacific Deep Water (PDW), below. A
combination of Antarctic Bottom Water (AABW) and Circumpolar Deep Water (CDW) is present at depth
(Figure 2) (Rippert et al., 2017). However, these deep-water masses are less clearly identifiable in thermocline,
pycnocline, and nutriclines, but best expressed in the higher oxygen levels below ~2 km water depth, especially
compared to the near oxygen-depleted values associated with the oxygen minimum zone (i.e., between ~100 m
and ~1 km water depth, Figure 2). The EEP is currently a net source of carbon dioxide (CO,) to the atmosphere,
because wind-driven equatorial upwelling and advection of relatively old, deep, Southern Ocean-sourced, and
CO,-rich waters lead to a regionally high surface-ocean partial pressure of dissolved CO, compared to CO, in the
atmosphere, and hence, to high rates of sea-to-air gas exchange (Feely et al., 1999; Takahashi et al., 2002). This
process thus constitutes an important flux within the present-day exogenic carbon pool. At the same time, up-
welling lowers surface ocean temperatures, creating the so-called “cold tongue” (Wyrtki, 1981): a region of cool
sea surface temperatures in the EEP (Figure 1) (Schmitz Jr., 1995; Toggweiler et al., 1991; Wyrtki, 1981).
Furthermore, equatorial upwelling increases regional nutrient availability and primary productivity, best evi-
denced by a narrow band of high surface-ocean chlorophyll values (Wang et al., 2005), in an otherwise oligo-
trophic pelagic setting (Figure 1).

1.4. Oceanography of the Oligo-Miocene Eastern Equatorial Pacific Ocean

On geological time scales, the sustained equatorial upwelling of nutrient rich waters has resulted in a regionally
more efficient BCP (i.e., net transport of particulate organic carbon to the deep sea), carbon sequestration in the
deep waters, and ultimately in relatively high rates of export productivity, as is evidenced by a substantial
equatorial sediment bulge (Lyle et al., 2008; Mitchell et al., 2003). The amount of exported biogenic carbonate,
augmented by a varying biogenic silicate contribution, deposited beneath the equatorial upwelling zone is so
substantial, that the bulge is elevated by ~600 m relative to the surrounding abyssal plane (Mitchell et al., 2003).

LIEBRAND ET AL.

3 of 21

851801 SUOWILLIOD) BANERID 3 |qedljdde au) AQ PousBA0B 22 A1 YO ‘35N JO S| 10§ AXRIIT 8UIIUO A3IA U (SUONIPUID-PUE-SLLLBILI0D" B 1M A1q1 U |UO//SANY) SUONIPUOD PUE SWI | U1 885 [1202/20/20] U0 AXIq18U1UO AB1IM ‘181 Ad 26800 VdbZ0Z/620T OT/I0p/Wco" A3 1mAreqipul|uo'sandnBey/sdny woay popeojumod 2 ‘20z ‘G2svz/Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology

10.1029/2024PA004892

Depth (m)

Depth (m)

Depth (m)

)

Depth (m

m)

Depth (

Depth (m)

1000

10000

10000

10000

T
100
Longitude (°)

I
100
Longitude (°)

e
100
Longitude (°)

—T
100
Longitude (°)

Longitude (°)

2200

2000

1800

80

60

40

20

(63/10wr) syeydsoyd (Bx/10wrl) syeniN (Bx/10wrl) 01 (nsd) Anuies (0,) ainjesadwa

(11w) uabAxQ

(b)

o

T 1
10 20 30
Temperature (°C)

TR T

TR

I [
2000 2200 2400
DIC (umol/kg)

50
Nitrate (umol/kg)

ot bws by

o

k)
P.
U1334
7
7
—
5

Phosphate (umol/kg)

TTRREN TTRREN TTITI T

o

(m)
P.
U1334
—
5

Oxygen (ml/l)

| T | T
0 1 2
5'3C of DIC (%o)

Figure 2. Present-day water column oceanographic context of the EEP. Please note that depth is plotted on a logarithmic
scale. Panels (a—m) As in Figure 1, except for panel (g) which depicts the (estimated) 8!3C of DIC. Hashed areas indicate
extrapolated values. “P U1334” stands for Pacific Ocean Site U1334 at 8° latitude and 132° longitude. “A” stands for Atlantic
Ocean at 8° latitude and 50° longitude.
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Figure 3. Oligo-Miocene geographic context of the EEP. Continental plate
polygons for 23 Ma using reconstructions of (a) Cao et al. (2017),

(b) “Scotese paleomap,” (c) Hay et al. (1999), (d) “Global EarthByte,” and
(e) Merdith et al. (2021). Panels (a), (b), (d), and (e) were generated in
GPlates (Miiller et al., 2018). Panel (c) was generated using https://www.
odsn.de. Please note, these reconstructions are not presented as testable
hypotheses, but to depict the uncertainty and variability among available
CAS reconstructions at 23 Ma. These plate polygons may shed light on
where (a) deep-water connection(s) between the Atlantic and Pacific Oceans
may have been situated (see arrows). However, potential localities for
shallow-water connections cannot be derived from these plate polygon
reconstructions only and may have been more geographically extensive than
these reconstructions suggest.

This flux of carbon, from the exogenic to the endogenic carbon reservoir, is
key in modulating Earth's thermostat on these longer time scales. The varying
strength of the biological pump on astronomical (e.g., eccentricity) time
scales in the EEP through time is an important, but poorly constrained process
in investigations into past global carbon cycling (Bolton et al., 2011; Ford
et al., 2012; Lyle et al., 2008; Ma et al., 2015).

The CAS (Figure 3), together with the Tethys Ocean (i.e., an equatorial
connection between the Indian and Atlantic Oceans) and a more open Indo-
nesian Gateway (Gallagher et al., 2024), facilitated globe encompassing
trans-equatorial circulation up to at least the OMT (Kennett et al., 1985). As a
result, oceanic circulation patterns in the EEP would have differed substan-
tially (Fraass et al., 2019; von der Heydt & Dijkstra, 2005, 2006). ENSO
variability across in the Miocene is thought to have been more intense, yet less
frequent (von der Heydt & Dijkstra, 2006). Irrespective of the presence/
absence of a CAS, there was likely a proto-cold tongue in the EEP from the
mid-Eocene onward resulting from largely stable trade winds and the equa-
torial divergence (Lyle et al., 2002; Moore Jr. et al., 2004; Wade et al., 2020).
However, the presence of the CAS would have permitted the equatorial
transport of heat, salinity, nutrients, and oxygen (von der Heydt & Dijk-
stra, 2005, 2006), as well as biota (Fraass et al., 2019), between the Atlantic
and Pacific Oceans. Direction of flow through the CAS is thought to have
changed from a west-ward (from Atlantic to Pacific) to an east-ward (from
Pacific to Atlantic) flow direction across the OMT on at least one occasion
(Fraass et al., 2019; von der Heydt & Dijkstra, 2005), as is documented by the
delayed appearance in the Atlantic Ocean (perhaps by up to 300 Kyr) of the
Indo-Pacific-originating, (sub-)tropical, planktonic foraminifer Para-
globorotalia kugleri (Fraass et al., 2019). Corroborating evidence for
changing surface ocean conditions surrounding the CAS is a regional,
Caribbean coral extinction and restriction event, potentially linked to (a)
glacioeustatic sea level lowstand(s), change in surface ocean temperatures
and/or nutrient availability (Edinger & Risk, 1994). We note, however, that
the exact paleogeography of the CAS is highly uncertain (Figure 3) due to
poor constraints on the drift of plate polygons in the vicinity of the CAS (Cao
etal., 2017; Hay et al., 1999; Merdith et al., 2021; Miiller et al., 2018). One or
several deep-water connections between the Atlantic and Pacific Oceans may
have been present (Figure 3). However, detailed information about the
geographic extent of surface ocean connectivity is beyond available re-
constructions (Montes et al., 2012).

2. Materials and Methods
2.1. Site Description

IODP Site U1334 (7°59'N, 131°58'W), was drilled during Expedition 320 at
a water depth of 4.8 km, and it is estimated to have had a paleo-water depth of
~4.1 km during the late Oligocene and early Miocene (Pilike et al., 2010).
During this time the carbonate compensation depth was situated at ~4.7 km
water depth, allowing for the preservation of biogenic carbonate rich sedi-
ments at Site U1334 (Pilike et al., 2012). The site is positioned on ~38 Ma old
crust, targeted the EOT, yet also recovered a continuous Oligocene and OMT-
spanning sedimentary sequence. Furthermore, the site is particularly suitable
for investigations into the OMT, because at this time, at around 23 Ma, it was
situated almost exactly at the equator (around 3°N and —116°W, Figures 1
and 3) and within the equatorial upwelling zone, resulting into a relatively
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expanded late Eocene to early Miocene section (Pilike et al., 2010). Previous investigations have shown that these
sediments constitute a valuable archive of biogenic carbonates and silicates, that can be used to reconstruct past
climate and carbon cycle conditions, such as astronomically forced changes in deep-sea temperatures and/or ice
volume, paleo-productivity, and the carbonate compensation depth (Beddow et al., 2016, 2018; Lyle et al., 2008;
Pilike et al., 2012).

2.2. Sample Processing and Taxonomic Concepts

For this study (Beddow, 2016), four species of planktonic foraminifera were picked (where present) for stable
isotope analysis from the same samples previously used to generate benthic foraminiferal isotope records
(Beddow et al., 2016, 2018). These planktonic foraminifera are the mixed-layer photosymbiotic species Trilo-
batus primordius (until recently Globigerinoides primordius (Spezzaferri et al., 2015)) and Globigerinoides
altiaperturus, and the thermocline dwelling asymbiotic species Paragloborotalia siakensis (Figure 4) and
Dentoglobigerina venezuelana (Figure 5). We note that D. venezuelana is highly variable in morphology (Wade
etal., 2018), and restricted picking to specimens with a circular outline and 3%2 to 4 embracing, reniform chambers
that gradually increase in size (Figure 5). To mitigate isotopic variability resulting from (seasonal) life-cycle
changes in calcification depth, we preferentially picked adult individuals in the 250-355 pm size fraction.

2.3. Scanning Electron Microscope Analysis

To assess the preservation and morphological variability of the most-abundant planktonic foraminifera, 14
representative specimens of P. siakensis (Figure 4) and D. venezuelana (Figure 5) were picked for scanning
electron microscope (SEM) analysis. These specimens were mounted in umbilical view on a SEM stub and coated
in gold using a sputter coater. The samples were imaged using a JEOL JSM-6480LV variable pressure SEM at
University College London. All specimens were imaged with a view of the whole test to ensure both species were
consistent with the taxonomic descriptions (Leckie et al., 2018; Wade et al., 2018). In addition, the test wall of
selected specimens was imaged at a high magnification (>1,000x) to analyze the preservation state of the sample.

2.4. Stable Isotope Mass Spectrometry

Prior to stable isotope analysis, we combine multiple (i.e., between two and six) individual tests, depending on
abundance, to average the effect of seasonal and/or depth differences at the time of calcification (Pearson, 2012).
Tests were suspended in ethanol and ultrasonically cleaned. Subsequently, the samples were dried at 40°C and
crushed prior to mass-spectrometry. Stable oxygen (5'0) and carbon (8'°C) isotope analyses were conducted at
Utrecht University, using a Thermo-Finnigan Kiel III automated preparation system coupled to a Thermo-
Finnigan MAT 253 isotope ratio mass-spectrometer. The standards NBS-19 and “Naxos” (in-house) were
used to calibrate isotope values to the Vienna Pee Dee Belemnite. Analytical precision was 0.08 and 0.03%. for
5'80 and 8'°C, respectively. Twelve outlying values were defined by eye (i.e., highly aberrant single values that
were not in line with overall trends, signals, and/or amplitude variability ranges) from the D. venezuelana 5'%0
and 8'3C data set and remeasured where possible. We compare the planktonic §'%0 and 6'2C records to published
benthic §'%0 and 8'>C data set measured on the species Cibicidoides mundulus and Oridorsalis umbonatus
(Beddow et al., 2016, 2018). These benthic foraminiferal stable isotope data were generated on the same samples
and in the same laboratory.

2.5. Depth and Age Models

For this study, we used the latest splice (Westerhold, Rohl, Wilkens, et al., 2012) and CaCO; tuned age model
(Beddow et al., 2018), which was calibrated to the La2011 eccentricity solution (Westerhold, R6hl, & Las-
kar, 2012). In a broader effort to integrate drill sites from the EEP into a single Cenozoic stratigraphy (Westerhold
et al., 2020), we transferred Site U1334 depth to Site 1218 depth prior to reassigning the eccentricity tuning tie
points of the CaCOj tuning in Beddow et al. (2018). This yielded negligible differences (5 Kyr) compared to the
original age model, mainly resulting from small uncertainties in the precise depth correlation between Sites 1218
and U1334. In addition, we corrected for a small discrepancy of ~25 Kyr between CaCO5 tuned ages and those
based on plate-pair spreading rates (Beddow et al., 2018), by relaxing (i.e., deleting) a tuning tie point at the
eccentricity minimum at 22.954 Ma. This adjustment brings the original CaCOj; tuning in even closer agreement
with plate-pair spreading models and removes the artificial “stretching” of Chron C6Cn.1r at the expense of the
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100 pm 100 pm

100 pm 100 pm 10 um

Figure 4. Scanning electron micrographs of planktonic foraminifera Paragloborotalia siakensis from Hole U1334A. (1)
11H-4,110-111 cm, 112.23 m CCSF-A. (2-3) 11H-5, 28-29 cm, 112.91 m CCSF-A. (4) 11H-5, 68-69 cm, 113.31 m CCSF-
A. (5-7) 11H-5, 100-101 cm, 113.63 m CCSF-A. (8-9) 11H-5, 108-109 c¢m, 113.71 m CCSF-A. (10-12) 11H-5, 116—
117 cm, 113.79 m CCSF-A.
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Figure 5. Scanning electron micrographs of planktonic foraminifera Dentoglobigerina venezuelana from Hole U1334A. (1)
11H-4,46-47 cm, 111.59 m CCSF-A. (2) 11H-4, 110-111 cm, 112.23 m CCSF-A. (3) 11H-5,28-29 cm, 112.91 m CCSF-A.
(4-5) 11H-5, 68-69 cm, 113.31 m CCSF-A. (6) 11H-5, 96-97 cm, 113.59 m CCSF-A. (7) 11H-5, 100-101 cm, 113.63 m
CCSF-A. (8-9) 11H-5, 108-109 cm, 113.71 m CCSF-A. (10-12) 11H-5, 116-117 cm, 113.79 m CCSF-A.
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Figure 6. Planktonic foraminiferal accumulation rates. (a) Magnetostratigraphy of Site U1334 and the La2011 eccentricity
solution. The 405-Kyr eccentricity Cycle Numbers are indicated. The position of the Oligocene-Miocene boundary
corresponds to the base of Chron C6Cn.2n. (b) Estimated CaCO; content based on a calibration of magnetic susceptibility to
coulometric measurements of carbonate content. (c—f) Species specific PFARs.

“squeezing” of Chron C6Cn.2n in the original CaCO; tuned age model (Beddow et al., 2018). To calculate
species-specific planktonic foraminifer accumulation rates (PFARs) we multiplied the total number of planktonic
foraminiferal tests (i.e., in the 250-355 pm size fraction) per gram by mass accumulated rates (MARs) (Figure 6)
(Diester-Haass et al., 2011). In turn, MARs were computed by multiplying linear sedimentation rates (this study,
based on Beddow et al. (2018)) by the dry bulk density (Pilike et al., 2010). It is important to realize that PFARs,
like all change rates, depend on the age model, which in the case of Site U1334 is based on astronomical tuning to
Earth's eccentricity solution (Figure 6). However, the overall structure and long-term cyclicity of the PFAR
records is a robust feature that can readily be observed in the records of the total number of planktonic fora-
miniferal tests in the stratigraphic depth domain.

3. Results
3.1. Planktonic Foraminiferal Morphology and Preservation

Specimens of T. primordius and G. altiaperturus are taxonomically consistent with previous studies (Spezzaferri
et al., 2018). For P. siakensis (Figure 4), most specimens have 5-6 chambers in the final whorl, moderately
depressed radial sutures, and an umbilical to extra-umbilical aperture bordered by a distinctive lip. While some
specimens have more enveloping and kummerform (i.e., small and stunted) final chambers (e.g., specimens 2, 10,
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and 11, Figure 4), the imaged specimens are consistent with specimens from the type locality presented in
Zachariasse and Sudijono (2012). The specimens of D. venezuelana (Figure 5) are relatively consistent in terms of
morphology, with only a small degree of variance in their morphological characteristics. Visually, foraminifera
from the Oligocene-Miocene interval of Site U1334 appear moderately preserved, with the preservation being
poorer compared to the early to middle Miocene of Site U1338 (Fox & Wade, 2013; Fox et al., 2021). In general,
infilling is rare, but foraminifera are partially dissolved and/or recrystallized. The most common post burial
alteration is the presence of coccoliths on the foraminiferal test wall. The degree of recrystallization appears to
increase downcore, especially in the older, Oligocene samples (i.e., Figures 4(12) and 5(12)).

3.2. Planktonic Foraminiferal Accumulation Rates

On the eccentricity tuned age model, our data cover the late Oligocene and early Miocene epochs, between
~24.15 and 21.95 Ma, including the OMT at around 23.0 Ma. The records span 405-Kyr Eccentricity Cycles 60
to 55 (Figure 6), counted from 405 Kyr eccentricity minimum to 405 Kyr eccentricity minimum, broadly
corresponding to an earlier eccentricity cycle numbering scheme that counts from mid-cycle to mid-cycle
(Pilike, Norris, et al., 2006; Wade & Palike, 2004; Wade et al., 2011). Our 405-Kyr eccentricity based
astrochronozones are concurrent with magnetochrons C6B and C6C (Hilgen et al., 2020; Liebrand et al., 2016).
PFAR are highly variable and species dependent (Figure 6). Overall, the most abundant and nearly continu-
ously present planktonic foraminifer species is D. venezuelana with PEARs ranging between 0 and 9 tests/cm?/
Kyr. The next most abundant planktonic foraminifer species is P. siakensis, which PFAR are marked by values
ranging from O to an absolute maximum of 12 tests/cmZ/Kyr at ~23.9 Ma. We note, however, that the P.
siakensis record is not as continuous as that of D. venezuelana. Both the D. venezuelana and the P. siakensis
PFARSs show a modest 405-Kyr pacing, with maximum PFARs during 405-Kyr eccentricity minima (Figure 6).
In contrast to this relatively continuous presence of thermocline-dwelling planktonic foraminiferal tests in the
sediments, mixed-layer dwellers Globigerinoides and Trilobatus are only present intermittently throughout the
study interval. Both the G. alfiaperturus and the T. primordius PEARs range between 0 and 1 tests/cm*/Kyr
from 22.4 until 22.1 Ma, concurrent with the 405 Kyr eccentricity minimum “between” Cycles 56 and 55. They
are almost completely absent for the rest of the study interval, during both eccentricity maxima and minima
(Figure 6).

3.3. Foraminiferal '®0 and §'>C Records

Some key observations from the combined planktonic and benthic foraminiferal 8'%0 records (Figures 7 and 8)
are that (a) the maximum 8'%0 values of 2.9%o, reached by O. umbonatus, concur with the peak of the OMT
glaciation/global cooling, (b) the increase in 8'%0 values during peak OMT conditions, so strongly expressed in
both previously published benthic foraminiferal 8'80 records (Beddow et al., 2016, 2018), is much delayed, of
smaller amplitude, and altogether differently structured in the D. venezuelana 5'30 record, and (c) the D. ven-
ezuelana 8"0 record is marked by a substantial increase in amplitude variability during the early Miocene,
compared to the late Oligocene. Some key observations from the combined planktonic and benthic foraminiferal
8'2C records (Figures 7 and 9) are that (a) the CM-OM positive isotope excursion is present in all foraminiferal
813C records (b) the carbon isotopic fractionation between bottom waters (as recorded in C. mundulus 813C) and
pore waters (as recorded in O. umbonatus 8'>C) is much more pronounced compared to isotopic fractionation
within the water column (i.e., between planktonic and epifaunal benthic foraminiferal 8'3Q), (c) the increase in
higher frequency amplitude variability during the early Miocene in the D. venezuelana 8'30 record is absent from
the D. venezuelana 8>C record, and (d) the difference, or vertical gradient, between D. venezuelana and C.
mundulus 5">C records increases with time and is generally most amplified during 405 Kyr eccentricity cycle
minima.

3.4. Amplitude Variability of Foraminiferal §'*0 and §*C

To distill more features from the somewhat noisier “raw” species-specific isotope records (Figures 8 and 9), we
compute smooths (Marron & Zhang, 2005), including +1 standard deviation (SD) variability estimates, and linear
trends across the study interval, on the three highest resolution 8'%0 and 8'3C records of D. venezuelana, C.
mundulus, and O. umbonatus (Figure 10). We consider the isotope records of P. siakensis, G. altiaperturus, and T.
primordius too poorly resolved (Figures 8 and 9) for smoothing and trending. The smooths and linear trend lines
visualize both the long-periodic orbital variability (i.e., 405 Kyr eccentricity and longer) and secular change over
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Figure 7. Foraminiferal water column/sediment depth-habitats. The grouping of isotopic values in clusters for each species
indicates that despite visual evidence for modest dissolution and/or recrystallization (see Figures 4 and 5) a primary isotopic
depth-habitat signal is preserved in Oligo-Miocene foraminifera from Site U1334.
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Figure 8. Foraminiferal 880 records across the Oligo-Miocene Transition (OMT). (a) Planktonic and benthic foraminiferal
30 records from Site U1334 on the eccentricity tuned age model. (b) Magnetostratigraphy of Site U1334 and the La2011
eccentricity solution. The 405-Kyr eccentricity Cycle Numbers are indicated.
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Figure 9. Foraminiferal 5'C records across the Oligo-Miocene Transition. (a) Magnetostratigraphy of Site U1334 and the
La2011 eccentricity solution. The 405-Kyr eccentricity Cycle Numbers are indicated. (b) Planktonic and benthic
foraminiferal 8'*C records from Site U1334 on the eccentricity tuned age model. CM-OM stands for Oligocene-Miocene
carbon maximum.

the study interval, respectively. Due to the uneven data resolution of these individual records, we refrain from
computing subsurface-to-deep ocean vertical isotope gradients. However, we do display them as shaded areas to
aid the discussion (Figure 11). Furthermore, we caution against statistical (over) interpretations of the short-term
variability (i.e., ~110 Kyr eccentricity and shorter) within and between the records, such as frequency coherences
and phase relationships. For longer periodic signals (i.e., 405 Kyr eccentricity and longer) such statistical pro-
cessing is also not recommended, due to the relatively short time span of our records, and hence, the low number
of long-periodic cycles present.

Linear trend lines in 8'®0 are marked by broadly similar positive slopes among the D. venezuelana, C. mundulus,
and O. umbonatus records, even though the slope of the C. mundulus "0 trend line is slightly less steep than the
other two (Figure 10a). Most remarkable, and better visualized in the smoothed records, is the heterogeneous
expression of the (transient) 8'0 increase across the OMT at ~23.0 Ma. A stepwise increase is observed in the
infaunal benthic foraminiferal 8'®0 record of O. umbonatus, with 8'0 values varying around ~1.9%. between
24.1 and 23.2 Ma, and around ~2.3%o between 23.2 and 22.0. The excursion itself is up to ~1.1%¢ within the *+1
SD variability estimates (Figure 10). A more transient increase across the OMT is present in the epifaunal benthic
foraminiferal 8'%0 record of C. mundulus. The excursion in this record is marked by a maximum &'0 increase of
~1.5%0 within the 1 SD variability estimates. In the smooth of the D. venezuelana 5'%0 record, the much
delayed (relative to the benthic records) and largely transient increase in 5'®0 becomes more apparent. Its
maximum amplitude is 1.7%¢ within the £1 SD variability estimates. Furthermore, the large increase in the range
of variability in the D. venezuelana 5'®0 record can now also be better constrained. The late Oligocene interval is
marked by a range of ~0.5%o around the mean, whereas the early Miocene interval is characterized by a range of
~1.0%o around the mean (Figure 10).

Like the linear trend lines in the §'®0 values, those computed on the species' 8'°C values have comparable
positive slopes across the study interval (Figure 10b). However, the C. mundulus 8">C trend line, like the C.
mundulus "0 trend line, is less pronounced. The smoothed foraminiferal 8'>C records show in greater clarity on
long-periodic orbital time scales and is most strongly expressed in the D. venezuelana 8'>C record, with nearly
every 405 Kyr eccentricity maximum (minimum) corresponding to a 8'°C minimum (maximum). The one
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Figure 10. Smoothed foraminiferal 5'80 and 8'C records from Site U1334. (a) Smoothed planktonic (D. venezuelana only)
and benthic foraminiferal 5'%0 records +1 standard deviation (shaded areas). (b, c) Magnetostratigraphy of Site

U1334 and the La2011 eccentricity solution. The 405-Kyr eccentricity Cycle Numbers are indicated. (d) Smoothed
planktonic (D. venezuelana only) and benthic foraminiferal 8'3C records +1 standard deviation (shaded areas).

exception in 405 Kyr response occurs at 22.7 Ma, directly post-OMT and concurrent with the main body of the
CM-OM, when a pronounced §'>C minimum occurs during a 405 Kyr eccentricity minimum. During three
405 Kyr eccentricity maxima, at ~23.7, ~23.2, and ~22.1 Ma, the D. venezuelana 5">C approach C. mundulus
8'C values, reducing (i.e., “collapsing”) the between-species isotope gradients to an absolute minimum
(Figure 11). Variability in smoothed O. umbonatus &'>C is of very high amplitude and is potentially affected by a
few high values/remaining outliers and gaps in record, making it more difficult to untangle the (potential)
response to the 405 Kyr eccentricity cycle.

4. Discussion
4.1. Diagenetic and Ontogenetic Effects on Foraminiferal Isotope Values

Before we can interpret our foraminifer 8'30 and 8'3C records in terms of climate, land-ice, ocean, and carbon
cycle variability through time, we need to briefly address isotopic overprints and other effects on absolute isotopic
values, for example, due to calcification out of equilibrium with sea-water, caused by: (a) recrystallization
(Pearson et al., 2001; Sexton et al., 2006), (b) changes in depth habitat and ecology due to vertical water column
migrations on seasonal, ontogenetic (i.e., life cycle), or evolutionary time scales, and/or (c) evolutionary adap-
tations in which photosymbionts are acquired or lost between 24.15 and 21.95 Ma. Of these potential “biases” on
isotopic ratios, bias (a) can affect both planktonic and benthic foraminiferal isotope values, whereas biases (b) and
(c) can only affect the planktonic foraminiferal isotope values considered here. The grouping of isotopic values
into distinct clusters for each species in the 8'30-8'3C space (Figure 7) indicates that, despite moderate
recrystallization (Figures 4 and 5), a primary isotopic signal is still preserved. We infer that these primary signals
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Figure 11. Climate, carbon cycle, and productivity variability as recorded at
Site U1334. (a) The D. venezuelana versus the C. mundulus 5'20 record.
(b) The La2011 eccentricity solution. Note that eccentricity is depicted two
times to match the different (dominant) 405 Kyr responses of both '%0 and
8'3C, whilst keeping the proxy records ordered by water column/
calcification depth. (c) The D. venezuelana versus the C. mundulus 8'3C
record. (d) Estimated CaCOj; content based on a calibration of magnetic
susceptibility to coulometric measurements of carbonate content. Below, the
magnetostratigraphy of Site U1334.

reflect a combination of habitat during ontogeny/calcification depth in the
water column, or inside the sediment in case of infaunal O. umbonatus, and
the presence or absence of photosymbionts, in case of the planktonic species,
because the time-averaged species-specific isotopic fingerprints (Figure 7),
remain largely stable throughout the study interval (Figures 8-10). This
observation also holds true for the OMT and no relative inversions between
species in either 8'%0 or 8'*C isotope space are observed. We can thus
conclude that no major changes in (average) depth habitat or photosymbiont
acquisition/loss occurred in the EEP during the 24 to 22 Ma Oligo-Miocene
time-interval considered here.

4.2. Planktonic Foraminiferal Depth Habitat During the Oligo-Miocene

Both T. primordius and G. altiaperturus record the most negative 5'%0 and
most positive 8'°C values (Figure 7) consistent with a mixed layer photo-
symbiotic life cycle (Spezzaferri et al., 2018). The relative positioning of both
the P. siakensis and D. venezuelana specimens from Site U1334 in §'0-8">C
space with respect to the other planktonic and benthic foraminifer species,
supports that they were asymbiotic upper (Leckie et al., 2018; Pearson &
Wade, 2009) and lower (Beasley et al., 2021; Gasperi & Kennett, 1993;
Pearson & Wade, 2009; Pearson et al., 1997; Wade et al., 2007) thermocline
dwelling species, respectively, during the Oligo-Miocene interval covered in
this study (Figure 7). At Site U1334 the thermocline corresponds to the
boundary between EUC/EqPIW and PDW (Rippert et al., 2017), from which
we infer that these species probably lived between ~100 and 200 m water
depth (Figures 2a and 2b), and below the deep chlorophyll maximum at
around 50-100 m water depth (Cornec et al., 2021). For D. venezuelana, this
inferred Oligocene-Miocene depth habitat contrasts with those inferred for
earlier and later Oligo-Miocene time intervals. Considering all evidence, D.
venezuelana changed its depth-habitat more permanently, on evolutionary
time scales, from a relatively shallow position in the mixed layer (i.e., a
shallow thermocline habitat) during the early (Moore et al., 2014) and “mid”
Oligocene (Wade & Palike, 2004), to a deeper position in the thermocline
during the late Oligocene ((Matsui et al., 2016; Stewart et al., 2012; Wade &
Palike, 2004), this study). In addition to these (apparent) long-term adaptive/
evolutionary trends in depth habitat of D. venezuelana in the EEP, isotope
values of D. venezuelana change through ontogeny with larger specimen
living deeper in the water column (Stewart et al., 2012; Wade et al., 2007).
However, we can largely rule out these ontogenetic effects on our record, as
multiple specimens from a restricted size fraction (250-355 pm) were
analyzed. Another potential effect on D. venezuelana isotope values are
vertical migrations/habitat changes on astronomical time scales, for example,
the 405 Kyr time scales under consideration here. The ~405 Kyr signal in D.
venezuelana PFARs may provide tentative evidence for this hypothesis.
However, further work is needed to better constrain potential migrations on
eccentricity (and shorter astronomical) time scales.

4.3. Cryospheric, Climatic, and Oceanographic Controls on Foraminiferal §'30

Species-specific and habitat fractionation can explain the different incorporation of &'%0 into the calcite of

different species of foraminifera, thereby explaining their consistent offsets in absolute values (Pearson, 2012;

Rohling & Cooke, 1999). However, long term trends and orbital variability captured in foraminiferal §'*0 values

of a particular species, are a function of ambient temperature and salinity, and global land-ice volumes, with lower
(higher) temperature, higher (lower) salinities, and higher (lower) land-ice volumes contributing to higher (lower)
foraminiferal 8'30 values. The exact (species specific) partitioning of the integrated 5'0 signal among these
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three parameters can only be quantified with additional independent temperature, land-ice volume, and/or salinity
proxy data (Meckler et al., 2022), which are currently unavailable for Oligo-Miocene interval from Site U1334.
However, despite these limitations, we can explore, albeit somewhat more speculatively, which processes were
more likely to have governed the various species-specific 8'®0 records, by comparing when signals are homo-
geneous between planktonic, and epifaunal and infaunal benthic 8'%0 records, suggesting (a) common cause(s),
and when patterns in the records are more heterogeneous, suggesting several independent causes.

On time scales longer than the mixing time of the oceans (i.e., ~1 Kyr), the land-ice volume effects on 5'%0 values
of both planktonic and benthic foraminifera is presumed to be of similar amplitude. Therefore, we interpret the
positive trends, marked by largely comparable slopes, to reflect the increase in land-ice volume on Antarctica
across the OMT (Figure 10). Similarly, part of the variability that is shared between planktonic and benthic
foraminiferal §'%0 records on shorter, orbital time scales can also be attributed to Antarctic land-ice volume
variability (Figures 8 and 10). However, due to the more variable, or noisier character of the D. venezuelana 8'%0
record, quantifying what part of the planktonic and benthic 5'®0 records is shared on orbital time scales is
dependent on arbitrary choices of time series analysis (e.g., filter width). We attribute residual signals in the D.
venezuelana, C. mundulus, and O. umbonatus 820 records, that is, where they are no longer in close agreement
among each other (Figures 8 and 10), to more ambient temperature and salinity effects on 8'30. For example, the
greater amplitude of the transient OMT glaciation in the C. mundulus 8'30 record compared to the D. venezuelana
'80 record, probably reflects the enhanced cooling of the higher latitudes, where AABW and PDW formed,
compared to tropical surface waters in which D. venezuelana and other planktonic foraminifera built their tests.
Alternatively, greater variability in (astronomically forced) latitudinal ITCZ migrations may have affected sur-
face ocean temperatures considerably, thereby explaining the enhanced early Miocene D. venezuelana 50
variability. Such a hypothesis is supported by a documented increase in Asian dust deposited in the EEP and the
associated southward migration of the ITCZ during the OMT (Hyeong et al., 2014). Lastly, a (temporary) flow
reversal through the CAS, from westward to eastward (Fraass et al., 2019), may have reduced the amount of more
saline Atlantic surface/intermediate waters (Figures 1b, 2c, and 2d) from entering the surface/intermediate EEP,
thereby attenuating the OMT (temperature) signal in the D. venezuelana 8'%0 record. However, planktonic
foraminiferal 8'%0 records suggest that large isotopic gradients did not evolve until the Pliocene (~4.2 Ma), when
the CAS became effectively restricted (Haug et al., 2001), and the EEPs modern-like cold tongue became
established (Liu et al., 2019; Steph et al., 2010). Further single species foraminiferal isotope work is needed to
establish whether large isotope gradients were (not) present between Atlantic and Pacific during the OMT
(Pearson et al., 1997). Most probably, a combination of temperature and salinity controls best explains the
heterogeneous planktonic versus benthic 5'®0 signals across the OMT. We note that the differing surface versus
deep water response as recorded in planktonic and benthic 8'®0 is not unique to the OMT EEP. Across the mid
Miocene climatic transition (MMCT), no 8'%0 shift in mixed layer planktonic foraminifera was observed, whilst
benthic §'%0 increased by 1%o (Fox et al., 2021). Both the OMT and MMCT records thus suggest that the EEP
was sensitive to water-column-heterogeneous temperature (and salinity) variations. The somewhat attenuated
expression of the OMT in the O. umbonatus 80 record is less easily explained, as this species would have
experienced a similar drop in bottom water temperatures as C. mundulus.

The remarkable increase in the range of variability in the D. venezuelana 8'%0 record during the early Miocene
(Figures 8 and 10), is probably not a measure of increased seasonality, which is minimal at the tropics.
Furthermore, our D. venezuelana 8'®0 record was measured on multiple specimens, thereby averaging any
seasonality signals that may have been recorded in individual foraminifer tests. We hypothesize that the increased
range of variability in the early Miocene part of the D. venezuelana &'®0 record resulted from greater orbitally
paced variability mainly in sea surface salinities linked to (a) enhanced movement of oceanic and atmospheric
fronts (Hyeong et al., 2014; McPhaden et al., 2006; Neelin et al., 1998), termed here “Fronts Hypothesis,” and the
control these fronts exert on the strength of equatorial divergent upwelling, and/or (b), perhaps, the amount of salt
transported from the Atlantic to the Pacific (Figures 1 and 2), through the CAS (Figure 3), termed here “CAS
Hypothesis.”

According to the “Fronts Hypothesis,” the increased range of D. venezuelana 8'®0 variability in the early
Miocene (Figures 8 and 10) was governed by greater variability of surface currents over Site U1334. The EEP is
marked by a complex oceanographic setting, and by considerable salinity gradients between the cold tongue and
surrounding surface waters (Figure 1). Furthermore, with 1 psu of salinity change causing ~0.50%¢ change in
foraminiferal 8'%0, versus 1°C temperature change equating to ~0.25%. change in foraminiferal 5'%0, the
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movement of surface currents with variable salinities has a greater influence than temperature on foraminiferal
5'80. A change in oceanic frontal systems, is supported by a more permanent southward shift of the ITCZ in
response to NH cooling during the OMT (Hyeong et al., 2014). ITCZ changes are closely linked to ENSO in-
tensity/variability, and both processes, in turn, govern the ratio between evaporation and precipitation over the
EEP. Lastly, atmospheric, and oceanic fronts control the (variable) strength of equatorial upwelling of colder and
more saline intermediate and deep waters (Figures 1 and 2). The Southern Ocean is the source of waters upwelled
in the EEP (Schmitz Jr., 1995; Toggweiler et al., 1991), thereby temperature and nutrient changes around
Antarctica have a direct impact on the Pacific equatorial region. Furthermore, southern hemisphere cooling and
ice growth would impact meridional gradients and cause adjustments to wind patterns and oceanic fronts in the
EEP. The shifts in frontal arrangements and/or intensified upwelling in the EEP would result in shifts in upper
ocean salinity and temperature. During the early Miocene, rapidly changing frontal system therefore may also
have affected planktonic 8'30 values indirectly, through a control on upwelling. However, a modern-like cold-
tongue did probably not evolve until the CAS became much more restricted during the latest Miocene or Pliocene
(Haug et al., 2001; Liu et al., 2019; Steph et al., 2010).

According to the “CAS Hypothesis,” the increased range of D. venezuelana 8'®0 variability in the early Miocene
(Figures 8 and 10), was also predominantly salinity controlled. However, for this hypothesis we speculate that the
flow direction and amount exchange of waters between the Atlantic and Pacific (Fraass et al., 2019; von der Heydt
& Dijkstra, 2005, 2006), may have become variable on orbital timescales during the early Miocene, and perhaps
glacioeustacy controlled, after global mean sea levels were lowered during the peak of the OMT, and other
405 Kyr eccentricity paced global cooling events. However, for this mechanism to be feasible, the CAS would
have to be quite restricted already; a requirement that is not currently testable given the best available paleo-
geographic reconstructions. These suggest a very wide range of potential plate polygon configurations during the
OMT (Figure 3), making any physical and chemical oceanographic interpretations (Figure 2) for the OMT highly
speculative at best. Overall, the complex interplay between oceanic and atmospheric frontal systems, their effect
on surface currents (through the CAS or not), and more speculatively upwelling and (proto-) cold tongue (Liu
et al., 2019; Steph et al., 2010), are thought to have become more dynamic during the early Miocene, as docu-
mented in the greater range of variability in D. venezuelana 8'®0 values.

4.4. Global Carbon Cycle and Oceanographic Controls on Foraminiferal §>C

Like the interpretation of foraminiferal 8'®0, absolute offsets between species-specific 8'>C records can be
explained by ambient 8'°C of the water mass/pore waters of calcification, between-species differences in
respiration, and/or the presence of photosymbionts (Beasley et al., 2021; Beltran et al., 2014; Gasperi & Ken-
nett, 1993; Nederbragt, 2023; Pearson & Wade, 2009; Pearson et al., 1997; Wade & Palike, 2004). However,
different long-term trendlines as well as between-record variability on shorter, orbital time scales, require ex-
planations in terms of varying responses to (global) carbon cycle events and/or the imprint of ambient physical
and chemical oceanographic conditions that varied throughout the water/sediment column. Our D. venezuelana
8'2C record reveals that the CM-OM, previously described from benthic foraminiferal records, also affected the
carbon isotope budget of the sub-surface Pacific Ocean, providing further evidence that this event was a major
Cenozoic global carbon cycle perturbation. Corroborating evidence for the global nature of CM-OM comes from
the similarity in expression of the CM-OM in benthic foraminiferal '*C records from the Atlantic Ocean (Billups
et al., 2004; Liebrand et al., 2016; Paul et al., 2000). Previous studies have indicated that the CM-OM is probably
in response to global cooling across the OMT (Zachos et al., 2001), and linked to the deposition of organic carbon
(.., "2C) rich deposits and phosphogenesis in shallow marine/shelf environments in Florida and South Africa
(Compton et al., 1990, 1993, 2004; Hodell & Woodruff, 1994), which would have resulted in a more '*C depleted
global ocean (Figures 9 and 10).

Superimposed on the long-term positive trend in all 'C values associated with the CM-OM, we observe a
gradually increasing gradient between surface and deep ocean foraminifer species. We use the difference in
foraminiferal 8'>C, between the asymbiotic deep thermocline-dweller D. venezuelana 8'>C and the benthic
foraminifer C. mundulus, as a means of estimating the strength of the BCP (Figure 11). Our definition of the
BCP includes the biologically mediated transfer of carbon from the atmosphere and surface ocean to the deep
ocean but excludes the transfer to the sediment. Furthermore, it incorporates the organic carbon pump (i.e., the
sinking of particulate organic matter) and the carbonate counter pump (i.e., the remineralization of carbonate in
the deep sea). The active removal of '>C from the surface ocean to the deep by biota (Boyle, 1988; Hodell
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et al., 2003; Rohling & Cooke, 1999; Toggweiler, 1999), leaves the surface reservoir depleted in the 12C, and
the deep reservoir enriched in '>C, causing a gradient between planktonic and benthic 8'>C signals (Kroop-
nick, 1974). We interpret the BCP to function more effectively, when this gradient is increased, as we
document at Site U1334 at, for example, 22.3 Ma (Figure 11). Vice versa, we interpret collapses in vertical
83¢C gradients, for example, at 24.1, 23.7, and 22.1 Ma, as indicative of a (much) less efficient BCP. An
increase in primary productivity can cause a more effective BCP. However, the BCP is also temperature
dependent (Boscolo-Galazzo et al., 2021), for example, when global climate transitioned to cooler, more
glaciated conditions across the OMT. Both processes, that is, increased primary productivity and cooling, were
probably at play in the EEP. The overall rise in planktonic $'>C through our record, coupled with a larger
vertical 8'C gradient, indicates greater productivity in the EEP with enhanced export productivity to the
seafloor, perhaps due to upwelling intensity as indicated in the highly variable 5'®0 record. The slight cooling
of thermocline waters in the early Miocene allowed a greater 8'°C gradient and more particulate organic carbon
to reach the seafloor. In the latest Oligocene gradients were generally smaller indicating most or all particulate
organic carbon was utilized higher in the water column. Regional cooling of the EEP (in response to eccen-
tricity paced global cooling) is documented in the D. venezuelana 5'®0 record. Evidence for increased primary
productivity comes from the correlation between increased 8'°C gradients and CaCO; content of the sediment
(Figure 11) (Wade & Palike, 2004). We also note that PFARs (Figure 6) were generally highest during 405 Kyr
eccentricity minima, concurrent with the highest 8'*C gradients, thereby providing further corroborating evi-
dence for a (partial) primary productivity control on these gradients. Intensification of atmospheric circulation
patterns and dust transport from the Eurasia continent eastward to the EEP (Hyeong et al., 2014) could have
provided more Fe to an otherwise oligotrophic ocean, thereby increasing primary productivity during the early
Miocene, especially during 405 Kyr eccentricity minima, when global climate cooled even further. Cooling at
the poles also affects the strength of upwelling in the equatorial upwelling zone, which in turn resulted in an
increased nutrient availability, higher primary productivity, an enhanced BCP efficacy, and an increased surface
to deep ocean 8'°C gradient (Figures 9 and 11).

5. Conclusions

We present planktonic foraminiferal §'0 and 8'°C data from Site U1334 located in the EEP that span the late
Oligocene and early Miocene time interval (from 24.15 to 21.95 Ma). We juxtapose these planktonic data to
previously published benthic foraminiferal '®0 and 8'C records from the same site to investigate vertical water
column variability in physical and chemical oceanographic conditions. Furthermore, we use these data to describe
the evolution of linear trends and long-periodic orbital variability of climate and carbon cycling across the OMT.
The uncertainties concerning (a) the many physical, chemical, and biological processes that affected the
planktonic and benthic foraminiferal isotope values, and (b) the climatic, cryospheric, and geographic (e.g., the
size, depth, and shape of the CAS) background hamper straightforward proxy interpretations. However, we argue
that with an open CAS, and hence, a greater flow of salinity from the Atlantic to the Pacific, that salinity
influenced the 8'%0 of seawater in the EEP, especially during the early Miocene when D. venezuelana 5'%0
variability drastically increased compared to the late Oligocene. Alternatively, the onset of a more variable
movement of surface currents and oceanic fronts across the OMT, would have caused greater salinity variability
during the early Miocene. The CM-OM is marked in both surface and deep 6'>C data, supporting that this was a
carbon cycle reorganization of global impact with an onset that broadly coincided with the transient global
cooling and partially transient (Antarctic) land-ice sheet expansion during the OMT. Increased gradients between
surface and deep ocean 8'°C are indicative of an enhanced primary productivity, BCP, and export productivity,
forced by enhanced dust delivery through changes in atmospheric circulation, and/or enhanced upwelling of
nutrient rich waters during the early Miocene. These gradients were generally best expressed during eccentricity
minima, indicating that astronomically forced climate changes modulated BCP intensity in the EEP. Our study
further constrains the role of the EEP in contributing and responding to global climate-cryosphere and carbon
cycle changes across the OMT.
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