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A B S T R A C T

The Pacific Ocean hosts the largest expanse of oxygen depleted waters owing to a combination of factors 
influencing oxygen supply and consumption, with consequences for biogeochemical cycling. However, under-
standing of the long-term evolution of the Pacific Oxygen Deficient Zone remains poorly constrained. Here we 
apply the Iodine to Calcium (I/Ca) ratio in planktic foraminifera, in combination with the absence/presence of 
Globorotaloides hexagonus, from four tropical Pacific Ocean sites to reconstruct oceanic oxygen across the late 
Cenozoic. To validate the application of I/Ca, we supplement existing I/Ca calibration datasets by expanding 
their spatial coverage with additional core-top measurements. Our downcore results, combined with other lines 
of evidence, indicate the emergence and establishment of low oxygen waters from the late Miocene-Pliocene. The 
decline in Pacific Ocean oxygen accompanies large-scale climate and tectonic changes and likely impacted 
marine carbon cycling.

1. Introduction

Observational data shows that Oxygen Deficient Zones (ODZs) have 
been expanding over the past several decades (Breitburg et al., 2018) in 
line with climate model outputs projecting a reduction in oceanic oxy-
gen (O2) in response to climate warming (Oschlies, 2021). The intensi-
fication and expansion of O2 deficient areas of the ocean has been linked 
to a temperature driven increase in O2 solubility in the surface ocean 
(Keeling et al., 2010) coupled with enhanced water column stratification 
leading to reduced O2 redistribution at depth (Li et al., 2020). The Pa-
cific Ocean is presently host to one of the most extensive areas of O2 
deficient waters with well-defined areas of minimum O2 concentrations 
existing in subsurface waters (200 – 1000 m) both north and south of the 
equator along the eastern margin (Fig. 1B). Subsurface O2 concentration 
is dependent on supply and consumption. Consumption of oceanic O2 is 
modulated by the strength and efficiency of the biological carbon pump 
(BCP) determining both the amount of organic carbon produced via 
primary productivity and its subsequent transfer to the deep ocean. The 
eastern tropical Pacific (ETP) is highly productive, representing 10 % of 

global primary production (Pennington et al., 2006) influenced by the 
injection of nutrients via wind-driven shoaling of the thermocline (Helly 
and Levin, 2004). These regions of high primary productivity influence 
O2 depleting conditions through the export and remineralization of 
sinking organic matter consuming O2. Ocean circulation influences the 
supply and distribution of O2 with limited ventilation and long water 
residence times contributing to reduced O2 concentrations within Pacific 
deep and intermediate waters (Karstensen et al., 2008). Intrinsically 
linked to these biogeochemical and physical processes governing O2 
concentration and distribution within the Pacific Ocean is both the 
sequestration and release of CO2; today the ETP represents a region of 
air-sea disequilibrium due to the flux of CO2 to the atmosphere via up-
welling of deep and intermediate waters (Takahashi et al., 2009). The 
ETP may have been an important carbon reservoir during the last glacial 
period (Jacobel et al., 2020) facilitated by the expansion of O2 depleted 
waters (Hoogakker et al., 2018) in response to reduced ventilation 
(Skinner et al., 2015), a stronger BCP (Jaccard and Galbraith, 2012) or 
O2 disequilibrium (Cliff et al., 2021). Following deglaciation, this pool of 
respired carbon is thought to have been an important CO2 source via 
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increased ventilation of intermediate and deep waters (Anderson et al., 
2009; Martínez-Botí et al., 2015; Ronge et al., 2021; Shuttleworth et al., 
2021). Despite the important coupling between oceanic O2 and carbon 
cycling, long-term reconstructions of oceanic O2 are lacking. The Pacific 
Ocean is thought to have been distinctly different across the late 
Miocene and early Pliocene, characterised by altered meridional and 
zonal sea surface temperature gradients (Zhang et al., 2014; Herbert 
et al., 2016) with consequences for wind-driven upwelling (Dekens 
et al., 2007; Drury et al., 2018; Shankle et al., 2021), while gateway 
changes were occurring at the eastern and western margins (Karas et al., 
2017). Amongst this backdrop of basin-wide departures from a 
contemporary Pacific, large-scale climatic changes were taking place. 
Namely, the progressive expansion of ice in the high latitudes of both 
hemispheres (Evangelinos et al., 2024; Leutert et al., 2020; Raymo, 
1994) with attendant changes in global oceanic and atmospheric cir-
culation patterns (Butzin et al., 2011; Groeneveld et al., 2017). Collec-
tively, and individually, these factors would have exerted competing 
influences on Pacific Ocean O2 concentrations and distribution, with 
consequences for CO2.

The application of iodine to calcium ratios (I/Ca) in both planktic 
and benthic foraminifera is an emerging proxy for subsurface and bot-
tom water O2 concentrations, respectively (Glock et al., 2014; Hess 
et al., 2023; Hoogakker et al., 2018; Lu et al., 2016; W. Lu et al., 2020; 
Zhou et al., 2014) owing to iodine’s redox sensitivity (Rue et al., 1997). 
The exploitation of foraminiferal shell geochemistry to determine I/Ca 
stems from the ability of the oxidized species of iodine, iodate (IO3

− ), to 
substitute with CO3

2- in CaCO3 (Feng and Redfern, 2018). The concen-
tration of IO3

− in seawater as it reduces to iodide (I− ) under O2 reducing 
conditions is manifested as lower foraminiferal I/Ca. Due to the com-
bined nature of iodine speciation and mixing effects in the water col-
umn, it has been inferred that the I/Ca of planktic foraminifera does not 
reflect in-situ conditions but influenced by vertical advective processes 
(Chance et al., 2014; Hardisty et al., 2021; W. Lu et al., 2020; Zhou et al., 
2015). It has been proposed, based on core-top calibration studies, that 
I/Ca values of < 2.5 μmol/mol reflect dissolved O2 concentrations in 
subsurface waters of < 70 μmol/mol, indicative of hypoxic conditions 
(Lu et al., 2016; W. Lu et al., 2020) whilst I/Ca values of > 4 μmol/mol 
are thought to indicate well-oxygenated subsurface waters with dis-
solved O2 concentrations of > 100 μmol/mol (Lu et al., 2016; W. Lu 
et al., 2020). However, this relationship has been recently complicated 
by the results of a plankton tow study which found a limited distinction 

between I/Ca values with dissolved O2 concentrations (Fig. 2A) 
(Winkelbauer et al., 2023). Additionally, the values obtained (< 1 
μmol/mol) were an order of magnitude different to that of reported 
core-top values (Fig. 2A). This discrepancy was suggested to be due to an 
additional gain of IO3

− post-mortem potentially biasing fossil forami-
nifera shell I/Ca signatures (Winkelbauer et al., 2023). Thus, compli-
cating the application and interpretation of I/Ca in planktic foraminifera 
as a proxy for paleo-O2 concentrations. Nonetheless, previous studies 
utilising I/Ca in planktic foraminifera have proven useful in gaining 
insights into paleo-O2 conditions with results corroborated by additional 
lines of proxy evidence (Hess et al., 2023; Hoogakker et al., 2018).

To assess how the oxygenation state of the tropical Pacific responded 
to changes in both regional and global climate across the late Cenozoic 
(16 – 0 Ma) we apply I/Ca of planktic foraminifera from deep sea sed-
iments as a proxy for redox conditions at ODP Sites 806 (0◦19.1′N, 
159◦21.7′E, 2521 m), 1236 (21◦21.538′S, 81◦26.146′W, 1322 m), 1237 
(16◦01.421′S, 76◦22.685′W, 3212 m) and IODP Site U1338 (2◦30.469′N, 
117◦58.178′W, 4200 m). Subsurface waters above ODP Site 1237 are 
located within the Southeast Pacific ODZ whilst subsurface waters above 
ODP Site 1236 and IODP Site U1338 sit at the fringes of the Southeast 
and Northeast Pacific ODZ (Fig. 1A). To further enable interpretation of 
our downcore I/Ca records, we have expanded the I/Ca–O2 calibration 
(Lu et al., 2016; W. Lu et al., 2020) by incorporating 89 datapoints from 
the Pacific and Indian Oceans (Fig. 2, S2). Our expanded calibration 
dataset includes material spanning a range of O2 concentrations and 
bolsters sample representation of environments with subsurface O2 
levels < 100 μmol/mol (Fig. 2). We also make observations of the 
occurrence of planktic foraminifera species Globorotaloides hexagonus. In 
a recent study, Davis et al. (2023) propose that this subsurface dwelling 
planktic foraminifera species may be used to trace the extent and in-
tensity of low O2 subsurface waters and subsequently used this proxy to 
demonstrate the widespread existence of pelagic oxygen minimum 
zones during the Pliocene (Davis et al., 2023). Together with published 
planktic foraminifera bound nitrogen isotope records (FB-δ15N), our 
new results are used to assess the evolution of the Pacific ODZ over the 
past 16 Myr. We then evaluate the evolution of the eastern Pacific ODZ 
in the context of wider Pacific basin water mass and ventilation changes, 
using published neodymium isotope compositions (εNd) and benthic 
foraminifera carbon isotope records (δ13C).

Fig. 1. Spatial characteristics of O2 depleted waters in the tropical Pacific subsurface (A) O2 concentrations from the WOA2018 dataset at 300 m water depth 
(1995 – 2010) (Garcia et al., 2019). Study locations shown with backtracked positions (small stars) illustrated in 5 Ma increments starting from 15 Ma through to the 
present-day site location (largest star) (Müller et al., 2018) with previously published study sites that track O2 depletion and referred to in this study (i.e. DSDP Site 
598 and ODP Sites 845 and 872) indicated by open red circles, similarly with the largest circle representing the present-day site location (Auderset et al., 2022; Hess 
et al., 2023; Wang et al., 2022) and (B) vertical profiles of dissolved O2 (Garcia et al., 2019) at each of the present-day site locations of this study.
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2. Materials and methods

2.1. Core-top and down-core material

A total of 58 sediment samples from the Indian and Pacific Oceans 
were provided by the Lamont-Doherty Core Repository, 4 samples from 
the Ocean Discovery Program (ODP) and 8 samples from the GeoB 
Bremen-MARUM core repository (Table S2).

Down-core material was sourced from 4 sites straddling the equa-
torial Pacific with ODP Site 806 and 1236 positioned on the fringes of 
the modern-day ODZ and IODP U1338 and ODP 1237 situated within 
the core ODZ to assess changes in ODZ extent and intensity over time 
(Fig. 1A). ODP 806 (0◦19.1′N, 159◦21.7′E), located atop the Ontong Java 
Plateau in the western equatorial Pacific, was drilled at a water depth of 
2521 m during Leg 130 (Kroenke et al., 1991). ODP Sites 1237 
(16◦01.421′S, 76◦22.685′W) and 1236 (21◦21.538′S, 81◦26.146′W), 
both located atop the Nazca Ridge off the Peruvian coast were drilled 
during Leg 202 at water depths of 3212 and 1322 m respectively (Mix 
et al., 2003). IODP Expedition 320/321 Site U1338 (2◦30.469′N, 
117◦58.178′W) was drilled at a water depth of 4200 m (Pälike et al., 
2010).

Today the deep Pacific Ocean is bathed by a water mass comprising 
of southern-sourced deep waters, a mixture of Antarctic Bottom Water 
and North Atlantic Deep Water (NADW), which is exported from the 
Antarctic Circumpolar Current into the Southwest Pacific and advected 
northwards prior to returning south along the eastern Pacific (Talley 
et al., 2011). This Pacific Deep Water (PDW) characterizes the deep 
waters bathing IODP Site U1338 and ODP Sites 1237 and 806. The 
shallowest site, ODP 1236, is located within the mixing zone between 
this O2 depleted and nutrient enriched PDW with better oxygenated 
Antarctic Intermediate Water (Talley et al., 2011). The subsurface cir-
culation of all sites is influenced by the eastward flowing Equatorial 
Undercurrent, a mixture of Antarctic Intermediate Water and 
Sub-Antarctic Mode Water (Kessler, 2006). Whilst intermediate waters 
in the ETP are influenced by a geochemically distinct Equatorial Pacific 
Intermediate Water, a combination of Antarctic Intermediate Water and 
PDW (Bostock et al., 2010). These intermediate waters are thought to 
exert a prominent role in determining the spatial characteristics of the 

ODZs in the eastern equatorial Pacific (EEP) (Busecke et al., 2019) 
through the contribution of cold, nutrient enriched waters which are 
upwelled to the surface (Tsuchiya et al., 1989) supporting primary 
productivity (Pennington et al., 2006).

2.2. Age model

We utilise the updated age model for ODP Sites 806 and 1236 pre-
sented in Li et al. (2023); initially reported magnetochron and micro-
fossil biochronology has been transferred onto the Geological Timescale 
2012 (GTS2012) (Gradstein and Ogg, 2012). We follow this approach 
for ODP Site 1237; converting reported magnetochron and microfossil 
biochronology (Kroenke et al., 1991) to the GTS2012 timescale 
(Gradstein and Ogg, 2012). We additionally refine the age model pre-
sented in Holbourn et al. (2022) based on high-resolution benthic 
isotope stratigraphy. For IODP Site U1338, the age model across the 
mid-Miocene (12 – 16 Ma) follows Holbourn et al. (2022) and across the 
late Miocene-Pleistocene (0 – 8 Ma) follows Lyle et al. (2019) with linear 
interpolation applied between 8 – 12 Ma.

2.3. I/Ca analysis

Preparation of planktic foraminifera specimens for I/Ca analysis 
follows the methods outlined in Winkelbauer et al. (2021). For core-top 
I/Ca analysis, a selection of 20 – 70 planktic foraminifera specimens 
inhabiting surface and thermocline waters were picked from the > 300 
μm size-fraction. Whilst for the long-term downcore records > 40 in-
dividuals were picked from the > 250 μm size-fraction. Samples were 
treated monospecifically. Specimens were crushed between two glass 
slides prior to undergoing the clay removal step following Barker et al. 
(2003). Samples subsequently underwent an extended oxidative clean-
ing step to ensure the adequate removal of organic material that may 
bias I/Ca values (Winkelbauer et al., 2021). This consisted of each 
sample undergoing a minimum of three rinses in buffered 1 % (v/v) 
H2O2 at boiling point for ten minutes with brief ultrasonification at 5 
mins and agitation at 2.5 and 7.5 mins. Following the oxidative step, 
samples were polished with a dilute (0.001 M) HNO3 leach. Analysis 
follows the procedures outlined in Winkelbauer et al. (2021). Samples 

Fig. 2. Expanded I/Ca-O2 Core-top Calibration (A) Published I/Ca ratios from planktic foraminifera core-top studies (filled circles, squares) (Lu et al., 2016; W. Lu 
et al., 2020), plankton tow study (Winkelbauer et al., 2023) (filled triangles) and new data from this study (circles, squares outlined in black) against minimum 
dissolved water column O2 concentrations and (B) O2 concentrations from the WOA2018 dataset at 300 m water depth (1955 – 2010) (Garcia et al., 2019) with white 
stars representing locations of new data from this study, yellow circles representing the location of plankton tow I/Ca (Winkelbauer et al., 2023), blue circles 
representing the core-top data from Lu et al. (2016) and red circles representing the core-top data from W. Lu et al. (2020).
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were dissolved in ultrapure (0.5 – 3 %) HNO3 on the day of analysis, 
centrifuged and split into two vials for I/Ca and trace element analysis. 
Aliquots for I/Ca analyses were stabilized with Tetramethylammonium 
hydroxide (TMAH) to attain a basic pH (> 7). I/Ca and trace element 
ratios were measured using an Agilent Technologies 8900 ICP-MS in-
strument at the Inorganic Geochemistry Facilities, BGS. The long-term 
precision based on repeat measurements of JCP-1 as an internal moni-
toring standard for I/Ca is 0.6 μmol/mol.

3. Results

A total of 89 I/Ca measurements from modern/Holocene sediment 
core-tops, consisting of 12 different planktic foraminifera species were 
analysed to expand the I/Ca–O2 calibration (Lu et al., 2016; W. Lu et al., 
2020). Samples were confirmed to be modern/Holocene in age through 
radiocarbon dating and benthic foraminifera oxygen isotope (δ18O) as-
sessments (Supplementary Text, Fig. S1). Measured I/Ca values range 
from 0.1 – 8.8 μmol/mol covering a range of minimum water column O2 
values of 0 – 200 μmol/kg. Specific geographic distinctions exist; low 
I/Ca values are found in the northern Indian Ocean (< 1 μmol/mol) and 
eastern Pacific (< 0.5 μmol/mol) whilst intermediate-to-high I/Ca 
values characterise the equatorial Indian Ocean (1 – 7 μmol/mol) and 
western Pacific (2 – 5 μmol/mol) (Fig. 2, S2). The eastern Pacific is 
characterised by the lowest reconstructed (<0.5 μmol/mol) I/Ca out of 
all regions (i.e. Indian Ocean, West Pacific and Atlantic Ocean) with 
available core-top data (Fig. S2) corresponding to minimum water col-
umn O2 values ranging up to 100 μmol/kg (Fig. S2). Generally, lowest 
core-top I/Ca (< 1 μmol/mol) are confined to minimum water column 
O2 concentrations of < 50 μmol/kg. A similar relationship is found be-
tween core-top I/Ca values with bottom water O2 concentrations 
(Fig. S3). Generally, lower I/Ca values (< 0.5 μmol/mol) are confined to 
bottom water O2 values of up to 150 μmol/kg (Fig. S3) whilst highest 
I/Ca values (> 5 μmol/mol) are associated with higher bottom water O2 
concentrations of > 150 μmol/kg (Fig. S3). Lowest bottom waters and 
I/Ca values are confined to locations from the eastern Pacific (Fig. S2B ii, 
S3). No discernible distinctions exist in I/Ca values associated with 
planktic foraminifera depth habitats with both mixed-layer and ther-
mocline dwelling species exhibiting a range of I/Ca values across O2 
conditions. Out of the 31 core-tops measured in this study all except 3 
had more than one species of planktic foraminifera analysed with no 
observed biases associated with inferred depth habitat (Fig. S2B, 
Table S2).

Long-term downcore I/Ca records were generated similarly by using 
a selection of planktic foraminifera species, a combination of both 
inferred mixed-layer and thermocline dwelling species, across the four 
selected sites (Fig. S4, Data S1). The selection of analysed planktic 
foraminifera, inferred to be inhabiting different depths within the water 
column based on the ecogrouping of Aze et al. (2011), show a limited 
distinction in I/Ca values corresponding to depth habitat (Fig. S4). 
Across all four down-core locations the highest I/Ca values (> 1 
μmol/mol) are found during the middle Miocene (> 12 Ma). ODP Sites 
1237 and 1236 record the highest I/Ca values of up to 7 μmol/mol whilst 
IODP U1338 and ODP 806 record values of up to 2 μmol/mol. It is noted 
that the planktic foraminifera I/Ca record of Hess et al. (2023) from ODP 
Site 845 (Fig. 1A) also shows high values during the middle Miocene 
with I/Ca values of up to 8 μmol/mol (Fig. 3A). The lowest reconstructed 
I/Ca (< 0.5 μmol/mol) values characterise IODP Site U1338 with low 
I/Ca values characterising the late Miocene and Pliocene (~9 – 2 Ma). A 
progressive reduction of I/Ca values at ODP Site 806 is similarly found 
from the late Miocene (< 10 Ma) onwards with lowest values (< 0.5 
μmol/mol) attained by the Pliocene (~5 Ma). ODP Site 1237 similarly 
displays a progressive reduction in I/Ca values from the late Miocene 
onwards (< 10 Ma). ODP Site 1236 meanwhile records variable and 
higher I/Ca values throughout the reconstructed interval (Fig. S4). Low 
O2 indicator species, G. hexagonus (Fig. S5), is first observed at ~7 Ma at 
IODP Site U1338 (Pälike et al., 2010) and ~7.75 Ma at ODP Site 1237 

(Fig. 3A).

4. Discussion

4.1. Planktic foraminiferal I/Ca

The expanded I/Ca–O2 calibration dataset presented in this study 
builds on previous efforts to refine the I/Ca–O2 proxy based on core-top 
data (Lu et al., 2016; W. Lu et al., 2020). The increased spatial coverage 
of I/Ca core-top datapoints, especially in the Pacific and Indian Ocean 
ODZs, provides further support for the correspondence between low 
planktic foraminifera I/Ca values in regions characterised by low sub-
surface O2 concentrations.

The relationship between O2 and I/Ca, however, is not linear 
(Fig. 2A). This is consistent with documented O2–IO3

− water column 
profiles and iodine speciation studies, highlighting the complexities of 
redox reactions in determining the reduction of IO3

− (Hardisty et al., 
2021; Farrenkopf and Luther, 2002; Moriyasu et al., 2020).

The core-top data presented in this study corroborates the existence 
of a discrepancy between core-top data and reported plankton tow I/Ca 
values (Fig. 2A). Foraminiferal CaCO3 has been shown to be susceptible 
to recrystallization during export through the water column and sub-
sequent deposition and burial at depth (Davis and Benitez-Nelson, 2020) 
with the greatest susceptibility of CaCO3 to recrystallization occurring 
imminently post-mortem (Chanda et al., 2019). This scenario of planktic 
foraminifera I/Ca being predominantly affected by post-mortem pro-
cesses has been disputed by Lu et al. (2023) following reconstruction of 
low planktic foraminifera I/Ca values in ODZ regions underlain by high 
O2 bottom waters, in combination with benthic foraminifera derived 
data for comparison (Lu et al., 2023). However, very low I/Ca values 
may reflect foraminifera shell dissolution and reprecipitation of sec-
ondary calcite occurring in the presence of I− saturated pore and bottom 
waters (Branson et al., 2015; Hardisty et al., 2017; Lau and Hardisty, 
2022). Increased concentrations of I− has been observed in porewaters 
associated with both reducing conditions and influence from degrading 
organic matter (Anschutz et al., 2000). Whilst other studies suggest a 
lack of correlation between expected I− concentrations and bottom water 
O2 content when compared to observed concentrations in ODZ regions 
(Evans et al., 2024). Instead, recent work suggests predicting 
I− concentrations is not only attributed to regions of low O2, but also 
where water column/porewaters are high in sulphide concentrations 
(Evans et al., 2024). Taken together, a simple attribution of iodine 
reducing conditions remains complex with regional processes exerting a 
strong control on both the speciation of iodine and concentrations of I− .

We infer the very low I/Ca values obtained at our study sites (< 1 
μmol/mol) from the late Miocene through the Pleistocene (Fig. 3A) as 
reflecting a limited influence of secondary IO3

− incorporation in the 
presence of high O2 concentrations. However, we cannot distinguish 
between I/Ca incorporation due to the presence and advection of bot-
tom/porewater reducing conditions in governing the reconstructed I/Ca 
signatures. To assess preservation, we undertook Scanning Electron 
Microscopy (SEM) to further constrain the potential authenticity of I/Ca 
values. SEM images display foraminifera to be generally moderately-to- 
poorly preserved with a frosty textural appearance and evidence of 
recrystallization (Fig. S6). Specimens selected for SEM analysis across 
samples from IODP Site U1338 and ODP 1236 are consistently 
moderate-to-poorly preserved whilst samples from ODP Sites 1237 and 
806 show poorer preservation prevalent in older samples (Fig. S6). At 
ODP Site 806 we find very low planktic foraminifera I/Ca ratios, like 
ODP Site 1237, across the past 10 Myr which is at odds given the 
location of ODP Site 1237 within the modern-day core of the ODZ and 
ODP 806 being situated at the periphery. Thus, the very low values 
obtained at these sites may be influenced by secondary diagenetic pro-
cesses biasing a primary I/Ca signature. The shallowest of the sites, ODP 
Site 1236 (1322 m), records both high and variable I/Ca values sug-
gesting the potential influence of secondary IO3

− incorporation in the 
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presence of better oxygenated bottom waters. Thus, the I/Ca proxy is 
currently limited to providing an empirical inference on O2 levels with 
further work required on marine iodine cycling and susceptibility of I/ 
Ca in foraminifera to diagenetic alteration to allow for more detailed 
constraints.

4.2. Development of the eastern Pacific ODZ

Due to the caveats discussed in Section 4.1, we cautiously interpret 
our downcore planktic foraminifera I/Ca records as being representative 
of an integrated water column/porewater signal rather than solely 
subsurface O2 conditions.

Importantly, we find the sustained presence of Globorotaloides hex-
agonus in samples from ODP Site 1237 from the late Miocene (7.75 Ma) 
like that in timing of the reported presence of this species at IODP Site 
U1338 (~7 Ma, Fig. 3A), whilst at ODP Site 1236 they have a reported 
uncommon occurrence (Pälike et al., 2010). This is a deep-dwelling 
planktic foraminifera species inferred to prosper in subsurface waters 
severely depleted in O2 (Davis et al., 2023). The correspondence be-
tween the coeval presence of this species and low I/Ca values at ODP Site 
1237 and IODP Site U1338 by ~8 – 7 Ma (Fig. 3A) also indicates that the 
signal at ODP Site 1237 is likely not dictated by plate movements of the 
site eastwards across the mid-late Miocene (Fig. 1A). Thus, the 
appearance of G. hexagonus from 8 – 7 Ma, in conjunction with low 
planktic foraminifera I/Ca values, hints at the onset of severely O2 
depleted subsurface waters characterising the eastern Pacific which we 
attribute to the emergence of the ODZ.

Supporting evidence for the emergence of severely depleted sub-
surface waters in this region also comes from planktic foraminifera 
bound nitrogen isotopes (FB-δ15N). Records from across the tropical 
Pacific show relatively low FB-δ15N during the middle Miocene 
(Fig. 3B), likely indicative of well oxygenated subsurface waters char-
acterized by limited water column denitrification (Auderset et al., 2022; 
Hess et al., 2023; Wang et al., 2022). Hess et al. (2023) pose that the 
spatial extent of denitrification in the ODZ became more comparable 
today around 13.6 Ma. However, the studies of Auderset et al. (2022)
and Wang et al. (2022) indicate an intensification of denitrification due 
to a greater increase in FB-δ15N after ~10

Ma (Fig. 3B). DSDP Site 598 in the South Pacific shows an almost 8 ‰ 
increase between 10 and 8.5 Ma (Wang et al., 2022), whereas that of 
ODP Site 872 from the North Pacific (Auderset et al., 2022) shows a 
more modest increase of 3.5 ‰. The FB-δ15N values between these two 
sites are consistent with each other between 8.5 and 3.5 Myr, continuing 
with an increasing trend in FB-δ15N. Subsequently, the South Pacific 
FB-δ15N values stabilize whilst the North Pacific ODP Site 872 FB-δ15N 
values continue to decrease (Fig. 3B). The significant increase in FB-δ15N 
between 10 and 3.5 Ma has been interpreted as having been driven by an 
intensification of subsurface water denitrification under deteriorating 
O2 conditions (Auderset et al., 2022; Wang et al., 2022). The appearance 
of G. hexagonus at ODP Site 1237 and IODP Site U1338 occurs just after 
the increase in FB-δ15N at DSDP Site 598 and ODP Site 872, supporting 
the notion of deteriorated subsurface O2 concentrations and represent-
ing the manifestation of ODZ waters in the region around 8 – 7 Ma. We 
note that there is a discernible discrepancy in timing between the 
appearance of G. hexagonus and increase in FB-δ15N versus the lowering 

of planktic foraminifera I/Ca values, which occurs much earlier between 
14 – 11 Ma (Fig. 3A, B). This discrepancy in timing between the different 
proxies could either be explained by 1) bottom water processes, where 
high bottom water O2 concentrations may have caused planktic fora-
minifera to gain additional IO3

− post-mortem or 2) attributed to the 
higher threshold of iodine reduction in the water column associated 
with O2 content compared with denitrification (Rue et al., 1997). The 
reduction of iodine occurs prior to denitrification (Cutter et al., 2018) 
and thus, this discrepancy in timing between I/Ca with FB-δ15N may act 
as an indication on the spatial and temporal progression of ODZ devel-
opment across the mid-late Miocene.

4.3. Ocean circulation changes and Pacific Ocean O2

A crucial regional facet of the Pacific across the Miocene-Pliocene is 
the progressive Closure of the Central American Seaway (CAS) and 
emergence of the Panama Isthmus. Absolute temporal constraints on 
both CAS closure and presence of a fully emerged Panama Isthmus re-
mains fragmentary (Jaramillo et al., 2017; O’Dea et al., 2016). However, 
it is generally thought that there was a cessation of a 
deep-to-intermediate water connection between the Pacific and Atlantic 
by the mid-late Miocene (Kirillova et al., 2019; Newkirk and Martin, 
2009), whilst surface exchange persisted via shallow water straits until 
the Pliocene (Steph et al., 2006). The closure of the CAS and successive 
termination of shallow water exchange is thought to have exerted a 
critical role in the evolution of late Cenozoic cooling, with both 
modelling (Nisancioglu et al., 2003; Zhang et al., 2011) and proxy 
studies (Auderset et al., 2019; Osborne et al., 2014) converging to 
highlight the strengthening of deep-water formation in the North 
Atlantic with a closed CAS. The radiogenic Nd isotope composition 
(εNd) of fossil fish teeth and planktic foraminifera coatings, interpreted 
as water mass tracers, suggest deep water exchange was impeded by 
~11 Ma and that a progressive trend in Caribbean εNd towards less 
radiogenic values across the late Miocene-Pliocene (Fig. 3C) reflects a 
gradual reduction in the contribution of Pacific waters to the Atlantic, 
combined with Atlantic Meridional Overturning Circulation strength-
ening (Newkirk and Martin, 2009; Osborne et al., 2014). Recent 
modelling work (Khon et al., 2023) further suggests that in the absence 
of a closed CAS and presence of a shallow sill, enhanced transport of 
O2-enriched subsurface waters from the Pacific to the Atlantic may have 
influenced the ETP to be bathed in better ventilated subsurface waters, 
whilst a deep sill would have permitted better ventilation of the deep 
interior Pacific through inflowing NADW. An initial depletion in Pacific 
Ocean benthic foraminifera δ13C during the Miocene (Fig. 3D) (< 13 Ma) 
has been inferred as an invigoration of the meridional overturning cir-
culation (Holbourn et al., 2022; Lear et al., 2003). This invigoration of 
ocean circulation is suggested to be driven by a cessation of 
Atlantic-Pacific deep-water exchange (Khon et al., 2023), as evidenced 
by diverging εNd in the Pacific across this period (Fig. 3C) and a 
depletion in benthic foraminifera δ13C from deep Pacific Ocean sites 
(Fig. 3D).

A second stepwise decrease in benthic foraminifera δ13C values 
inferred to represent PDW (Fig. 3D) coincides with the appearance of G. 
hexagonus and evidence for intensified denitrification in the ETP 
(Fig. 3B). We interpret the decrease in δ13C around 8 Ma as the 

Fig. 3. Late Cenozoic deoxygenation of the Pacific Ocean A) Planktic foraminifera I/Ca records, filled circles are data from this study and open circles are from 
ODP Site 845 (Hess et al., 2023) with a LOESS fit and 95 % confidence interval (pink line), dashed lines indicate presence of G. hexagonus at ODP Site 1237 and IODP 
U1338 (Pälike et al., 2010) B) Foraminifera bound δ15N records from across the tropical Pacific Ocean; ODP Site 845 (red line) (Hess et al., 2023), ODP 872 (deep 
pink line) (Wang et al., 2022) and DSDP 598 (purple line) (Auderset et al., 2022) C) εNd records from the Pacific; ODP 1236 (yellow line) (Holbourn et al., 2013), 
ODP Site 1237 (red line) (Holbourn et al., 2013) and ODP 1241 (orange line) (Osborne et al., 2014) and from the Caribbean; ODP Site 999 (turquoise line) (Newkirk 
and Martin, 2009), ODP 998 (dark blue line) (Newkirk and Martin, 2009) and ODP 1006 (blue line) (Kirillova et al., 2019) and D) Compiled benthic foraminiferal 
δ13C records grouped by depth representing inferred circulation end-members (see Table S1 for reference information); Northern Component Water (NCW) (blue 
line), Antarctic Intermediate Water (AAIW) (yellow line) and Pacific Deep Water (PDW) (orange line) with 250-pt running mean average in bold. Shaded bars 
represent key periods of the Miocene; Miocene Climatic Optimum (MCO), Middle Miocene Climate Transition (MMCT), Late Miocene Carbon Isotope Shift (LMCIS) 
and the Late Miocene Biogenic Bloom (LMBB).
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culmination of ocean circulation and ventilation changes in relation to a 
more or less complete closure of the CAS. Modelling work shows that the 
volume of low O2 waters in the EEP significantly increase when the CAS 
shoals from ~200 m (Khon et al., 2023). If the expansion of low O2 
waters in this region were accompanied by an intensification of the ODZ, 
then the increasing FB-δ15N values from 10 Ma (Fig. 3B) could poten-
tially reflect a progressive shoaling of the CAS. We infer that 
Atlantic-Pacific surface water exchange persisted through relatively 
shallow (< 100 m) straits between 8.5 – 3.5 Ma but that this shallow 
exchange ceased around 3.5 Ma. Thus, in combination with our results, 
we infer that the mid-late Miocene termination of deep-water exchange 
between the Atlantic and Pacific, and corresponding onset of a circula-
tion pattern akin to modern, played a pivotal role in determining the 
oxygenation state of the tropical Pacific.

4.4. The biological carbon pump, O2 and carbon cycling

The late Cenozoic is associated with a progressive decline in atmo-
spheric CO2 (Fig. 4E) which is inferred to have played a decisive role in 
the accompanying global cooling from the middle Miocene through to 
Pleistocene (Brown et al., 2022). Higher Pacific O2 concentrations (16 – 
13 Ma) coincide with a period of elevated atmospheric CO2 concentra-
tions (Fig. 4E) and reduced organic carbon burial (Fig. 4D). This 
reduction in organic carbon burial has been attributed to a temperature 
driven weakening and/or reduced efficiency of the BCP (Li et al., 2023). 
The temperature dependence of bacterial respiration has been inferred 
to have promoted both faster and shallower remineralization of partic-
ulate organic carbon during the climatic warmth of the middle Miocene 
thereby resulting in reduced organic carbon burial (Boscolo-Galazzo 
et al., 2021). This is in line with productivity records based on CaCO3 
and opal mass accumulation rates at IODP Site U1338 (Fig. 4D) which 
suggests that the middle Miocene experienced much higher rates of 
primary productivity compared to the late Pleistocene, facilitated by 
enhanced nutrient availability via remineralizing particulate organic 
carbon (Lyle and Baldauf, 2015). This weakened efficiency of the BCP 
during the middle Miocene may have exerted a critical role in contrib-
uting to the elevated atmospheric CO2 levels (Fig. 4E). However, faster 
rates and corresponding shallower remineralization of organic matter 
during this period was inferred to have contributed to an upward 
extension of the ODZ in response to increased subsurface respiration (Li 
et al., 2023). This upward expansion of the ODZ was inferred to be a 
primary factor influencing a contracted niche, limited mainly to the 
mixed layer, of planktic foraminifera (Boscolo-Galazzo et al., 2021; 
Woodhouse et al., 2023). However, this inferred expansion of the ODZ 
during the middle Miocene is at odds with the suite of O2 proxy records 
(I/Ca, absence of G. hexagonus and FB-δ15N) suggesting better oxygen-
ated conditions (Fig. 3(4) A, B). We infer the contribution of better 
ventilated deep and intermediate waters to have counteracted any 
diminishment of Pacific Ocean O2 in response to high primary produc-
tivity and bacterial respiration promoting shallower remineralization of 
particulate organic carbon.

The onset of sustained low O2 conditions (8 – 7 Ma) accompanies 
perturbations in the carbon cycle across the late Miocene. A change in 
the efficiency and strength of the BCP occurs during the Late Miocene 
Biogenic Bloom (Fig. 4D) following the establishment of modern-like 
benthic foraminifera δ13C inter-basin gradients (Fig. 3D) across the 
Late Miocene Carbon Isotope Shift (~7 Ma). A globally coherent reor-
ganization of atmospheric circulation is thought to have occurred during 
this period with ocean temperature records indicating a strengthening of 
the Pacific zonal temperature gradient and meridional temperature 
gradients (Fig. 4C) concordant with evidence of Northern Hemisphere 
onset of glaciation (Raymo, 1994). Taken together, this change in at-
mospheric circulation is thought to have promoted the Late Miocene 
Biogenic Bloom via attendant feedbacks such as enhanced nutrient input 
to the oceans (Holbourn et al., 2022) or increased upwelling of 
nutrient-rich deep and intermediate waters (Lear et al., 2003). Both of 

which would have exerted an influence on the BCP with increased O2 
consumption rates in subsurface waters and burial of organic material 
contributing to reducing pore-water conditions at depth. The paucity of 
pCO2 records (Fig. 4E) across the Miocene-Pliocene renders it difficult to 
directly establish the influence these changes in Pacific Ocean biogeo-
chemical cycling exerted on ocean carbon storage and sequestration of 
CO2. However, the sustained decline in pCO2 from the middle Miocene 
through the late Miocene-Pliocene accompanying decreased oceanic O2 
content would suggest a role for the tropical Pacific in carbon seques-
tration across the late Cenozoic, akin to that reconstructed for glacial 
periods (Anderson et al., 2009; Cliff et al., 2021; Hoogakker et al., 2018; 
Jaccard et al., 2012; Jacobel et al., 2020; Skinner et al., 2015).

5. Conclusions

In this study, we have provided additional constraints on the corre-
spondence between low planktic foraminifera I/Ca in regions of low 
subsurface O2 by expanding the I/Ca–O2 core-top calibration dataset. 
However, attributing threshold O2 levels to specific I/Ca values remains 
difficult considering the complexities in iodine speciation, regional 
variations in advective processes and biological productivity influencing 
iodine reduction rates (Cutter et al., 2018; Evans et al., 2024; Hardisty 
et al., 2021). The fidelity of the I/Ca proxy in its ability to reconstruct 
subsurface O2 concentrations in the geological past thereby necessitates 
multi-proxy approaches to accurately make inferences on O2 conditions. 
Nonetheless, invaluable insights on paleo-O2 conditions can still be 
gained. The combination of our I/Ca results with the presence/absence 
of G. hexagonus and published FB-δ15N records (Auderset et al., 2022; 
Hess et al., 2023; Wang et al., 2022) suggests a decline in tropical Pacific 
O2 across the late Miocene-Pliocene, starting from ~11 Ma, which we 
attribute to a combination of ventilation changes mediated by tectonic 
configuration and influence of the BCP. We infer the widespread prev-
alence of a modern-like ODZ in the ETP by 8 – 7 Ma. Our data, along with 
other lines of evidence, contributes to constructing an evolving picture 
of the oxygenation state of the Pacific Ocean across the late Cenozoic. 
The evolution of widespread O2 deficient waters across the eastern and 
tropical Pacific during the late Cenozoic will likely have played a role in 
the facilitation of carbon sequestration, akin to mechanisms inferred at 
the glacial-interglacial timescale (Hoogakker et al., 2018; Jacobel et al., 
2020).
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