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1. Introduction
Today, the Arabian Sea region is strongly influenced by the modern South Asian monsoon (SAM) or Indian 
monsoon system, which is a dominant vector for the transport of heat and moisture in the tropical low 
latitudes (Gupta et al., 2020). The initiation and intensification of the Asian monsoon systems have been 
hypothesized to be linked with atmospheric CO2 levels and the uplift of the Himalayan-Tibetan Plateau 
(Clift et al., 2002; Farnsworth et al., 2019; Jiang et al., 2008; Kutzbach et al., 1993; Tada et al., 2016; Thom-
son et al., 2021), although the timing and origin of the various Asian monsoon sub-systems and the link to 
Himalayan-Tibetan Plateau uplift are still debated (Acosta & Huber, 2020; Boos & Kuang, 2010, 2013; Ding 
et al., 2017; Spicer, 2017; Thomson et al., 2021). A number of east Asian dust records suggest that the east 
Asian monsoon was established prior to or during the Oligocene-Miocene interval (Guo et al., 2002, 2008; 
Licht et al., 2016; J. Sun et al., 2010). However, there are few available, continuous sedimentary records 
prior to the Miocene to help constrain timing of the SAM (Betzler et al., 2016; Bialik et al., 2020; Pandey 
et al., 2016). The available records are dominantly terrestrial and lack sufficient age constraints to place sed-
imentological changes into a climatic context (Reuter et al., 2013). Thus, estimates for the initiation of the 
SAM range from the early Paleogene (Farnsworth et al., 2019; Licht et al., 2014) to the middle/late Miocene 
(Betzler et al., 2016; Bialik et al., 2020; Gupta et al., 2015; X. Yang et al., 2020). Constraining the timing of 
SAM initiation is important to understand the mechanisms/processes that govern it and potentially aid in 
refining future predictions of the monsoon associated with anthropogenic climate change.

Abstract The geological history of the South Asian monsoon (SAM) before the Pleistocene is not 
well-constrained, primarily due to a lack of available continuous sediment archives. Previous studies have 
noted an intensification of SAM precipitation and atmospheric circulation during the middle Miocene 
(∼14 Ma), but no records are available to test how the monsoon changed prior to this. In order to improve 
our understanding of monsoonal evolution, geochemical and sedimentological data were generated for 
the Oligocene-early Miocene (30–20 Ma) from Indian National Gas Hydrate Expedition 01 Site NGHP-01-
01A in the eastern Arabian Sea, at 2,674 m water depth. We find the initial glaciation phase (23.7–23.0 Ma) 
of the Oligocene-Miocene transition (OMT) to be associated with an increase in water column ventilation 
and water mass mixing, suggesting an increase in winter monsoon type atmospheric circulation, possibly 
driven by a relative southward shift of the intertropical convergence zone. During the latter part of the 
OMT, or “deglaciation” phase (23.0–22.7 Ma), a long-term decrease in Mn (suggestive of deoxygenation), 
increase in Ti/Ca and dissolution of the biogenic carbonate fraction suggest an intensification of a proto-
summer SAM system, characterized by the formation of an oxygen minimum zone in the eastern Arabian 
Sea and a relative increase of terrigenous material delivered by runoff to the site. With no evidence at this 
site for an active SAM prior to the OMT we suggest that changes in orbital parameters, as well as possibly 
changing Tethyan/Himalayan tectonics, caused this step change in the proto-monsoon system at this 
intermediate-depth site.
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The Oligocene to earliest Miocene (∼34–22 million years ago; Ma) began with the major Eocene-Oligocene 
transition glaciation event (∼34 Ma), thought to represent the first glaciation of Antarctica (Keigwin & Corl-
iss, 1986; Lear et al., 2000, 2004, 2008; Scher et al., 2011; Zachos et al., 1992, 1996; Zachos & Kump, 2005), 
and ended with the transient Oligocene-Miocene transition (OMT) glaciation event (∼23  Ma; Beddow 
et al., 2016; Lear et al., 2004; Mawbey & Lear, 2013; Miller et al., 1991; Pälike et al., 2006; Paul et al., 2000; 
Stewart et al., 2017; Wade & Pälike, 2004; Zachos, Shackleton, et al., 2001). We currently lack detailed data 
to infer ocean and atmosphere circulations influencing climate from the northern Indian Ocean during this 
enigmatic “coolhouse” interval (Westerhold et al., 2020).

During the middle Oligocene (∼28–26.3 Ma) there was a transient glacial interval coined as the middle 
Oligocene glacial interval (MOGI; Liebrand et al., 2017). This interval consisted of unstable but generally 
cooler climatic conditions. During the late Oligocene (∼27–24 Ma) a trend towards relative global warmth, 
termed the late Oligocene warming event (LOWE), seemingly occurred during a time when proxy recon-
structions suggest decreasing atmospheric CO2 (Figure 1; O'Brien et al., 2020; Zhang et al., 2013). Immedi-
ately following the LOWE is the OMT glaciation (“Mi-1” event; Miller et al., 1991). This event is marked by 
a 0.6–1.5‰ positive excursion in benthic foraminifera δ18O, thought to be caused by Antarctic ice volume 
expansion (Liebrand et  al.,  2011,  2017) and ∼2°C cooling of deep waters (Lear et  al.,  2004; Mawbey & 
Lear, 2013). Sea surface temperature (SST) decreases over the same interval have also been suggested by 
palynological data (Egger et al., 2018), biomarker and alkenone proxies (Guitián et al., 2019; Liu et al., 2018; 
Super et al., 2018; Zhang et al., 2013), and modeling (Liebrand et al., 2011) for the Atlantic. However, the 
evolution of SST over this interval, including the magnitude of changes and spatial heterogeneity, is not well 
constrained (Guitián et al., 2019), with some equatorial sites showing little change in surface water oxygen 
isotopic values over the OMT (Figure 1; Matsui et al., 2016; Stewart et al., 2017). Accompanying this global 
cooling was ∼50–65 m of glacioeustatic sea level fall, accommodated by significant ice growth on Antarctica 
(Beddow et al., 2016; Mawbey & Lear, 2013; Wade & Pälike, 2004).

The OMT is superimposed upon pronounced orbitally paced variation in ice volume/temperature with changes 
in δ18O on the order of ∼0.5‰–1‰ and in δ13C of ∼0.5‰ (Egger et al., 2018; Liebrand et al., 2011, 2016, 2017; 
Mawbey & Lear, 2013; Pälike et al., 2006; Paul et al., 2000; Wade & Pälike, 2004; Zachos et al., 2001). It has 
been suggested that the dominant forcing on the climate/cryosphere system through the late Oligocene to 
early Miocene is eccentricity modulation of precession (short and long; ∼110 and ∼405 kyr respectively), also 
with a strong imprint of the 2.4 Myr very long-period eccentricity (Figure 1; Beddow et al., 2018; De Vlee-
schouwer et al., 2020; Drury et al., 2020; Egger et al., 2018; Greenop et al., 2019; Liebrand et al., 2016, 2017; 
van Peer et al., 2020; Westerhold et al., 2020). The particular orbital configuration present during the OMT 
glaciation recovery phase (high amplitude oscillations of 110 kyr eccentricity) occurred a further four times 
throughout the Oligocene-Miocene interval (Greenop et  al.,  2019; Liebrand et  al.,  2017), associated with 
more minor cryosphere responses. Despite this, the OMT glaciation stands out from these cyclic events as a 
prominent, transient event terminating the LOWE (Liebrand et al., 2017). It is suggested that conditions pro-
moting Antarctic glaciation across the OMT were a result of the long-term decline in atmospheric CO2 rather 
than being triggered solely by changes in orbital parameters (Greenop et al., 2019). This multi-million-year 
decrease in pCO2 observed in compiled δ11B (Greenop et al., 2019) and alkenone records (Figure 1; Zhang 
et al., 2013) may be linked to the broadly contemporaneous uplift of the Himalayan-Tibetan Plateau, leading 
to an increase in weathering rates subsequently sequestering atmospheric CO2 (Raymo & Ruddiman, 1992; 
Zachos & Kump, 2005; T. Zhang et al., 2021). Despite the proximity of the Arabian Sea to the Himalayan-Ti-
betan Plateau there are very few long continuous records available in this region to help constrain these 
hypotheses of paired tectonic and climatic change (see Clift & Webb, 2019 for a review).

Core NGHP-01-01A represents a unique opportunity to investigate Oligocene-Miocene paleoceanographic 
dynamics at a relatively high resolution (10–40 kyr) in an oceanographically significant but otherwise da-
ta-barren area of the Arabian Sea (Figure 2). Here we present new sedimentological and biostratigraphic 
data, paired planktic and benthic foraminiferal stable isotopes, planktic foraminiferal Mg/Ca ratios, and 
bulk sediment elemental ratios to reveal new insights into ocean and atmospheric circulation during this 
time interval. We show that the OMT was a fundamental turning point for the initiation/intensification of 
proto-SAM atmospheric and oceanographic circulation causing a significant step-change in the sedimenta-
ry record in the eastern Arabian Sea.
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2. Modern Arabian Sea Oceanography
In the modern ocean, the Arabian Sea region is dominantly influenced by the seasonal variability of the 
SAM subsystem represented by the South Asian summer monsoon (SASM) or Indian summer monsoon and 
South Asian winter monsoon (SAWM) or Indian winter monsoon. In the present day, the SAM is caused by 
seasonal atmospheric pressure contrasts between the Indian Ocean and adjacent Eurasian landmass (Gadg-
il, 2018; Schott & McCreary, 2001). During the boreal summer (SASM) moisture laden air flows from the 

Figure 1. Summary of Oligocene-Miocene climate evolution. Abbreviations from Liebrand et al. (2017) where MOGI 
is the middle Oligocene glacial interval, LOWE is the late Oligocene warming event, and OMT is the Oligocene-
Miocene transition. (a) and (b) Benthic foraminifera carbon (δ13C) (a) and oxygen (δ18O) (b) stable isotopes from 
ODP Site 1264 (Liebrand et al., 2016) in the equatorial Atlantic. (c) Eccentricity variations from Laskar et al. (2004). 
(d) Equatorial thermocline/sea surface temperature records from the Atlantic using TEX86 (gray circles, ODP Site 
929; O'Brien et al., 2020) and planktic foraminiferal (PF) Mg/Ca (gray squares, ODP Site 926; Stewart et al., 2017) 
and this study (green squares). TEX86 data record sea surface temperature, whilst PF Mg/Ca records thermocline 
temperature. (e) Atmospheric CO2 evolution derived from alkenone δ13C in blue from ODP Site 925 (Zhang et al., 2013) 
and δ11B in orange from ODP Site 926 in the equatorial Atlantic and ODP Site 872 in tropical north Pacific (Greenop 
et al., 2017, 2019). Error bars in alkenone record represent variability in temperature and phosphate estimates used to 
calculate CO2 (see Zhang et al., 2013). Error bars in δ11B record represent 2σ uncertainty.
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cooler Indian Ocean (high atmospheric pressure) towards the warmer Indian landmass (low atmospheric 
pressure) due to the northward shift of the Intertropical Convergence Zone (ITCZ). This northward shift is 
controlled by heating of the Indian subcontinent combined with the Himalayan-Tibetan Plateau preventing 
the intrusion of cooler air from the north (Acosta & Huber, 2020; Boos & Kuang, 2010, 2013; Bordoni & Sch-
neider, 2008; Privé & Plumb, 2007). The moisture is subsequently released as precipitation when reaching 
the topographic high of the Himalayas. Site NGHP-01-01A in the eastern Arabian Sea is affected by SASM 

Figure 2. Location of Site NGHP-01-01A shown with orange square in all maps. (a) Paleogeographic map of ∼23 Ma (Oligocene-Miocene boundary). Blue 
arrows show potential deep-water currents affecting the NGHP-01-01A site (e.g., Böning & Bard, 2009; Hamon et al., 2013). Dotted gray line depicts the 
approximate modern summer position of the ITCZ, dashed gray line shows winter ITCZ position. Yellow circles show other marine core sites containing 
Oligocene-Miocene aged sediments for which we have comparable geochemical data. The ACC is the Antarctic Circumpolar Current; TISW is Tethyan Indian 
Saline Water; AAIW-SAMW is Antarctic Intermediate and Subantarctic Mode Water. Map generated through Ocean Drilling Stratigraphic Network (OSDN) 
Paleomap project (https://www.odsn.de/odsn/services/paleomap/paleomap.html). (b) Modern bathymetric map expanded from black square in map (a). 
Red arrows show South Asian summer monsoon (SASM) winds, blue arrows show SAWM winds. The white arrows show West Indian Coast Current surface 
circulation during the SASM (solid line) and during the SAWM (dashed line). (c) Modern annual oxygen saturation (μmol kg−1) at 300 m depth, also showing 
area expanded from black square in map (a). Both maps generated with Ocean Data View (Schlitzer, https://odv.awi.de, 2020) using data from World Ocean 
Atlas 2018.
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precipitation both directly and via runoff from the Western Ghats, which run as a topographic high parallel 
to the west Indian coast (X. Yang et al., 2020). During the SAWM (boreal winter) the atmospheric pressure 
gradient is reversed, with a southward shift of the ITCZ and dominant airflow from the cooler land to the 
warmer ocean. This results in strong, dry, north-easterly winds originating from the Indian landmass and 
flowing towards the Arabian Sea (Figure 2b). It is thought that the majority of lithogenic flux to the Arabian 
Sea occurs during the SASM from fluvial input derived from the Western Ghats; aeolian (wind blown dust) 
input during the SAWM constitutes a negligible percentage of mass accumulation in the eastern Arabian 
Sea (Clemens & Prell, 1990, 1991).

As a result of this seasonally changing atmospheric circulation, surface ocean currents also change sea-
sonally. During the SASM surface water flow in the eastern Arabian Sea is from the north to south, via the 
West Indian Coast Current (Schott & McCreary, 2001). This surface water flow brings slightly higher salin-
ity surface water from the northern Arabian Sea along the west coast of India during the SASM (Prasanna 
Kumar et al., 2004). During the SAWM the West Indian Coast Current switches direction and flows from 
south to north. These waters are sourced from the Bay of Bengal and the northern Indian Ocean and are 
thought to bring fresher surface waters along the west Indian coast (Prasanna Kumar et al., 2004; Schott & 
McCreary, 2001).

During the SASM, strong south-westerly winds along the Somali coast, known as the Somali/Findlater jet 
(Findlater, 1969), induce surface water currents moving away from the Arabian Peninsula and east Africa 
and towards western India (deflected to the right due to the Coriolis effect). This creates a strong seasonal 
coastal upwelling of nutrient-rich deep waters in the western Arabian Sea and resultant high surface pro-
ductivity (Anderson & Prell, 1993). Seasonally high surface productivity, coupled with a poorly ventilat-
ed thermocline, induce an intense oxygen minimum zone (OMZ) in the Arabian Sea (Figure 2c), present 
between ∼150–1,250 m depth (Lachkar et al., 2018; Reichart, Nortier, et al., 2002). Within this zone oxy-
gen levels can be as low as 2 µM (Reichart, Nortier, et al., 2002) resulting in intense denitrification (Kim 
et al., 2018). Although the OMZ is present dominantly in the northeast and central Arabian Sea (Figure 2c), 
the area of high biological productivity is concentrated around the basin margins and especially the west-
ern part of the Arabian Sea (Acharya & Panigrahi, 2016; Lachkar et al., 2018). Site NGHP-01-01A is located 
within the central-eastern part of the modern OMZ.

The Arabian Sea OMZ is thought to have been at least intermittently present since the middle Miocene (Bet-
zler et al., 2016; Bialik et al., 2020). During Pleistocene glacials, the OMZ was periodically ventilated by in-
cursions of southern sourced Antarctic Intermediate Water and Subantarctic Mode Water (AAIW-SAMW) 
(Böning & Bard, 2009; Reichart, Schenau, et al., 2002). Whether similar oceanographic circulation could 
occur during the Oligocene-early Miocene interval, with different tectonic configuration and climate in 
place, is unknown as there are no published marine sediment records in the Arabian Sea prior to the early 
Miocene to test this (Bialik et al., 2020; Pandey et al., 2016; X. Yang et al., 2020).

3. Materials and Methods
Sediment core NGHP-01-01A from the eastern Arabian Sea (15° 18.366'N, 70° 54.192'E; Figure 2) was re-
covered by the RV JOIDES Resolution funded by the National Gas Hydrate Program (NGHP) of India Expe-
dition-01 in 2006 from a paleodepth of ∼2,250 m at 25 Ma (current water depth 2,674.2 m; see Supporting 
Information  S1 for paleodepth calculations). The core sits on the eastern side of the Chagos-Laccadive 
Ridge, where the ridge meets the continental shelf (Figure 2; Collett et al., 2008). The site was consistently 
located above the carbonate compensation depth, which was >4,000 m during the Oligocene-Miocene in-
terval (Campbell et al., 2018; Peterson & Backman, 1990; van Andel, 1975). The dominant lithology of the 
Oligocene-Miocene portion of the core is carbonate-rich pelagic ooze, dominated by nannofossil and fo-
raminiferal components with a varying but significant clay component (∼20–30 wt%; Johnson et al., 2014). 
The investigated interval of the core has low total organic carbon content (TOC <1%; Johnson et al., 2014). 
Importantly, there is no evidence of gas hydrates within the core (Collett et al., 2008); however, in order to 
ascertain gas hydrate content, periodic whole core samples were taken during shipboard operations leading 
to core-gaps throughout the study interval. Calcareous nannofossil biostratigraphy suggests continuous sed-
imentation across the late Oligocene-early Miocene period studied here (Flores et al., 2014 and this study).
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3.1. Sampling and Sample Preparation

A total of 185 samples were taken from core NGHP-01-01A between the depths of 233.99 and 280.11 meters 
below sea floor (mbsf), spanning core sections 30X-1 to 35X-6. A robust calcareous nannofossil biostratigraphic 
age model for the site (Flores et al., 2014 and this study) shows this part of the core was deposited between the 
early Oligocene and early Miocene (∼31.4–20 Ma). From 262 to 280 mbsf samples were taken at a resolution 
of ∼50 cm, capturing the early/middle Oligocene. The sections 243–262 mbsf and 214–224 mbsf were sampled 
at a ∼15 cm resolution in order to target the late Oligocene and early Miocene intervals at a higher resolution. 
The sections 224–243 mbsf, comprising the Oligocene-Miocene boundary, was sampled at an ∼8 cm resolution.

Samples were freeze dried at −60°C and 0.03 mbar for 8 h, then soaked in Calgon (buffered sodium hexam-
etaphosphate [NaPO3]6) for 24 h. Samples were then washed through a 63 µm sieve with de-ionized water to 
separate the fine fraction from the sand-sized fraction. The recovered sand-sized fraction was then covered 
in Calgon again and placed on a shaker table for 2 h. Samples were then washed over a 63 µm sieve with 
de-ionized water followed by methanol to evaporate remaining water and dried in an oven at 50°C.

Coarse fraction (%CF) data were obtained during processing of the samples by weighing the dried bulk sed-
iment (bulkw) after freeze drying and prior to soaking with Calgon. The >63 µm fraction (coarse fraction) 
was then weighed once dried (CFw). The %CF was then calculated using the following formula:

%CF CFw bulkw    100 (1)

The >63 µm CF in this core is made up almost entirely of foraminifera. CF percent abundance is therefore 
affected by foraminiferal productivity and/or preservation.

3.1.1. Foraminifera

Specimens of the planktic foraminifera species Dentoglobigerina venezuelana and the benthic genus Cibi-
cidoides were picked from the 250–400 µm fraction for geochemical analysis. Where abundance allowed, 
only the species Cibicidoides mundulus was used for stable isotope analyses; a total of 16 samples (out of 
162) used other Cibicidoides species in the analyses. Of these 16, nine were monospecific analyses of other 
Cibicidoides species and seven were mixtures of other Cibicidoides with C. mundulus. Planktic foraminiferal 
species-specific stable isotope and trace element analyses were conducted on the species D. venezuelana, a 
species that is abundant throughout the Oligocene-Miocene (Wade et al., 2018) and has been previously 
used for geochemical analyses for this time interval (e.g., Stewart et al., 2012, 2017; Wade & Pälike, 2004).

3.1.2. Calcareous Nannofossils

A total of 51 samples were studied for the presence/absence of calcareous nannofossil marker species un-
der a cross-polarised light microscope with a rotating stage at 1,000x magnification in order to provide a 
robust biostratigraphic framework for the core, to supplement existing lower resolution data from Flores 
et al. (2014). Smear slides were prepared using standard techniques (Bown & Young, 1998). Identified cal-
careous nannofossil bioevents are reported in the Table S1 along with the bioevents used to construct the 
age model (Table S2). Ages are calibrated to the timescale of Gradstein et al. (2012).

3.2. Foraminiferal Stable Isotope Analysis

Paired planktic and benthic foraminiferal stable carbon and oxygen isotopes (δ13C and δ18O) were analyzed 
for insights into surface and bottom water oceanography. A total of 166 multi-specimen samples were ana-
lyzed between the depths 233.99–280.11 mbsf. δ13C and δ18O data were generated at the British Geological 
Survey using an IsoPrime 100 Gas Source Isotope Ratio Mass Spectrometer with Multiprep Device. Average 
analytical error (2σ) was 0.06‰ for δ13C and 0.08‰ for δ18O (n = 25) for the standard (KCM) analyzed at the 
same time. Data are reported relative to the Vienna Pee Dee Belemnite scale.

3.3. Planktic Foraminiferal Trace Element Analysis

Specimens of the planktic foraminifera D. venezuelana were also analyzed for trace elements, paired with 
stable isotope analyses, with the primary aim to derive planktic foraminiferal Mg/Ca temperatures (see 
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Section 3.3.1). Between 8 and 20 individuals were picked from each sample, then subsequently cracked, 
homogenised and split, with approximately 1/3 used for the stable isotopes and 2/3 for the trace element 
analyses. Samples with less than eight individuals were analyzed for stable isotopes only.

Trace element concentrations of 11 elements (Mg, Sr, Li, Ba, Cd, Nd, U, Mn, Fe, Al, Si) were analyzed on 
87 of the split planktic foraminifera samples. Analyses were conducted at the Open University. Samples 
were cleaned using a modification of the method outlined in Boyle and Keigwin (1985). Samples were first 
washed in repeated Milli-Q and methanol rinses, ultrasonicating for ∼10 s with each rinse, in order to re-
move any clays. Samples then underwent both a reducing step (ammonia solution and hydrous hydrazine) 
and an oxidative step (hydrogen peroxide [H2O2] and sodium hydroxide [NaOH]) in order to remove Fe-Mn 
coatings and organic material respectively (Pena et al., 2005). Finally, samples were polished using a weak 
(0.001 M) HNO3 leach and subsequently dissolved in 0.075 M HNO3.

Samples were analyzed using an Agilent Technologies Triple-Quadrupole Inductively Coupled Plasma 
Mass Spectrometer (QQQ-ICP-MS). An aliquot of sample solution was first used to check [Ca] prior to pre-
paring samples at a fixed [Ca] of 10 ppm for trace element analysis to matrix match with synthetic standards 
(Rosenthal et al., 1999). Error in analyses were calculated based on a repeat measurement of a synthetic 
monitor standard during the analytical window (Mg/Ca of 3.32 mmol mol−1 with a 2σ of 0.19 mmol mol−1 
and Mn/Ca of 146.46 µmol mol−1 with a 2σ of 5.27 µmol mol−1; n = 12). Ratios of Al/Ca and Fe/Ca were 
monitored and compared with Mg/Ca ratios to assess the efficiency of the cleaning method and any poten-
tial contamination (Figure S1). The ratio of Mn/Ca was used as a proxy for relative oxygenation at the site 
(Dickens & Owen, 1994).

3.3.1. Converting Mg/Ca to Temperature

The incorporation of Mg into foraminiferal test calcite is dependent on temperature; the higher the temper-
ature, the greater the ratio of Mg to Ca (Elderfield & Ganssen, 2000). Incorporation of Mg in foraminifera 
tests has also been shown to be sensitive to both changes in Mg/Ca of seawater (Mg/Casw) and pH (Evans, 
Wade, et al., 2016; Gray & Evans, 2019) in various species. To assess the potential impact of Mg/Casw and 
pH, measured planktic Mg/Ca values were corrected using Oligo-Miocene modeled pH values (Zeebe & 
Tyrrell, 2019) and using the linear regression equation (Equation 2) from Evans, Wade, et al. (2016). The 
average pH value used was 8.004 ± ∼0.2. Mg/Ca-temperature was also calculated using a 3-Myr moving 
average of pH values which acted to lower temperatures by approximately 1ºC; this was smaller than the 
calculated error, and was therefore not implemented for these analyses.

Mg 0.70 6.7
Ca

pH    (2)

D. venezuelana is extinct, so no species-specific calibration exists. Thus, temperature (T in °C) was calculat-
ed using the multi-species calibration of Anand et al. (2003) (Equation 3) with adjustments of the exponen-
tial and pre-exponential constants as per Evans, Brierley, et al. (2016) (Equations 4 and 5):

ATMg Bexp
Ca

 (3)

where

2
swsw

Mg Mg0.0029 0.032
CaCa

A      (4)

2
swsw

Mg Mg0.019 0.16 0.804
CaCa

B      (5)

An estimate for Oligocene Mg/Casw of 2.15 mol mol−1 was taken from Evans et al. (2018) and assumed to 
be constant throughout the investigated interval as high-resolution data of Mg/Casw for this time interval is 
not available. Mg/Casw values from Horita et al. (2002) form an error envelope on the pre-exponential and 
exponential constants (maximum Mg/Casw value of 2.92 mol mol−1 and minimum value of 1.67 mol mol−1) 
due to the uncertainties in the Mg/Casw estimations through this interval. The differences between the three 
calibrations (i.e., Anand et al., 2003 and Evans, Brierley et al., 2016 with and without pH adjustment) are 
shown in Figure S2; the trends remain the same throughout, but with differences in absolute temperatures. 
The average temperature from the three calibrations is presented in subsequent figures. Calculation of the 
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error propagation of Mg/Ca-temperature estimates is shown in the Supporting Information S1, with the 
calculated propagated error being 2.93°C.

3.3.2. Calculating Upper Water Column δ18O (δ18Osw)

The geochemical assessment of various size fractions of D. venezuelana suggests that it did not host photo-
symbionts during its life cycle (Stewart et al., 2012). As such, when calculating δ18Osw it is appropriate to use 
the low light calibration from Bemis et al. (1998) to most accurately reflect the relationship between δ18Osw 
and foraminiferal test chemistry (Equation 6).

   18 18
c sw16.5 0.2 4.8 0.16 O OT       ℃ (6)

This calculation was performed using the various options for temperature reconstructions described above (Fig-
ure S2). The average δ18Osw from the three calibrations is used in Figure 6. Error propagation calculations for the 
δ18Osw estimates are shown in the Supporting Information S1, with the calculated propagated error being 1.79‰.

3.4. Core Scanning X-Ray Fluorescence (XRF)

Core scanning XRF was undertaken at Woods Hole Oceanographic Institution using a Cox Analytical 
ITRAX with a Mo X-Ray tube set to 60 kV and 30 mA with a 15 s count time. The XRF spectra were inter-
preted, and the peak areas were quantified using software Q-Spec. A suite of 13 elements were analyzed 
at 4 mm resolution. Raw counts of Ca are calibrated against values of CaCO3 wt% (this study; see below 
and Figure S3), thus absolute counts detected in XRF have been used quantitatively. Other elements were 
not calibrated against absolute concentrations of the same sediment samples, therefore only ratios of XRF 
elemental count data are used. Core scanning XRF-derived elemental ratio of Ti/Ca was used as a proxy for 
terrigenous input versus biogenic carbonate, Mn/Ti and Mn/Fe were used as proxies for redox conditions 
(see Rothwell & Croudace, 2015 and references therein).

3.5. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

A total of 46 bulk samples were analyzed on an ICP-OES Agilent 5110 Series at the University of Exeter Pen-
ryn Campus at a resolution of ∼1 m. Bulk samples were micro-drilled and weighed at 500–1000 µg using an 
MSE3.6P-000-DM Sartorius Cubis Micro Balance. The samples were dissolved using 2% HNO3 and diluted to 
a nominal Ca concentration of 25 µg g−1. Solutions were run with the limestone standard JLs-1 and synthetic 
quality control solutions BCQC in order to assess data quality. Ca concentration data were used to calcu-
late percentage calcium carbonate (CaCO3 wt%) by comparing the theoretical amount of Ca present in the 
samples based on their weight, versus the measured Ca values in each sample (e.g., Razmjooei et al., 2020). 
The error, based on the reproducibility of the JLs-1 standard, was measured at 0.6% (2 rsd; n = 12), plus the 
associated weighing error (estimated at ∼1%) giving a combined error of 1.2% for CaCO3 wt%.

3.6. Scanning Electron Microscope (SEM)

A scanning electron microscope was used to image representative specimens of Dentoglobigerina venezuelana 
and Cibicidoides cf. mundulus (Figure 3) in order to assess preservation. Samples were imaged from intervals 
of both high and low percentage coarse fraction, which in other sites has been related to variable carbonate 
preservation (e.g., Littler et al., 2014). Analysis was carried out at the University of Exeter, Penryn Campus on a 
TESCAN VEGA3 GMU SEM. Samples were carbon coated prior to analysis and examined at 20 kV, at a working 
distance of 2.55–11.88 mm. Images were taken in both back scattered election and secondary electron modes.

3.7. Terrigenous Flux

The rate of terrigenous mass accumulation (MAR) can be used to reveal insights into non-carbonate related sed-
imentation at a site, assuming minimum contribution from biogenic silica. The terrigenous MAR was calculated 
using high-resolution CaCO3 (wt%), dry bulk density (DBD), and linear sedimentation rate (LSR) as follows:

 3100 CaCO DBD LSR 100MAR        (7)
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High-resolution CaCO3 (wt%) was calculated (Figure S4; R2 = 0.9558) using Ca counts from core-scanning 
XRF calibrated to discrete sample measurements of CaCO3 (wt%) performed at WHOI using JY Ultima C 
ICP-OES following methodology from Bertrand et al. (2012); (based on Murray et al., 2000). High-resolution 
DBD was calculated using discrete sample measurements of DBD correlated to high-resolution multi-sen-
sor core logging density measurements from shipboard data (Figure S4; R2 = 0.4851). The LSR from the 
biostratigraphic age model were also used.

4. Results
4.1. Age Model

Calcareous nannofossil datums originally identified in Flores et  al.  (2014) at a relatively low resolution 
were constrained further in this study to decrease the depth uncertainty associated with each event (blue 
circles; Figure 4). Two bioevents were not further constrained due to large age uncertainties (orange circles; 
Figure 4). Sedimentation rates calculated between each age control point (Figure 4) were then used to build 
an age model by assuming linear sedimentation rates between points. Due to the low resolution of benthic 
stable isotope data, it was not possible to astronomically tune the record for the age model, and shipboard 
magnetostratigraphy was not conducted. Despite this, our biostratigraphic age model appears robust, and 
is particularly well-constrained around the Oligocene-Miocene boundary. Benthic stable isotope trends are 
consistent with high-resolution records, which provides support for the implemented age model (Figure 5).

Figure 3. Scanning Electron Microscope images of foraminiferal species D. venezuelana (planktic) and C cf. mundulus 
(benthic) used in stable isotope and trace element analyses. Specimens a (24.4 Ma) and b (21.1 Ma) from intervals with 
high (5%–8%) percentage coarse fraction and high (70%–80%) CaCO3 wt%. Specimens c (∼22.4 Ma) and d (∼22.5 Ma) 
from intervals with low (∼0.5%) percentage coarse fraction and lower (∼50%–60%) CaCO3 wt%. Note more optimal 
preservation (clear pores and minimal dissolution) in specimens from higher percentage coarse fraction intervals (a) 
and (b). Scale bars are 100 µm.

ca

db

Dentoglobigerina venezuelana

Cibicidoides cf. mundulus
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From 262–280 mbsf (lower/middle Oligocene) samples were taken at a resolution of ∼50 cm, equating 
to an approximate temporal resolution of 65  kyr between samples. The sections 243–262  mbsf (late 
Oligocene) and 214–224 mbsf (early Miocene) were sampled at a ∼15 cm resolution, an approximate 
temporal resolution of 10–40 kyr. The section 224–243 mbsf (Oligocene-Miocene boundary) was sam-
pled at an ∼8 cm resolution or a sample every ∼13 kyr in the late Oligocene or ∼30 kyr in the early 
Miocene.

4.2. Percentage Coarse Fraction (%CF) and Percentage Calcium Carbonate

The core is carbonate-rich throughout, with CaCO3 wt% values varying between 45% and 90% (Fig-
ure 6a). The highest CaCO3 wt% values are found in the latest Oligocene with distinctly lower values in 
the Miocene; this is also visible in the cores with an increased brown coloration up section suggesting 
higher relative clay content (Figure 4). The average percentage coarse fraction (%CF), which is relat-
ed primarily to foraminiferal content, was 3.85% throughout the whole core, with a maximum value 
of 11.86% and a minimum of 0.23% (Figure 6c). Two sustained minima (∼200 kyr long) of %CF were 
observed in the core at ∼25 Ma (late Oligocene) and ∼22.5 Ma (early Miocene). At the 25 Ma %CF min-
ima, values of CaCO3 wt% remain at ∼70%–80%. At 22.5 Ma the minimum in %CF coincides with lower 
CaCO3 wt% of 50%–60%. Within this interval of low %CF and low CaCO3 wt% both benthic and planktic 
foraminifera were less well-preserved, as observed by SEM imaging (Figure 3). Despite this, there is 
no correlation between %CF and either oxygen isotope values or Mg/Ca-derived temperatures in the 
whole record (Figure S5), suggesting that these proxies have not been affected by diagenetic alteration 
in the core (Edgar et al., 2013). At 23 Ma CaCO3 wt% decreases from ∼80% to ∼60%; values of CaCO3 
wt% remain around 60% until the end of the record at 20 Ma.

Figure 4. Age-depth plot constructed using the calcareous nannofossil events listed in Tables S1 and S2. B is base of biozone, T is top of biozone. Where no 
depth error can be seen, error is smaller than data point plotted. Dashed line shows linear interpolated sedimentation rate, with numbers showing calculated 
sedimentation rates between tie points (in cm kyr−1) used to construct age model (Table S2). Core lithology and core images are shown on the left-hand 
side. White boxes in the core photos are missing core due to sampling for gas hydrates. Low resolution percentage calcium carbonate data from Johnson 
et al. (2014) shows decrease approximately coincident with change in core color ∼240 mbsf. Gray data point (Discoaster druggii first occurrence) was not used to 
construct the age model due to poor age constraint on this bioevent, but its approximate position in time is plotted here as an additional qualitative constraint 
(Young, 1998). Orange data points were not further constrained from Flores et al. (2014) position due to associated age uncertainties: B T. carinatus ∼26.84–
24.40 Ma (Young, 1998) and T S. belemnos ∼17.95–17.67 Ma (Bergen et al., 2017; Gradstein et al., 2012).
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4.3. Foraminiferal Stable Isotope Analysis

Benthic foraminiferal oxygen isotopes (δ18Ob) have an average value of ∼+1.9‰ throughout the record 
(Figure 6d). In the middle Oligocene, from 31.5–27 Ma, δ18Ob values increased by approximately 0.6‰ from 
∼+1.7‰ to ∼+2.2‰. Subsequently, there is a decreasing trend (warming/ice loss) from ∼+2.1‰ at 26 Ma 
to ∼+1.6‰ at 25 Ma, the approximate time frame of the LOWE. At ∼24.9 Ma there is a rapid 0.5‰ increase 
in δ18Ob over 0.12 Myr, followed by a subsequent decrease of 0.3‰ over ∼1.9 Myr. From 23.1 to ∼22.6 Ma 
(latest Oligocene to early Miocene) δ18Ob once again increased by ∼0.3‰, with values then remaining more 
stable from 22.6 to 21 Ma at ∼+1.7 to +2‰. Planktic foraminifera oxygen isotope (δ18Op) values are −0.5 to 
+0.5‰ between ∼31.5 and 23.5 Ma (middle to late Oligocene), with a number of spikes to more negative 
values of up to −2‰ (Figure 6e). From 23.5 Ma to 22 Ma (∼OMT) δ18Op values have a decreasing trend from 
+0.5‰ to −1.0‰, with a positive spike within this trend at ∼22.6 Ma. From 22 Ma δ18Op values once again 
become more positive, with values ranging from −1‰ to +0.1‰.

Benthic carbon isotopes (δ13Cb) show an overall increasing trend from ∼28 Ma, from values of +0.5‰ to a 
maximum of +1.5‰ at ∼22.5 Ma (Figure 6f). From 22 Ma values show a decrease of ∼0.8‰. Prior to 28 Ma 
(middle Oligocene), planktic carbon isotopes (δ13Cp) are ∼+1‰ (Figure 6g). From ∼28 to 23 Ma (late Oligo-
cene) δ13Cp values show an overall 1‰ increase, with significant higher frequency variability on the order 
of ±1‰. After 23 Ma (early Miocene) δ13Cp values stabilize at between +1‰ and +1.5‰ with variability 
<±1‰. Benthic carbon and benthic oxygen isotopes show generally similar trends to other equatorial sites 
in the Pacific and Atlantic through the Oligocene to Miocene interval (Figure 5). Prior to 27 Ma (late Oli-
gocene) Δδ13C (benthic minus planktic carbon isotopes) is −0.5‰; from 27 Ma values trend towards +0‰, 
with occasional intervals where planktic carbon isotopes are more negative than benthic carbon isotopes 
(i.e., Δδ13C is positive). This is especially apparent from 23.5–22.3 Ma (latest Oligocene to earliest Miocene). 
Average Δδ13C values for the investigated interval are −0.29‰, with benthic values being on average more 
negative than planktic values, as would be expected in normal open marine settings (Figure 6h).

Figure 5. Benthic foraminiferal stable carbon (red circles) and oxygen (blue squares) isotope data from this study (Site NGHP-01-01A; paleodepth ∼2,250 
mbsl) on the new biostratigraphic age model (Figure 4) against other contemporaneous high-resolution data (raw carbon isotope data). ODP Site 1218 (Pälike 
et al., 2006; paleodepth ∼4,200 mbsl) in the eastern equatorial Pacific in orange and light blue. ODP Site 1264 (Liebrand et al., 2016; paleodepth ∼2,500 mbsl) in 
the equatorial Atlantic in pink and green. Carbon isotopes show good correlation between the records, with offsets in absolute values likely due to different ages 
of deep-water masses in each ocean basin. Oxygen isotopes show generally similar overall values between sites, with some differences in trends, for example, in 
the late Oligocene interval where data from the Arabian Sea (this study) remain more positive relative to the Pacific and Atlantic datasets.
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Figure 6. Geochemical and sedimentological analysis of bulk sediment and benthic and planktic foraminifera from 
Site NGHP-01-01A spanning the middle Oligocene to early Miocene (∼31.5–20 Ma). Vertical dashed lines show 
boundaries between climate intervals of Liebrand et al. (2017); MOGI = mid Oligocene glacial interval; LOWE = late 
Oligocene warming event; OMT = Oligocene-Miocene transition. Vertical gray line depicts Oligocene-Miocene 
boundary (∼23 Ma). Black arrows show biostratigraphic tie points used to construct age model (Table S1). (a) Weight 
percent CaCO3 (orange circles); (b) XRF-derived Ca in CPS (gray line); (c) Percentage coarse fraction (%CF; green 
line); (d) Benthic (δ18Ob) and (e) Planktic (δ18Op) foraminiferal oxygen isotopes (squares) with 5-point running 
averages (solid lines); (f) Benthic (δ13Cb) and (g) Planktic (δ13Cp) foraminiferal carbon isotopes (circles) with 5-point 
running averages (solid lines); (h) Calculated difference between planktic and benthic carbon isotope values (Δδ13C); 
(i) Planktic foraminiferal Mn/Ca (µmol mol−1) with 5-point running average; (j) Temperature and (k) δ18Osw derived 
from thermocline dwelling planktic foraminifera Dentoglobigerina venezuelana. Modern mean annual sea surface 
temperature (∼28.5°C) depicted by horizontal gray line (from Ocean Data View).
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4.4. Planktic Foraminiferal Trace Element Analysis

We used Mg/Ca ratios to calculate an upper water column paleotemperature record (see Methods), and 
Al/Ca and Fe/Ca ratios to monitor for contamination by clays (Figure S1). Both Al/Ca and Fe/Ca show 
no correlation with Mg/Ca (R2 values = 0.0084 for Al/Ca, 0.0365 for Fe/Ca), suggesting effective cleaning 
and a negligible effect of clays on Mg/Ca ratios. From ∼27.5 Ma to 26 Ma Mg/Ca values remain around the 
overall average (3.33 mmol mol−1). At 26 Ma and 24 Ma values peak at ∼4 mmol mol−1, with a low between 
these peaks of ∼2.9 mmol mol−1. From 24 Ma onwards Mg/Ca values show an overall decrease of ∼1 mmol 
mol−1 from 4 to 3 mmol mol−1 over ∼3 Myr. Between 21–22 Ma values remain steady at 3 mmol mol−1 
(Figure S2).

The overall values of Mn/Ca were high at ∼300–800 µmol mol−1 (2σ = 5.27 µmol mol−1), however, there 
is no significant correlation (R2 = <<0.1) between Mn/Ca or any of the other elemental ratios (Figure S6) 
suggesting that that Mn-rich phases have little overall effect on trace element compositions. A reductive 
step was included in the cleaning of foraminiferal samples prior to trace element analysis, which acts to 
remove diagenetic Fe-Mn crusts to ensure that only the primary Mn signature is measured. From 27.5–
23.5 Ma the Mn/Ca ratio varies between ∼400–600 µmol mol−1. From ∼23.5–22.9 Ma values peak at up to 
800 µmol mol−1, subsequently then decreasing to ∼500 µmol mol−1 from 22.9–21 Ma.

4.4.1. Mg/Ca-Temperature Calibrations

The average temperature difference between the different Mg/Ca-temperature calibrations is ∼7°C (Fig-
ure S2). The multi-species calibration from Anand et al. (2003) resulted in the lowest average temperatures 
(24°C) and the Evans, Brierley, et al. (2016) calibration without a pH correction produced the highest av-
erage temperatures (31°C). Despite these differences in absolute temperatures, overall trends are very sim-
ilar (Figure S2). From 27.4 Ma to ∼25 Ma (late Oligocene) there is ∼5°C of overall temperature decrease, 
superimposed with higher resolution orbital-scale variability (Figure 6j). In the latest Oligocene at 25 Ma 
temperatures increase by approximately 4–7°C (calibration dependent) over ∼0.6  Myr, after which they 
become more stable until 23.2 Ma where there is a rapid (∼60 kyr; 23.20–23.14 Ma) temperature decline 
of 2°C–4°C. Two further cycles of gradual warming and rapid cooling then follow from ∼23.1–22 Ma with 
temperature variability of ∼5°C. From 22 Ma in the early Miocene values appear to stabilize at 25°C–30°C. 
Average values ∼23.2–21 Ma are 1.2°C–2°C cooler than the preceding interval of ∼27.5–23.2 Ma.

4.4.2. Upper Water Column δ18O (δ18Osw)

Calculated δ18Osw values vary by ∼1‰–2‰ due to the different temperature calibrations used, however 
trends between the different calibrations are similar (Figure S2). In general, values from 27.5–25.5 Ma (late 
Oligocene) are highly variable, with maximum values of +5‰ and minimum values +1.5‰ (if using the 
Evans, Brierley, et al., 2016 calibration). From 25.5–21.0 Ma (late Oligocene to early Miocene) values are 
more stable, remaining at approximately +3 ± 0.5‰ during this interval (Figure 6k).

4.5. XRF Core Scanning

All XRF-derived elemental ratio records appear to show cyclicity coinciding with short eccentricity pacing 
(∼100 kyr cycles; Figure 7) based on the new biostratigraphic age model, however, cyclostratigraphic analy-
sis of the records was not possible as frequent core gaps were present due to gas hydrate sampling (Figure 4).

The ratio of Ti/Ca can be used to track the changing flux of terrestrially derived Ti against CaCO3 through 
time. There is clear optical evidence that the CaCO3 in these sediments is dominated by calcareous nanno-
fossils and foraminifera (Collett et al., 2008; Flores et al., 2014; this study), suggesting a dominantly biogenic 
origin of the CaCO3. The good correlation of XRF-derived Ca counts per second (CPS) against CaCO3 wt% 
(R2 = 0.58) and XRF-derived Ca/Ti against CaCO3 wt% (R2 = 0.70; Figure S3) suggests the XRF-derived CPS 
can be used as a proxy for changing CaCO3 content in the core (Figure 6a). There is a clear step-change in 
Ti/Ca ratio at ∼23.2 Ma, just prior to the Oligocene-Miocene boundary, where baseline Ti/Ca increases by 
∼95% (∼0.01 CPS) relative to the Oligocene. Prior to this step increase there are higher-frequency changes 
in Ti/Ca that appear to occur on ∼100 kyr eccentricity timescales (Figure 7).
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Raw XRF-derived Ti counts (CPS) increase by 88% at 23.0 Ma. Raw XRF-derived Ca CPS also show a step-de-
crease; however, this occurs at ∼22.7 Ma (early Miocene). This change also appears to be stratigraphically 
offset from the decrease in CaCO3 wt% that occurs in the early Miocene at ∼23.0 Ma, suggesting that some 
of the Ca detected in the core scanning XRF data could be derived from clay minerals, rather than exclu-
sively from biogenic CaCO3 (Figure 6a).

Mn/Ti and Mn/Fe also show clear orbital-scale variability throughout the Oligocene interval, with a switch 
to lower baseline ratios at the Oligocene-Miocene boundary (Figure 7). Prior to this decrease, there is a 
short interval through the OMT (∼23.6–22.9 Ma) where values remain at a higher baseline, with no obvious 
imprint of short eccentricity as is seen throughout the late Oligocene.

Figure 7. (a) Terrigenous flux (g cm−2 kyr−1). (b) Sedimentation rate (cm kyr−1). (c) Laskar et al. (2004) eccentricity solution. Core-scanning XRF-derived 
elemental ratios (5-point running averages) of Ti/Ca (d), Mn/Ti (e), and Mn/Fe (f). Gray line depicts Oligocene-Miocene boundary. Dashed lines depict 
boundaries between OMT, late Oligocene warming event and MOGI (Liebrand et al., 2017), abbreviations as in Figure 6. The gaps in the data are due to gas 
hydrate sampling during the coring expedition; the gap around 26.5 Ma was due to difficulties running core scanning XRF analysis on one section, thus this is 
not a gap in other data sets.

035202 21 22 23 24 26 27 28 29 31 32

Age
(Ma)

OligoceneMiocene

035202
Age
(Ma)

OMT MOGILOWE

21 22 23 24 26 27 28 29 31 32

a

b

d

relative
increase in
terrigenous

material

better
water mass
ventilation

c

e

f

0
0.2
0.4
0.6
0.8
1.0

Se
di

m
en

ta
tio

n 
ra

te
cm

 k
yr

-1

Ec
ce

nt
ric

ity
La

sk
ar

 e
t a

l. 
(2

00
4)

0

0.02

0.04

0.06

0

0.01

0.02

0.03

Ti
/C

a

0

2

4

6

M
n/

Ti

0

0.02

0.04

0.06

0.08

0.10

M
n/

Fe

0

0.2

0.4

0.6

Te
rri

ge
no

us
 fl

ux
g 

cm
-2
 k

yr
-1

SSSSSSSSSSSSSSS



Paleoceanography and Paleoclimatology

BEASLEY ET AL.

10.1029/2021PA004278

15 of 28

4.6. Terrigenous Flux

In general, the terrigenous flux (Figure 7a) reflects the sedimentation rate (Figure 7b). Values vary from 
∼0.1–0.3 g cm−2 kyr−1 from 30.0–23 Ma, with a very minor reduction in variability to 0.1–0.2 g cm−2 kyr−1 
from 23–20 Ma. Values 30–31.5 Ma are higher than the average for the record, at ∼0.3–0.5 g cm−2 kyr−1; 
however, this may be driven by the uncertainty in the age model prior to 30 Ma, and subsequently the LSR, 
due to a lack of biostratigraphic tie points before 30 Ma.

5. Discussion
5.1. Change in Dentoglobigerina venezuelana Depth Habitat

Before drawing broad conclusions about surface water mass changes over time in terms of temperature, sa-
linity, etc., derived from planktic foraminiferal archives, it is important to constrain any changes in the eco-
logical niche that the target organism may have inhabited. Multi-species stable isotope analyses reveal that 
the planktic foraminifera species Dentoglobigerina venezuelana changed its depth habitat during the late Ol-
igocene, from being a mixed layer dweller (Wade et al., 2007) to a thermocline dweller (Matsui et al., 2016; 
Stewart et al., 2012). The timing for this change is poorly constrained and appears diachronous across ocean 
basins, occurring as a two-step change in the eastern equatorial Pacific from 27.4–26.3 Ma (late Oligocene) 
at IODP Site U1334 (Matsui et al., 2016) and ODP Site 1218 (Wade & Pälike, 2004) and from 24 Ma (latest 
Oligocene) in the equatorial Atlantic (ODP Site 925; Stewart et al., 2012).

The difference between planktic and benthic carbon isotopes (Δδ13C: benthic minus planktic carbon iso-
topes) can provide insights into the depth habitat of a particular foraminifera species. At Site NGHP-01-01A 
in the Arabian Sea, at ∼27 Ma there is a step shift in Δδ13C towards values approaching 0‰ (Figure 6h) with 
almost no gradient for the remainder of the record. This convergence of benthic and planktic δ13C values 
between ∼28–27 Ma in the Arabian Sea, driven by planktic δ13C becoming ∼0.5‰ more negative, is consist-
ent with the migration of D. venezuelana to a deeper, thermocline habitat. Other factors that could influence 
the carbon isotope gradient are a change in surface water primary productivity, or possibly an increase in 
water mass mixing. There is no concurrent change in other proxies to suggest a change in productivity, for 
example in the Ca in the core or the percentage coarse fraction (%CF; Figures 6b and 6c). There is also no 
concurrent change in proxies for water mass oxygenation (Mn/Fe or Mn/Ti ratios), which may be expected 
if the water mass became less stratified through increased mixing (Figure 7). We therefore favor the inter-
pretation that the change in Δδ13C at 27 Ma is a result of a deepening in D. venezuelana depth habitat to the 
thermocline, consistent with timing seen in the Pacific Ocean (Matsui et al., 2016; Wade & Pälike, 2004).

There is no concurrent step-change in δ18Op data at 27 Ma, merely a long-term increase in values of ∼1‰ 
between ∼30.5–23.5 Ma, suggesting this apparent change in depth habitat is not the primary driver of the 
trend in this parameter. Importantly, the Mg/Ca-derived temperature estimates for this record only begin 
at 27 Ma, by which time the Δδ13C data suggest the depth migration of D. venezuelana in the Arabian Sea 
is complete: hence any subsequent variability in temperature or calculated δ18Osw across the late Oligocene 
to early Miocene is independent of additional depth migration issues and can be regarded as representing 
thermocline conditions.

5.2. Oligocene-Miocene Upper Water Column Temperature Evolution

The Mg/Ca-derived thermocline temperature recorded at Site NGHP-01-01A is characterized by relatively 
high variability for a tropical site, which is especially apparent over the period of the LOWE ∼26.5–24 Ma; 
dark green squares in Figure 8. The reconstructed absolute temperatures and trends are broadly in line with 
other equatorial sites, especially those from equatorial Atlantic ODP Site 926 (light green squares; Stewart 
et al., 2017), also based on D. venezuelana Mg/Ca ratios. All things being equal, the TEX86-derived temper-
atures would be expected to be warmer than the contemporaneous Arabian Sea temperatures as TEX86 is 
thought to track SST rather than thermocline temperatures; this may explain some of the cooler tempera-
tures in the late Oligocene Arabian Sea data compared to the contemporaneous Atlantic data. In general, 
there is a ∼2°C–4°C temperature decline over the OMT at all sites apart from ODP Site 929 in the equatorial 
Atlantic (dark gray circles; O'Brien et al., 2020). Temperatures recorded in the latest Oligocene and early 
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Miocene are generally very similar in all the records (∼26°C–30°C), with somewhat higher variability in the 
range of temperatures in the early-middle Oligocene (temperatures ∼25°C–31°C).

5.3. The Early Phase of the Oligocene-Miocene Transition (23.7–23.0 Ma)

The OMT encompasses a transient glaciation event (∼23.7–23.0 Ma), followed by a deglaciation (recovery 
phase) into the early Miocene (∼23.0–22.7 Ma; Liebrand et al., 2017). This event stands out from the back-
ground orbitally driven variability due to the magnitude of the excursion and the two-pulse structure of 
the positive δ18O excursion, similar to the Eocene-Oligocene glaciation (∼34 Ma; Coxall et al., 2005). It also 
terminates the long-term warming trend of the LOWE (Liebrand et al., 2017).

From the beginning of the OMT (∼23.7 Ma; Liebrand et al., 2017) at Site NGHP-01-01A there is a decrease 
in the surface-to-deep carbon isotope gradient (decreased Δδ13C), an increase in XRF-derived sedimentary 
Mn/Ti and Mn/Fe ratios, and generally high CaCO3 wt% contents (Figure 9). There is also an increase in 
foraminiferal Mn/Ca values beginning at ∼23.3 Ma (Figure 6i). As it seems likely that D. venezuelana has 
completed its depth migration in this region by this point, the decrease in Δδ13C at the start of the OMT 
is suggestive of either a decrease in surface water productivity and subsequent decrease in export produc-
tivity to deep waters, an increase in vertical water mass mixing stimulating carbonate productivity, or an 
incursion of a southern sourced (older) water mass with higher oxygen and carbonate ion content. The 
concurrent increase in Mn in the core (first bulk, then foraminiferal) suggests increased oxygenation during 
the early part of the OMT (23.7–23.0 Ma). Increased presence of Mn is generally thought to signal increased 
ventilation due to Mn becoming less soluble in a more oxygenated water mass (Barras et al., 2018). Impor-
tantly, in this study foraminiferal test calcite was cleaned using a reductive cleaning step in order to remove 
diagenetic Fe-Mn crusts prior to trace element analysis, and so this signal is not related to secondary con-
tamination. While it is possible that some diagenetic crusts persisted after cleaning, there is no correlation 
between Mn/Ca ratios or any other trace element including Fe/Ca (R2 = <<0.1; Figure S6). In the equatorial 
Atlantic D. venezuelana Mn/Ca ratios were also high (500–1,000 µmol mol−1; Stewart et al., 2017), compara-
ble to the values seen in the Arabian Sea. It is thought that Mn can be adsorbed onto foraminiferal test cal-
cite within the water column, during sinking and prior to deposition (Davis & Benitez-Nelson, 2020) with 
Mn incorporation varying between species (Barras et al., 2018). A decline in Mn abundance in sediments 
has been used as a proxy for reduced oxygenation and oxygen minimum zone (OMZ) development in the 
northern Indian Ocean during the Miocene and Pliocene (Bialik et al., 2020; Dickens & Owen, 1994). All 
of these factors taken together suggest that during the early part of the OMT, until the Oligocene-Miocene 

Figure 8. Site NGHP-01-01A (Arabian Sea) compared with other records of upper water column temperature. Planktic foraminiferal (D. venezuelana) Mg/
Ca records are squares, data from Stewart et al. (2017; ODP Site 926) and this study. TEX86 records are circles, data from Super et al. (2018; DSDP Site 608) 
and O'Brien et al. (2020; ODP Site 929 and DSDP Site 516). Uk'

37 record in diamonds from Guitián et al. (2019; IODP Site U1406). Green data points are those 
recording thermocline temperatures, gray data points are those recording the surface/mixed layer. The green line is a LOESS curve (smooth = 0.4) and bootstrap 
confidence interval (shading) of the Arabian Sea data (this study). Arrows show biostratigraphic age model tie points for Site NGHP-01-01A record.
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boundary (∼23.7–23.0 Ma), there was increased ventilation of thermo-
cline/intermediate waters at Site NGHP-01-01A resulting in high produc-
tivity, improved preservation (high CaCO3 wt%, high %CF), and increased 
Mn incorporation.

This first part of the OMT (23.7–23.0 Ma) is associated with a global in-
crease in benthic δ18O, thought to be due to the expansion of ice sheets in 
East Antarctica (Zachos et al., 1997, 2001), possibly driven by an extended 
period of low-amplitude orbital cyclicity (Figure 9i; Liebrand et al., 2011; 
Zachos et al., 2001). During past global cooling events (Bischoff & Sch-
neider, 2014), Northern Hemisphere cooling (Broccoli et al., 2006), and 
changes in polar ice cover (Schneider et al., 2014), the intertropical con-
vergence zone (ITCZ) has been shown to have moved equatorwards, pos-
sibly in response to increased net energy input at the low latitudes. With 
a relative southward shift of the ITCZ over the NGHP-01-01A study site, 
there would likely be stronger and dominant “winter monsoon” type at-
mospheric circulation (Dimri et al., 2016; Parvathi et al., 2017), that is, 
dry winds would dominantly flow from the Indian landmass in the north-
east towards the Indian Ocean (SAWM; Figure 2b).

An average southward shift of the ITCZ during the Oligocene to Miocene 
glaciation has also been suggested to occur on the basis of data from the 
equatorial Pacific and Atlantic Oceans: a transient change in surface wa-
ter flow direction is thought to have allowed the migration of planktic fo-
raminifera Paragloborotalia kugleri from the Pacific into the Atlantic via 
the Central American Seaway (Fraass et al., 2019), and a temporary alter-
ation in wind direction drove dust provenance changes in the equatorial 
Pacific (Hyeong et al., 2014). Due to the low-resolution nature of both of 
these datasets, exact timings for these changes are not well-constrained, 
however both are associated with the early OMT glaciation event (“Mi-1” 
event; Miller et al.,  1991). Hyeong et al.  (2014) propose the southward 
shift of the ITCZ may have been caused by an increased Northern Hem-
isphere cooling rate. This is supported by low-resolution TEX86-derived 
SST datasets compiled from the Atlantic during the early phase of the 
OMT (Figure 10); these show a relatively warmer South Atlantic in com-
parison to the North Atlantic (Guitián et al., 2019; O'Brien et al., 2020; 
Super et  al.,  2018) providing a possible mechanism for the southward 
ITCZ shift.

With a southward shift of the ITCZ causing winter monsoon-like circu-
lation in the Arabian Sea, surface water flows would be predominantly 
from the south to the north, along the western Indian continental margin 
(Figure 2b) (Lee, Jo et al., 2020, Lee, Kim et al., 2020). This would bring 
relatively warmer, southern sourced surface/thermocline waters to this 
site during the early OMT (∼23.7–23.0 Ma). Relatively warmer thermo-
cline temperatures are observed in the core over this glaciation interval 
(Figure 9c), possibly driven by such a change in the source of surface/
thermocline waters.

5.3.1. Tectonic Changes Over the Oligocene to Early Miocene

Throughout the Paleogene and early Neogene, Tethyan Indian saline wa-
ter (TISW) flowed from the Tethys into the northern Indian Ocean as a 
deep, saline water mass (Wright et al., 1992). This throughflow was de-
pendent on the eastern Tethys gateway between Africa and Eurasia re-
maining deep and open (Figure  2a). The gateway gradually shallowed 

Figure 9. Geochemical data from NGHP-01-01A covering the late 
Oligocene to early Miocene (25–21 Ma). (a) CaCO3 wt% (circles); (b) 
XRF-derived Ca abundance (black line); (c) Planktic foraminiferal 
(thermocline) Mg/Ca-temperature; (d) Surface to deep carbon isotope 
gradient (Δδ13C); (e) XRF-derived Mn/Ti; (f) Planktic foraminiferal Mn/
Ca with 5-point running average; (g) XRF-derived Ti/Ca ratio; (h) Benthic 
oxygen isotopes (δ18Ob) from ODP Site 1264 in the equatorial Atlantic 
(blue line; Liebrand et al., 2016) and Site NGHP-01-01A (black circles; this 
study); (i) Eccentricity solution from Laskar et al. (2004).
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from the late Eocene until its eventual closure in the middle Miocene (∼14 Ma; Hamon et al., 2013). Mod-
eling studies suggest that even with the gateway being ∼250 m deep, effective TISW throughflow may have 
been compromised (de la Vara et al., 2013; Hamon et al., 2013). Global sea level fall over the OMT is thought 
to have been on the order of 50–65 m (Beddow et al., 2016; Miller et al., 2020; Wade & Pälike, 2004). As 
such, as the eastern Tethys gateway continued to shallow, reductions in relative sea level, for example tran-
siently through a glaciation event, may have acted to temporarily change ocean circulation patterns in the 
Arabian Sea. If the intermediate TISW mass was temporarily restricted, this could have allowed a northward 
incursion of the intermediate Antarctic Intermediate Water and Subantarctic Mode Water (AAIW-SAMW), 
transiently affecting ocean circulation and thus foraminiferal geochemistry at Site NGHP-01-01A over the 
Oligocene-Miocene glaciation. However, at this time more evidence is required to support this hypothesis.

The role of changing tectonics/topography in the initiation of the Indo-Asian monsoon systems has been 
investigated through increasingly detailed modeling (Acosta & Huber, 2020; Chakraborty et al., 2009; Wei 
& Bordoni, 2016). Acosta and Huber (2020) show that monsoonal atmospheric circulation is established 
over the Bay of Bengal and Arabian Sea regions with sufficient SST gradients and subsequent seasonal 
movement of the ITCZ; however, the flow of moisture onto the continent and summer precipitation above 
30°N is weak or absent without topographically forced (e.g., Himalayan-Tibetan Plateau-related) orographic 
precipitation. For Site NGHP-01-01A, direct precipitation in the models occurs over the locality even in the 
flat topographic simulation (Acosta & Huber, 2020). The Western Ghats are shown to be important drivers 
of orographic precipitation in this region, supplying runoff into the eastern Arabian Sea (Xie et al., 2006). 
A study of 40Ar/39Ar ages in the Western Ghats has shown that weathering and denudation has been active 
since at least the middle Eocene (∼44 Ma; Bonnet et al., 2016; Jean et al., 2020). Modeling studies suggest 
that African and Arabian topography impact the strength and pattern of the Somali Jet but with only small 
effects on the spatial pattern, strength and seasonality of SAM precipitation (Chakraborty et al., 2009; Wei 
& Bordoni,  2016). These modeling studies therefore suggest that the tectonic/topographic configuration 
required for an active monsoon system (in terms of atmospheric circulation) in the Arabian Sea region has 
been present since at least the middle Eocene. However, it is unclear when the SAM atmospheric circulation 
and runoff intensified enough to have a strong impact on the Arabian Sea such that it became the dominant 
control on ocean circulation, salinity and oxygen content in the region.

Figure 10. TEX86-derived sea surface temperature records from the North Atlantic (green; IODP Site 1406 – Guitián 
et al., 2019; DSDP Site 608 – Super et al., 2018) and South Atlantic (pink; DSDP Site 516 – O'Brien et al., 2020). Also 
shown is planktic foraminiferal Mg/Ca-derived thermocline temperature from the Arabian Sea (light blue; Site NGHP-
01-01A – this study). Gray box depicts the early phase of the Oligocene-Miocene transition (OMT; ∼23.7–23.0 Ma). Note 
the relatively cooler North Atlantic and relatively warmer South Atlantic during the early OMT, providing a possible 
mechanism for the southward shift of the ITCZ during this interval. Inset map shows 23 Ma paleogeography and 
location of sites discussed.
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5.4. The Late Phase of the Oligocene-Miocene Transition (23.0–22.7 Ma)

Coincident with the Oligocene-Miocene boundary (∼23 Ma) there is a distinctive change in the sediment 
color at Site NGHP-01-01A, from a carbonate-rich, green/gray nannofossil ooze in the Oligocene to a brown, 
clay-rich ooze in the Miocene (∼240 mbsf; Figure 4). Associated with this observed sedimentological change 
is: (a) a step increase in Ti/Ca counts suggesting a relative increase in the terrigenous fraction (Figures 7 
and 9); (b) a decrease in CaCO3 wt% (Figure 9a); (c) significant decreases in XRF-derived Mn/Fe and Mn/Ti 
ratios (Figure 7); and (d) a small decrease in planktic Mn/Ca (Figure 9f; Betzler et al., 2016; Bialik et al., 2020). 
Previous investigations of clay mineralogy at this site are at a much lower resolution but show that between 
∼228–240 mbsf (∼23.0–19.0 Ma) smectite within the core makes up ∼80% of the smectite versus kaolinite 
fraction, whilst ∼250–280 mbsf (prior to 23 Ma) it only made up ∼50% (Phillips et al., 2014). Illite also shows 
a step-increase from 0% to ∼50% of the illite versus chlorite fraction at ∼23 Ma (Phillips et al., 2014). Given 
the low resolution, these changes occurred sometime between ∼25 and 23 Ma (Phillips et al., 2014). Within 
the Arabian Sea, provenance studies from the Holocene to Miocene have shown that smectite and illite are 
derived from the weathering of the Deccan province in western India and transported to the Arabian Sea 
via the Indus fan. Hence, these data may suggest a general increase in contribution from the weathering 
of NW India and/or the Himalayas to the eastern Arabian Sea (Alizai et al., 2012; Cai et al., 2018; Chen 
et al., 2019, 2020; Limmer et al., 2012; Yu et al., 2019) from the late Oligocene to early Miocene (Phillips 
et al., 2014). However, high-resolution provenance data for this site are required to support this hypothesis.

Coincident with the relative increase in terrigenous input (i.e., increased Ti/Ca) at the Arabian Sea site, 
there is a contemporaneous long-term decrease in sedimentation rate from 0.6 cm kyr−1 in the late Oli-
gocene to 0.25 cm kyr−1 in the early Miocene (Figure 7b). The decrease in sedimentation rate would sug-
gest that the observed sedimentological changes are driven by a relative reduction in CaCO3 deposition 
(as opposed to, or in addition to, an actual increase in clay input), beginning at the Oligocene-Miocene 
boundary (∼23 Ma) and continuing into the early Miocene. This assertion is supported by the steady rate of 
terrigenous flux throughout this interval suggesting terrigenous supply to this site remained unbroken into 
the early Miocene (Figure 7a), although we note that sedimentation at a single site cannot be considered 
representative of the region as a whole. There is also a transient decrease in CaCO3 preservation shown by 
the significant fall in average %CF (Figure 6c), as well as the less well-preserved foraminifera observed un-
der SEM during these low %CF intervals (Figure 3). Benthic foraminifera C. cf. mundulus shows enlarged 
pores (Figure 3d) and planktic foraminifera D. venezuelana displays encrusted/overgrown pores (Figure 3c), 
both indicative of minor dissolution/recrystallization. Enlarged pores of epibenthic foraminifera has also 
been shown to be a proxy for reduced bottom water oxygen (Rathburn et al., 2018), supporting the inference 
of reduced oxygenation during this interval. Importantly, although there seems to be some dissolution of 
foraminifera in the low %CF intervals this has not systematically biased either the isotope or trace element 
data (e.g., to lower Mg/Ca values; Figure S5). An apparent offset between the decline in CaCO3 wt% data and 
XRF-derived Ca counts specifically in the interval 23.0–22.7 Ma (Figure 6a) is possibly due to the presence 
of Ca within smectite clays enhancing XRF-derived Ca. This CaCO3–Ca offset therefore supports our inter-
pretation of a decrease in carbonate fraction (biogenic calcite) and concurrent relative increase in (likely 
smectite dominated) clays at 23.0–22.7 Ma.

The most harmonious explanation for a simultaneous dissolution event (reduced CaCO3 and preservation), 
decrease in oxygenation (Mn/Ca and sedimentary Mn), and a relative increase in terrigenous material 
(possibly driven by a change in chemical weathering) in the earliest Miocene (23.0–22.7 Ma; Figure 9) is 
a strengthening of SASM-like conditions in the Arabian Sea, such that the impacts are observed at Site 
NGHP-01-01A. The SASM under modern oceanographic conditions induces an intense OMZ in the north, 
central and eastern Arabian Sea due to strong southwest winds causing upwelling and productivity in the 
western Arabian Sea (Figure 2c). The Arabian Sea OMZ is present at intermediate depths (between ∼150–
1,250 m depth in the modern; Lachkar et al., 2018; Reichart, Nortier, et al., 2002). Although the Arabian 
Sea OMZ is partly driven by seasonal summer upwelling and high productivity, it is present throughout the 
year (McCreary et al., 2013), however observations suggest a seasonally decreased southward and westward 
extent during the SAWM (Shenoy et al., 2020). Intriguingly, the zone of high productivity is in the west, but 
the most intense part of the OMZ is in the north and east of the Arabian Sea; although a number of theo-
ries have been put forward to explain this offset between upwelling and deoxygenation zones, it remains 
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enigmatic (Shenoy et al., 2020). D. venezuelana was a thermocline dwelling species (Matsui et al., 2016; 
Stewart et al., 2012; Wade & Pälike, 2004), therefore likely inhabiting the upper part of our proposed OMZ 
through the early Miocene. The apparent dissolution of foraminifera at ∼23.0–22.0 Ma could either be due 
to increased CO2 (acidification) in the water column from high productivity/organic carbon flux and asso-
ciated biotic respiration in surface waters (Lombard et al., 2010; Mungekar et al., 2020) and/or respiratory 
dissolution of carbonates on the seafloor due to increased organic carbon burial (Mawbey & Lear, 2013; 
Stewart et al., 2017).

The main terrigenous input to Site NGHP-01-01A today is via rivers flowing off the Western Ghats. Al-
though many of the rivers originating in the Western Ghats flow to the east into the Bay of Bengal, several 
small rivers flow west into the Arabian Sea (Yang et al., 2020). As such, we expect terrigenous material 
derived from our proposed increase in the SASM at the Oligocene-Miocene boundary to have a provenance 
indicative of the Deccan Traps region (e.g., Cai et al., 2018; Chen et al., 2019, 2020; Clift et al., 2020; Phillips 
et al., 2014; Yu et al., 2019). Without quantitative provenance data such as neodymium isotopes (to con-
strain weathering source) we are unable to unequivocally state that the increase in weathering products 
(e.g., Ti) were sourced from the Deccan Traps. Future work will aim to constrain provenance changes and 
weathering fluxes from the hinterland through this time interval.

The deglaciation phase of the OMT (∼23.0–22.7 Ma; Mawbey & Lear, 2013) is characterized by high-am-
plitude variability in short (∼100-kyr) eccentricity cycles (Liebrand et al., 2017), in contrast to the low var-
iability during the onset of the OMT glaciation period (Miller et  al.,  1991; Zachos et  al.,  2001). This is 
reflected in the amplitude of benthic oxygen isotope records at this time (Liebrand et al., 2016, 2017; Zachos 
et al., 2001). This change in orbital configuration could be the driving mechanism behind this intensifica-
tion of the SAM (especially the SASM) over this deglaciation interval. An increase in orbital variability may 
trigger high frequency variability in atmospheric CO2, perhaps not observed in currently available supra-or-
bital scale records of pCO2 over the Oligocene and early Miocene (Figure 1e; Greenop et al., 2017, 2019; 
Grein et al., 2013; Liebrand et al., 2017; Londoño et al., 2018; Steinthorsdottir et al., 2019; Tesfamichael 
et al., 2017; Zhang et al., 2013). General circulation modeling suggests increased pCO2 is linked to increased 
SAM precipitation amount and area (Kitoh et al., 2013; Turner & Annamalai, 2012) as well as stronger at-
mospheric winds blowing northwards in the Indian sector (Cherchi et al., 2011), thus suggesting increased 
CO2 during the Oligocene-Miocene may have driven the observed changes at Site NGHP-01-01A.

Our data record no clear change in δ18Osw over the OMT, which would be an indicator of an intensification 
of monsoonal precipitation in the eastern Arabian Sea and/or increased monsoon-driven runoff from pen-
insular India. Despite this, there is a significant decrease in planktic foraminiferal δ18O values (Figure 6e). 
This disparity in oxygen isotope trends suggests there was no change in the evaporation-precipitation 
balance at this site, despite the development of an intense OMZ suggesting monsoonal atmospheric cir-
culation was active from at least the earliest Miocene. As D. venezuelana is a thermocline dwelling species 
during this interval it is possible that the effects of changes in surface ocean evaporation-precipitation bal-
ance was not transmitted to these depths. Our data therefore suggest an intensification of a proto-summer 
SAM based upon the influence of the monsoon systems on the thermocline and deep waters in this region, 
not on the sea surface.

5.5. Long-Term Shift in Sedimentology at Site NGHP-01-01A

Several modeling studies have suggested that the SAM has been active since at least the early Eocene (e.g., 
Acosta & Huber, 2020; Farnsworth et al., 2019; Huber & Goldner, 2012). Based on our data from the eastern 
Arabian Sea, the Oligocene-Miocene boundary was a key interval of strengthening of this proto-monsoon 
system. This suggests that perhaps there was a long-term shift in climatic/tectonic/orbital conditions, which 
triggered the intensification of a proto-SAM wind system over this interval (i.e., a well-developed OMZ in 
the eastern Arabian Sea), implying a strong Somali/Findlater jet (monsoonal atmospheric circulation). A 
number of possibilities arise for a long-term strengthening of a proto-SAM through this interval, evidenced 
from the decrease in biogenic calcite (decreased CaCO3 wt% and XRF-derived Ca), occurrence of a well-de-
veloped OMZ (decrease in Mn) and possible increase in chemical weathering products (smectite) from 
23 Ma onwards (Figure 9). These possibilities are discussed below.
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It has been suggested that as India transitioned northwards to its current position, it moved through the 
ITCZ during the early Miocene (Armstrong & Allen, 2011; Beaumont et al., 2001; Clift et al., 2008). This 
movement not only initiated more intense monsoonal rainfall but may have also created a feedback, which 
initiated elevated Himalayan exhumation rates (due to increased denudation and subsequent lithospheric 
unloading). This is supported by the existence of a large unconformity in Himalayan sedimentary sequenc-
es spanning the Oligocene-early Miocene interval, possibly due to high rates of erosion of the Himalayas 
(Clift & Vanlaningham, 2010). Modeling of Eocene boundary conditions also showed that this northward 
movement of India through the ITCZ acted to redistribute moisture convergence in the region (Huber & 
Goldner, 2012). As India continued to move further north into its current position, a more seasonal, modern 
monsoon system would have been established (Allen & Armstrong, 2012; Armstrong & Allen, 2011).

Alternatively, the retreat of the Paratethys Sea (a restricted sub-basin of the Tethys Ocean), due to Himala-
yan-Tibetan Plateau uplift, is thought to have facilitated a shift from a temperate to continental climate in 
central Eurasia, causing a subsequent drying of this area (Fluteau et al., 1999; Ramstein et al., 1997). This 
would have provided a source of aeolian dust to be transported to the Arabian Sea and northern Indian 
Ocean, predominantly by north-easterly winter monsoon winds (Aston et al., 1973; Betzler et al., 2016). 
However, the flux of aeolian material to the eastern Arabian Sea is thought to be negligible compared to 
fluvially derived terrigenous materials (Clemens & Prell, 1990, 1991). Estimates vary for when central Eura-
sian desertification may have occurred, yet several Central Asian loess and paleobotanical records are dated 
to the late Oligocene to early Miocene interval (Guo et al., 2002; Licht et al., 2016; Lu & Guo, 2014; Qiang 
et al., 2011; X. Sun & Wang, 2005; Zheng et al., 2015).

Finally, changes in orbital configuration drive changes in insolation at the Earth's surface which in turn 
affects the hydrological cycle. During the Oligocene, periods of global warmth (indicated by benthic oxygen 
isotope compilations) coincided with times of high insolation in the Northern Hemisphere (i.e., perihelion 
in Northern Hemisphere summer), whereas global warmth during the Miocene occurred during times of 
both Northern and Southern Hemisphere high insolation (De Vleeschouwer et al., 2017). The early Mi-
ocene interval was also a time of high amplitude variability in short eccentricity (Liebrand et al., 2017). 
These changes in orbital forcing are proposed to have driven changes in Antarctic ice volume and atmos-
pheric CO2 on astronomical timescales (De Vleeschouwer et al., 2017, 2020), with the latter having a po-
tential impact on the global and regional hydrological cycle (Carmichael et al., 2016; Lu & Guo, 2014; Yang 
et al., 2003) and subsequently the monsoon systems.

Given that tectonic movements are relatively slow, and the apparent increase in proto-monsoon intensity 
at the Oligocene-Miocene boundary in our records occurs over <500 kyr, it is likely that the sudden step-
change we observe in the eastern Arabian Sea at ∼23 Ma is primarily due to orbitally forced climatic factors 
superimposed on long-term regional tectonic forcing of oceanic gateways and uplift. The strengthening of a 
proto-SAM system by the earliest Neogene is supported by fossil megaflora in India (Srivastava et al., 2012), 
dust provenance studies from the Maldives (Betzler et al., 2016), enhanced weathering of the Western Ghats 
at the Oligocene-Miocene boundary (Bonnet et al.,  2016; Jean et al.,  2020), a major Oligocene-Miocene 
unconformity in the Himalayan foreland basin (Clift & Vanlaningham, 2010), increased erosion of the Him-
alayan foreland basin evidenced from thermochronology data (Clift et al., 2008; Webb et al., 2017), and in-
creased SAM precipitation observed in a recent modeling study (Thomson et al., 2021). Data from the same 
Site NGHP-01-01A from the middle Miocene show a major strengthening in SAM precipitation and runoff 
from ∼15 Ma (Yang et al., 2020). Our records now also show a strengthening of a proto-SAM system at the 
Oligocene-Miocene transition.

6. Conclusions
The sedimentary sequence from eastern Arabian Sea site NGHP-01-01A is the first marine record to cover 
the Oligocene to early Miocene interval in this region, helping to fill a critical gap in our knowledge of this 
time period. We employ a multi-proxy approach, including core scanning X-ray fluorescence data to investi-
gate bulk sediment elemental composition, as well as foraminiferal geochemistry (stable isotopes and trace 
elements). According to foraminiferal stable isotope compositions (δ13C, δ18O), the isotopic records from this 
site are commensurate with other low latitude sites through this time interval, following broadly the global 
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trends, especially in benthic carbon isotopes. Throughout the Oligocene and early Miocene interval warm 
subtropical thermocline temperatures persisted (∼25–32°C), with climate events such as the late Oligocene 
warming event and OMT not being particularly prominent, similar to other records from the low latitudes.

During the earliest part of the OMT (23.7–23.0 Ma) there was an increase in water column mixing and 
ventilation at this site, possibly driven by an increase in winter monsoon-type atmospheric circulation. This 
is evidenced by a reduction in Δδ13C, increase in bulk sediment Mn/Fe and Mn/Ti and foraminiferal Mn/
Ca (signaling increased oxygenation), and good CaCO3 preservation. We suggest this change was driven by 
a southward shift of the intertropical convergence zone over the peak of OMT glaciation due to the occur-
rence of an extended period of low eccentricity orbits (Liebrand et al., 2017; Zachos et al., 2001). Coincident 
with the Oligocene-Miocene boundary in the latter part of the OMT (∼23.0  Ma) there was a long-term 
change in sedimentation at this site. A reduction in CaCO3 and percentage coarse fraction, rise in Ti/Ca, 
high smectite (possible weathering products of the Deccan Traps), and relative reduction in bulk sediment 
Mn/Fe and Mn/Ti (reduced oxygenation) all suggest that this step-change was caused by a strengthening of 
a proto-summer SAM system and associated development of an intense oxygen minimum zone. It is evident 
from middle Miocene age data from this site that there was a major intensification of the South Asian sum-
mer monsoon coinciding with the middle Miocene climate transition (Yang et al., 2020). Overall, our new 
data suggests an earlier intensification of a proto-SAM at the Oligocene-Miocene boundary.
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