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ARTICLE INFO ABSTRACT

Editor: Dr. Howard Falcon-Lang Global atmospheric circulation experienced drastic changes during the Middle Miocene climate transition
(MMCT~14.7-13.0 Ma) possibly related to the glaciation on West-Antarctica. Palaeoceanographic re-
constructions have found that upwelling in the western Arabian Sea due to summer South Asian monsoon (SAM)
winds likely occurred since ~14.7 Ma, with fully modern-like monsoonal wind patterns after the end of the
MMCT at around ~13 Ma. Whether the changes in monsoonal circulation since ~14.7 Ma are also associated
with upper ocean hydrographic changes in the eastern Arabian Sea (EAS) is currently not known for the middle
Miocene. To this end, the difference in Mg/Ca-based temperatures (AT°C) of surface-dwelling with lower mixed
layer/thermocline-dwelling and sub-thermocline-dwelling planktic foraminifera was reconstructed to estimate
the upper ocean thermal gradient at Site NGHP-01-01 A in the EAS and thus changes in the upper surface water
column structure, i.e., mixed layer depth (MLD) and the depth of thermocline (DOT). The Mg/Ca-temperature
estimates from the upper mixed layer down to the sub-thermocline show a prominent cooling trend between
~14.2 Ma and 13.2 Ma. The upper water column reconstructions reveal weaker mixing, a shallower thermocline,
and therefore a well stratified upper water column in the EAS after ~14.2 Ma. We suggest that the weaker mixing
and shallower thermocline in the EAS after ~14.2 Ma are most likely due to an intensification of the summer
SAM. A strong salinity stratification and/or the formation of a barrier layer (BL) because of increased SAM
rainfall and advection of low salinity water may also have contributed to a weaker mixing and shallower
thermocline in the EAS during the investigated time period. The change in the upper ocean hydrography in the
EAS after ~14.2 Ma fits well into the emerging picture of monsoonal-driven upper ocean hydrographic changes
in the equatorial and northern Indian Ocean due to an intensification of the summer SAM since ~14.7 Ma.
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1. Introduction summer circulation was associated with the uplift of Eastern African and

Anatolian-Iranian landforms, which intensified and redirected the So-

The South Asian Monsoon (SAM), as an important component of the
global monsoon system, is one of the most intense climatic phenomena
on Earth characterized by seasonal reversals in wind direction and
changes in rainfall and is an important conveyor of interhemispheric
exchange of moisture and energy (e.g., Webster et al., 1998; Viswamb-
haran and Mohanakumar, 2014). Recent numerical model simulations
suggest that the establishment of a modern-like South Asian monsoon
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mali Jet, which is the dominant low-level wind pattern over the Arabian
Sea towards the Indian subcontinent, allowing the advection of moisture
towards Asia during summer (Zhang et al., 2014; Sarr et al., 2022; Tardif
et al., 2023). Those model simulations also show that strong upwelling
in the western Arabian Sea (WAS) was only established after the full
emergence of the Arabian Peninsula (Zhang et al., 2014; Sarr et al.,
2022). Palaeorecords of upwelling and thus monsoonal wind strength in
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the WAS place the onset of modern summer South Asian Monsoon (SAM)
wind patterns at ~12.9 Ma (Gupta et al., 2015; Betzler et al., 2016).
However, evidence for an earlier intensification of modern SAM wind
patterns comes from sea surface temperature (SST) records (Zhuang
et al., 2017) and sedimentary geochemical tracers (Bialik et al., 2020) in
the WAS, which suggest that the upwelling in the WAS and oxygen
minimum zone (OMZ) in the Arabian Sea were most likely initiated
between ~14.7 and 14.0 Ma, possibly closely related to the glaciation of
western Antarctica during that time. The first appearance of planktic
foraminifera Globigerina bulloides, an indicator of upwelling conditions,
in the WAS at ~14.5 Ma (Kroon et al., 1991) is also in agreement with an
earlier intensification of upwelling and thus monsoonal winds in the
WAS. A recent study found that summer SAM winds likely drive up-
welling in the WAS since ~14.7 Ma after the Miocene Climatic Optimum
(MCO; ~16.9-14.7 Ma), with fully modern-like monsoonal wind pat-
terns since the end of the Middle Miocene Climatic Transition (MMCT)
~13 Ma (Auer et al., 2023).

Whether the strengthening of monsoonal atmospheric circulation as
inferred from proxy records from the WAS since ~14.7 Ma is also
associated with upper ocean hydrographic changes in the eastern
Arabian Sea (EAS), i.e., changes in mixed layer (MLD) and depth of the
thermocline (DOT) is currently not known for the middle Miocene.
Monsoon wind-induced changes in the upper water column structure of
the EAS have been reconstructed so far only for the Oligocene-early
Miocene (30-20 Ma; Beasley et al., 2021) and the early Pleistocene
(Satpathy et al., 2019). Beasley et al. (2021) have found an increase in
water column ventilation and water mass mixing, indicating an increase
in winter monsoon type atmospheric circulation, possibly driven by a
relative southward shift of the intertropical convergence zone between
23.7 and 23.0 Ma and an intensification of a proto-summer SAM system
at around ~23.0 Ma to 22.7 Ma. Satpathy et al. (2019) have reported a
more stratified upper water column during the period ~2.7-1.85 Ma,
which is interpreted to reflect an overall weaker winter SAM circulation
and enhanced mixing between ~1.55 Ma and 1.65 Ma, which was
probably driven by an intensification of the winter SAM winds. A study
from the eastern equatorial Indian Ocean noted a shallow thermocline
during the latest Miocene - Early Pliocene (between ~6 and 3.4 Ma),
reflecting an intense summer SAM and a deepening of the thermocline
and thickening of the mixed layer because of a weaker summer SAM
after ~3.4 Ma (Podder et al., 2021). A study from the same eastern
equatorial Indian Ocean ODP Site 758 A revealed a thick mixed layer
between ~25.6 and 14.7 Ma and a prominent shift in the upper water
column structure at ~12.9 Ma, which is interpreted to reflect the onset
of SAM wind system, leading to the development of the modern summer
SAM current surface circulation in the Indian Ocean (Podder et al.,
2024). However, no records are available from the EAS to test how
monsoonal atmospheric circulation changes over the northern Indian
Ocean might have affected the upper water column structure in the EAS
during the middle Miocene.

For that reason, the objective of this study is to reconstruct changes
of the upper water column structure at Site NGHP-01-01 A in the EAS
during the middle Miocene. It is thought that the upper part of the water
column responds directly to changes in wind strength (e.g., Wyrtki,
1961; Qu et al., 2007). Reconstruction of the oceanic upper surface
water structure therefore may represent a sensitive variable of past
changes in wind strength. In order to reconstruct the upper surface water
column structure, the difference in Mg/Ca-based temperatures (AT°C) of
surface-dwelling (Trilobatus sacculifer), lower mixed layer/thermocline-
dwelling (Dentoglobigerina altispira), and sub-thermocline-dwelling
(Dentoglobigerina venezuelana) planktic foraminifera is calculated to es-
timate the upper ocean thermal gradient. These species are the best
choice to reconstruct changes of the upper water column structure at
Site NGHP-01-01 A in the EAS during the middle Miocene. Trilobatus
sacculifer is a mixed layer environment species (Fairbanks et al., 1980,
1982; Erez and Honjo, 1981; Hemleben et al., 1989), which is inhabiting
the upper 40 m in the Arabian Sea where the water column is well
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stratified (Schiebel et al., 2004). Combined shell stable oxygen isotope
and Mg/Ca ratios-based habitat depth estimates from the eastern Indian
Ocean suggest that T. sacculifer calcifies within the mixed layer between
20 m and 50 m (Mohtadi et al., 2011). Dentoglobigerina altispira is an
extinct planktic foraminifera species and shell §!80-derived habitat es-
timates show that D. altispira inhabited the lower mixed layer and/or
upper thermocline in the EAS during the middle Miocene (Zou et al.,
2022). Dentoglobigerina venezuelana is also an extinct species and its
stable carbon and oxygen isotope data suggest a deep dwelling, sub-
thermocline habitat (e.g., Gaspari and Kennett, 1993; Pearson and
Shackleton, 1995; Pearson et al., 1997; Pearson and Wade, 2009; Karas
et al., 2009).

The differences in Mg/Ca-based temperatures (AT°C) between
surface-dwelling, thermocline and sub-thermocline-dwelling planktic
foraminifera are a common approach for reconstructing the upper water
column structure, and a qualitative estimate for the state of the upper
ocean thermal gradient (e.g., Steinke et al., 2010, 2011; Mohtadi et al.,
2011). The AT(°C) between shallow-dwelling species and thermocline/
sub-thermocline-dwelling species is usually large when the thermocline
is shallow and the mixed layer is reduced, and a large temperature range
exists within the photic zone (e.g., Mohtadi et al., 2011). In contrast, a
smaller AT°C between shallow-dwelling species and subsurface dwelling
species indicates a lower temperature gradient and hence a deeper
thermocline and a deeper mixed layer depth (MLD), with a narrow
temperature range within the photic zone (e.g., Steinke et al., 2010;
Mohtadi et al., 2011).

2. Modern oceanography and hydrography

The climate and oceanography of the Arabian Sea are primarily
controlled by the seasonally reversing SAM. The summer monsoon
brings most of the rainfall to the Indian subcontinent (Webster et al.,
1998; Gadgil, 2003). The SAM is driven by the cross-equatorial pressure
gradient between the Indian Low and the Mascarene High in the
southern Indian Ocean (e.g., Tomas and Webster, 1997; Webster and
Fasullo, 2003). The Indian Low is controlled both by direct heating on
the Asian continent and the subsequent hidden heat release from
moisture from the Indian Ocean (Webster and Fasullo, 2003) and creates
an ocean-land-atmosphere interaction and thus acts as a main driving
force of hydroclimate in the tropical Indian Ocean. The Mascarene High
is controlled by the declining branch of the Hadley cell in the southern
hemisphere because of the temperature gradient between the equator
and Antarctica (Xue et al., 2004). For that reason, wet laden air flows
from the colder Indian Ocean (high atmospheric pressure) to the warmer
India subcontinent (low atmospheric pressure), which is also associated
with a northern shift of the Inter-Tropical Convergence Zone (ITCZ).
Nearly 80% of annual rainfall in India occurs in the summer or south-
west (SW) monsoon season (June to September; Fig. 1b; Parthasarathy
and Dhar, 1974). The southwest summer monsoon wet winds affect the
westcoast of India by end of May or beginning of June each year due to
sudden changes in the lower troposphere over the Indian Ocean, which
increase the southeast trade winds, resulting in a transverse equatorial
flow of trade winds and, consequently, a lower level of the Somali or
Findlater Jet (Findlater, 1969). High rainfall on the westcoast of India
and river runoff from the Western Ghats via the Narmada and the Tapti
rivers and several smaller rivers (e.g., Kalinadi, Gangavati, Sharavati,
Periyar, Valapattam, Bharathpuzha, Pamba, and Netravati; Milliman
and Farnsworth, 2011) result in an increased supply of freshwater and
the development of low-salinity surface waters off the western coast of
India (Fig. 1b) during the summer monsoon season at the core location
of Site NGHP-01-01 A in the EAS. The sea surface salinity (SSS) of the
EAS, therefore, decreases progressively from June to September by 0.5
to 1 psu (Behara et al., 2019). During the winter monsoon season, the
gradient of atmospheric pressure changes and the ITCZ shifts south,
resulting in a dominant air flow from the colder continent to the warmer
ocean. This causes strong, dry, northeastern winds coming from India
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Fig. 1. (a and b) Maps of precipitation and surface wind direction, and strength over the northern Indian Ocean for (a) January (winter NE monsoon) and (b) June
(summer SW monsoon). The location of marine sediment core NGHP-01-01 A (2006 Indian National Gas Hydrate Program Expedition-01; Collett et al., 2007) is given
in a-f. Locations of other cores discussed in this study are indicated in a-b: IODP Expedition Sites U1466, U1468, and U1471, Betzler et al. (2016); ODP Site 730 A,
Gupta et al. (2015) and Zhuang et al. (2017); ODP Site 722B (Kroon et al., 1991), Zhuang et al. (2017), and Bialik et al. (2020). Monthly precipitation and surface
wind speed and strength for the 925 hPa pressure level are derived from National Centers for Environmental Prediction (NCEP) reanalysis (http://iridl.ledeo.col
umbia.edu). (¢ and d) Surface water salinity and surface ocean circulation (black lines; according to Schott and McCreary Jr (2001) in the northern Indian
Ocean in (c¢) December-January-February (winter NE monsoon) and (d) June-July-August (summer SW monsoon); SMC, Southwest Monsoon Current; NMC,
Northwest Monsoon Current; WICC, West India Coastal Current; WIUC, West India Undercurrent; EICC, East India Coastal Current; SC, Somali Current; SECC, South
Equatorial Countercurrent; EACC, East African Current; LH, Laccadive High, LL, Laccadive Low; GW, Great Whirl; SE, Socotra Eddy. The salinity data are from the
Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS) global ocean salinity 0.5° gridded dataset (Li et al., 2023; http://www.ocean.iap.ac.cn).
(d and e) Sea surface temperature in the northern Indian Ocean in (e) December—January-February (winter NE monsoon) and (f) June-July-August (summer SW
monsoon). The sea surface temperature data is from the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS) global ocean temperature 0.5°

gridded dataset (Li et al., 2023).

and flowing towards the Arabian Sea with excessive evaporation over
precipitation and net thermal losses from the ocean (e.g., Gadgil, 2003).
During the summer monsoon season, a clockwise surface water cir-
culation develops in the Arabian Sea (Schott and McCreary Jr, 2001).
The eastern branch of this anticyclonic circulation forms the West India
Coastal Current (WICC; Shetye et al., 1991) in the EAS. The southward-
flowing WICC in summer carries high-salinity waters from the northern
Arabian Sea towards the south (Prasanna Kumar et al., 2004), leading to
slightly higher salinity along the west coast of India (Prasanna Kumar
et al., 2004; Fig. 1d), while the West India Undercurrent (WIUC) moves
northward and extends up to 17°N and to a depth of ~200 m (Shetye
et al.,, 1990; Antony, 1990; Muraleedharan et al., 1995). The WIUC
carries low saline and more oxygenated water and is about 40 km wide
with its core at 150 m in the southern part and deepens in the north with
its core ~250 m (off Goa) (Shetye et al., 1990; Naqvi et al., 2006).
During the winter monsoon season when the wind system reverses,
the WICC flows northward and transports low salinity waters from the
Bay of Bengal (BoB) into the EAS extending up to a depth of ~150 m
(Prasanna Kumar et al., 2004). This low-salinity BoB water is carried by
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Fig. 2. Salinity and temperature profiles at Site NGHP-01-01 A for annual
(black line), November-February (NE monsoon season; blue line) and June to
September (red line). Please note that the seasonal temperature and salinity
profiles at Site NGHP-01-01 A do not reveal any significant differences in mixed
layer depth (MLD; ~50 m water depth) during both seasons. Salinity and
temperature profiles are from the World Ocean Atlas 2009 (WOAQ9; Antonov
et al., 2010; Locarnini et al., 2010). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

the southward flowing East Indian Coastal Current (EICC) and then fed
into the WICC (e.g., Prasanna Kumar et al., 2004; Fig. 1c). In the
southeastern Arabian Sea, SSS decreases by about 1.5 psu during winter
(Behara et al., 2019). The WIUC flows southward during the winter
monsoon season (Shetye et al., 1990).

Modern observations show that the seasonally reversing winds also
modulate the mixed layer depth (MLD) in the EAS (e.g., Burkill et al.,
1993). In the central EAS, the MLD in winter is reported to be slightly
deeper (60-80 m) than during the summer (40-80 m) (Rao et al., 1989;
Madhupratap et al., 1996). Although the temperature of the mixed layer
is slightly lower (~27.3 °C) during the winter monsoon season than
during the summer monsoon season (~28 °C), seasonal temperature and
salinity profiles at Site NGHP-01-01 A do not reveal any significant
differences in mixed layer depth (~50 m water depth) during both
seasons (World Ocean Atlas, WOA 2009; Antonov et al., 2010; Locarnini
etal., 2010; Fig. 1e and f; Fig. 2). A recent observational study from the
central EAS shows a MLD of 38 + 21 m and depths of 26 °C isotherm (=
top of the thermocline in the EAS) of 99 + 12 m during the peak winter
SAM (January) and a slightly shallower MLD of 23 + 22 m and depths of
26 °C isotherm of 36 + 25 m during the peak summer SAM (August)
(Sherin et al., 2023). A prominent MLD deepening in the south of the
EAS during winter SAM season is inhibited due to advection of low-
salinity water carried by the northward-flowing WICC (Shankar et al.,
2016; Vijith et al., 2016; Fig. 1c).

In the southeastern Arabian Sea (SEAS), a 20 m thick barrier layer
(BL) exists during March-April because of the advection of a surface
layer of low-salinity waters from the Bay of Bengal (BoB) during
December—-January (Shenoi et al., 2004). The BL is almost annihilated
by April-May due to the onset of upwelling, and by the advection of
higher-salinity waters from the north and by mixing due to stronger
winds, which deepen the mixed layer in the SEAS (e.g., Durand et al.,
2004; Shenoi et al., 2004).

3. Materials and methods
3.1. Site description and age model

During the National Gas Hydrate Program (NGHP) cruise in 2006,
Site NGHP-01-01 A was recovered by the drill ship JOIDES Resolution
(JR) in the Kerala-Konkan Basin in the Eastern Arabian Sea (15°18.366"
N, 70°54.192" E; 2663 m water depth; Collett et al., 2007, Fig. 1). The
age model for the investigated middle Miocene time interval (16-11 Ma;
depth interval 212-172 mbsf) is based on orbital tuning of the bulk
density measurements acquired by wireline logging (Collett et al.,
2007). A detailed description about the refined age model can be found
in Yang et al. (2020). The age control points used to construct the age
model for Site NGHP-01-01 A in the depth interval 212-172 mbsf
(~16-11 Ma) (Yang et al., 2020) are given in the supporting information
(Table S1).
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3.2. Samples, sample preparation and additional datasets

The difference in Mg/Ca-based temperatures (AT°C) between
surface-dwelling (T. sacculifer) and thermocline-dwelling (D. altispira)
and sub-thermocline-dwelling (D. venezuelana) planktic foraminifera
was estimated to reconstruct the upper water column structure at Site
NGHP-01-01 A. A total of 106 samples were analyzed for D. venezuelana
stable oxygen isotopes and 201 samples for trace elements between
~185-210 m below seafloor (mbsf) of Site NGHP-01-01 A. In order to
allow a comparison within the same sample, the sample resolution of the
T. sacculifer 5'80 and Mg/Ca-SST records of Site NGHP-01-01 A as
previously published in Yang et al. (2020) were increased for this study.
An additional 388 and 138 samples for stable oxygen isotopes and trace
elements on T. sacculifer have been analyzed for this study, respectively.
All samples were freeze dried, wet-sieved over a 63 pm and a 150 pm
sieve and oven-dried at 55 °C. Thereafter, D. venezuelana and T. sacculifer
specimens were picked out of the samples with a brush for oxygen
isotope and trace element analyses. The isotope and trace element data
for the planktic foraminifera D. altispira and the difference of the Mg/Ca-
based temperatures (AT°C) between surface-dwelling planktic forami-
niferal species T. sacculifer and thermocline-dwelling D. altispira have
been previously published in Zou et al. (2022).

3.3. Planktic foraminiferal stable oxygen isotopes

Stable oxygen isotopes were measured on samples composed of
~5-10 D. venezuelana specimens of the 315-355 pm size fraction and ~
5-15 T. sacculifer specimens of the 250-355 pm size fraction. The iso-
topic composition of the planktic foraminifera samples was analyzed at
the MARUM, University of Bremen, Germany, using a Finnigan MAT 251
mass spectrometer equipped with an automatic line for carbonate
preparation (type “Kiel III”). Data are reported in the usual delta-
notation versus V-PDB. The instrument was calibrated against the
house standard (ground Solnhofen limestone), which in turn was cali-
brated against the internationally distributed reference material NBS
(National Bureau of Standards, USA) 19 calcite. The average standard
deviation of the in-house standard was +0.05%0 for &80 over the
measurement period.

3.4. Planktic foraminiferal trace element analyses

For the analysis of planktic foraminiferal trace elements, we
analyzed ~20-30 D. venezuelana specimens of the 315-355 pm size
fraction and ~ 30 T. sacculifer specimens of the 250-355 pm size frac-
tion. The cleaning protocol for planktic foraminiferal trace element
analyses of Barker et al. (2003) was used to clean the planktic forami-
niferal tests prior to the elemental analyses. As part of the cleaning
process, the tests were crushed, ultrasonicated and rinsed several times
to remove clay minerals, organic matter was removed by oxidation, and
any remaining contaminants were removed by acid leaching. After the
shell fragments were dissolved, the samples were centrifuged at 6000
rpm for 10 min. Trace element concentrations were measured using an
Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-
OES; Agilent 5110 VDV) at the Center of Major Equipment and Tech-
nology (COMET) of the State Key Laboratory of Marine Environmental
Science (MEL), Xiamen University. The Mg/Ca values are reported as
mmol/mol. After every five samples an in-house standard (Mg/Ca =
4.12 mmol/mol) was measured to examine the instrumental precision.
The relative standard deviation of the in-house standard was 0.02
mmol/mol for Mg/Ca. Replicate measurements of re-picked D. altispira
samples (n = 81) and T. sacculifer (n = 29) samples revealed an average
standard deviation for Mg/Ca of 0.18 mmol/mol and 0.15 mmol/mol,
respectively. Al/Ca, Mn/Ca and Fe/Ca were determined along with Mg/
Ca to assess the efficiency of the cleaning process, i.e., the removal of
clays and the occurrence of syn-sedimentary and post-depositional
precipitated Fe-Mn-oxyhydroxides and Fe—Mn carbonate coatings,
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respectively (see below).
3.5. Mg/Ca temperatures estimates

We note that D. venezuelana is an extinct species and therefore no
species-specific Mg/Ca-temperature calibration exists for this species.
Assuming that D. venezuelana incorporates Mg into its test similarly as
modern planktic foraminiferal species, we used the multiple species
planktic foraminifera calibration of Anand et al. (2003):

Mg/Ca (mmol/mol) = 0.38 exp.(0.090 x T ("C) 1)

to convert the D. venezuelana Mg/Ca ratios to temperature. The er-
rors of the temperature estimates were calculated according to the
approach of Mohtadi et al. (2014), which includes a propagation of the
errors introduced by the Mg/Ca measurements and the Mg/Ca-
temperature calibration (see Mohtadi et al., 2014, for details). The
resulting (1o) errors are on average 1.0 °C for the D. venezuelana tem-
perature estimates. Mixed layer temperature (°C) estimates based on
T. sacculifer were obtained by using the same multiple species planktic
foraminifera calibration species-specific equation (Anand et al., 2003;
see above). The (10) errors are on average 1.2 °C for the SST estimates.
Because seawater Mg/Ca has been shown not to be constant over time
(e.g., Evans and Miiller, 2012; Stanley and Hardie, 1998; Evans et al.,
2016), palaeo-Mg/Ca temperature records on such long-time scales may
require a correction for secular changes in seawater Mg/Ca. A record of
seawater Mg/Ca estimates derived from fluid inclusion, calcite vein and
echinoderm proxies (Lear et al., 2015) was used to correct the planktic
foraminiferal shell Mg/Ca for changes in seawater Mg/Ca:

Seawater Mg/Ca (mol/mol) = 5.2 — (0.238"age) + (0.00661 age?)

(2)
— (6466675 age3)

To account for past seawater Mg/Ca changes, the D. venezuelana and
T. sacculifer Mg/Ca estimates were adjusted for changes in seawater Mg/
Ca by modifying the Mg/Ca-temperature calibrations of Anand et al.
(2003; see above), following Lear et al. (2015):

T ('C) = InMg/CalnMg/Caytioene—sw/Mg/Caytodern—sw — I 0.38)/0.09)  (3)

where Mg/Ca is the measured planktic foraminiferal Mg/Ca in
mmol/mol, Mg/Capiocenesw the Miocene Mg/Ca seawater, which was
calculated following the eq. (2) and Mg/Capodern-sw the modern
seawater Mg/Ca, which is 5.1 mol/mol at present (Broecker and Peng,
1982; Wilkinson and Algeo, 1989).

3.6. Seawater 5180 estimates

Combining the measured shell Mg/Ca and stable oxygen isotopes of
D. venezuelana (this study), D altispira (Zou et al., 2022) and T. sacculifer
(Yang et al., 2020; this study) allows to reconstruct seawater 580 var-
iations, which provides information about the salinity of the sub-
thermocline and mixed layer waters. Changes in seawater 520
(5'804y) were calculated using the unadjusted and adjusted temperature
Mg/Ca-temperature estimates in order to account for past seawater Mg/
Ca changes by removing the temperature-driven component of the
planktic foraminifera 5'0 record. The §'80-temperature relationship of
(Bemis et al., 1998) was then used to calculate the 61805w estimates:

80y (SMOW%0) = (T('C) — 16.5+4.8 x 8"* Ocyie (VPDB)%o ) /4.8 +0.27
@

The values were converted to standard mean ocean water (SMOW)
by adding 0.27%. A local record of changes in §'%0y, (i.e., proxy for
local changes in salinity) was derived by subtracting an estimate of
middle Miocene ice-volume changes from the 5'80g,, record. The
benthic foraminiferal stable oxygen isotope record of Ocean Drilling
Program (ODP) Site 1146 located in the northern South China Sea
(Holbourn et al., 2018) was used to derive an estimate of ice volume
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changes for the middle Miocene. According to Shevenell et al. (2008),
~70% of the benthic foraminiferal oxygen isotope signal in the middle
Miocene is due to changes in continental ice volume. After normalizing
the benthic foraminifera record at ODP Site 1146 to its average value
and subtracting 70% of the benthic foraminifera record, the local 51804y
values were calculated, which provide approximate values of the rela-
tive changes in upper water salinity during the middle Miocene (see
Steinke et al., 2010; Yang et al., 2020). The errors of the 51804y values
are calculated by propagating the error introduced by the planktic
foraminiferal 680 and Mg/Ca measurements, the Mg/Ca-temperature
calibration, and the §'0-temperature relationship. The resulting er-
rors (1o) for the 618OSW are ~0.22%o for D. venezuelana, ~0.18%o for
D. dltispira, and ~ 0.24%o for T. sacculifer.
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3.7. Statistical transition point estimation
In order to quantify the onset of transitions in our AT°C and seawater
5180 records, we fitted continuous piecewise regression lines with a

single breakpoint through our AT°C and seawater §'80 records, using
the R package “segmented” (Muggeo, 2008).

4. Results

4.1. The potential influence of contaminations on the planktic
foraminiferal test Mg/Ca

Fe/Ca and Al/Ca were analyzed along with Mg/Ca to assess possible
contamination by clay minerals. Mn/Ca and Fe/Ca ratios were

average o } r?
» Mn/Ca (mmol/mol) 08 0.99 [ 0.009
] (b) D. venezuelana
L]
1.2
= 14
o |
£ ]
g ] i
£ 08 .
-
(@] »
= ,
= 06
04|
02 t+——1— T
2 25 3 35 4 45 5 55
Mg/Ca (mmol/mol)
2
Mn/Ca (mmol/mol) | -2Yerage | o r
0.8 | o027 0.14
25
(d) T. sacculifer
2- .
1 L]
—_ S e 3
© 4 g ° .
ST I gt
S o 8
£ VAL
£ ol
S ] "s'.'q' et .
T 1 2. Xy, . .
EE 3K 5 "R
oo o' " e ? o0
° ° .0.’3".:' .. od L]
1 '.. .:..""h .l.n °
0.5 o ¢ 2, 8% 3
B ° o b.. PS ) ..:
° L]
L e
3 35 4 45 5 55 6 6.5

Mg/Ca (mmol/mol)

Fig. 3. Dentoglobigerina venezuelana Mg/Ca of Site NGHP-01-01 A compared to Fe/Ca (a) and Mn/Ca (b) for the time interval ~ 16 Ma to 11 Ma. Trilobatus sacculifer
Mg/Ca plotted versus Fe/Ca (c) and Mn/Ca (d) for the same site and time interval. No correlation between Mg/Ca and Fe/Ca and between Mg/Ca and Mn/Ca of the
D. venezuelana samples and only a very low correlation between Mg/Ca and Fe/Ca and between Mg/Ca and Mn/Ca for the T. sacculifer samples suggests that the Mg/

Ca analyses are not affected by Fe—Mn contaminates.
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monitored as an indicator of Fe-Mn-oxyhydroxides and Fe—Mn car-
bonate coatings (e.g., Boyle and Keigwin, 1985). It has been noted by
Barker et al. (2003) that planktic foraminiferal test Mg/Ca may be
contaminated when the Mn/Ca and Fe/Ca are higher than 0.1 mmol/
mol. The D. venezuelana Mn/Ca and Fe/Ca values varied between 0.36
and 1.24 mmol/mol and 0.01 and 0.67 mmol/mol for D. venezuelana,
respectively. Mn/Ca and Fe/Ca values of the T. sacculifer, samples varied
between 0.25 and 1.63 mmol/mol and 0.01 and 1.25 mmol/mol,
respectively (Fig. 3). Most of these Mn/Ca and Fe/Ca values are higher
than the 0.1 mmol/mol Mn/Ca and Fe/Ca ratios given by Barker et al.
(2003) for clean, uncontaminated foraminiferal tests. Although high Fe/
Ca (up to 0.67 mmol/mol in D. venezuelana and 1.25 mmol/mol in
T. sacculifer) were found, we assume that the Mg/Ca analyses were not
contaminated by clay particles because Al was not detected by using
ICP-OES technique. Alternatively, the high Fe/Ca and Mn/Ca might be
related to the presence of Fe-Mn-oxyhydroxides and/or Fe-Mn-car-
bonates on the planktic foraminiferal tests, which might result in
elevated Mg/Ca. Although the Mn/Ca and Fe/Ca ratios are higher than
the 0.1 mmol /mol for uncontaminated samples, there exists no rela-
tionship (r? = 0.06) between Mg/Ca and Fe/Ca and between Mg/Ca and
Mn/Ca (r2 = 0.009) of the D. venezuelana samples and only a very low
correlation between Mg/Ca and Fe/Ca (r? = 0.16) and Mg/Ca and Mn/
Ca (r2 = 0.14) for the T. sacculifer samples (Fig. 3). Those results argue
against a significant influence of syn-sedimentary and post-
depositionally precipitated Fe-Mn-oxyhydroxides and/or Fe-Mn-rich
carbonate coatings and indicate that the Mg/Ca analyses are not
affected by Fe—Mn contaminates.

4.2. Stable oxygen isotopes

The §'0 values of D. venezuelana vary between —0.64%o and 1.39%o
during the time interval ~ 15.8 Ma and 12.5 Ma (Fig. 4a). The 5%
values are relatively constant between ~15.8 Ma and 14.2 Ma, followed
by an increase in 8'%0 from ~14.2 Ma to 12.5 Ma. The trend of 5'%0
values of the D. venezuelana is opposite to the trends of the 5!80 records
for T. sacculifer (this study, Yang et al., 2020) and D. altispira (Zou et al.,
2022) from the same core, which reveal a decrease in 5180 after ~14.2
Ma (Fig. 4a). The §'%0 values of T. sacculifer vary between —1.01%o and
— 3.51%0 between ~15.8 and 11 Ma (Fig. 4a). Different to the
D. venezuelana 580 record, the §'80 record of T. sacculifer shows a long-
term gradual decrease in 5'%0 from ~15.8 and 11 Ma (Fig. 4a).

4.3. Mg/Ca-temperature estimates

The D. venezuelana Mg/Ca of Site NGHP-01-01 A vary between 2.01
and 4.82 mmol/mol during the time interval ~ 15.8-12.5 Ma (Fig. 4b).
The estimated temperatures for the sub-thermocline calculated from
Mg/Ca of D. venezuelana reveal that the temperature during this period
varied between ~18.5 °C and 28.2 °C (Fig. 4c). Highest temperatures
occur between ~15.8 Ma and ~ 14.2 Ma with an average value of
~25.3 °C, except for a brief cooling of ~23 °C from ~14.4 Ma to 14.6
Ma. The sub-thermocline temperatures reveal a prominent decrease
after ~14.2 Ma during the MMCT. The T. sacculifer Mg/Ca ratios vary
between 3.39 and 6.10 mmol/mol (Fig. 4b). Changes in sea surface
water temperatures as deduced from the T. sacculifer Mg/Ca SST esti-
mates are similar to the temperature evolution of the sub-thermocline
(Fig. 4c). Higher temperatures between ~15.8 Ma and ~ 14.2 Ma
with an average value of ~27.5 °C are followed by a distinct decrease in
SST at around 14.2 Ma (Fig. 4c). After the distinct decrease in SSTs,
relatively constant SSTs of around 26.1 °C occurred between ~14 Ma to
11 Ma (Fig. 4c). The adjusted Mg/Ca temperature estimates of
D. venezuelana and T. sacculifer for changes in seawater Mg/Ca results
are on average 6 °C higher than those estimated without a correction for
changes in seawater Mg/Ca (Fig. 4d). Despite the fact that the absolute
Mg/Ca-based temperature estimates may be affected by temporal vari-
ations in seawater Mg/Ca during the middle Miocene, it is suggested that
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the amplitude, trend, and timing of the surface and sub-thermocline
water temperature changes are not affected as shown by the approach
to account for past seawater Mg/Ca changes (Fig. 4d). We therefore
suggest that those changes in the surface and sub-thermocline water
temperatures can be used to estimate changes in EAS surface and sub-
thermocline water temperatures during the middle Miocene.

4.4. Local 50 of seawater

The local 5804, reconstructions using the Mg/Ca-based sub-ther-
mocline temperature estimates reveal values varying between ~3.12 %o
and 0.79%o during the time interval ~ 15.8-12.5 Ma (Fig. 4e). The local
D. venezuelana based §'0y,, estimates reveal a prominent shift towards
lower (lighter) local 61805‘,\, values after ~14.4 Ma, indicating a fresh-
ening of the sub-thermocline waters in the EAS. The mixed-layer/surface
water T. sacculifer based local 5'80g, estimates vary between 2.07%o
and — 1.24%o during the time interval ~ 15.8 Ma and 11 Ma (Fig. 4e).
The local T. sacculifer (this study; Yang et al., 2020) and D. altispira (Zou
et al., 2022) based 5'80g, estimates reveal the same freshening after
~14.3 Ma of the upper and lower mixed layer/upper thermocline waters
as inferred from 580, estimates based on Mg/Ca and oxygen isotopes
of D. venezuelana, respectively, from the same core (Fig. 4e). Determi-
nation of breakpoints in the local 61805w estimates of D. venezuelana
using the R package “segmented” (Muggeo, 2008; Figs. 4e) indicates
breakpoints at 15.12 + 0.23 Ma (10) and 13.02 + 0.16 Ma, which are
significant when compared by F test to a model with no breakpoints (F
=5.62, p < 0.001). The local 5!%0, record of T. sacculifer reveals a pair
of breakpoints at 14.38 + 0.05 Ma (16) and 14.04 + 0.61 Ma, which are
highly significant. No breakpoints are detected in the local §'80g, record
of D. altispira, which might be related to the low resolution compared to
the 61805w records of D. venezuelana and T. sacculifer. The local seawater
5180 estimates of all three species using Mg/Ca-based temperatures
adjusted for changes in seawater Mg/Ca are on average 1.3%o heavier
than those calculated with unadjusted Mg/Ca-based temperatures
(Fig. 4f). Although the absolute local slsosw values are different, the
trends and timing of both approaches (using unadjusted vs. adjusted
Mg/Ca-based SST estimates) are identical (Figs. 4f and 4 g). We there-
fore think that the changes in the local SISOSW estimates can give us a
good idea of relative changes in local mixed layer and sub-thermocline
61805w in the EAS during the middle to late Miocene.

4.5. Thermal gradient (AT) estimates

The AT reconstructions using the mixed layer dweller T. sacculifer
and sub-thermocline dweller D. venezuelana reveal a generally smaller
(~2.9 °C) thermal gradient between the surface and sub-thermocline
waters between ~15.8 Ma and 14.2 Ma (Fig. 5a), except for the
period 14.8-14.6 Ma with a prominent higher (~5.4 °C) thermal
gradient between the surface and sub-thermocline waters. The
AT(T. sacculifer - D. venezuelana) €Stimates show an overall increase after
~14.3 Ma, indicating a weaker mixing and a better stratification in the
EAS after ~14.2 Ma. The thermal gradient (AT°C) estimates between the
mixed layer and lower mixed layer/upper thermocline (AT(r, saccuifer - D.
altispira)) T€veal the same trend with a smaller gradient between the sur-
face and lower mixed layer/upper thermocline between ~15.8 Ma and
14.2 Ma and an overall increase in AT thereafter (Fig. 5a), indicating a
weaker mixing and a better stratification in the surface waters of the EAS
after ~14.2 Ma. Determination of breakpoints of the thermal gradient
(AT°C) estimates reveal breakpoints for the AT(r. sacculifer - D. venezuelana)
record at 14.24 + 0.19 Ma (1c) and 14.02 + 0.15 Ma and for the
AT(T, sacculifer - D. altispira) Teécord at 14.13 £ 0.21 Ma (10) and 13.9 + 0.52
Ma, which are however statistically not significant (Fig. 5a).
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Fig. 4. (a) Oxygen isotope records of Trilobatus sacculifer (red; this study, Yang et al., 2020), Dentoglobigerina altispira (black; Zou et al., 2022), and Dentoglobigerina
venezuelana (blue; this study) of Site NGHP-01-01A, (b) Mg/Ca ratios (mmol/mol) of T. sacculifer (red; this study, Yang et al., 2020), D. altispira (black; Zou et al.,
2022), and D. venezuelana (blue; this study). (c) Mg/Ca temperature estimates (°C) for T. sacculifer (red; this study, Yang et al., 2020), D. altispira (black; Zou et al.,
2022), and D. venezuelana (blue; this study). (d) Mg/Ca temperature estimates of the three planktic foraminiferal species corrected for changes in seawater Mg/Ca. (e-
f) Local seawater 5'80 estimates at NGHP-01-01A for all three planktic foraminiferal species. Black lines in (e-f) indicate the statistical breakpoints analyses (see text
for details). Bars in (d) and (e-f) indicate 1o errors. Yellow vertical bars indicate the Miocene Climatic Optimum (MCO) and the Middle Miocene climate transition
(‘MMCT). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5. Discussion
5.1. Sub-thermocline temperature and salinity changes

The major feature of the sub-thermocline temperature record at Site
NGHP-01-01 A is a distinct cooling between ~14.2 Ma and 13.2 Ma in the
EAS (Fig. 4c). The sub-thermocline cooled by ~8 °C during this period. A
similar temperature trend is also observed in the upper mixed layer (Yang
et al., 2020) and in the lower mixed layer/upper thermocline (Zou et al.,
2022) with a decrease in temperature of ~4 °C and ~ 6 °C during the
MMCT, respectively (Figs. 4c; 6a). This prominent decrease in sub-
thermocline temperature is associated with a freshening of the sub-
thermocline as inferred from the local D. venezuelana based §'%0y,, esti-
mates which reveal a prominent shift towards lower (lighter) local 618OSW
values and thus lower salinity (Figs. 4e and 6b). The cooling and freshening
of the sub-thermocline in the EAS coincide with the shoaling and final
closure of the Miocene Indian Ocean Gateway (“Tethyan Seaway™) to the
Mediterranean at around ~14 Ma (e.g., Hamon et al., 2013; Bialik et al.,
2019). The shoaling and final closure of the Miocene Indian Ocean
Gateway ceased the inflow of the warm and salty Tethyan Indian Saline
Waters (TISW) from the Mediterranean Sea into the Arabian Sea (Bialik
etal., 2019). In this context, model simulations show that a shoaling of the
Tethyan Seaway to 250 m and its final closure resulted in the termination of
TISW production (Hamon et al., 2013). Bialik et al. (2019) suggest that the
TISW advection might have affected the whole Arabian Sea and the eastern
African Margin. We therefore suggest that the closure of the Tethyan
Seaway at around ~14 Ma caused the termination of the inflow of the
warm and salty TISW into the Arabian Sea, which likely resulted in a
cooling and freshening of the sub-thermocline at Site NGHP-01-01 A in the
eastern Arabian Sea. We suggest that the higher density of the TISW may
have prevented any impact on the surface waters in our study area similar
to the modern Persian Gulf Water (PGW) mass (Prasad et al., 2001). In
addition, the final closure of the Tethyan Seaway led to significant changes
in the oceanography of the Indian and Southern Ocean. Numerical model
simulations suggest that the closure of the Tethyan seaway and the
cessation of the advection of the TISW also caused strong changes in the
latitudinal density gradient and a strengthening of the Antarctic Circum-
polar Current (ACC; Hamon et al., 2013). Prior to the closure of the Tethyan
Seaway, the presence of the TISW, which was warm and saline, might have
been associated with a slow proto-Antarctic Circumpolar Current (ACC),
preventing the expansion of East Antarctic Ice Sheets during the early and
early middle Miocene (Woodruff and Savin, 1989; Wright et al., 1992). A
strengthened ACC resulted in lower SSTs, an increase in sea ice extent and a
stronger latitudinal thermal gradient, and thus a strengthening of the
westerlies (Hamon et al., 2013). A strengthening of the ACC is also asso-
ciated with a gradual cooling and freshening of the surface waters between
14.2 and 13.8 Ma at ODP Site 1171C in the subantarctic Southwest Pacific
(Shevenell et al., 2004). The distinct cooling and freshening of the sub-
thermocline in the EAS coincide with the cooling and freshening in the
ACC region at ODP Site 1171C in the subantarctic Southwest Pacific
(Shevenell etal., 2004; Fig. 6 cand d). As discussed previously in Yang et al.
(2020), it might be possible that the Southern Ocean Intermediate Waters
(SOIW) may have transmitted the changes in temperature and salinity to
the Arabian Sea via the “oceanic tunnel” mechanism (Liu and Yang, 2003;
Pena et al., 2013), as previously shown for other locations in the Indian
Ocean during the Pleistocene and Holocene (e.g., Kiefer et al., 2006;
Romahn et al., 2014). After subducting and spreading northward into the
Indian Ocean, the SOIW forms the Indian Ocean Central Water (IOCW;

You, 1998), which reached the surface waters in the WAS and south-
western EAS upwelling regions, likely affecting the hydrography from the
sub-thermocline to the surface, resulting in the pronounced decrease in
temperature and salinity at Site NGHP-01-01 A (Fig. 6 a and b).

5.2. Upper water column structure

The AT(T. sacculifer-D. venesuelana) €Stimates reveal weaker mixing, a
shallower thermocline and a better stratification in the EAS after ~14.2
Ma (Fig. 5a). This is corroborated by the difference in Mg/Ca-based
temperatures (AT°C) of the surface-dwelling planktic foraminifera
T. sacculifer and the lower mixed layer/upper thermocline-dwelling
planktic foraminifera D. altispira estimates (Zou et al., 2022; Fig. 5a),
which also suggested less mixing and better stratified surface waters in
the EAS after ~14.2 Ma. The decrease in mixing and thus shoaling of the
thermocline in the EAS after 14.2 Ma coincides with upwelling in the
WAS, possibly driven by a strengthening of the summer SAM winds since
~14.7 Ma (e.g., Zhuang et al., 2017; Auer et al., 2023). The intensifi-
cation of the summer SAM winds after~14.7 Ma is consistent with the
proposed northward movement of the southern Westerlies and the
Hadley Cell in the Indian Ocean from the middle to the late Miocene
(Groeneveld et al., 2017), resulting in a strengthening of the cross-
equatorial Somali Jet during this period (e.g., Bialik et al., 2020).
Modern observations from the Indian Ocean have revealed that the
thermocline depth becomes shallower (deeper) in the eastern (western)
Indian Ocean during strong summer SAM (Krishnan et al., 2006; Swapna
et al., 2014; Keerthi et al., 2013). In addition, model simulations have
shown that wind strength weakens (increased) in the eastern (western)
Indian Ocean during maximum summer SAM periods (Jalihal et al.,
2019), which enhances (reduces) surface stratification or thermocline
shoaling (deepening). We, therefore, suggest that the shallower ther-
mocline depth in the EAS is most likely due to an intensification of the
summer SAM. Like in modern-day oceanographic settings, the thermo-
cline depth became shallower with decreasing SST and sub-thermocline
temperature after 14.2 Ma (Fig. 4c, 5a), as Podder et al. (2021) also
observed in the eastern equatorial Pacific during the Pliocene-
Pleistocene. On the contrary, surface water cooling is suggested to
deepen the mixed layer and thermocline by convective mixing (e.g.,
Mathew et al., 2003). Modern observations from EAS show that
convective mixing during the winter SAM leads to surface cooling and a
deep mixed layer/ thermocline in the north, whereas intense surface
layer stratification is caused by the advection of low saline Bay of Bengal
waters by West India Coastal Current (WICC), which inhibits vertical
mixing in the south (Shankar et al., 2016). The strengthening of the SAM
winds and cooling of the surface waters between ~14.2 Ma and 13.2 Ma
are associated with an intensification of SAM rainfall as inferred from
continental runoff from the Western Ghats and thus an intensification in
monsoonal rainfall in West India and the adjacent EAS (Yang et al.,
2020; Fig. 5f and g). We therefore suggest that the increased rainfall and
higher river runoff from the Western Ghats resulted in fresher surface
waters in the EAS, leading to less dense surface waters and thus to a
strong salinity stratification. Although the Indian subcontinent was
located somewhat closer to the equator during that time, the global
ocean-continent constellation was close to its modern configuration by
~14 Ma (Scotese, 2002). The present-day monsoon-driven surface water
circulation patterns existed already during the middle Miocene as sug-
gested by Podder et al. (2024). Podder et al. (2024) have noted a thick
mixed layer between ~25.6 and 14.7 Ma and a shoaling of the
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Fig. 5. (@) AT(r. sacculifer - D. venezuelana) (Plu€) and (AT(r. sacculifer - b. altispira)) (Plack) estimates at NGHP-01-01 A compared to other proxy records of changes in the South
Asian Monsoon (SAM). (b) Mn/Al record of ODP Site 722B from the Western Arabian Sea (Bialik et al., 2020) and (¢) Mn/Ca record from the Maldives Inner Sea,
fluctuations (Betzler et al., 2016; black line: 3-point running average), which are proxy records for Oxygen Minimum Zone (OMZ) fluctuations. (d) TEX86 SST
estimates of ODP Sites 722B and 730 A from the Western Arabian Sea (Zhuang et al., 2017). (e) G. bulloides relative abundances of ODP Site 730 A (Gupta et al.,
2015) from the Western Arabian Sea. (f) T. sacculifer based local mixed later seawater 5'80 estimates at NGHP-01-01 A (this study, Yang et al., 2020). (g) Ba/Ca ratios
of Site NGHP-01-01 A from the Eastern Arabian Sea (Yang et al., 2020). MCO: Miocene Climatic Optimum; MMCT: Middle Miocene climate transition. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (@) Trilobatus sacculifer (red; this study, Yang et al., 2020), Dentoglobi-
gerina altispira (black; Zou et al., 2022), and Dentoglobigerina venezuelana (blue;
this study) Mg/Ca based surface water temperature estimates at Site NGHP-01
A-01. (b) Local seawater 5'80 estimates derived from the aforementioned
planktic foraminiferal species at NGHP-01-01 A. (¢) Mg/Ca-based SST estimates
and (d) seawater 5'%0 estimates of ODP Site 1171C from the subantarctic
Southwest Pacific (Shevenell et al., 2004). MCO: Miocene Climatic Optimum;
MMCT: Middle Miocene climate transition. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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thermocline thereafter with a prominent shift in the in the upper water
column structure at ~12.9 Ma, which is interpreted to reflect the onset
of SAM wind system, leading to the development of the modern summer
SAM current surface circulation in the Indian Ocean (Podder et al.,
2024). Like today, we suggest that an intrusion of lower salinity water
from the eastern Indian Ocean related to an increased summer runoff of
the Ganga-Brahmaputra river system into the Bay of Bengal (BoB) due to
a stronger SAM rainfall over the Indian subcontinent and the BoB region
during the MMCT contributed to the freshening of the surface waters at
Site NGHP-01-01 A. Similar to today, low salinity BoB water might have
been carried by the southward flowing EICC and then fed into the WICC
flowing northward reducing the salinity in the EAS (see above). Since
the stratification is strong under such a scenario, the mixed layer is less
reactive to wind anomalies, and the mixed layer would not deepen
much. Although the wind patterns over the Arabian Sea are considered
to have been strengthened during the MMCT and thereafter (see refer-
ences above), the proposed strong salinity stratification might have
counteracted a deepening of the mixed layer. In analogy to modern
hydrography and climatology (see below), it is speculated that under the
influence of salinity stratification, resulting from heavy rainfall, river
runoff and advection of low salinity waters, the formation of a barrier
layer (BL; e.g., Sprintall and Tomczak, 1992; Qu and Meyers, 2005)
might have enhanced the salinity stratification, stabilizing a shallow
mixed layer in the EAS after ~14.2 Ma. Modern observations show a 20
m thick BL in the southeastern Arabian Sea during March—April because
of the advection of low-salinity surface waters during the winter months
from the BoB (Shenoi et al., 2004; see above). We therefore suggest that
the intensification of the summer SAM rainfall between ~14.8 Ma and
14.0 Ma, which is associated with a higher riverine runoff from the
Western Ghats and the advection of low salinity waters from the BoB via
the WICC (see above) resulted in the formation of a BL between the
bottom of the mixed layer and the top of the thermocline, enhancing the
stratification in the EAS after ~14.2 Ma. The advection of scenario,
however, cannot yet be fully proven by substantial data sets, especially
with regard to the winter SAM development during the middle Miocene.
We cannot prove this scenario with independent winter EAM proxy re-
cords for the development of the winter EAM during the middle
Miocene. Beasley et al. (2021) have found an increase in water column
ventilation and water mass mixing between 23.7 and 23.0 Ma, indi-
cating an increase in winter monsoon type atmospheric circulation. It
could therefore be possible that with the strengthening of the summer
SAM atmospheric and surface ocean circulation during the MMCT, a
simultaneous strengthening/intensification of the winter SAM monsoon
took place. In addition, the global ocean-continent constellation was
close to its modern configuration by ~14 Ma (Scotese, 2002) and a
closed Tethyan Seaway by that time, might have allowed also the
establishment of a winter EAM circulation in the northern Indian Ocean.
In summary, the change in the upper ocean hydrography after ~14.2 Ma
as inferred from our proxy records from the EAS, i.e., decreased mixing
and shoaling of the thermocline, fits well into the emerging picture of an
earlier intensification of the SAM since ~14.7 Ma (Zhuang et al., 2017;
Bialik et al., 2020; Auer et al., 2023).

5.3. Factors driving summer SAM changes during the middle Miocene
The evolution and driving mechanisms of the summer SAM during

the middle Miocene are strongly debated. Recent model simulations
invoke a combination of orography (gradual uplift of the Himalayan-
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Tibetan plateau; Eastern African and Anatolian-Iranian landforms),
expanding ice sheets (glaciation in Antarctica), atmospheric CO, and
orbital forcing for the strengthening of SAM rainfall after ~15 Ma (e.g.,
Farnsworth et al., 2019; Thomson et al., 2021; Zhang et al., 2014; Sarr
et al., 2022; Tardif et al., 2023). In addition, Zhang et al. (2023) sug-
gested that the stronger SAM during the global cooling at the time of
MMCT is mainly attributed to the closure of the Tethyan Seaway, which
can explain much of the sedimentary records for the SAM rainfall evo-
lution (e.g., Yang et al., 2020; Ali et al., 2021). Here we suggest another
factor, which may have contributed to drive changes in the summer SAM
during the middle Miocene. At present, the summer SAM is driven by the
cross-equatorial pressure gradient between the Indian Low over the
Asian continent and the Mascarene High in the southern Indian Ocean
(e.g., Webster and Fasullo, 2003). The Indian Low is driven by direct
sensible heating of the Asian continent, particularly heating of the non-
elevated parts of India, and by subsequent latent heat release due to
moisture supply from the Indian Ocean (Webster and Fasullo, 2003).
The Mascarene High is driven by the subsiding branch of the Southern
Hemisphere Hadley cell because of the Equator-to-Antarctica tempera-
ture gradient. Modern observations show that colder-than-normal Ant-
arctic temperatures lead to a stronger Mascarene High, which tends to
strengthen the cross-equatorial Somali jet and thus the SAM (Xue et al.,
2004). In addition, modern observational data also show that high (low)
ice phase corresponds respectively to the strengthening (weakening) of
the Mascarene High as well as an increase (decrease) in summer SAM
rainfall (Azar et al., 2020). Azar et al. (2020) also found strong anticy-
clonic (cyclonic) anomalies in the Mascarene High region in 850 hPa
winds, which led to corresponding strong (weak) south westerlies and
thus respective positive (negative) summer SAM rainfall anomalies. The
increase in rainfall in the SAM region at around ~14.5-14 Ma is in
relatively good agreement with Southern Hemisphere surface ocean
water cooling and Antarctic cryosphere expansion (Fig. 6). We therefore
suggest that the increase in rainfall in the SAM region around ~14.5 to
14.0 Ma is most likely attributed to a stronger Mascarene High, which
increased the cross-equatorial circulation and thus the summer SAM. A
similar mechanism has been invoked to explain glacial-interglacial
changes of the SAM during the Pleistocene (Rohling et al., 2009; An
et al., 2011). This is also in good agreement with the proposed north-
ward movement of the southern Westerly Winds and the Hadley cell in
the Indian Ocean from the middle to the late Miocene (Groeneveld et al.,
2017). In addition, an increase in SAM strength around ~14.5 to 14 Ma
may also explain a stronger westerly jet over Central Asia during and
after the MMCT (Frisch et al., 2019). To conclude, the intensification of
the SAM during and after the MMCT fits well into the picture of a global
reorganization of the atmospheric circulation following the expansion of
the Antarctic ice sheets from ~14.7 to 13.8 Ma.

6. Conclusions

Drastic changes in SAM atmospheric circulation occurred during the
MMCT (~14.7-13.0 Ma) period as inferred from proxy reconstructions
from the WAS and model simulations. This study was aimed to investi-
gate the impact of these monsoonal changes on the surface water hy-
drography in the EAS. To this end, the difference in Mg/Ca-based
temperatures (AT°C) of surface-dwelling with lower mixed layer/
thermocline-dwelling and sub-thermocline-dwelling planktic forami-
nifera was calculated to estimate the upper ocean thermal gradient at
Site NGHP-01-01 A in the EAS and thus changes in the upper surface
water hydrography, i.e., depth of the mixed layer and thermocline. Our
reconstructions reveal weaker mixing, a shallower thermocline, and
therefore a well stratified upper water column in the EAS after ~14.2
Ma. We suggest that the weaker mixing and shallower thermocline in the
EAS after ~14.2 Ma is most likely due to an intensification of the
summer SAM. A strong salinity stratification and/or the formation of a
barrier layer (BL) because of increased rainfall, higher river runoff from
the Western Ghats and the intrusion of low salinity waters from the Bay
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of Bengal during the winter SAM may also have contributed to a weaker
mixing and shallower thermocline in the EAS during the investigated
time period. However, the latter scenario cannot yet be fully proven by
substantial datasets because we lack winter EAM proxy records for the
development and establishment of the modern winter SAM current
surface circulation in the Indian Ocean during the middle Miocene. It is
imperative that the latter scenario of this study is further validated by
future studies of the winter SAM during the middle Miocene. Overall,
our data for changes in the upper ocean hydrography in the EAC after
~14.2 Ma fits well with the emerging picture of monsoonal-driven
upper ocean hydrographic changes in the equatorial and northern In-
dian Ocean due to an intensification of the summer SAM since ~14.7
Ma.
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