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Abstract During the middle Miocene, Earth's climate changed from a global warm period (Miocene
Climatic Optimum) into a colder one with the expansion of the Antarctic ice sheet. This prominent
climate transition was also a period of drastic changes in global atmospheric circulation. The development of
the South Asian monsoon is not well understood and mainly derived from proxy records of wind
strength. Data for middle Miocene changes in rainfall are virtually non‐existent for India and the Arabian
Sea prior to 11 Ma. This study presents planktic foraminiferal trace element (Mg/Ca and Ba/Ca) and
stable oxygen isotope records from NGHP‐01 Site 01A off the coast of West India in the Eastern Arabian Sea
(EAS) to reconstruct the regional surface hydrography and hydroclimate in the South Asian monsoon
(SAM) region during the middle Miocene. The Ba/Ca and local seawater δ18O (δ18Osw) changes reveal a
notable gradual increase in SAM rainfall intensity during themiddleMiocene. Additionally to this long‐term
increase in precipitation, the seawater δ18O is punctuated by a prominent decrease, i.e. freshening, at ~14Ma
contemporary with Antarctic glaciation. This suggests that Southern Ocean Intermediate Waters
(SOIW) transmitted Antarctic salinity changes into the Arabian Sea via an “oceanic tunnel”
mechanism. The middle Miocene increase in SAM rainfall is consistent with climate model simulations of
an overall strengthening Asian monsoon from the Eocene to the middle/late Miocene with a further
acceleration after the middle Miocene climate transition.

1. Introduction

The South Asian monsoon (SAM) is a complex coupled atmosphere‐ocean‐land phenomenon, marked by
seasonal reversals in wind direction accompanied by changes in seasonal rainfall and an important conveyor
of interhemispheric exchange of moisture and energy (e.g., An et al., 2011). However, the geological history
and evolution of the SAM are not well understood and unresolved issues still exist. In particular, the evolu-
tion and timing of the onset and intensification of the SAM winds and rainfall to modern strength are still
disputed (e.g., Gupta et al., 2015). It is of crucial importance to determine the exact timing of when and
how the SAM appeared and evolved over time as well as the character of changes in order to understand
the mechanism and controlling factors that drove the SAM system. Most of the evidence for the long‐term
history and evolution of the SAM is derived from records of wind strength and the associated upwelling in
the Arabian Sea (Gupta et al., 2015; Nigrini, 1991; Zhuang et al., 2017) and deposits of wind‐driven currents
from the Maldives (Betzler et al., 2016). Based on the first appearance of siliceous biota, Nigrini (1991) sug-
gested an age of 11.9 Ma for the onset of upwelling in the western Arabian Sea (WAS). Isotopic and faunal
records from the Oman margin and Owen Ridge in the WAS suggest that modern summer monsoonal wind
patterns were established after 12.9 Ma (Gupta et al., 2015). Betzler et al. (2016) confirmed this age for the
apparent onset of the modern SAM wind system. Sea surface temperature (SST) records from the WAS indi-
cate the establishment of monsoonal summer upwelling between 11 and 10 Ma (Zhuang et al., 2017).
However, planktic foraminiferal records from the WAS show the first appearance of planktic foraminifera
Globigerina bulloides, a proxy indicator for upwelling intensity and thus monsoonal wind strength, at
~14.5 Ma (Kroon et al., 1991). Evidence for an earlier onset of the modern monsoonal wind patterns also
comes from the recent study of Bialik et al. (2020), which suggests that the western Indian Ocean upwelling
and oxygen minimum zone (OMZ) were most likely established between ~14.8 and 14.0 Ma. Whether the
proposed onset of the SAM winds between ~14.8 and 10 Ma is associated with changes in rainfall,
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a defining characteristic of monsoon systems is not known because rainfall reconstructions are virtually
non‐existent for the Peninsular India and the Arabian Sea region for the period ~14.8 to 10Ma. Stable isotope
profiles of fossil freshwater bivalve shells and mammal teeth from the Himalayan foreland basin indicate
strong seasonality in precipitation since at least 11Ma (Dettman et al., 2001). Further evidence for a relatively
humid climate in the SAM region between 15 and 10 Ma comes from palaeo‐botanical proxy records
(Hoorn et al., 2000; Prasad, 1993; Srivastava et al., 2018). In contrast, hydrogen isotopic ratios of leaf wax
at Ocean Drilling Program (ODP) Site 722 (WAS) indicate that the source regions (Pakistan, Iran,
Afghanistan, and the Arabian Peninsula) for the plant waxes became progressively drier from 10 to 5.5 Ma
(Huang et al., 2007). Climate modeling studies suggest that the SAMhas been operating at least since the late
Eocene (e.g., Huber &Goldner, 2012; Licht et al., 2014) and that an active and intense SAMexisted during the
early/middle Miocene (Herold et al., 2011). Early/middle Miocene pollen assemblages from the siliciclastic
Ambalapuzha Formation at the coastal cliffs of Varkala in southwest Kerala, India, reveal a modern‐like
annual temperature and precipitation cycle with only minor reduction in rainfall seasonality during the
Miocene Climatic Optimum (MCO, ~17–15 Ma; Reuter et al., 2013), indicating an active SAM during the
early/middle Miocene.

We present an ~5Myr (16–11 Ma) record of changes in SAM rainfall recorded at site NGHP‐01‐01A from the
Eastern Arabian Sea (EAS) off the coast of western India (Figure 1). Site NGHP‐01‐01A is considered ideal to
provide a very sensitive record for changes in SAM precipitation. The core location has freshwater delivered
either directly as rainfall, or via runoff from the Western Ghats during the summer SW monsoon season
(Figure 1). This is because the west coast of India and the adjacent EAS receive highest rainfall during the
summer SW monsoon season (June to September; Figure 1b). While the majority of rivers of Peninsular
India mainly emerging from the Western Ghats flow eastward into the Bay of Bengal (BoB), the
Narmada, and the Tapti are the only major rivers that flow into the Arabian Sea (Figure 1e). Several smaller
rivers (e.g., Kalinadi, Gangavati, Sharavati, Periyar, Valapattam, Bharathpuzha, Pamba, and Netravati) also
originate in theWestern Ghats and flow westward, draining into the Arabian Sea and thus represent a major
freshwater source for the coastal EAS (Figure 1e; Milliman & Farnsworth, 2011). High rainfall on the west
coast of India and river runoff from the Western Ghats result in an increased freshwater flux and the devel-
opment of low‐salinity surface waters off the western coast of India during the summer SWmonsoon season,
affecting our core location (Figure 1; e.g., Sarkar et al., 2000). Since the formation of the Western Ghats at
~50 Ma (Gunnell et al., 2003), the Western Ghats have insured that orographically controlled rainfall is a
constant in the hydroclimate of the EAS region. During the winter, the EAS area is under minor influence
by the intrusion of low‐salinity water from the BoB, which is related to summer runoff into the BoB.
Low‐salinity BoB water is carried by the southward flowing East Indian Coastal Current (EICC) and then
fed into the West India Coastal Current (WICC), which flows northward into the EAS (e.g., Prasanna
Kumar et al., 2004; Figure 1c). A recent numerical modeling study by Behara et al. (2019) has suggested that
the freshening of the EAS during the winter is related to rainfall during the early winter in the southwestern
BoB between 6°N and 15°N. However, this view is challenged by observations from surface drifters and Argo
floats, which reveal that the WICC does not continuously carry surface freshwater from the BoB to the EAS
during the winter monsoon (Hormann et al., 2019). Conversely, during the summer monsoon season, the
equatorward‐moving WICC, which strengthens southward, advects slightly higher salinity water toward
the south along the west coast of India (Prasanna Kumar et al., 2004; Figure 1d). The seasonal changes in
rainfall and surface water circulation in the EAS as described above are reflected in the hydrography at
our Site NGHP‐01‐01A (Figures 1c and 1d). Site NGHP‐01‐01A experiences low‐salinity conditions from
January to June (~35.7 psu) due to the minor intrusion of low‐salinity water from the BoB which is related
to summer monsoonal runoff and reaches the core site in winter and to runoff from the Western Ghats dur-
ing June when summer monsoonal rainfall is highest at the west coast of India. Salinity is higher (~36.3 psu)
from July to December. This is related to decreasing summer monsoonal rainfall and the influence of
equatorward‐flowing WICC which carries slightly higher salinity waters from the northern Arabian Sea
toward the south (Prasanna Kumar et al., 2004).

Here, we reconstruct relative sea surface water salinities based on combined measurements of Mg/Ca ratios
and stable oxygen isotopes in tests of the planktic foraminifera Trilobatus sacculifer‐quadrilobatus to
constrain local seawater δ18O (δ18Osw = proxy for sea surface salinity; e.g., Nürnberg, 2000) in order to
reconstruct the hydrography of the EAS surface waters and thus changes in rainfall of the SAM region.
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Figure 1. (a and b) Map of precipitation, surface wind direction, and strength over the northern Indian Ocean for
(a) January (winter NE monsoon) and (b) June (summer SW monsoon). Map (a) also shows the position of marine
sediment core NGHP‐01‐01A (2006 Indian National Gas Hydrate Program Expedition‐01). The locations of other cores
discussed in the text are also indicated: IODP Expedition sites (Sites U1466, U1468, and U1471), Betzler et al. (2016);
ODP Site 730, Gupta et al. (2015) and Zhuang et al. (2017); ODP Site 722 (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
(arrows with speed proportional to the vectors) is derived from National Centers for Environmental Prediction (NCEP)
reanalysis (http://iridl.ledeo.columbia.edu). Note the high rainfall on the southwesternmargin of India during the summer
SW South Asian monsoon season in the vicinity of Site NGHP‐01‐01A. (c and d) Salinity and schematic representation
of the surface ocean circulation (black lines) 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
MonsoonCurrent;WICC,West IndiaCoastal Current; EICC, East IndiaCoastal Current; SC, Somali Current; SECC, South
Equatorial Countercurrent; EACC, East African Current; LH, Laccadive High, LL, Laccadive Low; GW, Great Whirl;
SE, Socotra Eddy. Upwelling wedges are indicated in light blue (as inferred from Schott & McCreary, 2001). The salinity
data are from the JPL (Jet Propulsion Laboratory) SMAP‐SSS V4.2 CAP (daily 8 day runningmean, level 3; Fore et al., 2016;
https://doi.org/10.5067/SMP42‐3TPCS) product from NASA's (National Aeronautics and Space Administration)
SMAP (Soil Moisture Active Passive) observator. (e and f ) Monthly average freshwater flux (Evaporation‐Precipitation;
Fennig et al., 2012) during the winter SAM (January) (e) and during the summer SAM (June) (f ). Rivers which originate in
the Western Ghats and flow westward, draining into the Arabian Sea are given in (e). Note the high freshwater flux on
the southwestern margin of India during the summer SAM in the vicinity of Site NGHP‐01‐01A (f ).
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In addition, we analyzed planktic foraminiferal Ba/Ca ratios of the same samples. Similar to the salinity
reconstructions, Ba/Ca ratios in planktic foraminifera shells also serve as a proxy for relative salinity,
albeit purely related to river/continental runoff (Bahr et al., 2013; Groeneveld et al., 2018; Hönisch
et al., 2011; Lea & Boyle, 1991) and thus can provide important information about changes of continental
monsoonal rainfall.

2. Materials and Methods
2.1. Site Description and Age Model

The analyzed material was sampled from Site NGHP‐01‐01A (2006 Indian National Gas Hydrate Program
Expedition‐01, 15°18.366′N, 70°54.192′E, water depth 2,663 m, Collett et al., 2007). Site NGHP‐01‐01A
was drilled by the drill ship JOIDES Resolution (JR) in the Kerala‐Konkan Basin and recovered
foraminifera‐bearing nannofossil oozes (Figure 1; Collett et al., 2007). The terrigenous portion of the sedi-
ment accumulated at Site NGHP‐01‐01A primarily originates from the adjacent Western Ghats range
(Campanile et al., 2008). The initial age model of Site NGHP‐01‐01A was based on a combination of calcar-
eous nannofossil and planktic foraminiferal biostratigraphic events (Flores et al., 2014). The biostratigraphic
age constraints suggest that Site NGHP‐01‐01A represents an uninterrupted record from the early Oligocene
to the Holocene with no hiatuses (Flores et al., 2014). To constrain the age model for the time interval in this
study, we used orbital tuning of the bulk density measurements acquired via wireline logging at a resolution
of 2.5 cm (Collett et al., 2007) for the depth interval 212–172 mbsf (Figure 2). Using the Analyseries software
(Paillard et al., 1996), spectral analysis of the density data in the depth domain was performed followed by
filtering the signal of the dominant cycle (1 cycle per ~4 m). Considering the number of cycles present in this
filter and the shipboard biostratigraphy, this cycle is identified as the 405 kyr eccentricity, which is the domi-
nant cyclicity in middle Miocene climate records (De Vleeschouwer et al., 2017; Holbourn et al., 2007). In a
next step the 405 kyr filter was correlated to the orbital solution of eccentricity (Laskar et al., 2004) to acquire
the tie‐points for constructing the age model for this study (Table 1; Figure 2). Comparison with the ship-
board biostratigraphy supports the validity of this approach (Figure 2). Sedimentation rates (m/Myr) in
the depth interval 212–172 mbsf (~16–11 Ma) range between 4.6 and 11.3 m/Myr.

Figure 2. (a) Bulk densitymeasurements of Site NGHP‐01‐01A (Collett et al., 2007). A spectral analysis of the bulk density
data in the depth interval was performed followed by filtering the signal of the dominant cycle (1 cycle per ~4 m).
Considering the number of cycles present in this filter and the shipboard biostratigraphy, this cycle is identified as the
405 kyr eccentricity, which is the dominant cyclicity in middle Miocene climate records (De Vleeschouwer et al., 2017;
Holbourn et al., 2007). In a next step the 405 kyr filter was correlated to the orbital solution of eccentricity
(b) (Laskar et al., 2004) to acquire the tie‐points for constructing the age model for this study. (c) Distribution of
calcareous nannofossil and planktonic foraminifera events versus age according to ATNTS04 (Astronomical
Tuned Neogene Time Scale; Gradstein et al., 2004) scale of Site NGHP‐01‐01A (black dots; Flores et al., 2014) and
age control points used to construct the age model for Site NGHP‐01‐01A in the depth interval 212–172 mbsf
(~16–11 Ma; red dots).
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2.2. Foraminiferal Isotopic and Elemental Analysis

A total of 122 samples was processed for planktic foraminiferal stable oxy-
gen isotope and 117 samples for trace element/Ca analyseswith an average
time resolution of ~40 kyr between 172 and 210mbelow seafloor (mbsf). In
addition, 174 samples from the same depth interval were processed for
benthic foraminiferal stable oxygen isotope analyses in order to further
constrain our age model. Stable isotope analyses were determined on sam-
ples composed of around ~5–15 T. sacculifer‐quadrilobatus specimens of
the 250–355 μm size fraction. Only specimens without sac‐like final cham-
bers have been used for isotope and trace element analyses. The isotopic
composition of all planktic foraminifera samples was measured at
MARUM, University of Bremen, Germany, using a Finnigan MAT 251
mass spectrometer, connected with an automatic line for carbonate pre-
paration (type “Kiel III”). Analytical standard deviation is about ±0.07%.
Two to five specimens of benthic foraminifera Planulina wuellerstorfi

(also commonly referred to as Cibicidoides, Cibicides, or Fontbotia) and Cibicidoides mundulus which is
regarded to be a junior synonym to Cibicidoides kullenbergi (Holbourn & Henderson, 2002; Holbourn
et al., 2013) were picked from the >150 μm size fraction. The stable isotope composition was measured
by a Finnigan‐MAT253 mass spectrometer equipped with an automatic carbonate preparation device
(Kiel III) at the State Key Laboratory of Marine Geology, Tongji University. The standard deviation is
±0.07‰ for δ18O. Combining these species is justified by the fact that pairedmeasurements of C. wuellerstorfi
and C. kullenbergi revealed that there is no offset between the δ18O values of the two species
(e.g.,Martinez‐Mendez et al., 2013). The benthic foraminiferal δ18O values are presented in “Uvigerina‐scale”
by adding 0.64‰ (Shackleton & Opdyke, 1973).

Elemental analyses were performed on approximately 30 tests per sample of T. sacculifer‐quadrilobatus of
the 250–355 μm size fraction. Foraminiferal tests were cleaned in successive steps following the cleaning
protocol by Barker et al. (2003). This is composed of ultra‐sonication and rinses with ultrapure water and
methanol to remove clays, oxidation for removal of organic matter and a final acid leach to remove any
adsorbed contaminants. After the cleaning, all samples were inspected under a microscope and any
particles that were still present in the sample, such as black and brown bits and micro‐nodules that are
likely Mn‐Fe‐oxyhydroxides, were manually removed. The elemental concentrations were analyzed
on an ICP‐MS (Thermo X7) at the State Key Laboratory of Marine Geology, Tongji University Shanghai,
China, following the elemental determination method developed by Yu et al. (2005). Mass drift, matrix
effects, and long‐term instrumental precision were monitored by replicates of an in‐house standard
(Mg/Ca = 3.02 mmol/mol; Ba/Ca = 1.62 μmol/mol). The relative standard deviations for the in‐house stan-
dard were 0.02 mmol/mol (0.89%) for Mg/Ca and 0.02 μmol/mol (1.32%) for Ba/Ca. Replicate measure-
ments (re‐picked and separately cleaned) of T. sacculifer‐quadrilobatus samples (n = 25) revealed an
average standard deviation of 0.10 mmol/mol for Mg/Ca and 0.33 μmol/mol for Ba/Ca, respectively.
Al/Ca and Mn/Ca ratios were determined in conjunction with Mg/Ca to assess the effectiveness of the
cleaning procedure to remove clay minerals and the occurrence of syn‐sedimentary and post‐depositional
Mn‐oxyhydroxides and/or Mn‐rich carbonate coatings, respectively.

Mixed layer temperature (°C) estimates were obtained by using the species‐specific equation for T. sacculifer
(Anand et al., 2003; Mg/Ca [mmol/mol] = 0.347 exp [0.090 × T, °C]). The errors of the temperature
reconstructions are estimated by propagating the errors introduced by the Mg/Ca measurements and the
Mg/Ca‐temperature calibration (seeMohtadi et al., 2014, for details). The resulting (1σ) errors are on average
1.02°C for the SST estimates.

Palaeo‐Mg/Ca SST estimates on such long‐time scales require an adjustment for temporal changes in
seawater Mg/Ca. Seawater Mg/Ca has not been constant over time due to changes in the hydrologic
cycle, hydrothermal activity, continental weathering, and carbonate sedimentation and the dolomite cycle
(e.g., Evans & Müller, 2012; Stanley & Hardie, 1998). To account for past seawater Mg/Ca changes, we
adjusted our Mg/Ca SST estimates for changes in Cenozoic seawater Mg/Ca by following the approach of
Sosdian et al. (2020). This approach uses the same T. sacculifer Mg/Ca‐temperature calibration as we used

Table 1
Age Control Points Used to Construct the Age Model and Linear
Sedimentation Rates (m/Ma) for Site NGHP‐01‐01A in the Depth Interval
212–172 mbsf (~16–11 Ma)

Depth (mbsf) Age (Ma) LSR (m/Ma)

174.67 11.303 11.28
177.05 11.514 7.15
181.75 12.171 5.83
185.65 12.840 4.63
188.81 13.522 6.93
193.45 14.192 7.81
195.09 14.402 12.87
197.33 14.576 10.16
199.85 14.824 10.20
211.73 15.989
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to calculate SST estimates but applies a power constant of 0.41 (Evans & Müller, 2012). It has been shown
that a power constant function best describes the combined influence of temperature and seawater Mg/Ca
changes on foraminiferal Mg/Ca ratios on long timescales (Hasiuk & Lohmann, 2010). This approach uses
a modern day seawater Mg/Ca value of 5.2 mmol/mol and a value of 3.43 mmol/mol based on fluid
inclusions for the middle Miocene (Horita et al., 2002) in calculating palaeotemperatures. SST estimates
were then calculated using the equation from Sosdian et al. (2020): Mg/Ca (mmol/mol) = 0.293 exp
(0.090 × T [°C]).

2.3. Seawater δ18O Estimates

The combined approach of measuring shell Mg/Ca and stable oxygen isotopes on T. sacculifer‐quadrilobatus
allows to reconstruct temperature independent seawater δ18O variations. To calculate the δ18O of
seawater (δ18Osw), first, the temperature driven component of changes in the planktic foraminiferal
δ18O record was removed using Mg/Ca palaeothermometry to independently constrain SSTs,
including an adjustment for changes in Mg/Ca seawater (Sosdian et al., 2020). The δ18O‐temperature rela-
tionship of Bemis et al. (1998) was then used to solve for δ18Osw: δ

18Osw (standard mean ocean water,
SMOW ‰) = (T[°C] − 16.5 + 4.8 * δ18Ocalcite Vienna Pee Dee belemnite (VPDB) ‰)/4.8 + 0.27. The
values were converted to standard mean ocean water (SMOW) by adding 0.27%. Second, an estimate of
the middle‐late Miocene (16–11 Ma) ice‐volume signal was subtracted from our δ18Osw record in order
to examine relative variations in local δ18Osw (i.e., proxy for local surface water salinity changes). The
Holbourn et al. (2018) benthic foraminifera stable oxygen isotope record of the northern South China
Sea ODP Site 1146 was used to estimate early to late Miocene changes in ice‐volume. We assume that
~70% of the benthic foraminifera oxygen isotope signal during the middle‐late Miocene is related to
changes in continental ice‐volume which is based on combined benthic foraminiferal Mg/Ca temperatures
and δ18O analyses (Shevenell et al., 2008). The local δ18Osw which provides an approximation of relative
changes in local surface water salinity during the Early to Late Miocene was then calculated by subtract-
ing 70% of the ODP Site 1146 benthic foraminifera record after normalizing the benthic record to its aver-
age value (see Steinke et al., 2010). The errors in δ18Osw are estimated by propagating the error introduced
by the planktic foraminiferal δ18O and Mg/Ca measurements, the Mg/Ca‐temperature calibration, and the
δ18O‐temperature relationship. The resulting errors (1σ) are on average 0.23‰ for δ18Osw.

2.4. Carbonate Preservation

The carbonate preservation of the planktic foraminifera used for trace element and stable isotope analyses
was evaluated by assessing the degree of planktic foraminiferal fragmentation (Thunell, 1976). Samples of
the >150 μm size fraction were split using a micro‐splitter into representative aliquots containing ≥300
components; whole planktic and benthic foraminifera, planktic and benthic fragments, and other biogenic
and lithogenic components were counted (Figure 4e). Planktic foraminiferal fragmentation is expressed as
F % = (F/(F + W) * 100, where F is the total number of planktic foraminiferal fragments and W is the
total number of whole planktic foraminifera in the sample (Thunell, 1976). In addition, we performed
SEM‐EDAX Energy Dispersive X‐ray Spectroscopy (EDS) analyses using a Fei Quanta 650 FEG equipped
with an EDS spectrometer (Octane Elect SDDs) at the State Key Laboratory of Marine Environmental
Science (MEL), Xiamen University, in order to investigate potential diagenetic overprinting and altera-
tions which might affect our Mg/Ca and Ba/Ca analyses. Prior to SEM analysis, complete T. sacculifer‐
quadrilobatus tests and tests, which were partly broken into large fragments were cleaned three times
with ultrapure water in an ultrasonic bath in order to remove clay particles and carbonate debris
(e.g., coccoliths) attached to the tests. After drying the samples at 50°C, the test and test fragments were
mounted on SEM stubs and were gold coated.

2.5. Statistical Transition Point Estimation

In order to estimate the timing of transitions in our proxy records for salinity and river/continental runoff,
we fitted continuous piecewise regression lines with up to two breakpoints through our local seawater δ18O
and Ba/Ca data, using the R package “segmented” (Muggeo, 2008). The regression models were estimated
using the algorithm for breakpoint analysis as described in Muggeo (2003).
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3. Results
3.1. The Potential Influence of Diagenetic Overprinting on the
Planktic Foraminiferal Mg/Ca and Ba/Ca Ratios

Clay contamination (e.g., Barker et al., 2003) and the occurrence of syn‐
sedimentary and post‐depositional Mn‐oxyhydroxides and/or Mn‐rich
carbonate coatings (e.g., Pena et al., 2005) precipitated on the foraminif-
eral shells can affect the Mg/Ca ratios. Those coatings can contain addi-
tional Mg resulting in overestimated temperatures due to higher Mg/Ca
ratios. Barker et al. (2003) noted that contamination may occur when
Al/Ca and Mn/Ca ratios exceed 0.1 mmol/mol. For that reason, Al/Ca
and Mn/Ca were determined in conjunction with Mg/Ca to assess
the effectiveness of the cleaning procedure and the occurrence of
syn‐sedimentary and post‐depositional Mn‐oxyhydroxides and/or Mn‐
rich carbonate coatings, respectively. The measurements reveal that Al
concentrations are under the detection limit of the ICP‐MS techniques,
indicating noMg contribution by clays. Mn/Ca ratios of the analyzed sam-
ples varied between 0.37 and 1.94 mmol/mol. These values are distinctly
higher than the 0.1 mmol/mol Mn/Ca ratios given by Barker et al. (2003)
for clean, uncontaminated foraminiferal tests from recent sediments
(Figure 3). However, those Mn/Ca values are similar to those of
Miocene planktic foraminiferal samples of ODP Site 1146 from the north-
ern South China Sea and other Plio‐Miocene records (e.g., Steinke
et al., 2010). Although the Mn/Ca ratios exceed 0.1 mmol/mol, which
might indicate the presence of and Mn‐rich coatings, there is no relation-
ship (r2 = 0.11) betweenMg/Ca andMn/Ca (Figure 3). Therefore, it is sug-
gested that the Mg/Ca ratios are not affected by the occurrence of

syn‐sedimentary and post‐depositional precipitated Mn‐oxyhydroxides and/or Mn‐rich carbonate coatings
(see also Steinke et al., 2010). A unique problem for Ba/Ca analysis could be the presence of sedimentary bar-
ite (BaSO4; e.g., Lea & Boyle, 1991). With a few exceptions of values ranging between ~2 and 4.56 μmol/mol
(Figure 4h), which might reflect overprinted Ba/Ca ratios, our Ba/Ca ratios are generally similar to those of
core SK237‐GC04 off the Malabar (southwest) coast of India (Saraswat et al., 2013) suggesting that the Ba/Ca
ratios are not contaminated by sedimentary barite coatings. In addition, the EDAX‐EDS analyses do not
reveal any crystal overgrowth and coatings rich in Ba, suggesting that our Ba/Ca ratios are not affected by
the occurrence of sedimentary barite crystal coatings.

3.2. Mg/Ca‐SST Estimates

The T. sacculifer‐quadrilobatus Mg/Ca ratios from NGHP‐01‐01A vary between 3.95 and 5.25 mmol/mol
(Figure 4b). Our resulting Mg/Ca‐SST estimates reveal temperatures around ~27.7°C between ~16 and
15 Ma. This period is followed by a distinct cooling to ~25.8°C between ~15 and 14.8 Ma. Highest SSTs
(~29.1°C) are recorded between ~14.8 and 14.4 Ma. After ~14 Ma, temperatures decrease from ~28.3°C at
~14 Ma to 25.8°C at ~13.6 Ma (Figure 4c). The decrease in SSTs is followed by a period (~13.6 Ma to
11 Ma) of relatively constant SSTs of around 26.8°C (Figure 4c). The adjusted Mg/Ca SST estimates for secu-
lar changes in seawater Mg/Ca results are in average 1.9°C warmer than those estimated without a correc-
tion for changes in seawater Mg/Ca (Figure 4d). Although the absolute Mg/Ca‐based SST estimates may be
affected by temporal variations in seawater Mg/Ca during theMiocene, we suggest that the amplitude, trend
and timing of our inferred SST changes are not affected as shown by the approach to account for past
seawater Mg/Ca changes (Figure 4d). The relative changes in SST are thus considered to represent a reliable
approximation of relative changes in EAS SSTs during the middle to late Miocene.

3.3. Stable Oxygen Isotopes

δ18O values of T. sacculifer‐quadrilobatus vary between −1.28‰ and −2.91‰ between ~16 and 11 Ma
(Figure 4a). The δ18O record shows a long‐term gradual decrease in δ18O from ~16 to 10 Ma. A prominent
change in δ18O from ~−1.82‰ to −2.21‰ occurs at ~14.2 Ma that is followed by a gradual decrease toward

Figure 3. T. sacculifer‐quadrilobatus Mg/Ca results of Site NGHP‐01‐01A
plotted versus Mn/Ca for the time interval ~16–11 Ma. The absence
of a correlation (R2 = 0.11) between Mn/Ca and Mg/Ca indicates
that possible Fe‐Mn‐oxyhydroxides and/or Fe‐Mn carbonates present on
the foraminiferal shells have no influence on the Mg/Ca ratios.
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Figure 4. (a) Oxygen isotope record of T. sacculifer‐quadrilobatus of Site NGHP‐01‐01A, (b) Mg/Ca ratios (mmol/mol) of
T. sacculifer‐quadrilobatus, and (c) Mg/Ca SST estimates. SST (°C) estimates (black) were obtained by using the
species‐specific equation for T. sacculifer (Anand et al., 2003; Mg/Ca [mmol/mol] = 0.347 exp [0.090 × T, °C]). (d) Mg/Ca
SST estimates adjusted for changes in seawater Mg/Ca by following the approach of Sosdian et al. (2020; blue).
Bars and envelopes in (d) and (e) indicate 1σ errors. (e) Carbonate preservation at Site NGHP‐01‐01A as expressed by the
planktic foraminiferal fragmentation index (Thunell, 1976). (f and g) Local seawater δ18O estimates at NGHP‐01‐01A.
Local seawater δ18O was derived by removing the temperature (f, using unadjusted Mg/Ca SST estimates for
changes in seawater Mg/Ca, red; g, using adjusted Mg/Ca SST estimates for changes in seawater Mg/Ca, blue),
driven component of changes in the planktonic foraminiferal δ18O using the Bemis et al. (1998) δ18O:temperature
equation and changes in global ice volume (see text for details). Bars and envelopes in (f) and (g) indicate 1σ errors
(h) T. sacculifer‐quadrilobatus Ba/Ca ratios. The analytical error of the Mg/Ca and Ba/Ca measurements was determined
by combining the relative standard deviations for the in‐house standard and replicate measurements. The 1σ errors
of the δ18Osw and SST reconstructions are estimated by propagating the error introduced by the planktic foraminiferal
δ18O and Mg/Ca measurements, the Mg/Ca:temperature calibration, and the δ18O:temperature equation. Yellow
vertical bars indicate the timing of the Miocene Climatic Optimum (MCO) and the Middle Miocene climate
transition (MMCT).
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lighter (lower) δ18O values thereafter (Figure 4a). The benthic foraminifera δ18O record of P. wuellerstorfi
and C. mundulus reveals values ranging between 0.32‰ and 2.6‰ between ~16 and 11 Ma (Figure 5e). The
benthic isotope record of Site NGHP‐01‐01A reveals the same large increase in benthic foraminiferal
isotopes of ~1.0–1.3% between ~16 and 12.5 Ma, which has also been reported for other Miocene benthic
isotope records (e.g., Flower & Kennett, 1994; Holbourn et al., 2013). However, our benthic record does not
show the step‐like increase in benthic δ18O, such as the sharp increase in δ18O at ~13.9 Ma (e.g., Holbourn
et al., 2013; Shevenell et al., 2004). We attribute this to the rather low temporal resolution of our benthic
isotope record because of insufficient specimens for isotope analyses in many samples. Our record reveals a
pronounced decrease in δ18O between ~15 and 14.8 Ma, which has not been reported previously and is
most likely attributed to regional changes in hydrography (Figure 5e). The large increase in benthic fora-
miniferal δ18O of ~1.0–1.3% between ~16 and 12.5 Ma suggests that our benthic oxygen isotope curve
records the middle Miocene expansion of the Antarctic ice sheet and Southern Hemisphere ocean surface
water cooling (e.g., Holbourn et al., 2013, 2018).

3.4. Local δ18O of Seawater

The local δ18Osw reconstructions using the unadjusted Mg/Ca‐based SST estimates reveal values varying
between ~−0.82‰ and 1.99‰ between ~16 and 11Ma (Figure 4f). The local δ18Osw estimates reveal a promi-
nent shift toward lower (lighter) local δ18Osw values at around ~14.2 Ma (Figure 4f). The δ18Osw estimates
show a gradual decrease after ∼14 Ma (Figure 4f ), indicating an increasing freshening of the EAS. The local
δ18Osw estimates using Mg/Ca‐based SST adjusted for secular changes in seawater Mg/Ca are on average
0.39‰ heavier than those calculated without a correction for changes in seawater Mg/Ca (Figure 4g).
Although the absolute local δ18Osw values are different, the trend and timing of both approaches (unadjusted
vs. adjustedMg/Ca‐based SST estimates) are identical (Figures 4f and 4g).We consider the relative changes in
our local δ18Osw estimate therefore as a reliable approximation of relative changes in local δ18Osw in the EAS
during the middle to late Miocene. Statistical analysis of breakpoints in the local δ18Osw data using the R
package “segmented” (Muggeo, 2008; Figures 4f and 4g) indicates a pair of breakpoints at 14.04 ± 0.11 Ma
(1σ) and 14.27 ± 0.08 Ma, forming a distinct step function/regime change. The two breakpoint model is
highly significant when compared by F test to a model with no breakpoints (F = 5.90, df = 4, p < 0.001).

3.5. Ba/Ca Ratios

T. sacculifer‐quadrilobatus Ba/Ca ratios from Site NGHP‐01‐01A vary between 0.79 and 4.56 μmol/mol
(Figure 4h). Ba/Ca ratios rise gradually from values of ~1.2 μmol/mol at around 16 Ma to maximum values
of 4.56 μmol/mol at 11 Ma (Figure 4h). The Ba/Ca record shows an overall gradual increase in Ba/Ca from
~16 to 11 Ma, most likely reflecting a gradual increase in riverine runoff and thus an increase in monsoonal
rainfall. The statistical analysis of breakpoints in the local δ18Osw data using the R‐package “segmented”
reveal no breakpoints around 14 Ma (Muggeo, 2008; Figure 4h). A single breakpoint was identified at
11.97 ± 0.39 Ma, but this single breakpoint model was not significant when compared to a model with no
breakpoints (F = 2.67, df = 2, p > 0.05, Figure 4h).

3.6. Carbonate Preservation

The planktic foraminiferal fragmentation index yields values that vary between 12% and 42% (Figure 4e). As
a planktic foraminiferal test fragmentation index below 50% is considered to indicate no significant
carbonate dissolution, this suggests that the planktic foraminiferal shells are well preserved at Site NGHP‐
01‐01A. We suggest that the high clay content of the sediment at Site NGHP‐01‐01A might have helped to
reduce corrosiveness of pore waters to prevent post‐depositional dissolution. The SEM analyses reveal
neither crystal overgrowth, coatings, or crusts on the outer tests nor any thin smooth layer or tiny patina
at the innermost part of the tests. The wall texture images reveal a very well preserved, unaltered biogenic
texture without any fine or coarse‐grained crystallites (Figure 6). The primary wall structure and the spine
holes as well as spine cavities are well preserved. SEM images on the shell outer surface of T. sacculifer‐
quadrilobatus show that the spine holes and primary wall texture are partly obscured by gametogenic
calcite (GAM calcite; Figure 6). In addition, we found no evidence of a “frosty” wall texture in the sense
of the Sexton et al. (2006) study. We therefore conclude that the variations in foraminiferal Mg/Ca during
the Middle to Late Miocene are primarily driven by changes in the ambient water temperature rather than
by post‐depositional, partial dissolution or diagenetic alterations.
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Figure 5. (a) Sea surface temperature (SST) estimates derived from planktic foraminiferal Mg/Ca at Site NGHP‐01A‐01;
SST estimates unadjusted (black) and adjusted (blue) for changes in seawater Mg/Ca, bars in (a) indicate 1σ errors,
(b) TEX86 SST estimates of ODP Sites 722B and 730A from the Western Arabian Sea (Zhuang et al., 2017),
(c) Mg/Ca‐based SST estimates of ODP Site 761 of the tropical Eastern Indian Ocean (Sosdian et al., 2020), and
(d) Mg/Ca‐based SST estimates of ODP Site 1171C from the subantarctic Southwest Pacific (Shevenell et al., 2004).
(e) Benthic foraminiferal δ18O records of ODP Site 1146 (5‐point running average blue; Holbourn et al., 2018), ODP
Site 1171C (black; Shevenell et al., 2004), and Site NGHP‐01‐01A (red; this study). Yellow vertical bars indicate the timing
of the Miocene Climatic Optimum (MCO) the Middle Miocene climate transition (MMCT).
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4. Discussion
4.1. SST Variability in the EAS During the Middle to Late Miocene

The major features of our EAS SST record are a distinct cooling between ~15 and 14.8 Ma and highest SSTs
are recorded between ~14.8 and 14.4Ma (Figures 4c, 4d, and 5a). An ~2.5°C decrease in temperature occurred
between ~14 and ~13.6 Ma from the warmest EAS SSTs between ~14.8 and 14.4 Ma to cooler temperatures
after 13.6 Ma (Figures 4c, 4d, and 5a). Our EAS SST record shares similarities in patterns and trends with
the TEX86‐based SST records at ODP Sites 722B and 730A from the WAS (Zhuang et al., 2017; Figure 5b),
the ODP Site 761 Mg/Ca‐based SST record from the tropical Eastern Indian Ocean (Sosdian et al., 2020;
Figure 5c) and with the ODP Site 1171C Mg/Ca‐based SST record from the subantarctic Southwest Pacific
(Shevenell et al., 2004; Figure 5d), which all indicate a cooling trend during the middle Miocene climate
transition (MMCT). The decrease in SST at our Site between ~14 and ~13.6 Ma coincides (within the uncer-
tainties of the individual age models) with a major increase in the benthic δ18O at ~13.9 Ma, which is attrib-
uted to a major phase of glacial Antarctic cryosphere expansion and/or deep water cooling (Holbourn
et al., 2013, 2018; Figure 5e). We therefore suggest that SST changes in the EAS were affected by Southern
Hemisphere high‐latitude climate change (see discussion below).

4.2. Seawater δ18O and Ba/Ca Variations in the EAS Region During the Middle to Late Miocene

Our Ba/Ca record shows a long‐term gradual increase, most likely reflecting an increase in riverine runoff
and thus an intensification in monsoonal rainfall from ~15 to 11 Ma (Figures 4h and 8b). Different to the
long‐term increasing trend in the Ba/Ca record, the decrease in local seawater δ18O estimates is initiated
by a notable freshening in the EAS at ~14.2 Ma (Figures 4f, 4g, and 8a). This pronounced shift toward

Figure 6. Detailed SEM images of the wall textures of T. sacculifer‐quadrilobatus from Site NGHP‐01‐01A samples.
Images reveal neither any crystal overgrowth, coatings, or crusts on the outer tests nor any thin smooth layer or
tiny patina at the innermost part of the tests (1, 4, 5, 7, and 8). The primary wall structure, the spine holes, and the spine
cavities are well preserved (2 and 9). The shell outer surface of T. sacculifer‐quadrilobatus show that the spine holes
and primary wall texture are partly obscured by gametogenic calcite (GAM calcite; 3 and 6) scale bars: 1, 2, 4, 5 = 50 μm;
3, 6 = 40 μm.
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lower salinity surface waters is not evident from the Ba/Ca record. We suggest that the long‐term increase in
Ba/Ca ratios and δ18Osw is most likely attributable to a gradual increase in monsoonal rainfall in West India
and the adjacent EAS leading to increased river runoff from the Western Ghats during the middle to late
Miocene. Whereas the planktic foraminiferal Ba/Ca estimates serve as a direct recorder of changes in
continental runoff and thus changes in continental monsoonal rainfall, our local seawater δ18O estimates
reflect not only the effects of an increase in monsoonal rainfall in West India but also hydrographic changes
in water masses explaining the different nature of the two records (Figures 4f–4h). Several hydrographic
changes in water masses, alone or together, might have led to the pronounced freshening of the EAS at
around ~14.2 Ma as evident from our local δ18Osw estimates:

1. The intrusion of low‐salinity water from the BoB during winter related to summer runoff of the
Ganga‐Brahmaputra river system, which reached the EAS during the winter season. Although the
Indian subcontinent was located somewhat closer to the equator, the Indian Ocean ocean‐continent
distribution was close to its modern configuration by ~14 Ma (Scotese, 2002). As the paleogeography
was similar to today and the SAM was operating at least since the late Eocene (e.g., Huber &
Goldner, 2012; Licht et al., 2014), we suggest that the present day monsoon‐driven surface water circula-
tion patterns likely existed already during the early/middle Miocene. For that reason, it is possible that
part of the freshening at our site at ~14Ma could be attributed to an intrusion of lower salinity water from
the Eastern Indian Ocean related to increased summer runoff of the Ganga‐Brahmaputra river system
into the BoB due to a stronger SAM rainfall over the Indian subcontinent and the BoB region after
~14 Ma (Hormann et al., 2019; Prasanna Kumar et al., 2004).

2. The shoaling and final closure of the Miocene Indian Ocean Gateway (“Tethyan Seaway or
Mesopotamian Seaway”) to the Mediterranean around ~14 Ma. The MMCT was also the time when the
final closure of the Tethyan Seaway to the Mediterranean occurred, which resulted in the termination
of the inflow of warm and salty waters of the Tethyan Indian Saline Waters (TISW) from the
Mediterranean Sea into the Arabian Sea (Bialik et al., 2019). The closure of the Tethyan seaway coincides
with the freshening in the EAS around that time. Bialik et al. (2019) suggest that the TISW advectionmay
have affected the whole Arabian Sea and the eastern African Margin. Under this scenario, our site may
have been influenced by warm and saline TISW before ~14Ma, although its higher density may have pre-
vented an impact on the surface waters in our study area similar to themodern Persian GulfWater (PGW)
mass (Prasad et al., 2001).

3. Changes in the oceanography of the Indian and Southern Ocean associated the with final closure of the
Tethys seaway. Model simulations reveal that the closure of the Tethyan seaway and the termination of
TISW production induce strong changes in the latitudinal density gradient and a strengthening of the
Antarctic Circumpolar Current (ACC; Hamon et al., 2013). A strengthening of the ACC results 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 associated with a gradual fresh-
ening of the surface waters between 14.2 and 13.8 Ma at ODP Site 1171C in the subantarctic Southwest
Pacific (Shevenell et al., 2004; Figure 7b). The notable pronounced freshening in the Arabian Sea
(~14.2Ma) coincides with the freshening in theACC region (Figure 7b).We therefore suggest that the pro-
nounced shift in δ18Osw at ~14Mamay have been induced by SouthernHemisphere high‐latitude climatic
and hydrographic changes. Our data imply that Southern Ocean Intermediate Waters (SOIW) may have
transmitted the changes in salinity to the Arabian Sea via an “oceanic tunnel” mechanism (Liu &
Yang, 2003; Pena et al., 2013). After subducting and spreading northward into the Indian Ocean, the
SOIW forms the Indian Ocean Central Water (IOCW), which reached the surface in the WAS and south-
western EAS upwelling regions affecting the salinity patterns at our Site NGHP‐01‐01A (You, 1998) as was
previously also shown for other locations in the IndianOcean (e.g., Kiefer et al., 2006;Mohtadi et al., 2010;
Romahn et al., 2014).

4.3. Controls on Rainfall Intensification During the Middle Miocene

The general pattern of the Ba/Ca and δ18Osw changes is interpreted to reflect a notable progressive increase
in SAM rainfall intensity from at least ~15 to 11 Ma. The proposed increase in rainfall intensity in the SAM
region occurred during a time period (the MMCT −~15–13 Ma) when Earth's climate changed from a
warmer phase with a reduced Antarctic ice sheet to a colder phase with more permanently glaciated
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conditions. This prominent transition was most likely caused by a decline in global atmospheric CO2

(Zachos et al., 2008; Zhang et al., 2013) or by a change in orbital forcing (Holbourn et al., 1995). The
expansion of the Antarctic ice sheets from ~14.2 to 13.8 Ma and the ongoing expansion of sea ice into the
late Miocene is suggested to have changed the global atmospheric circulation, including the strength and
position of the southern hemisphere Westerly Winds (e.g., Groeneveld et al., 2017) and the Intertropical
Convergence Zone (ITCZ; e.g., Holbourn et al., 2010), and thus wind and rainfall patterns. Whereas the
majority of proxy records for summer SAM wind strength indicate that the summer SAM wind system
intensified after ~12.9 Ma (e.g., Betzler et al., 2016; Gupta et al., 2015; Figures 8d and 8e), the studies of
Kroon et al. (1991) and Bialik et al. (2020) suggest an earlier intensification of the SAM wind between
~14.8 and 14.0 Ma (Figure 8c). The strengthening of the SAM wind system prior to 12.9 Ma is consistent
with an already summer SAM at around 15 Ma as inferred from our Ba/Ca record (Figure 8b). The
gradual intensification of SAM rainfall after ~15 Ma would also fit with the proposed northward
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) and the resulting strengthening of the cross‐equatorial Somali

Figure 7. (a) Local seawater δ18O estimates at Site NGHP‐01‐01A calculated using unadjusted (red) and adjusted (blue)
Mg/Ca SST estimates for changes in seawater Mg/Ca; bars in (a) indicate 1σ errors. (b) Seawater δ18O estimates of
ODP Site 1171C from the subantarctic Southwest Pacific (Shevenell et al., 2004). (c) Benthic foraminiferal δ18O records of
ODP Site 1146 (5‐point running average blue; Holbourn et al., 2018), ODP Site 1171C (black; Shevenell et al., 2004),
and Site NGHP‐01‐01A (red; this study). Yellow vertical bars indicate the timing of the Miocene Climatic Optimum
(MCO) and the Middle Miocene climate transition (MMCT).
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Figure 8. Comparative proxy records of the South Asian monsoon (SAM) since the early Miocene. (a) Local
seawater δ18O estimates of Site NGHP‐01‐01A from the Eastern Arabian Sea calculated using unadjusted (red) and
adjusted (blue) Mg/Ca SST estimates for changes in seawater Mg/Ca; bars in (a) indicate 1σ errors; (b) Ba/Ca ratios of
Site NGHP‐01‐01A from the Eastern Arabian Sea; (c) Mn/Al record of ODP Site 722B from the Western Arabian Sea,
indicative of Oxygen Minimum Zone fluctuations (OMZ; Bialik et al., 2020); (d) Mn/Ca record from the Maldives
Inner Sea, indicative of Oxygen Minimum Zone fluctuations (OMZ; Betzler et al., 2016; blue line: 3‐point running
average); and (e) G. bulloides abundance of ODP Site 730A (Gupta et al., 2015) from the Western Arabian Sea. (f ) Benthic
foraminiferal δ18O records of ODP Site 1146 (5‐point running average blue; Holbourn et al., 2018), ODP Site 1171C
(black; Shevenell et al., 2004), and Site NGHP‐01‐01A (red; this study). Yellow vertical bars indicate the timing of the
Miocene Climatic Optimum (MCO) and the Middle Miocene climate transition (MMCT).
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Jet during the middle Miocene (Betzler et al., 2016; Bialik et al., 2020). This led to a progressive global reor-
ganization of the atmospheric circulation as a result of increasing latitudinal thermal gradients during the
MMCT. An increasing SAM during the middle Miocene may also explain a stronger westerly jet stream over
Central Asia during and after theMMCT (Frisch et al., 2019). Modern observations show that a stronger than
average summer SAM strengthens the westerly jet stream north of the Tibetan Plateau (Schiemann
et al., 2009).

Climate modeling studies suggest that the surface uplift of the Himalayan‐Tibetan Plateau is also a crucial
parameter for the onset and intensification of the Asian monsoons during the Cenozoic (e.g., Farnsworth
et al., 2019; Zhang et al., 2015). The numerical simulations show a distinct increase in mean annual precipi-
tation in the East Asian monsoon (EAM) region between 14.9 and 9.4 Ma as a response to the uplift of the
Himalayan‐Tibetan region with little influence from atmospheric CO2 (Clark et al., 2005; Farnsworth et al.,
2019; Ouimet et al., 2010). Likewise, numerical simulations reveal that in particular the uplift of the eastern
and western Tibetan Plateau has important effects on the strengthening of the SAM rainfall (Zhang
et al., 2015). The strengthening in SAM rainfall from ~15 to 11 Ma based on our proxies is therefore consis-
tent with recent general circulation model simulations of the monsoon evolution (Farnsworth et al., 2019;
Zhang et al., 2015). Although the uplift of the Himalayan‐Tibetan region has been identified as one of the
main drivers of the long‐term evolution and development of the EAM and SAM (see above), climate models
also show the importance of the zonal heat gradient/thermal contrast between the land and sea near South
Asia for the evolution of the SAM compared to the EAM (Liu & Yin, 2002). Likewise, it was suggested that
the SAM is strengthened because of the combined effect of the Himalayan uplift that acts as a thermal bar-
rier for the westerlies and for changes in surface heat fluxes from the non‐elevated regions of the Indian
landmass (Boos & Kuang, 2013). We thus suggest that the intensification of the SAM during the middle
Miocene could have been caused by a combination of the ongoing uplift of the Himalayan‐Tibetan region
and changes in the ocean‐atmospheric circulation related to decreasing atmospheric CO2, changes in orbital
forcing, and the progressive cryosphere expansion on Antarctica. Although our SAM rainfall record does not
cover the complete time interval of the MCO, our rainfall reconstructions together with climate model simu-
lations for the EAM (Farnsworth et al., 2019) suggest that Asian monsoonal rainfall was weaker during the
MCO compared to the later part of the middle/late Miocene, but that does not exclude that it may still have
been stronger than today's monsoon.

5. Conclusions

Our new reconstruction of hydrological changes related to the SAM shows a notable progressive increase in
SAM rainfall intensity during theMMCT. The rainfall reconstruction reflects an already intensifying summer
SAM at around 15 Ma which is in good agreement with an intensification of the SAM wind between ~14.8
and 14.0 Ma. Our planktic foraminiferal Ba/Ca estimates reveal changes in continental runoff from the
Western Ghats and thus an intensification in monsoonal rainfall in West India and the adjacent EAS from
at least ~16 to 11 Ma. A further SAM intensification during the middle Miocene is consistent with recent
model simulations and fits well into the picture of an overall strengthening and expanding monsoon from
the Eocene to middle/late Miocene. This could be attributed to the gradual uplift of the Himalayan‐
Tibetan Plateau followed by an acceleration after the MMCT related to changing atmospheric CO2, orbital
forcing, and glaciation on Antarctica. Our seawater δ18O estimates, on the other hand, reflect the combined
effect of local runoff and rainfall and, oceanic advection due to Southern Hemisphere high‐latitude climate
and hydrographic changes. The prominent decrease in seawater δ18O at ~14 Ma suggests that SOIW may
have transmitted subantarctic salinity changes into the Arabian Sea via an “oceanic tunnel” mechanism.
Our proxy records display a combination of different controlling factors, which are local runoff, rainfall,
and oceanic advection. Our study further demonstrates that the combined usage of Ba/Ca and δ18O
represents a valuable method to fully capture different impacts on the hydrography and climate in amonsoo-
nal setting.

Data Availability Statement

Data of this manuscript are archived at PANGAEA‐Data Publisher for Earth and Environmental Science
and can be downloaded using the following link (https://doi.org/10.1594/PANGAEA.910403).
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