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Abstract The late Miocene was a period of declining CO, levels and extensive environmental
changes, which likely had a large impact on monsoon strength as well as on the weathering and erosion
intensity in the South Asian Monsoon domain. To improve our understanding of these feedback systems,
detrital clays from the southern Bay of Bengal (International Ocean Discovery Program Site U1443) were
analyzed for the radiogenic isotope compositions of Sr, Nd, and Pb to reconstruct changes in sediment
provenance and weathering regime related to South Asian Monsoon rainfall from 9 to 5 Ma. The 100 kyr
resolution late Miocene to earliest Pliocene record suggests overall low variability in the provenance of
clays deposited on the Ninetyeast Ridge. However, at 7.3 Ma, Nd and Pb isotope compositions indicate

a switch to an increased relative contribution from the Irrawaddy River (by ~10%). This shift occurred
during the global benthic §"*C decline, and we suggest that global cooling and increasing aridity resulted
in an eastward shift of precipitation patterns leading to a more focused erosion of the Indo-Burman
Ranges. Sr isotope compositions were decoupled from Nd and Pb isotope signatures and became more
radiogenic between 6 and 5 Ma. Grassland expansion generating thick, easily weatherable soils may
have led to an environment supporting intense chemical weathering, which is likely responsible for the
elevated detrital clay *’Sr/*Sr ratios during this time. This change in Sr isotope signatures may also have
contributed to the late Miocene increase of the global seawater Sr isotope composition.

Plain Language Summary The South Asian or Indian monsoon affects the lives of billions.
Through the erosion and weathering of rocks, the monsoon also has the potential to remove carbon
dioxide from the atmosphere through increased weathering in the region including the Himalaya
Mountains. The late Miocene, between 9 and 5 million years ago, was a period of global cooling and
proliferation of grasslands in different regions including South Asia. Here, we examine the composition
of clays formed by rock weathering during the late Miocene to determine their source region around the
Bay of Bengal. The results suggest a generally stable mixture of sources with the strongest sources being
regions with the highest monsoon rainfall today. We identify slight changes in the mixture of sources,
which accompany a global change in carbon cycling, highlighting the role monsoon climate likely played
in these changes. Toward the end of the Miocene, we identify a change in the Sr isotopes, which was not
caused by source changes but by the strength of the rock weathering. This change has been observed

in global records and it seems likely that it was driven by rock weathering in the South Asian Monsoon
region.

1. Introduction

The late Miocene was an important period within the global Cenozoic cooling trend and was marked by
extensive changes in marine and terrestrial environments and ecosystems (e.g., Cerling et al., 1997; Dupont
et al., 2013; Herbert et al., 2016). This time interval was characterized by relative global warmth (Herbert
et al., 2016; Westerhold et al., 2020; Zachos et al., 2008) and thus holds great potential to better understand
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climate-carbon cycle dynamics on a warmer-than-modern Earth (Burke et al., 2018; Holbourn et al., 2018).
Records of South Asian monsoon strength, erosion, and weathering in the late Miocene exist for the distal
Indus and Bengal fans (e.g., Clift et al., 2008; Feakins et al.. 2020; Galy et al., 2010), but continuous and
relatively high temporal resolution records are lacking.

As global climate cooled during the Miocene, the first ephemeral northern hemisphere glaciations occurred
between 6 and 5.5 Ma (DeConto et al., 2008; Hodell et al., 2001; Holbourn et al., 2018; Larsen et al., 1994).
Interestingly, benthic foraminiferal oxygen isotopes (5'°0) show little long-term change during the late
Miocene indicating minor ice-sheet variability, while a global decrease in benthic §"*C was observed (Di-
ester-Haass et al., 2006; Herbert et al., 2016; Hodell & Venz-Curtis, 2006). This late Miocene benthic §"*C
shift has to some extent been related to the aridification of interior Asia (An et al., 2001) and the expan-
sion of C4 plants in the western Himalayan foreland basin (Galy et al., 2010; Huang et al., 2007; Quade
et al., 1989; Singh et al., 2011; Vogeli et al., 2017), although the timing of the terrestrial st change was not
synchronous across the globe or even the subcontinent (Tauxe & Feakins, 2020). There is new evidence for
a decline in atmospheric CO, accompanying the late Miocene cooling (Tanner et al., 2020), which would
favor C4 plants and in east Asia increased aridity likely resulted from the strengthening of the dry winter
monsoon season at this time (Holbourn et al., 2018).

Studies of the tectonic evolution of the Himalayas and the Tibetan plateau in the late Miocene are contradic-
tory. While several publications inferred a pulse of the Tibetan plateau uplift around 8 Ma (An et al., 2001;
Li et al., 2014; Miao et al., 2012; Molnar, 2005), more recent studies suggest that the Tibetan plateau, and
perhaps more importantly for the South Asian Monsoon, the Himalayan orographic barrier has been near
to present elevations for at least the past 15 Myr (e.g., Clift & Webb, 2019; Ding et al., 2017) or since the mid
Miocene (Gébelin et al., 2013). Sediment accumulation rates on the distal Bengal Fan, as recorded in ODP
Sites 717 and 718, were high from 17 to 7 Ma, but decreased from 7 to 1 Ma (Derry & France-Lanord, 1996).
Moreover, the clay mineral assemblages and elemental composition of these distal fan sediments indicat-
ed intensified chemical weathering and reduced physical erosion in the Ganges-Brahmaputra basin after
7 Ma (Clift et al., 2008; Derry & France-Lanord, 1996). Another argument against a major enhancement of
tectonic uplift in the late Miocene is the relatively constant provenance of the eroded sediments supplied to
the Bengal Fan over the last >17 Ma (Derry & France-Lanord, 1996; Galy et al., 2010) and to the Ninetyeast
Ridge over the last 27 Ma (Ali et al., 2021).

The South Asian summer monsoon (SAM) precipitation controls the weathering regime of South Asia.
For many years, it was considered that the SAM strengthened considerably at ~8-7 Ma as suggested by
enhanced oceanic upwelling recorded in the Arabian Sea reflecting the strengthening of summer mon-
soon winds (Gupta et al., 2015; Kroon et al., 1991). However, studies investigating late Miocene monsoon
intensity using various proxies in different regions rather indicated a weakening of summer monsoon rain-
fall intensity, as inferred for example from clay mineral compositions (Lee et al., 2019), K/Al ratios (Clift
et al., 2008), seawater 8'%0 (Steinke et al., 2010), or leaf wax 8D (Huang et al., 2007). At the same time, the
dry winter monsoon intensity is thought to have strengthened (Holbourn et al., 2018; Huang et al., 2007;
Lee et al., 2019). The discrepancy between these interpretations may be partly caused by regional differenc-
es, for example leaf wax 6D from the Indus and peninsular India exhibited little change coincident with
C4 plant expansion (Feakins et al., 2020), or results from the decoupling between monsoon wind-related
records and monsoon rain-related runoff, erosion, and weathering records on long timescales.

To date, all studies investigating the relationship between variations of the SAM and the erosional and
weathering regime during the Miocene period have been carried out at a relatively low temporal resolution
(e.g., France-Lanord et al., 1993: Myr timescale). To help improve our current understanding, we present a
higher resolution record from a continuous sediment sequence with a well-constrained chronology that was
recovered at IODP Site U1443 on the Ninetyeast Ridge in the southern Bay of Bengal. Age control from 9 to
5 Ma is established by tuning a low-resolution benthic stable carbon isotope record from Site U1443 (Data
Set S2) to the reference section of ODP Site 1146 (Holbourn et al., 2018, 2021) and is consistent with magne-
to-bio-stratigraphy (Clemens et al., 2016; Figure S1). This provides a stratigraphic framework with which to
compare the evolution of SAM silicate weathering inferred from changes in the clay radiogenic isotopes of
Sr, Nd, and Pb with global carbon cycle and climate changes during the late Miocene.
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Figure 1. Map of the major geological units surrounding the Bay of Bengal taken from Bretschneider et al. (2021) after
Ali et al. (2021). IODP Site U1443 is located on the Ninetyeast Ridge (NER) with the Bengal and Nicobar fans on either
side. Major rivers are labeled in blue while modern sediment fluxes are given in brown (Milliman & Syvitski, 1992;
Robinson et al., 2007). Lithologies: LH = Lesser Himalayas, TSS = Tethyan Sedimentary Series, HHC = High
Himalayan Crystalline, and IBR = Indo Burman Ranges. Rocks of the Transhimalayan plutonic belt (TPB) are found
along the Indus-Yarlung Suture marked by the thick black line.

The freshwater and sediment fluxes to the Bay of Bengal from the rivers draining the Himalayas (Gan-
ges-Brahmaputra), the Indo-Burman Ranges (IBR) (Irrawaddy & Arakan coastal rivers), and peninsular In-
dia (Mahanadi, Godavari & Krishna) (Figure 1) are some of the largest globally (Milliman & Syvitski, 1992).
The sediments produced by the erosion of the Himalayan orogeny has filled in whole basins now in Bangla-
desh and formed the IBR (Najman et al., 2008, 2020) and constructed the largest submarine fan system on
Earth; the Bengal and Nicobar Fans (Curray et al., 2003). Deposition on the Bengal Fan has occurred since
at least early Miocene times (Derry & France-Lanord, 1996; France-Lanord et al., 1993), while the Nicobar
Fan to the east of the Ninetyeast Ridge did not begin to build quickly until the end of the middle Miocene
(McNeill et al., 2017; Pickering et al., 2020). Under modern day conditions, the majority of sediments are de-
livered to the Bay of Bengal during the SAM months of June-September (Singh et al., 2007) suggesting the
variability of weathering and erosion in the past was most likely related to changes in SAM precipitation.
Silicate weathering amplified by the erosion of the Himalayas was potentially a fundamental driver of glob-
al climate change either directly by consuming atmospheric CO, during weathering reactions or indirectly
by producing clays, which enhanced the sequestration of CO, through organic carbon burial in the deep
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sea fan (France-Lanord & Derry, 1997; Galy et al., 2007, 2010; Raymo, 1994; Raymo & Ruddiman, 1992;
Yang et al., 2020). A decrease in the flux and extent of weathering of terrigenous material supplied by the
Indus, Mekong, and Pearl rivers since the mid Miocene indicates a decreasing or stable removal of CO,
by Himalayan-induced silicate weathering, suggesting this was not the mechanism responsible for global
Neogene cooling (Clift & Jonell, 2021). However, the enhanced silicate weathering in the mid Miocene is
consistent with the timing of mid Miocene global cooling and there is evidence for an increase in the supply
of clays produced by silicate weathering from the rivers draining into the Bay of Bengal over the Neogene
(Ali et al., 2021).

The radiogenic isotope compositions of Sr, Nd, and Pb in rocks are a function of the rock type being crustal
or mantle derived and the age (e.g., Frank, 2002). Therefore, the different lithologies surrounding the Bay of
Bengal (Figure 1) have distinctive isotopic signatures, which can be used to determine the provenance of de-
trital material delivered to the southern Bay of Bengal (Ahmad et al., 2005; Colin et al., 1999). The IBR, be-
ing derived from Himalayan erosion and the Myanmar arc, have a Sr and Nd isotopic signature almost iden-
tical to that of the Transhimalayan plutonic belt (TPB) (Awasthi et al., 2014; Singh & France-Lanord, 2002)
and have formed the western boundary of the Irrawaddy catchment since the earliest Miocene (Najman
et al., 2020). Our previous work has shown that clays with an Sr, Nd, and Pb isotopic composition like those
from the Irrawaddy, Brahmaputra, and Ganges rivers can explain the mixture deposited in the southern
Bay of Bengal during the middle Miocene (Bretschneider et al., 2021). Here, we expand on that work to
reconstruct weathering and erosion surrounding the Bay of Bengal at ~100 kyr resolution through the late
Miocene from 9 to 5 Ma. We focus on the detrital clay size-fraction to minimize the effects of mineral sort-
ing during transport, which is especially important for Sr and Pb isotopic ratios, as they vary systematically
with grain size (Douglas et al., 1995; Eisenhauer et al., 1999; Gargon et al., 2014; Tiitken et al., 2002). Even
though Nd isotope signatures generally do not vary strongly with grain size (e.g., Tiitken et al., 2002), ex-
ceptions exist, in particular in sediments from larger rivers (Bayon et al., 2015), including the Indus (Jonell
et al., 2018), the Ganges (Garcon et al., 2014), and the Brahmaputra (Singh & France-Lanord, 2002). If the
provenance of the detrital clay size-fraction can be constrained with Nd isotopes, Sr and Pb isotope com-
positions offer additional information on incongruent weathering because of large variations in the Sr and
Pb isotopic composition of different mineral phases, which weather differentially (Ali et al., 2015; Blum
et al., 1993; Tiitken et al., 2002). As the clays are the product of silicate weathering, together these isotopic
signals constrain the provenance or location of silicate weathering while providing insights into past weath-
ering regimes and therefore climate.

2. Methods

Our study is based on sediments from IODP Site U1443 (Latitude 5°23’N, Longitude 90°21’E, and water
depth ~2,930 mbsl) using nearly identical techniques to those detailed in Bretschneider et al. (2021), so only
a brief description of the methods is given here. The upper Miocene sediments of U1443 are nannofossil
oozes with variable amounts of foraminifers, detrital clay, biosilica, and volcanic ash (Clemens et al., 2016),
and span a composite core depth from 70 to 123 m below seafloor. The age model used in this study is based
on the tuning of 8"*C measurements of monospecific epifaunal benthic foraminifers (Cibicidoides wueller-
storfi) to the reference section of ODP Site 1146 (e.g., Holbourn et al., 2018, 2021) and is consistent with Site
U1443 calcareous nannofossil biostratigraphy and magnetostratigraphy (Clemens et al., 2016; see Support-
ing Information S1 for details). Between 6 and 8 well-preserved Cibicidoides wuellerstorfi were picked from
the >212 um fraction and cleaned in ethanol in an ultrasonic bath after being broken into fragments. Fol-
lowed by drying in an oven at 40°C, stable carbon and oxygen isotopes were measured using a Carbo-Kiel
IV device coupled with a Finnigan-MAT 253 dual-inlet isotope ratio mass spectrometer (DI-IRMS) at the
Leibniz Laboratory, University of Kiel. Long-term precision is better than +0.05%o for §"°C based on an anal-
ysis of international and in-house carbonate standards and results calibrated using the National Institute
of Standard and Technology (NIST) carbonate isotope standard and NBS (National Bureau of Standard) 19,
and are reported on the Vienna PeeDee Belemnite (VPDB) scale. The full resolution benthic stable isotope
record for the late Miocene is presented in Bolton et al. (2021).

The sedimentation rate during the late Miocene varied between 0.54 and 1.97 cm/kyr and was on average
1.36 cm/kyr. Sediment samples were washed at CEREGE over a 63 um sieve and the fine fraction collected.
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Figure 2. Radiogenic (a) Pb (blue, inverted scale), (b) Nd (orange), and
(c) Sr (red) isotope compositions of U1443 clays compared to the benthic
8'3C signal for the interval from 9 to 5 Ma. The black dots and line show
the benthic §"*C measurements of this study and Liibbers et al. (2019).
Nd isotopes are plotted as e-notation; the relative deviation of the sample
5Nd/***Nd from that of the CHondritic Uniform Reservoir (CHUR,
3Nd/™Nd = 0.512638). No attempt was made to correct CHUR values
for decay of 147Sm since the late Miocene. The error bars represent the
2 s.d. of the repeated processing and measurement of BHVO-2 and are
smaller than symbol size for Sr and Pb isotopes. The horizontal dashed
lines represent the average Pb and Nd isotope compositions before

and after 7.3 Ma (vertical dashed line) representing the shift to more
Irrawaddy-like dominated contributions. A t-test using the software

Past (Hammer et al., 2001) verified that the average values in exg and
206ph/**Pb signatures before and after 7.3 Ma differed significantly from
one another (p-valueSgme mean < 0.05); (d) shows the §'*C evolution of
palaeosol carbonate nodules from the Siwalik Sequence in northern
Pakistan, representing the C4 plant expansion (Quade et al., 1989), and (e)
represents alkenone sea surface temperature (SST) records generated for
the tropics (Herbert et al., 2016; and references within).

While the coarse fraction was dried and used for micropaleontological
work, the fine fraction was centrifuged, oven dried at 50°C, and sent to
GEOMAR where it was processed to isolate clays by removing carbonates
and authigenic Fe-Mn oxyhydroxides following a procedure modified
from Gutjahr et al. (2007). Further details of the sample treatment, el-
ement purification, and isotope measurements are provided in the Sup-
porting Information S1 and Bretschneider et al. (2021).

3. Results and Discussion

The ¥Sr/*Sr, exq, and Pb isotope compositions (***Pb/***Pb, **’Pb/***Pb,
208pp /204ph, 27ph/2%Ph, and **Pb/**°Pb) of the clay-sized silicate fraction
are shown in Figure 2. The ¥Sr/*Sr compositions vary between 0.71261
and 0.71595 over the entire time interval from 9 to 5 Ma. Between 9 and
6 Ma, the ¥’Sr/®Sr values exhibit little variability between 0.71261 and
0.71465 but then increase to a maximum value of 0.71595 between 6 and
5 Ma. The eyq values range from —11.4 to —9.1, with a small step change
in the average eyq value from ~—10.7 between 9 and 7.3 Ma to a more
radiogenic average eyq value of ~—10.1 between 7.3 and 5 Ma. **°Pb/***Pb
values vary between 18.945 and 19.084 and, similar to the eyq values, ex-
hibit a step change in average values at ~7.3 Ma: The average “°Pb/***Pb
signature between 9 and 7.3 Ma of ~19.02 decreased to ~18.99 between
7.3 and 5 Ma.

3.1. Provenance of Clays

The clays from IODP Site U1443 represent a mixture dominated by sed-
iments from the IBR, High Himalayan Crystalline (HHC), and Tethyan
Sedimentary Series (TSS) sources. Figure 3 shows the Sr and Nd iso-
tope composition of the late Miocene U1443 clays in comparison with
literature data of possible source areas and the isotopic compositions of
sediments of the major rivers. The Transhimalayan Plutonic Belt (TPB
including the Gangdese Batholith) is not separately defined here as an
independent source area because it overlaps with the Brahmaputra sedi-
ment signatures. The TPB and TSS rocks are widely exposed in the drain-
age basin of the Yarlung-Tsangpo River, which flows into the Brahmapu-
tra providing sediments with more radiogenic Nd isotope signatures. In
addition to the sediments supplied by the great rivers to the Ninetyeast
Ridge, fine-grained mineral dust, most likely from the deserts to the west
bordering the Arabian Sea, may have contributed to the U1443 clay frac-
tion. Although the modern dust flux (Srinivas & Sarin, 2013) is of a sim-
ilar magnitude to sediment trap-derived lithogenic fluxes near the Nine-
tyeast Ridge (Unger et al., 2003), recent Ninetyeast Ridge sediments are
clearly dominated by silicate material delivered by the giant rivers (e.g.,
Ahmad et al., 2005). Mineral and clay fluxes at Ocean Drilling Program
(ODP) Site 758 redrilled by Site U1443 were highly elevated compared to
more distal sites in the Indian Ocean (Ali et al., 2021; Hovan & Rea, 1992)
by the late Miocene suggesting that dust was most likely not an impor-
tant source and Site U1443 detrital material was primarily supplied by
the great rivers. Moreover, sources from peninsular India or Sumatra are
considered to be minor based on the isotope compositions as discussed in
Bretschneider et al. (2021).

The binary mixing relationships of Nd-Sr (Figure 3), Pb-Pb (Figure 4), and Nd-Pb (Figure 5) isotope com-
positions between the most likely endmembers (Table S1) allow us to identify and estimate the different

BRETSCHNEIDER ET AL.

50f 15



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology

10.1029/2021PA004252

-4
IBR [J U1443 9-7.3 Ma Middle Miocene U1443 clays
@ U1443 7.3-5 Ma (Bretschneider et al., 2021)
TPI g, 15.8-15.3 Ma
ollE Hl Irrawaddy clay av. o 14-13.5Ma
2:;1% ‘ 13.3-12.8 Ma
) 80%
8 11-10.5 Ma
40% 10-9.5 Ma
.
-
i
[ 1
1, -4
212+ &5
w s _"
(]
TSS o
'Brahmaputra
_16 -
Lesser Himalaya
ena=-24.4, ¥7Sr/*5r=0.85
_20 L 1 L 1 L 1 L
0.7 0.72 0.74 0.76 0.78 0.8
87Sr /36Sr

Figure 3. Strontium and neodymium isotope composition of the late
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(Site U1443). See Figure 1 for the explanation of lithologic sources. The
mixing between average Irrawaddy, Brahmaputra, and Ganges sediments
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Figure 4. Lead isotope composition of the late Miocene clay size silicate
fraction of southern Bay of Bengal sediments (Site U1443). The mixing
between average Irrawaddy, Brahmaputra, and Ganges sediments was
calculated in 10% increments using the endmember values in Table S1.
The late Miocene data plot on a binary mixing line with higher Ganges
contribution (45%), while most other Miocene samples plot on the binary
mixing line with only 25% Ganges contribution. Middle Miocene Site
U1443 clay data are from Bretschneider et al. (2021).

sediment contributions of the different major rivers to the Ninetyeast
Ridge clays. To constrain and visualize mixed source contributions, terna-
ry mixing grids were added to Figures 3-5. Data for Sr, Nd, and Pb isotope
systems exist for most of the river sediments, we applied average Irrawad-
dy clay and average bulk Brahmaputra and Ganges sediment isotopic
signatures as mixing endmembers after Bretschneider et al., (2021). In
Sr-Nd isotope space, the late Miocene U1443 clays plot outside the trian-
gle spanned by the Irrawaddy, Brahmaputra, and Ganges sediments with
lower Sr isotope ratios (Figure 3). While eyq values plot close to a mixing
line between the Irrawaddy and Brahmaputra endmembers, the ¥Sr/*sr
ratios are less radiogenic. A similar offset has already been discussed by
Bretschneider et al. (2021) for the period between 15.8 and 9.5 Ma and
has been attributed to a shift in the average source endmember signa-
ture of the clays toward less radiogenic ¥Sr/*Sr ratios in the Miocene
compared to the modern. We note that the large spread in *’Sr/**Sr ratios
measured for Brahmaputra river sediments and the limited available data
(especially for clay size fractions) may simply miss the least radiogenic
part. Therefore, the mixing relationship defined by the Pb-Pb and the Nd-
Pb isotope plots is more appropriate to distinguish changes in the source
provenance of the clays. The plots (Figures 4 and 5) clearly demonstrate
that all three endmembers contributed to the late Miocene U1443 clay Pb
and Nd compositions.

The late Miocene samples define a clear linear trend on the Pb-Pb iso-
tope plot (Figure 4) on the mixing line between Irrawaddy clay and a
mixture of ~45% Ganges and ~55% Brahmaputra sources. The Irrawad-
dy contribution ranges from ~25% to 60%, while the mixed Himalayan
contribution amounts to 40%-75%. On the Nd-Pb isotope plot (Figure 5),
the binary trend is not as obvious. The Irrawaddy contribution ranges
from ~20% to 55%, very close to what has been inferred from the Pb-Pb
mixing plot. If a binary mixing line is drawn through the samples and the
Irrawaddy endmember, the Ganges-Brahmaputra endmember mixture
would again be very similar to the Pb-Pb plot reaching ~40% Ganges and
~60% Brahmaputra contributions.

Overall, the sources contributing material to the U1443 clays remained
relatively stable throughout the late Miocene, which is in agreement with
the relatively stable provenance of sediments supplied to the Bengal Fan
since the Miocene (Blum et al., 2018; Galy et al., 2010) and of the clays
delivered to the Ninetyeast Ridge over the last 27 Ma (Ali et al., 2021).
Two changes of sediment sources can, however, be observed in the de-
trital clay radiogenic isotope record. First, late Miocene samples are sys-
tematically offset to the earlier Miocene intervals in Nd-Pb isotope space
(Figure 5), and second, a step change in both average eyq and **°Pb/***Pb
values occurred at ~7.3 Ma (Figure 2).

3.2. Offset Between Middle and Late Miocene Samples—
Exhumation of Lesser Himalayan Units

The late Miocene samples are offset from the middle Miocene U1443
clays (Figure 5; Bretschneider et al., 2021). This offset may be related to a
shift to a higher Ganges fraction in the Ganges-Brahmaputra endmember.
A 20% elevated fraction of Ganges material in the Ganges-Brahmaputra
mixture in the late Miocene compared to the middle Miocene intervals
(15.8-9.5 Ma) can explain this shift and may have been driven by more
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-4 — intense erosion of HHC rocks. Another possibility for the offset could be
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| A vetornd for LH material, a contribution of 3%-10% LH material could account for

-8 , ﬁ?l’olifﬂ’;"a the shift in the late Miocene sample composition. Since this is unrealistic

I » 10-95Ma and given that there must have been a Ganges contribution, it is likely

I that much smaller percentages of the LH component shifted the Ganges

;)zc 12 b < endmember toward more radiogenic Pb and Sr and less radiogenic Nd
Brahmaputra < ¢ 20% lem::am' isotope compositions. The exhumation of Lesser Himalayan rocks (LH:

I sioygoupb 21 Ena ~ —24.4, 7S1/%Sr ~ 0.85, and **Pb/***Pb > 19.5; Clift et al., 2002; Sin-

16 - e gh & France-Lanord, 2002) was suggested to have started in the middle

r = Miocene at ~16 Ma (Colleps et al., 2018). Surprisingly, in the middle Mi-
Ganges ocene U1443 record, LH signatures were virtually absent. This has been

20 i . I I I ‘ I ‘ attributed to the negligible exposure of LH units in the eastern part of
18.6 18.8 19.0 19.2 19.4 19.6 the Himalayas, which acts as the major watershed of the Brahmaputra.
206pfy /204pp The Brahmaputra in turn dominates over the Ganges contributions in

the Himalayan component in the Ninetyeast Ridge clays. However, other

Figure 5. Neodymium and Pb isotopic compositions of the late Miocene studies suggest that between 12 and 9 Ma LH rocks were exposed and

clay size silicate fraction of southern Bay of Bengal sediments (Site U1443).
The mixing between average Irrawaddy, Brahmaputra, and Ganges
sediments was calculated in 10% increments using the endmember values

eroding (Huyghe et al., 2001), potentially shifting the Ganges-Brahma-
putra mixture toward more radiogenic Pb and Sr and less radiogenic Nd

in Table S1. The late Miocene data of this study are clearly offset from isotope compositions and thus closer to a modern “Ganges-like” signa-
the middle Miocene samples from this site (Bretschneider et al., 2021) ture. Provenance studies from the Siwalik Group sediments employing
indicating a higher Ganges contribution for the younger interval (50%- Nd isotopes recorded the influence of less radiogenic LH units at 11 Ma
60%) in the Ganges-Brahmaputra mixed endmember. Lesser Himalayan (Najman et al., 2009, 2010), around 10 Ma (Huyghe et al., 2001), and

sediments plot far outside these bounds (as indicated by the black arrows)

but contribute to the Ganges signal.

by 9.8 Ma (Mandal et al., 2019) consistent in timing with our observed
shift in isotope compositions. These records indicate an increasingly less
radiogenic LH fraction toward the present (Huyghe et al., 2001) with an
increase around 6 Ma at some sections (Mandal et al., 2019; Najman et al., 2009). Nevertheless, the LH
contribution to the clays reaching the Ninetyeast Ridge remained modest throughout the late Miocene,
similar to the small contribution recorded in the NW Indian Siwaliks (Mandal et al., 2019). Thus, it was not
necessarily a higher Ganges contribution but a change in the Ganges composition that may have resulted in
the shift of the clay isotope composition between 9.5 and 9 Ma.

3.3. Step Change in Nd and Pb Isotope Compositions at ~7.3 Ma

The late Miocene time series of Figure 2 shows a step change in both average eyq and *°Pb/***Pb values
at ~7.3 Ma. The Nd isotope composition becomes more radiogenic, while the average Pb isotope compo-
sition decreases, both indicating an increase in Irrawaddy-like sediment contributions of about ~10% on
average. These Irrawaddy-like sediments may well have been delivered from the IBR by the Arakan coast
rivers known to influence the composition of surface sediments in the Bay of Bengal (Colin et al., 1999) or
possibly increasing TPB contributions through the Brahmaputra, which may have taken a different course
than today (paleo Brahmaputra e.g., Pickering et al., 2020). Although the change in the average value is
small (but statistically significant), more radiogenic exq and lower **Pb/***Pb values occurred much more
frequently after 7.3 Ma and the peak unradiogenic ey and highest *°Pb/***Pb values were less extreme than
those encountered prior to 7.3 Ma. This may hint at a reduction of the least radiogenic exg component, most
likely the HHC or a small LH fraction, or that the Irrawaddy-like material was more continuously supplied
compared to before 7.3 Ma.

This shift in clay Nd and Pb isotope compositions occurs during the global §"*C decline recorded in benthic
foraminifera (Figure 2). Interestingly, Galy et al. (2010) observed a trend opposite to our record in their Nd
isotope compositions of the last 12 Ma on the Bengal Fan (Figure 6) although their low sampling resolution
may have resulted in aliasing (only three samples younger than 7 Ma). The eyq signatures, which are much
more Himalayan dominated likely due to different source areas for the coarse material supplied to the
Bengal Fan compared to the Ninetyeast Ridge clays, became less radiogenic after 7.4 Ma, attributed to an in-
crease in HHC rock contributions (Galy et al., 2010). Galy et al. (2010) suggested that a reduction in precip-
itation may have led to a concentration of erosion at higher elevations of the Himalayas and consequently
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Figure 6. Evolution of U1443 clay radiogenic Sr and Nd isotope
compositions compared to other studies from nearby in the Bay of Bengal.
The records of Ali et al. (2021) and Song et al. (2021) are on the same scale
as the U1443 data, while the records of Galy et al. (2010) and Derry and
France-Lanord (1996) are displayed on a larger scale. The large differences
in values are a result of the different sample locations and sediment
contributions to the Bengal Fan and the Ninetyeast Ridge. Also, note that
Song et al. (2021) did not treat samples specifically to remove authigenic
oxides, possibly explaining the difference in Sr isotopes between studies
while the Nd isotopes are similar. The error bars represent the 2 s.d. of the
repeated processing and measurement of BHVO-2 and are smaller than
the symbols for Sr isotopes.

enhanced the erosion of the HHC. However, the colder climate would
also have resulted in less moisture in the atmosphere, hampering rain-
fall from reaching high elevations and promoting the observed C4 plant
expansion (e.g., Quade et al., 1989; Tauxe & Feakins, 2020) as a result
of increased aridity. Moreover, modern-day orographic rainfall patterns
are centered above the IBR and the LH and not above the HHC (e.g., Ali
et al., 2021). Instead of a higher erosion intensity of the HHC, the sub-
tle change observed by Galy et al. (2010) could also be attributed to the
onset of the erosion of LH units and a modest LH contribution resulting
in a decrease of the gyq of the mixture. These authors found this unlike-
ly based on the lack of change in Os isotope data from the Bengal Fan,
because increased LH contributions should have resulted in an increase
in the ¥0s/**0s signature (Galy et al., 2010). However, Os is highly
concentrated in organic-rich sedimentary rocks (Colleps et al., 2018) and
therefore, could be decoupled from changes in Sr and Nd provenance, in
particular when the required LH contribution is small. This possibility is
supported by the finding that some of the altered carbonates of the LH
do not have high Os concentrations or *’Os/***0s (Colleps et al., 2018).

The coincidence of increasing Irrawaddy-like sediment contributions at
~7.3 Ma with the cooling of the global climate (Figure 2e) and the in-
creasing aridity in the Asian interior suggests that it is reasonable to as-
sume a climatic control on this change in sediment source. The decrease
in marine 8"°C between ~8 and 6.5 Ma (Diester-Haass et al., 2006; Hol-
bourn et al., 2018) accompanied the 8'3C increase of terrestrial records
(Figure 2d), such as fossil tooth enamel, soil carbonate, or organic matter,
which has been related to C4 plant expansion (Behrensmeyer et al., 2007;
Cerling et al., 1997; Herbert et al., 2016; Huang et al., 2007; Quade
et al., 1989). C4 plants are enriched in "*C compared to C3 plants and
their expansion is thus thought to have transferred significant amounts
of material enriched in "*C from the marine to the terrestrial carbon res-
ervoir (Diester-Haass et al., 2006; Holbourn et al., 2018). The emerging
grasslands themselves, while possibly promoted by declining levels of
atmospheric CO, (Tanner et al., 2020), may also have favored regional
aridification as a consequence of the higher albedo and lower transpira-
tion compared to woodlands (Retallack, 2001). Moreover, grasslands and
their soils serve as an important carbon and water vapor sink and there-
fore their expansion likely contributed to the long-term global climatic
cooling (Retallack, 2001). Our records suggest that increased amounts of

IBR material were weathered and eroded, implying a shift in the locus of monsoon precipitation. The locus
of monsoon rains likely shifted eastward to the IBR, a region that also receives the most intense monsoon
rainfall today (Damodararao et al., 2016). This is also in agreement with authigenic Nd isotope compositions
on glacial-interglacial timescales investigated by Stoll et al. (2007), who found a reduction in precipitation
in the northernmost reaches of the SW monsoon and an increase in precipitation over the southern Ara-
kan coast and southern Irrawaddy drainage basin during glacial times compared to interglacials. This was
interpreted to be a response to the movement of the Inter-Tropical Convergence Zone, which was driven
by Northern Hemisphere cooling (Stoll et al., 2007). The Nicobar Fan had high sediment accumulation
rates starting at ~9.5 Ma and persisting until ~5 Ma, when the eastern drainage route closed (Pickering
et al., 2020). This high late Miocene sediment supply was attributed to the inversion of the Shillong Plateau
and the westward migration of the Indo-Burman wedge, which reduced continental accommodation space
and thus diverted sediments south directly to the Nicobar fan (McNeill et al., 2017; Pickering et al., 2020).
The timing of changes in Nicobar fan sediment accumulation rates does not match the timing of the step
change in Nd and Pb isotope compositions toward a more dominant Irrawaddy contribution at ~7.3 Ma,
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which is another indication that this change was induced by climatic factors rather than tectonic ones,
which would have likely operated on longer timescales than the observed changes.

3.4. ¥Sr/*sr Ratios Trace Chemical Weathering Intensity

The Sr isotope composition of detrital sediments is influenced by grain-size sorting during transport, chang-
es in contributions from the eroded source rocks, and chemical weathering intensity on land (Blum &
Erel, 2003; Tiitken et al., 2002). We focus on the clay size fraction, for which sorting differences are mini-
mal (e.g., Carter et al., 2020), to infer changes in source contributions and climatically driven weathering
regimes. During the interval from 9 to 5 Ma, Nd and Pb isotope compositions show some variability and a
step change toward more IBR-dominated sources at 7.3 Ma, which is not mirrored by the Sr isotope compo-
sitions (Figure 2). The ¥Sr/%Sr ratios remained markedly invariant between 9 and 6 Ma and then increased
significantly (by ~0.003) from 6 to 5 Ma. This decoupling from Nd and Pb patterns indicates that late Mi-
ocene changes in the Sr isotope composition were not driven by changes in source contribution but more
likely by variations in incongruent weathering and in chemical weathering intensity. The change in prove-
nance observed for Nd and Pb isotopes was likely overprinted by the weathering effect for ¥Sr/*Sr. Moreo-
ver, the radiogenic Sr composition of modern Irrawaddy clays and Brahmaputra sediments is very similar,
while the Miocene clays are slightly less radiogenic than these (Figure 3), highlighting that Sr isotopes are
less useful to track source provenance compared to the highly particle reactive elements Nd and Pb because
of the high water/rock concentration ratios and the mobility of Sr. Clays, in contrast to coarser sediments,
incorporate a substantial fraction of the ions dissolved in the water present during their alteration and thus
also take on the isotopic composition of dissolved elements (Bayon et al., 2016). Sr is more susceptible to
such changes given that dissolved Sr concentrations in river waters are relatively high compared to those of
Nd and Pb (e.g., Indus River: 300 ppb Sr vs. 3.2 ppt Nd; Goldstein & Jacobsen, 1987). During weak chemical
weathering, the first mineral phase reacting with water is usually plagioclase, which releases relatively low
87Sr/%Sr signatures (Douglas et al., 1995). When chemical weathering becomes stronger, micas release Sr
with high ¥’Sr/**Sr. This would consequently shift the isotopic composition of the altered clays toward less
radiogenic values during weak chemical weathering and toward more radiogenic values during stronger
chemical weathering (Derry & France-Lanord, 1996). The marked increase in clay 87Sr/%%Sr from 6 to 5 Ma,
therefore, implies an increase in chemical weathering intensity.

Another factor possibly affecting the Sr isotope composition of the clays is variable contributions from
weathering of the extremely radiogenic metamorphic rocks of the Himalayas, which can be found in both
the High Himalayan Crystalline Series and the Lesser Himalayan Crystalline Series lithologies (Vannay
et al., 2004). During the collision of India with Asia, high-grade metamorphism and partial melting of the
rocks mobilized radiogenic Sr of K-rich minerals into Na- and Ca-rich minerals that weather much more
easily (Edmond, 1992). The erosion of rocks containing these highly radiogenic minerals (*’Sr/*Sr > 0.720)
has been suggested to be responsible for the significant increase in *’Sr/**Sr values of the global ocean since
40 Ma (Oliver et al., 2003; Raymo & Ruddiman, 1992; Richter et al., 1992). Even though the weathering
of the radiogenic metamorphic rocks represents a possible influence on the Sr isotope composition of our
U1443 clays, none of the records point to a particular event responsible for intensified HHC or LH erosion at
6 Ma. As potential indicators, we would have expected shifts of the other isotope systems toward more HHC
or LH signatures. Since this was not the case, it is most likely that an increased chemical weathering intensi-
ty was the major factor responsible for the increased Sr isotope signature of clays transported to Site U1443.

The observed shift in ¥Sr/*Sr of ~0.003 between 6 and 5 Ma is somewhat smaller than the variability in
earlier Miocene intervals recorded by Bretschneider et al. (2021), who found variations of up to ~0.005 in
87Sr/%Sr within only 500 kyr in the middle Miocene. These were interpreted to reflect changes in the balance
of source contributions due to shifts of weathering regimes on land. However, the increase in the late Mio-
cene is very prominent, given the consistency of the isotope compositions during the 4 million years prior to
the change. A similar increase in ¥’Sr/**Sr during this period was hinted at in the low resolution data from
ODP Site 758 that was redrilled by U1443 (Figure 6; Ali et al., 2021). Similar amplitude radiogenic spikes
of +0.003 in the global average riverine sediment *’Sr/**Sr of the last 250 kyr have also been attributed to
changes in weathering regime caused by accelerated weathering of biotite following deglaciations (Blum &
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Figure 7. Comparison of the benthic 8 °C record (this study and Liibbers
et al., 2019), detrital clay Sr isotope composition, seawater Sr isotope
evolution from 9 to 5 Ma (Farrell et al., 1995; Hodell et al., 1989), and
smectite abundance at ODP Site 758 (Ali et al., 2021). Note the different
amplitudes of seawater and clay Sr isotope increases.

clays are dominated (>60%) by smectite.

Although the global cooling of the late Miocene resulted in ephemeral
glaciations (Holbourn et al., 2018), no significant drop in sea level oc-
curred to cause increased floodplain area and enhance chemical weath-
ering. Instead the interplay between high sediment supply, as recorded by
the Bengal and Nicobar Fans (Pickering et al., 2020), and grasslands in-
creasing soil thickness may have provided the extra reaction space. Grass-
land soils also accommodate much higher internal mineral surface areas prone to weathering compared to
woodland or desert soils (Retallack, 2001). Thus, the formation of thick horizons of soils with crumb peds
due to the appearance of tall sod grasslands at 7-6 Ma (Figure 2d) likely accelerated chemical weathering
rates (Retallack, 2001). This biological forcing may have contributed to increased chemical weathering in-
tensities seen in the rise in Sr isotope composition and secondary clay abundance.

While global cooling was reported from 7 to 5.5 Ma (Figure 2e; Herbert et al., 2016; Holbourn et al., 2018;
Johnck et al., 2020), oxygen isotopes and Mg/Ca measurements of mixed layer foraminifera indicated a
warming from 5.5 Ma in the Andaman Sea reflecting intensified cross-equatorial transport of heat and
moisture, which likely led to an increased summer monsoon precipitation during the warm stages after
5.5 Ma (Johnck et al., 2020). This sea surface temperature warming and increased SAM intensity after
5.5 Ma may be another important factor contributing to the increase in chemical weathering.

3.6. Implications for the Marine Sr Isotope Evolution

The rise in U1443 clay Sr isotope compositions coincided with the increase in global seawater *’Sr/**Sr be-
tween 5.5 and 4.5 Ma (Hodell et al., 1989) and between 6.1 and 4.9 Ma recorded at ODP Site 758 (Figure 7;
Farrell et al., 1995). This late Miocene/early Pliocene increase in Sr isotope composition was part of the
overall increase in marine ¥’Sr/*Sr recorded for the last 40 Myr (Richter et al., 1992). Hodell et al. (1989) re-
lated the rise in *’Sr/*°Sr signature to an increase in the dissolved Sr riverine flux to the oceans and/or to an
increase in the average Sr isotope composition of river water, which may have been connected to increased
chemical denudation rates of the continents and shelves. Derry and France-Lanord (1996) argued for the
latter scenario with their record pointing at a decrease in Sr flux and an increase in global mean *Sr/*°Sr of
rivers due to high weathering intensity. The increase in detrital clay Sr isotope composition in our record as
well as in others supports the argument that the change in mean *’Sr/*Sr composition of Himalayan Rivers
affected the ocean's Sr isotope composition and may therefore at least partly have been responsible for the
rise in seawater ¥’Sr/*°Sr in the late Miocene/early Pliocene. Since high chemical weathering rates promote
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the drawdown of CO,, rising Sr isotope compositions suggest the cooling climate observed in the time inter-
val between 6 and 5.5 Ma may have resulted from increased chemical weathering in the core region of SAM
precipitation. In contrast, a decreasing or stable removal of CO, by Himalayan-induced silicate weathering
is indicated by the elemental composition of material deposited by the Indus, Mekong, and Pearl rivers
since the mid Miocene (Clift & Jonell, 2021). Although this suggests that enhanced silicate weathering
caused by Himalayan-Tibetan erosion was not the mechanism responsible for late Miocene cooling, a com-
plete budget of clays produced by silicate weathering is required including those produced by enhanced
weathering in situ (Yang et al., 2020) and not transported and deposited by rivers.

4. Conclusions

A 100 kyr resolution record of the detrital clay radiogenic Sr, Nd, and Pb isotope composition of sediments
from the southern Bay of Bengal for the late Miocene/earliest Pliocene from 9 to 5 Ma indicates an overall
stable mixture of the sources of the Ninetyeast Ridge clays, which include contributions from the High
Himalayan Crystalline, the Tethyan Sedimentary Series, and the Indo-Burman Ranges. The Himalayan
contribution, represented by sediments delivered by the Ganges and Brahmaputra Rivers, became more
Ganges-dominated than during the earlier Miocene, which likely reflects an increasing contribution from
High Himalayan Crystalline or Lesser Himalayan rocks. A step change in Nd and Pb isotope compositions
at ~7.3 Ma, contemporaneous with the final phase of the global marine benthic 8'3C decline, reflects higher
Irrawaddy-like contributions connected to a climatically driven eastward shift in precipitation patterns and
a more focused weathering and erosion of the Indo-Burman Ranges. The variability of Sr isotope compo-
sitions was decoupled from Nd and Pb isotope signatures and therefore indicates shifts in the weathering
regime. A prominent increase in Sr isotope compositions between 6 and 5 Ma suggests increased chemical
weathering intensity in the Ganges-Brahmaputra and Irrawaddy basins, which may have resulted from the
expansion of C4 grasslands providing a larger mineral surface area for chemical weathering rather than an
increase in South Asian summer monsoon intensity. The rise of the clay ¥Sr/*Sr signature coincided with
the major late Miocene/early Pliocene increase in global seawater Sr isotope composition suggesting that
the change in the composition of Himalayan riverine inputs due to enhanced chemical weathering intensity
may also have affected the global ocean Sr isotope signature between 6 and 5 Ma.

Data Availability Statement

The data presented in this study are included in the Supporting Information S1 and all new data are freely
available on the PANGAEA data repository (https://doi.pangaea.de/10.1594/PANGAEA.932921).
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