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Abstract Tectonics and regional monsoon strength control weathering and erosion regimes of the
watersheds feeding into the Bay of Bengal, which are important contributors to global climate evolution
via carbon cycle feedbacks. The detailed mechanisms controlling the input of terrigenous clay to the Bay of
Bengal on tectonic to orbital timescales are, however, not yet well understood. We produced orbital‐scale
resolution geochemical records for International Ocean Discovery Program Site U1443 (southern Bay
of Bengal) across five key climatic intervals of the middle to late Miocene (15.8–9.5 Ma). Our new radiogenic
Sr, Nd, and Pb isotope time series of clays transported to the Ninetyeast Ridge suggest that the individual
contributions from different erosional sources overall remained remarkably consistent during the Miocene
despite major tectonic reorganizations in the Himalayas. On orbital timescales, however, high‐resolution
data from the five investigated intervals show marked fluctuations of all three isotope systems.
Interestingly, the variability was much higher within the Miocene Climatic Optimum (around 16–15 Ma)
and across the major global cooling (~13.9–13.8 Ma) until ~13.5 Ma, than during younger time intervals.
This change is attributed to a major restriction on the supply of High Himalayan erosion products due
to migration of the peak precipitation area toward the frontal domains of the Himalayas and the
Indo‐Burman Ranges. The transient excursions of the radiogenic isotope signals on orbital timescales most
likely reflect climatically driven shifts in monsoon strength.

1. Introduction

The South Asian monsoon (SAM) influences the lives of more than a billion people but remains difficult to
predict. It is thus crucial to understand how the monsoon behaves under different boundary conditions such
as a warmer world with reduced continental ice cover. Many studies have focused on the Late Quaternary
glacial‐interglacial cycles to reconstruct how monsoon strength, weathering intensity, and global climate
have been linked on orbital timescales (e.g., Ahmad et al., 2005; Colin et al., 1999; Gebregiorgis et al., 2018;
Joussain et al., 2016; Li et al., 2018; Wilson et al., 2015), but there are fewer studies of warmer periods in the
geological past. Since the monsoon is thought to have initiated during the warmer than present Miocene
(Clift et al., 2008), this period of time offers a unique window into past monsoon variability and its control-
ling factors. Studies that investigated the relationship between variations of the SAM and the erosional
regime during the Miocene period were conducted at low time resolution (e.g., France‐Lanord et al., 1993:
Myr timescale; Banerjee et al., 2019: ~500 kyr resolution) and thus do not allow insights into the links
between orbital‐scale climate variability and monsoon strength.

The continuous sediment archive recovered at International Ocean Discovery Program (IODP) Site U1443 in
the Bay of Bengal (Figure 1) now allows a much more detailed study. Lübbers et al. (2019) established a
high‐resolution benthic stable isotope record from 13.5 to 8.2 Ma for Site U1443, which provides the climatic
and stratigraphic framework to reconstruct Himalayan silicate weathering and its relationship to changes of
the SAM and climate during the Miocene based on radiogenic isotope compositions of the clay size fraction.
Since tectonics, climate, erosion, type, and intensity of weathering and monsoon strength can all affect the
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detrital isotope signatures on different time scales, our approach is to disentangle the different factors using
higher temporal resolution records than in previous work to advance our understanding of the major
controls of past SAM intensity.

The Bay of Bengal receives large freshwater and sediment inputs from the rivers draining the Himalaya
(Ganges, Brahmaputra, and Meghna), the Indo‐Burman Ranges and the Arakan coast (Irrawaddy), and
the Indian Peninsula (Godavari, Krishna, and Mahanadi) (Figure 1). The sediments deposited in the Bay
of Bengal mainly originate from Himalayan erosion and have formed the Bengal Fan, the world's largest
submarine fan with a sediment volume of 12.5 * 106 km3 (Curray et al., 2003). The Bengal Fan has existed
since at least early Miocene times (Derry & France‐Lanord, 1996; France‐Lanord et al., 1993), and its depos-
its provide a record of the erosion and weathering history of the surrounding mountain belts, as a conse-
quence of the continental Indian‐Eurasian collision and the resulting uplift history of the Himalayas
(Colin et al., 1999; France‐Lanord et al., 1993). In the modern system, 95% of the volume of sediments is
transported to the Bay of Bengal during peak monsoon precipitation (Singh et al., 2007), and thus, the varia-
bility of erosion intensity and deposition rates is directly related to changes in monsoonal precipitation. The
erosion of the Himalayas is considered to be fundamental for regulating Earth's climate because the

Figure 1. Map of the Bay of Bengal modified from Ali et al. (2021). The location of IODP Site U1443 on the Ninetyeast
Ridge (NER) is marked. The major continental river systems are indicated as well as the major geological units: LH =
Lesser Himalayas, TSS = Tethyan Sedimentary Series, HHC = High Himalayan Crystalline, and IBR = Indo‐Burman
Ranges. The arrows indicate modern sediment fluxes from major rivers (Milliman & Syvitski, 1992; Robinson
et al., 2007).
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sequestration of CO2 through enhanced silicate weathering and the burial of organic carbon in the fan result
in lower global temperatures (France‐Lanord & Derry, 1997; Galy et al., 2007, 2010; Raymo, 1994; Raymo &
Ruddiman, 1992).

Radiogenic Sr, Nd, and Pb isotope compositions of detrital materials transported to the central Bay of Bengal
vary as a function of the age and the geological history of the continental rocks in the hinterland and, there-
fore, serve as reliable tracers of the sediment sources (Ahmad et al., 2005; Colin et al., 1999). The continental
lithologies surrounding the Bay of Bengal constrain the possible end‐members for the mixture of sediment
deposited at Site U1443. Within the Himalayas, at least four main lithologies are likely sources: The Lesser
Himalaya (LH), the High Himalayan Crystalline (HHC), the Tethyan Sedimentary Series (TSS), and the
Transhimalayan Plutonic Belt (TPB) (France‐Lanord & Le, 1988; Galy et al., 1996; Gansser, 1964;
LeFort, 1975; Singh & France‐Lanord, 2002). Another important source are the Indo‐Burman Ranges
(IBR), which are drained by the Irrawaddy River (Giosan et al., 2018). Based on the mixture of these distinct
sediment source signatures in the Bay of Bengal, the location of highest monsoon precipitation as well as
erosional and tectonic changes can be reconstructed. Sr and Pb isotope compositions are additionally influ-
enced by fractionation during weathering and transport due to large variations in the isotope composition of
different mineral phases and differences in their resistance to weathering (Ali et al., 2015; Blum et al., 1993;
Tütken et al., 2002). These signals can potentially provide useful information on prevailing types and inten-
sities of weathering and thus help reconstructing past weathering regimes.

TheMiocene epoch (23.03–5.33Ma) was characterized by pronounced global climatic changes. TheMiocene
Climatic Optimum (MCO, ~17 to 15 Ma) was a warm period with global annual mean temperatures ~3°C
higher than today, based on proxy data constraining land and sea surface temperatures (You et al., 2009).
Taking into account variations in global tectonic boundary conditions, Miocene climate reconstructions thus
allow insights into the ability of climate models to simulate warm climates, comparable to those the Earth
may experience in the near future (Henrot et al., 2017). The MCO was followed by a stepwise cooling trend
with development of a permanent Antarctic ice sheet after ~13.8 Ma (e.g., Holbourn et al., 2005) that was
associated with a marked decrease in atmospheric CO2 (Foster et al., 2012). Miocene climatic changes and
tectonic events may have been closely linked, since erosion intensity increases with the amount of precipita-
tion, which in turn influenced relief and exhumation rates (Deng et al., 2019). Furthermore, Raymo (1994)
proposed that increased silicate weathering, as well as organic carbon burial, promotes CO2 drawdown and
may have led to the global cooling in the middle Miocene.

The study by Allen and Armstrong (2012) summarized the main tectonic events in the Himalayan‐Tibetan
region during the Miocene, which comprised a reorganization of the thrusting, which propagated south
from the Main Central Thrust (MCT). Large changes in tectonic regime have been inferred for the middle
Miocene, starting with synchronous ductile shear along the South Tibetan Detachment System and the
MCT (Burchfiel et al., 1992; Hodges et al., 1998; Kellett et al., 2009; Searle et al., 2008), contemporaneous
with leucogranite generation and rapid exhumation (Catlos et al., 2004; Thiede et al., 2004). This was fol-
lowed by the onset of approximately N‐S oriented normal faulting in southern Tibet and thrusting south
of the MCT (Allen & Armstrong, 2012; Molnar & Tapponnier, 1978), as well as a decrease in exhumation
rates of the High Himalayas at ~16 Ma (Najman et al., 2009; Thiede et al., 2009). These processes played
an important role in determining which Himalayan rocks were exposed and were thus subject to erosion
during particular periods of time. Changes in the tectonically induced exposure of different rock types are
therefore expected to be reflected by source changes of the eroded material in the Bay of Bengal sediments.
Despite this, previous studies have shown that the sources of sediments in the Bay of Bengal have remained
overall similar since at least the early Miocene (Ali et al., 2021; Bouquillon et al., 1990; France‐Lanord
et al., 1993). However, on orbital timescales, significant variations in the provenance and grain size of sedi-
ments have been observed and attributed to climate and monsoon changes (Ahmad et al., 2005; Bookhagen
et al., 2006; Clift et al., 2008; Colin et al., 1999; Tripathy et al., 2011). Over the most recent glacial‐interglacial
cycles, the interglacials were generally dominated by a strong summer monsoon, while the glacials were
drier and suggested to have been characterized by a stronger winter monsoon (Ahmad et al., 2005; Galy
et al., 2008; Joussain et al., 2016; Li et al., 2018; Tripathy et al., 2011; Wilson et al., 2015). However, in detail,
this relationship is not always as clear and periods with strong monsoons were also recognized during
glacials (Bolton et al., 2013; Gebregiorgis et al., 2018).
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Here we follow a similar high‐resolution approach to the glacial‐interglacial studies, to reconstruct both long
and short‐term monsoon variability. However, instead of using Bengal fan sediments, which are often dis-
turbed and discontinuous due to the occurrence of turbidites (e.g., Derry & France‐Lanord, 1996; Galy
et al., 1996, 2010), we analyze the continuous sediment record of the crest of the Ninetyeast Ridge (NER).
Moreover, we focus on the detrital clay size to minimize mineral sorting effects, which may occur during
transport. Since the time‐consuming preparation of the samples limits the number of analyses of radiogenic
isotopes, we focus on orbital‐scale variability during five selected Miocene key climatic intervals to better
constrain the roles of tectonics and global climate in driving regional monsoon intensity and erosion and
to discuss potential interactions and feedbacks between them. The selected intervals include the central part
of the MCO (15.8–15.3 Ma), two global cooling steps from 14 to 13.5 and 13.3 to 12.8 Ma, the event of peak
warmth at 11–10.5 Ma and an interval marking the transition from ~100 kyr periodicity to the dominant
41 kyr variability in benthic δ18O (10–9.5 Ma).

2. Materials and Methods

Our study is based on sediments of IODP Site U1443 (Latitude 5°23′N; Longitude 90°21′E, water depth:
~2,930 m), cored with the RV JOIDES Resolution during IODP Expedition 353 in December 2014. Site
U1443 was a redrill of nearby Ocean Drilling Program (ODP) Site 758 and located on the crest of the NER
in the southern Bay of Bengal. This ridge‐top location ensured a slow and continuous sedimentation and pre-
vented the deposition of disturbed sedimentary sequences typically associated with transport processes on
the Bengal Fan (Clemens et al., 2016). The average sedimentation rates during the Miocene varied between
0.41 cm/kyr in the late to middle Miocene and 0.81 cm/kyr in the early Miocene to Oligocene. Four holes
were combined to form a splice comprising sediments from the Oligocene to the late Pleistocene. The recov-
ered sediment is a nannofossil ooze with varying abundances of detrital clays, foraminifers, and authigenic
carbonates (Clemens et al., 2016). The Miocene samples investigated in this study span a composite depth
between 125.88 and 152.78 m below seafloor. The age model is based on the isotope stratigraphy of
Lübbers et al. (2019) for the intervals younger than 13.5 Ma and of K. Kochhann (supporting information
Table S1, personal communication, March 2020) for the intervals older than 13.5 Ma. The Irrawaddy sam-
ples were collected during field expeditions to the Irrawaddy delta in 2016 and 2017 (for further information
see Giosan et al., 2018).

The sediment samples were washed over a 63 μm sieve and the fine fraction collected in 3 L plastic bags.
While the coarser fraction was used for micropaleontology, the fine fraction was freeze‐dried and leached
to remove all authigenic Fe‐Mn oxyhydroxides. The leaching procedure was modified from Gutjahr
et al. (2007). Briefly, ~2 g of fine sediments were washed with deionized water, leached step by step with a
0.05 M hydroxylamine hydrochloride—15% acetic acid—0.03 M Na‐EDTA solution, buffered to pH 4 with
analytical grade NaOH, and fully decarbonated with 40% acetic acid. Having been washed again with deio-
nized water, the clay fraction was separated using a centrifuge‐based Atterberg method.

For the Sr, Nd, and Pb isotope analyses, the clay fraction was then dried at low temperature (<45°C) in an
oven. For the Irrawaddy samples, both clay and >2 μm fractions were dried and digested. About 100 mg
of the dried silicate clays (and silts) were completely digested using alkaline fusion (NaOH‐Na2O2), as
described in Bayon et al. (2009) but without addition of TiO2, Fe2O3, or Tm, and then further dissolved in
6 M HCl. To separate and purify Nd, Sr, and Pb, standard ion chromatographic procedures were applied
(Cohen et al., 1988; Galer & O'Nions, 1989; Pin & Zalduegui, 1997). For Nd, first the REEs (including Nd)
were separated using a cation exchange resin (Bio‐Rad AG 50W‐X8, 200–400 mesh), while most matrix ele-
ments were discarded. The Nd was then separated from the other REEs using Ln‐spec resin (50–100 μm). Pb
and Sr were separated using AG1‐X8 (100–200 μm) and Sr‐Spec resin, respectively. Sr isotope and some Nd
isotope measurements were performed on a Nu Plasma high‐resolution multi‐collector inductively coupled
plasma mass spectrometer (MC‐ICP‐MS) at GEOMAR while most Nd and all Pb isotope analyses were car-
ried out on a Thermo Scientific Neptune Plus MC‐ICP‐MS at GEOMAR.

Nd isotope ratios were corrected for instrumental mass bias using a 146Nd/144Nd of 0.7219 (Vance &
Thirlwall, 2002) and were normalized to the accepted values of the JNdi‐1 standard (0.512115; Tanaka
et al., 2000). The Nd isotope ratios are reported as ɛNd(0) values = ((143Nd/144Nd)sample/(

143Nd/
144Nd)CHUR − 1) × 104 with CHUR being the Chondritic Uniform Reservoir and (143Nd/
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144Nd)CHUR = 0.512638 (Jacobsen & Wasserburg, 1980). Procedural
blanks for Nd were <0.5 ng and thus below 0.5% of the total amount of
Nd in the samples. Separate digestions and measurements of USGS refer-
ence material BHVO‐2 (n= 8) gave a mean ɛNd value of 6.75 ± 0.24, which
agrees well with the mean value (6.65 ± 0.60) compiled by the GeoReM
database (Jochum et al., 2016).

The instrumental mass bias of Sr isotopic measurements was corrected
using a 88Sr/86Sr of 0.1194 (Steiger & Jäger, 1977) and normalized to the
NIST SRM 987 87Sr/86Sr of 0.710245. Procedural blanks were on average
50 ng, contributing between 0.7 and 8.8% of the total Sr signal. This rather
high contribution originated from the NaOH and NaO2 used for the alka-
line fusion. To correct for the blank contributions, samples of the reagents
were regularly digested and measured for concentrations (n = 15). These
were later combined and measured for their isotopic composition. The
blank contributions were then removed from the Sr sample signals via
mass balance calculations. Repeated digestions and measurements of
USGS reference material BHVO‐2 (n = 12) gave a mean 87Sr/86Sr value
of 0.70363 ± 0.00013, which is in good agreement with the GeoReM aver-
age value of 0.70348 ± 0.00006.

The mass bias correction for the Pb isotope measurements was carried
out by doping the samples with the NIST997 Tl standard solution
(Pb/Tl ~ 4) (Belshaw et al., 1998; White et al., 2000). Since Tl and Pb frac-
tionate slightly differently during ionization (Vance & Thirlwall, 2002),
205Tl/203Tl was adjusted on a session‐by‐session basis in order to match
accepted SRM 981 Pb isotope compositions (206Pb/204Pb = 16.9416,
207Pb/204Pb = 15.4998, and 208Pb/204Pb = 36.7249; Baker et al., 2004).
Repeated processing and analysis of USGS reference material BHVO‐2
(n = 6) gave mean values (±2 standard deviations) of 18.619 ± 0.090,
15.536 ± 0.019, and 38.219 ± 0.052 for 206Pb/204Pb, 207Pb/204Pb, and
208Pb/204Pb, respectively. These Pb isotope values agree well with those
previously measured for BHVO‐2 (n = 44, 18.637 ± 0.073,

15.528 ± 0.045, and 38.223 ± 0.103; GeoReM database). Procedural blanks for Pb were <70 pg and contribu-
ted less than 0.1% of the total amount of Pb in the samples.

In order to identify cyclic changes in contributions from the source areas reflected by the radiogenic isotope
compositions of the clay fractions, spectral analyses of the records were performed on unevenly spaced time
series using REDFIT (Schulz & Mudelsee, 2002).

3. Results

The εNd,
87Sr/86Sr and Pb isotope compositions (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 207Pb/206Pb, and

208Pb/206Pb) of the silicate clay fraction are shown in Figure 2 and supporting information Table S2. The
εNd values range from −13.3 to −8.6 and exhibit highest variability during the MCO and the 14–13.5 Ma
interval, which comprises the global cooling step at ~13.9–13.8 Ma. The least radiogenic εNd values
(−13.3) were found at 13.7 Ma. The 87Sr/86Sr compositions vary between 0.71119 and 0.71661, also showing
the highest fluctuations and highest values, in the two older intervals. The youngest two investigated inter-
vals after the cooling only showminor variability and overall lower values, ranging from 0.71119 to 0.71306.
206Pb/204Pb values vary between 18.84 and 19.10 and exhibit a clear radiogenic peak and the highest varia-
bility at the beginning of cooling at ~14 Ma.

To evaluate potential grain size effects, differences in Sr, Nd, and Pb isotopic compositions of the same sam-
ples between clay (<2 μm) and silt (>2 μm) fractions from the Irrawaddy delta (Giosan et al., 2018) were ana-
lyzed (Figure 3). The clay size Irrawaddy samples show systematically more radiogenic Nd isotope
signatures than the silt size samples (a difference of 2 ɛNd units reaching up to 2.5 ɛNd units), while the Sr

Figure 2. Radiogenic Pb, Sr, and Nd isotope compositions of the U1443
clay samples for the five investigated Miocene time intervals. The
larger symbols represent part of the ODP Site 758 low‐resolution clay record
by Ali et al. (2021). The light orange shaded interval marks high
variability of the radiogenic isotopes while the blue shaded interval reflects
the low variability after the first Miocene cooling interval. The relative
abundances of the clay minerals smectite, kaolinite, illite, and chlorite from
ODP Site 758 (Ali et al., 2021) are shown, as well as the sediment flux
record of ODP Site 758 (Hovan & Rea, 1992; recalculated by Ali et al., 2021).

10.1029/2020PA003917Paleoceanography and Paleoclimatology

BRETSCHNEIDER ET AL. 5 of 18



isotope signatures do not differ significantly (up to 0.0057 higher values in
the clays than in the silt fraction). The Pb isotope signatures are systema-
tically more radiogenic in the silt fraction (0.1–0.2 higher 206Pb/204Pb
ratios and 0.2–0.4 higher 208Pb/204Pb ratios) than in the clays.

4. Discussion
4.1. Provenance Control on the U1443 Detrital Clay
Isotope Signature

Figures 4 and 5 compare the Nd‐Sr and Nd‐Pb isotope compositions of the
U1443 clays with those of potential source areas surrounding the Bay of
Bengal and the sediments sampled in the major rivers. Of the Himalayan
sources, the TPB signature is almost identical to that of the IBR and is
already included in the Brahmaputra sediment signatures as it is fed by
the Yarlung‐Tsangpo River which drains the TPB. It is therefore not con-
sidered as an independent end‐member. The wide exposure of the TPB
and the TSS rocks within the drainage basin of the Yarlung‐Tsangpo is
the main reason for the difference in isotope signatures between the
Ganges, with only very sparse coverage of TSS for upper and already arid
regions of its watershed, and Brahmaputra sediments and the large range
of Brahmaputra compositions. Since other potential contributors of radio-
genic Nd such as the Deccan Traps or the Sunda Arc (Figure 4a) are
considered negligible (see discussion below), the IBR is considered the
dominant contributor of sediments with radiogenic Nd and unradiogenic
Sr isotope values. In contrast to the NER samples, Bengal Fan silicates
with a similar age to ours clearly overlap with HHC signatures
(Figure 4a; e.g., France‐Lanord et al., 1993; Galy et al., 2010) and lack

the IBR influence. Nevertheless, the large‐scale changes are similar to the ones observed at the NER
(Ali et al., 2021). Hemipelagic sediments from the Bengal Fan plot much closer to our samples (Figure 4a)

Figure 3. Grain size dependence of the radiogenic Sr and Nd isotope
composition, comparing the clay (<2 μm) and bulk or >2 μm
fraction of sediments from the Holocene Irrawaddy River (blue, Giosan
et al., 2018, and this study), the last 34,000 years of ODP Site 758
(purple, Ahmad et al., 2005), Pleistocene of ODP Site 758 (red, Ali et al., 2021;
Gourlan et al., 2010), middle Miocene of ODP Site 758 and U1443
(green, Banerjee et al., 2019 and this study), and early Miocene sediments of
the distal Bengal Fan (orange, Galy et al., 1996).

Figure 4. (a) Nd‐Sr isotope composition of the clay size fraction of Site U1443 compared with published data. Miocene
Bengal Fan bulk sediments (Galy et al., 2010), Bengal Fan hemipelagic sediments (Galy et al., 2010; Hein et al., 2017),
the average of bulk Miocene Nicobar Fan sediments (Chen, Yan, et al., 2020), and ODP 758 bulk sediments
(Banerjee et al., 2019) are plotted for comparison. Potential sources include the different Himalayan lithologies
(Transhimalayan Plutonic Belt—TPB, Tethyan Sedimentary Series—TSS, High Himalayan Crystalline—HCC, and Lesser
Himalayas—LH), the Indo‐Burman Ranges (IBR), the Deccan Traps, the Archean Indian Peninsula, the Sunda Arc,
and the rivers draining these lithologies—Irrawaddy, Ganges, and Brahmaputra (squares). References are listed in Table 1.
(b) Average values of the three major rivers are used as end‐members to define a mixing field. The grid was calculated
according to a 10% increment of the mixture composition using the compositions listed in Table 1. U1443 clays do not plot
within the mixing field but show a binary mixing trend between the Irrawaddy and the Brahmaputra Rivers.
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and were interpreted to contain significant IBR contributions (Galy et al., 2010), indicating that the NER clay
radiogenic isotope compositions represent the fine‐grained sediment supplied to the central basin. The over-
lap of our clay results with bulk detrital measurements from the same location (Figures 3 and 4a; Banerjee
et al., 2019) confirms that they originate from the same sources and that grain size dependent fractionation
of the isotope compositions did not have a significant impact on the reconstructed mixing relationships
between themain source areas. The grain size effects are small compared to the isotopic range of source areas
and therefore it is reasonable to relate the clay results to bulk sediment data.

In addition to the sediments supplied by major rivers, fine‐grained mineral dust, for example, from the Thar
desert, may have contributed to the U1443 clay isotopic composition. However, the calculated annual
mineral dust input of ~0.3–6 g m−2 year−1 to the Bay of Bengal (extrapolated to the surface area of the Bay
of Bengal, the annual mineral dust input corresponds to a maximum of ~13 Mt year−1; Srinivas &
Sarin, 2013) is minor (~1%) compared to the 1,300 Mt year−1 of sediments supplied by the Ganges,
Brahmaputra and Irrawaddy Rivers (Figure 1; Milliman & Syvitski, 1992) and is therefore considered negli-
gible. Comparisonwith lithogenic fluxes to sediment traps near the NER (Unger et al., 2003) suggests that the
dust flux is of a similar magnitude, although recent NER sediments are clearly dominated by river derived
material (e.g., Ahmad et al., 2005). During the middle Miocene, the detrital mineral flux to ODP Site 758
was elevated compared to more distal sites in the Indian Ocean which showed similar sedimentation rates
(Hovan & Rea, 1992), demonstrating the persistence of enhanced continental weathering inputs to the NER.

Due to the movement of the Indian Plate, Site U1443 was located at least 800 km further south, at ~2°S dur-
ing the middle Miocene. Tectonic reconstructions suggest that the location of the Indian Peninsula relative
to the NER has remained the same since the Oligocene/Miocene while the NER moved closer to the
Himalayas and Sundaland (Hall, 2012; Zahirovic et al., 2016). However, given that this change was relatively
small between 15 and 10 Ma (Hall, 2012), plate motion most likely did not affect the source contributions of
clays reaching the core location. Instead, the advancing Himalayan sediments rapidly filling basins now on
land and feeding the growing Bengal and Nicobar fans likely influenced sediment accumulation on the NER
(e.g., McNeill et al., 2017). The evolution of Sundaland to the east was more complex (e.g., Zahirovic
et al., 2016), but the lack of volcanic detritus or any Sumatran contributions in the Nicobar Fan (Chen,
Yan, et al., 2020; Pickering et al., 2020) suggests that the Sumatra magmatic arc was only aminor contributor
throughout the middle Miocene. Moreover, over the last 30 Myr repeated flooding and exposure of the shelf
seas around Sumatra (Zahirovic et al., 2016) should have strongly affected the sediment supply from this
source, which is not consistent with the overall near stable source contributions recorded in our U1443 clays.
The influence of sources from the Indian Peninsula, like the Deccan Traps or Archean terranes is also
considered to be minor (Ali et al., 2021; France‐Lanord et al., 1993). Deccan Trap isotope compositions of
the younger and more voluminous flows display highly radiogenic Nd and unradiogenic Sr and Pb isotope
compositions (Figures 4a and 5a; e.g., Lightfoot et al., 1990), while Archean Terranes are characterized by

Figure 5. (a) Nd‐Pb isotopic composition of U1443 clays compared to the potential sediment sources, represented by
Deccan Traps, Sunda Arc, TSS, HHC, and LH average compositions as well as the Irrawaddy, Ganges, and
Brahmaputra Rivers (squares, references in Table 1). (b) Expanded view of mixing field spanned by the three major rivers
used as end‐members. The grid was calculated according to a 10% increment of the mixture composition. The U1443
clays show a dominant contribution of Irrawaddy and Brahmaputra sources.
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extremely unradiogenic εNd signatures (Figure 4a; Kessarkar et al., 2005;
Peucat et al., 1989), thus both being distinct from our clay isotope compo-
sitions. Although mixing between the Archean Indian Peninsula and the
IBR end‐members could produce the isotope composition of the U1443
clays, this is not reasonable given that this would require 20% to 50% con-
tributions from Archean Indian continental sources. This is unlikely for a
number of reasons. First, the Krishna and Godavari Rivers draining the
Indian Peninsula reflect a combined signature of the Indian Peninsula
sediments (Figure 4b), which can neither account for the more radiogenic
εNd isotope compositions nor the low 87Sr/86Sr signatures of our samples.
Secondly, the supply of material from these sources by the Krishna and
Godavari Rivers was likely restricted to the Indian margin due to the
monsoon‐induced Indian coastal current (Ali et al., 2021; Kumar
et al., 2006). The east‐west divide of isotope compositions in surface sedi-
ments from the Bay of Bengal (Colin et al., 1999) corroborates the fact that
Peninsula river sediments are restricted to the western Bay of Bengal.
Additionally, their sediment load is minor compared to that of the major
rivers (Figure 1) and sediments recently deposited on the NER have a
composition similar to those deposited in the Miocene (Figure 3).
Consequently, we are confident that the dominant sources supplying
clays to the NER are the Himalayan and IBR sources in the north and that
Sundaland and Indian Peninsula sources only played a minor role.

The Pb isotope composition provides additional constraints on the sources
of the clay size sediments. Figure 6 shows the U1443 clays together with

typical fluvial sediments representing the catchment areas. Consistent with the Nd‐Sr isotope relationships,
our Pb isotope data indicate that the samples reflect a mixture of more radiogenic Himalayan sources repre-
sented by Ganges and Brahmaputra sediments and less radiogenic sources from the IBR represented by the
Irrawaddy sediments. However, the estimated mixture percentages differ from those based on the Nd‐Sr
calculations, with an ~20% higher Irrawaddy end‐member contribution.

To better constrain the different source contributions, we calculated binary mixing relationships between
the most likely end‐members (Table 1) and added ternary mixing grids to Figures 4b, 5, and 6. Since data
for all three isotope systems exist for most of the river sediments in contrast to the major lithologies, we
applied average Irrawaddy clay, and average bulk Brahmaputra and Ganges sediment isotopic signatures
as mixing end‐members (Figures 4–6). The Sr‐Nd mixing plot shows that the U1443 clays do not fall into
the field spanned by Irrawaddy, Brahmaputra and Ganges sediments (Figure 4). While εNd values plot almost
on a line between the Irrawaddy and Brahmaputra, indicating up to 60% Irrawaddy and 40–100%
Brahmaputra contributions, the 87Sr/86Sr isotopic signatures are shifted toward more unradiogenic Sr values
and do not overlap with any mixing trends between the three end‐members. Given that contributions from
seawater Sr are minimal (see Ali et al., 2021), and similar values are found for the bulk detrital data from
ODP Site 758 (Figure 3) the most likely explanation for the observed shift is that the average river
isotope compositions used as end‐members are not well constrained. The river end‐members are derived
from modern day bulk river sediments (Galy & France‐Lanord, 2001; Giosan et al., 2018; Singh &
France‐Lanord, 2002) but their isotopic compositions may have varied over the last 16 Myr. Furthermore,
the spread in values of measured river sediments, especially for the Brahmaputra River, is large.
Therefore, it is possible that the actual source end‐members of our clays in the Miocene had less radiogenic
Sr isotopic signatures than the average values applied as end‐members. Additionally, Sr isotopes are known
to be influenced by grain size fractionation and weathering effects (Blum & Erel, 2003; Derry & France‐
Lanord, 1996), which is consistent with previous work in the region that has shown detrital Sr isotopes to
vary, while Nd isotopes suggest a constant source (Ali et al., 2015; Colin et al., 1999).

We thus consider themixing relationships of the Pb‐Pb and theNd‐Pb isotope system (Figures 5b and 6)more
appropriate to reflect changes in the source contributions of the clays. The plots clearly show that all three
end‐members contributed to the NER clays. There is a clear difference between the youngest intervals
(11–10.5 and 10–9.5 Ma), exhibiting little variability in source contributions (<25%) and a Ganges

Figure 6. Pb isotopic composition of U1443 clays compared to Quaternary
Indian Ocean leachate data (Wilson et al., 2015) and potential sources
represented by the Irrawaddy, Ganges, and Brahmaputra Rivers (squares,
references in Table 1). The three major rivers are used as end‐members
to span a mixing field. The grid was calculated according to a 10%
increment of the mixture composition. U1443 clays plot within the mixing
triangle, suggesting a mixture of source contributions. Two binary
mixing lines between the Irrawaddy end‐member and two
Brahmaputra‐Ganges mixtures show the binary mixing trend of the clays.
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contribution of <10%, and the two intervals between 15.8 and 13.5 Ma. By far the largest variability in source
contributions (up to 60%) is found for the interval comprising the major cooling step at ~13.9–13.8 Ma
(14–13.5 Ma). Interestingly, the samples define binary mixing trends between the Irrawaddy end‐member
and a rather constant Ganges‐Brahmaputra mixture. The Nd‐Pb isotope plot shows an almost pure
Brahmaputra‐Irrawaddy mixing line for all intervals except the 14–13.5 Ma interval, which shows a
Ganges contribution for the Ganges‐Brahmaputra end‐member of 10–20%. These lower Ganges
contributions agree with observations of Galy and France‐Lanord (2001), who found a higher modern
sediment flux from the Brahmaputra compared to the Ganges. During the Miocene, the Ganges
contribution was also likely diminished by changes in the routing of the rivers as documented by
differences in the composition of sediments in the Nicobar and Bengal fans (Chen, Yan, et al., 2020). In
the Pb‐Pb isotope space, most samples plot on the mixing line between the Irrawaddy and a
75%‐Brahmaputra‐25%‐Ganges end‐member. In agreement with the Nd‐Pb isotope plot, the 14–13.5 Ma
interval points to a Ganges‐Brahmaputra end‐member with higher Ganges contribution, in this case ~40%.
Even though the percentages do not match precisely for Nd and Pb isotopes, the trend of a higher Ganges
contribution during the 14–13.5 Ma interval is clear. A possible explanation for the differences may be the
known influence of weathering on clay Pb isotope signatures (e.g., Erel et al., 1994; Harlavan &
Erel, 2002). Across the investigated Miocene time interval, we observe a marked change in the overall
balance of the sources from relatively low Irrawaddy and high Brahmaputra and Ganges contributions
prior to 13.5 Ma to higher amounts (by ~20%) of Irrawaddy material delivered thereafter (Figure 2).

The radiogenic Sr, Nd, and Pb isotope compositions of the clays transported to the southern Bay of Bengal
suggest that the different erosional sources have overall supplied clays during the Miocene in a remarkably
consistent manner, considering the major tectonic reorganizations in the Himalayas (Ali et al., 2021). This
mixture was enriched in material originating from formations with more radiogenic Nd isotope composi-
tions (i.e., the IBR) where the monsoon rains are strongest today (Damodararao et al., 2016). Our new
high‐resolution data, however, reveal periods of source variability of up to 60% which were not captured
by the lower‐resolution study of Ali et al. (2021) (Figure 2).

4.2. Tectonic and Climatic Control on the Long‐Term Radiogenic Isotope Evolution of Clays
During the Miocene

On long timescales, our data document that the sources of sediments remained remarkably stable throughout
themiddle and early lateMiocene. This is in agreement with previous Sr andNd isotope records from the dis-
tal and central Bengal Fan spanning the last 17 Myr (France‐Lanord et al., 1993) and the last 12 Myr
(Galy et al., 2010), as well as the low‐resolution record for the last 27 Myr from Site 758 (Ali et al., 2021).
The evolution of the radiogenic isotope record between 17 and 9 Ma at Site 758 is overall consistent with
our data (Figure 2). The Site 758 data are similar to the more radiogenic εNd values and less radiogenic

Table 1
Literature Sr, Nd, and Pb Average Isotopic Compositions and Concentrations for the Major Lithologies and River Systems Used as End‐Members

End‐member 87Sr/86Sr Sr (ppm) εNd Nd (ppm) 206Pb/204Pb 208Pb/204Pb References

IBR 0.71 200 −5.2 24 Awasthi et al. (2014)
TSS 0.727 229 −13 26.7 France‐Lanord et al. (1993)
HHC 0.755 70 −15.5 23.6 France‐Lanord et al. (1993); Singh and

France‐Lanord (2002)
LH 0.85 70 −24.4 40.3 21 Singh and France‐Lanord (2002); Clift et al. (2002)
TPB 0.705 400 −6.5 Singh and France‐Lanord (2002)
Deccan Traps 0.705 228 3.7 11 18.088 Lightfoot et al. (1990); Mahoney et al. (1982);

Tripathy et al. (2011)
Archean Indian Peninsula 0.716 −25 Kessarkar et al. (2005); Peucat et al. (1989)
Sunda Arc 0.705 2.0 18.565 Gasparon and Varne (1995)
Irrawaddy 0.716 100 −6.5 50 18.751 39.098 Awasthi et al. (2014); this study
Brahmaputra 0.719 212 −12.5 35.6 18.938 39.571 Singh and France‐Lanord (2002); Millot et al. (2004)
Ganges 0.772 32 −17.2 23.6 19.508 39.766 Singh and France‐Lanord (2002); Millot et al. (2004)
Godavari 0.725 −16.4 Ahmad et al. (2009)
Krishna 0.724 −12.4 Ahmad et al. (2009)
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206Pb/204Pb and 87Sr/86Sr isotope compositions of the Site U1443 clays.
The higher resolution data of our study exhibit much higher variability
and document increased contributions from the Himalayas (up to 20%
more Ganges, up to 40% more Brahmaputra contribution). The
difference between the two records may also, at least partly, originate
from differences in leaching or dissolution techniques in the two studies.
A weaker leaching prior to dissolution of the clay size minerals applied
by Ali et al. (2021) may have left some seawater‐derived authigenic
signatures in the low‐resolution data, while the alkaline fusion
technique employed here is more likely to dissolve all refractory
minerals than simple mixed acid digestion at low pressure (Bayon
et al., 2009). Generally, the warmer intervals are marked by a much
higher variability in all three isotope systems and by relatively higher
Himalayan contributions additionally to IBR dominated samples. The
colder intervals show a lower isotopic variability and contributions
generally dominated by the IBR. This change occurred directly following
the major global Miocene cooling, at ~13.9–13.8 Ma (Figure 7). One
possible driver of this shift is therefore a change in global climate, but
how could climate cooling have caused this change in radiogenic isotope
variability? Warmer climates were, if similar to Holocene observations
(e.g., Galy et al., 2008; Li et al., 2018), associated with a stronger land‐sea
surface temperature contrast, resulting in a strengthening of summer
monsoon circulation and an enhanced atmospheric water vapor
transport. The higher availability of water in the atmosphere during
warmer intervals may then have led to increased penetration of
monsoon precipitation into the high mountain areas, possibly
overcoming the existing main orographic barrier (the High Himalayas),
thus enabling more intense erosion in formerly arid plateau regions
and higher contributions of High Himalayan (HHC) material.
Climate‐tectonic interactions can produce feedbacks in both directions
(Clift & Webb, 2018). Since rainfall follows topography, higher erosion
in highlands result from both strong precipitation and steep topography.
More erosion fosters exhumation, which drives more uplift and higher
topography can focus more precipitation. Therefore, the tectonic
evolution of the Himalayas also needs to be included in the
interpretation of the data on longer timescales.

Considering the major tectonic reorganization of the Himalayan orogenic wedge during the middle Miocene
(e.g., Hodges, 2000; Vannay et al., 2004; White et al., 2002; Yin, 2006), it is remarkable that the average mix-
ture of sediment sources deposited at Site U1443 remained consistent throughout the investigated time win-
dow. However, the marked decrease in variability in all three radiogenic isotope systems was too rapid to be
related to those large tectonic changes. During the early‐middle Miocene, the deformation of the wedge was
dominated by the frontal accretion and mid crustal extrusion of HHC rocks between two major shear zones,
the MCT to the south and the Southern Tibetan Detachment System (STDS) to the north (e.g., Hodges, 2000,
and references therein). Rocks from the MCT hanging wall, comprising HHC and TSS, were exhumed and
eroded (Vannay et al., 2004; White et al., 2002). Thereafter, during the middle Miocene, the thrusting propa-
gated south from the MCT, shifting the exhumation to the Lesser Himalayan (LH) units, while the exhuma-
tion of the HHC and TSS slowed down (Colleps et al., 2019; Najman et al., 2009). Still, High Himalayan
lithologies covered large parts of the Himalayas. The LH units, covering the Indian craton, underthrusted
the Himalayanwedge, accreted and formed the LH‐duplex. These processes shifted themain orographic bar-
rier southward from within the Lhasa Block to its current position in the High Himalayas (Tremblay
et al., 2015). This shift likely had a large impact on which rocks were exposed to erosion. The exact timing
of the tectonic changes is difficult to constrain, but most studies agree on a peak time of rapid exhumation
of the HHC, TSS, and TPB at ~17–16 Ma (Carrapa et al., 2014; Colleps et al., 2018; Tremblay et al., 2015),

Figure 7. Radiogenic Pb, Nd and Sr isotope compositions of U1443 clays
compared to the benthic δ18O signal over the major middle Miocene
cooling at ~13.9–13.8 Ma. The black dots and lines represent a
low‐resolution (~40 kyr) benthic δ18O record (supporting information
Table S1). The gray dots and lines in the younger part from 13.5 to 12.8 ma
show the higher resolution (~5 kyr) benthic δ18O record of Lübbers
et al. (2019). The variability of the radiogenic isotopic composition
decreases for all three isotope systems after the cooling event. The Pb
isotope variations closely follow the benthic δ18O curve in the older part
until 13.5 Ma.
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while the timing for the slowdown of exhumation varies between ~16 Ma (Najman et al., 2009) and ~10 Ma
(Tremblay et al., 2015). One way to explain those different ages is the locally restricted sampling of these stu-
dies, whereas our record provides an integrated signal of the different sediment sources in the catchment
areas of the rivers. Before this tectonic reorganization, a mixture of TSS and HHC rocks were dominantly
eroded. The two intervals prior to 13.5 Ma include higher 87Sr/86Sr and lower εNd values than the subsequent
intervals, typical for more High Himalayan‐influenced sources. The main orographic barrier was positioned
further north, which would have enabled high erosion rates across the Indus‐Tsangpo suture zone and the
southern Tibetan Plateau and a steeper and very erosive drainage network across the Himalayas
(Tremblay et al., 2015; White et al., 2002). Moreover, under these conditions, Tremblay et al. (2015) also
expect a wetter precipitation regime on the southern Tibetan Plateau, which drove large‐scale erosional
exhumation. This is in agreement with thermochronological data of Carrapa et al. (2014) that document
the removal of large volumes of rock from the suture zonewithin a fewmillion years. This can only be accom-
plished by sufficient precipitation, efficient river incision and enhanced sediment transport due to an inten-
sified SAM across these internal parts of the mountain belt during and around the MCO.

The tectonic reorganization, including the southward propagation of the thrusting and the accompanied
southward shift of the orographic barrier, as well as the decrease in High Himalayan exhumation, restricted
the erosion of Himalayan source rocks. The reorganization of the drainage system most likely resulted in a
much smoother channel slope and thus in decreasing stream power. Moreover, due to the southward shift
of the orographic barrier, the precipitation no longer reached the interior of the southern Tibetan plateau
and aridity increased. The decrease in stream power and the increase in aridity probably resulted in the shut-
down of erosion in Southern Tibet, which Tremblay et al. (2015) considered to have happened at the latest
around 10 Ma. The shutdown of intense erosion is documented by the low variability and the decrease in
Himalayan source contributions in the U1443 record after 13.5 Ma, thus considerably earlier than the esti-
mated age of Tremblay et al. (2015). As mentioned before, this could be due to the integrated sediment signal
of Site U1443 in contrast to the local study of Tremblay et al. (2015). After the erosion of the MCT hanging
wall units, erosion of LH units, as part of the exhuming LH‐duplex after the reorganization, would be
expected (Colleps et al., 2018). However, there is a complete lack of LH signatures (Figure 4, εNd ≈ −24.4,
87Sr/86Sr ≈ 0.85; Singh & France‐Lanord, 2002) in our record, as well as in Miocene Bengal Fan records
(France‐Lanord et al., 1993; Galy et al., 1996), implying no extensive weathering and supply of these litholo-
gies as clays. A possible explanation for themissing signal of the LH is that LHunits aremuchmore dominant
in the central Himalayas drained by the Ganges, while they are hardly exposed in the eastern part (Figure 1),
which is themajor watershed of the Brahmaputra. Our provenance estimates clearly indicate a dominance of
Brahmaputra over Ganges contributions for the Himalayan component, which can at least partly explain the
absence of LH influence across the east. The continued supply of HHC, TSS and TPB derivedmaterial follow-
ing themid‐Miocene shutdown of strong erosion of these terrains suggests that these sources were weathered
to form clay minerals in deposits such as those forming the IBR.

The decrease in variability of the radiogenic isotope signatures at 13.5 Ma closely followed the Miocene cool-
ing (major cooling step at ~13.9–13.8 Ma) documented by the benthic δ18O record and occurred abruptly
within only ~200 kyr (Figure 7). This geologically short time period argues for a coupling of climate and ero-
sion and implies that tectonics were not the main driver of this change. Both, vigorous erosion accompanied
by rapid sediment transport and deposition of organic material with clastic sediments across the mega fans,
as well as chemical weathering of Himalayan material, may have contributed to CO2 drawdown and thus to
the global cooling throughout the Cenozoic. Simultaneously, the cooling climate, whether supported by
Himalayan erosion or not, likely had a huge impact on precipitation patterns. While strong precipitation
appears to have reached deeper into the High Himalayas during the warm period around the MCO, its
geographic extent was likely decreased with the cooling and focused on the frontal domain of Himalayan
orogenic belt. The orographic barrier of the High Himalaya during cooler climate became active in prevent-
ing precipitation from reaching the high elevations and distal (from the moisture source) parts (including
HHC and TSS) of the southern Tibetan Plateau margin. In turn, without strong erosion, exhumation would
be diminished, which is supported by the slowdown in exhumation and erosion of the High Himalayas, the
Tethyan Himalayas, the suture zone region and the southern Lhasa Block sometime between 17 and 10 Ma
(Najman et al., 2009; Tremblay et al., 2015; White et al., 2002). The increase in sediment flux to the NER
following the middle Miocene cooling, as inferred from the study by Hovan and Rea (1992; recalculated

10.1029/2020PA003917Paleoceanography and Paleoclimatology

BRETSCHNEIDER ET AL. 11 of 18



by Ali et al., 2021; Figure 2), seems contradictory to the decrease in High Himalayan erosion. However, the
increase in sediment flux might only reflect the progradation of the accumulating Bengal Fan, with
suspension transport reaching the top of the NER (Ali et al., 2021). This in turn can be questioned due to
the evidence of simultaneous increases in sedimentation at nearby drill sites on the Bengal Fan
(Ali et al., 2021). Furthermore, the climatic and/or tectonic changes did not necessarily lead to a general
decrease in erosion within the watersheds supplying the Bay of Bengal. Instead, they altered the
precipitation pattern and the locus of maximum erosion to more frontal and southern domains of the
Himalayas as well as to the present‐day LH, which was still mainly covered by High Himalayan thrust
nappes during the middle and late Miocene. The focus of monsoonal rains shifted to lower altitudes along
the southern Himalayan front, as seen today (Bookhagen et al., 2006) and to the IBR, hence eroding and
weathering more material with less radiogenic Sr and Pb and more radiogenic Nd signatures, as reflected
by our record. Therefore, the increased sediment delivery to the fans and NER during the Miocene could
simply be the result of the shorter transport distance for the sediments derived from the frontal domains
of the Himalayas compared to material traveling the distance across the entire orogenic belt. The increase
of the primary clay mineral illite during the cooling suggests an increase in physical erosion, which may
have been associated with increased aridity in the colder climate (Ali et al., 2021). This also hints at the
focus of precipitation on the IBR after the cooling, since the Irrawaddy River does not have an extensive
floodplain, as opposed to the Indo‐Gangetic plain (Joussain et al., 2016; Li et al., 2018), an environment in
which intense chemical weathering producing secondary clay minerals takes place. Ali et al. (2021)
interpreted the increase of the primary clay mineral supply accompanied by only subtle changes in the
mixture of the source rocks being weathered as resulting from a shift in the weathering regime. This shift
during the middle Miocene global cooling likely resulted from the development of the dry NE winter
monsoon season (Ali et al., 2021), similar to what had been inferred for the late Miocene in East Asia
(Holbourn et al., 2018).

4.3. Climatic Control on Source Contributions and the Weathering Regime of the Bay of Bengal
Catchment Areas Causing Fluctuations of Radiogenic Isotopes on Orbital Timescales

The reversible nature of the short‐term fluctuations means that they cannot have been caused by tectonics,
given that major tectonic reorganizations only occur on longer (Myr) timescales and are generally unidirec-
tional. The changes in isotopic compositions within the individual Miocene time intervals occurred on orbi-
tal timescales of a few to tens of thousands of years (Figures 2 and 7).

Spectral analyses of the high‐resolution εNd data obtained between 14 and 13.5 Ma with a much higher aver-
age sampling resolution than ~10 kyr and consequently smaller aliasing errors, document a significant
~30 kyr cyclicity with additional contributions of the ~100 kyr eccentricity (Figure 8; for more details, see

Figure 8. REDFIT spectral analysis of (a) Nd isotope compositions of the U1443 clay samples, and (b) benthic δ18O time
series of ODP Site 1146 (Holbourn et al., 2010) for the interval spanning from 14 to 13.5 Ma. The values of the
oversample and segments applied were two and three, respectively.

10.1029/2020PA003917Paleoceanography and Paleoclimatology

BRETSCHNEIDER ET AL. 12 of 18



also supporting information). Although not as pronounced, an ~30 kyr
cyclicity (>80% Confidence Interval, CI) is also apparent in the Pb isotope
data (not shown) but we did not find a similar periodicity in the 87Sr/86Sr
data. This ~30 kyr periodicity is most likely a heterodyne produced by
interaction of the three major orbital cycles and is commonly observed
in late Quaternary paleoceanographic and paleoclimatic records of the
South (e.g., Chen, Xu, et al., 2020; Gebregiorgis et al., 2018) and East
Asian monsoon domains (e.g., Beaufort et al., 2003; Clemens et al., 2018;
Sun et al., 2010). An ~ 30 kyr periodicity was also observed in planktonic
oxygen isotopes reflecting surface ocean conditions in the South China
Sea during the middle Miocene (Holbourn et al., 2010). In the late
Quaternary, this heterodyne reflects the non‐linearity of the monsoon
strength versus external insolation relationship and the fact that this is
the strongest periodicity found in the middle Miocene data suggests this
may reflect the strongest monsoon variations resulting in fluctuations in
clay provenance. A strong precession signal has been observed in clay
mineralogy variations of late Quaternary sediments from the Bay of
Bengal (e.g., Colin et al., 1999, 2006) and although the resolution of the
mid‐Miocene clay isotope data is generally not sufficient to resolve preces-
sion, there is a hint of a signal (>80% CL) in the Nd isotope data (Figure 8).
Although only possible for the interval with the highest resolution data,
these analyses suggest that the high frequency variability in the mixture
of clay sources was related to changes in monsoon strength during the
middle Miocene.

Since no other orbital‐scale resolution Miocene records for radiogenic isotopes exist, we compare our record
to Late Quaternary glacial‐interglacial records that exhibit changes of radiogenic isotopic compositions of
similar range and on comparable timescales to ours (Figures 6 and 9). The Pb isotope record of the authigenic
sediment fraction representing dissolved deep Indian Ocean water signatures from the NER and the Central
IndianOcean of the last 250 kyr ofWilson et al. (2015) shows a range of Pb isotopic signatures very close to the
ones in our detrital record (Figure 6). The variations in Pb isotopes show enhancement of Himalayan contri-
butions by a factor of two to three during interglacial periods. The shifts in source contributions were attrib-
uted to changes in regional weathering intensity (Wilson et al., 2015). Cyclic changes in radiogenic isotopic
compositions of the bulk silicate fraction from turbiditic Bengal Fan sediments during the last glacial and
transition to the Holocene (Joussain et al., 2016; Li et al., 2018) were attributed to sea level changes and to
changing surface currents responding to monsoon intensity and resulting changes in detrital supply.
Moreover, a stronger summer monsoon during warmer climates (e.g., Galy et al., 2008; Li et al., 2018) may
influence the source contributions not only on long timescales as discussed above but also on short time-
scales. Increased precipitation over the high mountain areas likely provided higher contributions of High
Himalayan material during warmer climatic episodes.

It has been suggested that the strengthening of surface currents in the Bay of Bengal associatedwithmonsoon
intensification controlled the deposition of detrital inputs (Ahmad et al., 2005; Joussain et al., 2016; Li
et al., 2018). Enhanced IBR source dominance within the short‐term fluctuations may thus be explained
by a weakening of the summer monsoon and a stronger winter (NE) monsoon. This may have become
particularly important following intensification of the winter monsoon during the major cooling at
~13.9–13.8 Ma (Ali et al., 2021). Stronger NE winds likely started to drive counterclockwise currents within
the Bay of Bengal, increasing the transport of sediment from the Irrawaddy River to Site U1443 (Rao
et al., 2005). Such an interpretation was also favored by Ahmad et al. (2005), who recorded pulses of less
radiogenic Sr (−0.003 in 87Sr/86Sr) andmore radiogenic detrital Nd isotope values (+1.4 εNd units) associated
with higher silt abundances during Heinrich intervals linked to an enhanced NE monsoon. Joussain
et al. (2016) and Li et al. (2018) also found decreases in εNd values (~2 εNd units) in interglacials and the
Holocene, respectively, compared to glacial periods, which, among other factors, were attributed to changing
surface currents. An increase in the transport of Himalayan material to the NER during periods of a stronger
summer monsoon and associated strengthened currents coming from the SW is not quite so obvious.

Figure 9. The εNd versus
87Sr/86Sr cross plot of U1443 detrital clay data for

all five intervals together with average glacial versus interglacial values
from the literature (Ahmad et al., 2005; Ali et al., 2015; Colin et al., 2006;
Joussain et al., 2016). There are two glacial/interglacial average
values for the Colin et al. (2006) and Joussain et al. (2016) studies to account
for two different sediment core locations.
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However, it is plausible that during enhanced summer (SW) monsoon, the mixing of sediments within the
Bay of Bengal was stronger, with clockwise surface currents picking up larger amounts of Himalayan mate-
rial and transporting it to the NER than during times of dominant winter monsoon. If the same mechanisms
apply to the clay distribution, a doubling of Himalayan input during times of enhanced summer monsoon
can account for most of the variations in our clay record. However, the glacial‐interglacial changes may be
mainly attributable to differences in grain size contributions. Higher silt supply during glacials does not
necessarily imply higher clay supply. Clays stay in suspension until they are removed by ballasting, and by
the time they would get to the NER, the clay's radiogenic isotope signal should be well mixed. Therefore,
transport processes should only play a minor role in influencing our clay isotope record.

In addition to changing surface currents, Joussain et al. (2016) and Li et al. (2018) also attributed changes in
sediment contribution to the sea level rise and fall between glacials and interglacials. The presence of eccen-
tricity cycles in the record (Figure 8) points to a sea level influence on the Nd isotope composition, even
though this was probably not the primary driver. Themiddle Miocene sea level was likely ~55 to 75 m higher
than today (e.g., John et al., 2004; Miller et al., 2005, 2020) and differed even more from Later Quaternary
glacial sea level. Therefore, we cannot simply transfer the glacial‐interglacial sea level conclusions to the
radiogenic isotope excursions apparent in our Miocene record. Nevertheless, sea level variations of ~20 m
(Miller et al., 2005, 2020) between warmer and colder episodes of theMiocene would have significantly influ-
enced the extent of the floodplains, the areas where the majority of the secondary clay minerals (which
clearly dominate over the primary clay minerals, Figure 2) formed and where sediment was stored.
Hence, sea level changes might not have significantly influenced transport pathways in the Miocene, which,
as discussed above, should not have a major influence on the clay isotope signatures, but it would have
controlled the storage and chemical weathering of the sediments and, consequently, which sediments even-
tually were supplied to the NER.

The processes discussed above can explain the range and changes of the radiogenic isotope compositions of
the U1443 clays. This is primarily true for Nd and Pb isotope variability, which almost exclusively originates
frommixing of the source end‐members. The fact that εNd and

87Sr/86Sr do not correlate well within the indi-
vidual time intervals investigated (Figure 9) and that no orbital cycles are present in the Sr isotope record,
however, indicates an additional incongruent weathering influence on the Sr isotopic signatures of the clays.
The incongruent release of particular mineral phases most likely adds some “noise” to the signal originating
from mixing of the sources. Moreover, the sea level fluctuations discussed above, and the accompanied
floodplain changes, would have significantly affected the extent of chemical weathering of the sediments.
Comparison to results of previous studies that interpreted the Sr isotope variability to be related to weather-
ing regime changes, suggests that incongruent weathering contributed up to ~0.003 of the 87Sr/86Sr signature
of U1443 clays (Blum & Erel, 1995).

Overall, the spectral analyses of the highest resolution data hint to the fluctuations in clay source being
forced by strong variations in monsoon strength while the reduction in variability may have resulted from
climate and sea level changes influencing the weathering of foreland sediments.

5. Conclusions

We present the first orbital‐scale resolution Miocene records of the radiogenic Sr, Nd, and Pb isotope com-
positions of detrital clays from IODP Site U1443 in the southern Bay of Bengal. Our records focus on key
intervals of the middle Miocene and allow us to distinguish tectonic and climatic forcing of monsoon inten-
sity, weathering regime, and erosion intensity of the watersheds feeding into the Bay of Bengal. The clay
radiogenic isotope signatures indicate that throughout the Miocene intervals, the source of the clays origi-
nated from a mixture of the High Himalayan Crystalline, the Tethyan Sedimentary Series, and
Indo‐Burman Ranges. This is remarkable considering the major tectonic orogenic reorganization that took
place in the Himalayas during theMiocene. Amarked and sudden decrease in average values and variability
of the isotope signatures occurred between 13.5 and 13.3 Ma after the middle Miocene global cooling step.
While the warmer intervals prior to 13.5 Ma were marked by a much higher variability in the compositions
of all three isotope systems and by increased Himalayan contributions, inferred from up to 40% of the detrital
material having been supplied by the Ganges River, the colder intervals were characterized by lower isotopic
variability and increased relative contributions from the Indo‐Burman‐Ranges. This change in variability
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coincided with the tectonic reorganization of thrusting, shifting themain orographic barrier to the south and
slowing down exhumation of extended internal regions of the High Himalayas, Tethyan Himalayas and
suture zone regions to the north. While tectonic reorganization likely had some background influence,
the relatively short period of 200 kyr, during which most of the change happened, argues for global climate
cooling having been the primary driver for the decrease in radiogenic isotope variability at Site U1443 due to
the associated impact on precipitation patterns causing a restriction of the supply of HighHimalayan erosion
products.

The fluctuations of the isotope signatures on orbital timescales were mainly triggered by changes in the bal-
ance of source contributions and were climatically driven. Since the grain size was confined to the clay frac-
tion, transport related effects are considered minor. The major control on those short‐term fluctuations were
likely shifts of weathering regimes on land, influenced by changes of the locus of peak monsoon precipita-
tion between higher and lower elevations. This is supported by the presence of a significant 30 kyr periodi-
city in the Nd isotope record, a heterodyne typically associated with monsoon variability, as well as 100 kyr
eccentricity cycles in the record, which may reflect changes in sea level affecting the spatial variation of
floodplain extent.

Data Availability Statement

Data files are archived at the Data Publisher for Earth and Environmental Science (https://doi.org/10.1594/
PANGAEA.922759).
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