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The relative contributions of global cooling and tectonic forcing to the reorganization of the South
Asian monsoon during the critical Late Miocene remain poorly constrained. By analyzing
sedimentological and geochemical proxies from the Tanakpur-Sukhidang section in the Himalayan
foreland basin, we reconstruct paleoclimatic conditions to infer South Asian monsoon variability
during this period. The enrichment of LREEs, a flat HREEs pattern and a negative Eu anomaly, along
with elemental ratios of La/Sc and Th/Co, suggest a persistent felsic source derived from the Himalaya
since ~12 Ma. Clay mineral variations, particularly the shift in smectite content and smectite/(illite +
chlorite) ratio, together with geochemical weathering indicators (CIA, WIP and Rb/Sr), document a
relative increase in chemical weathering around 8 Ma. These mineralogical and geochemical
transformations are synchronous with widespread indicators of South Asian monsoon weakening
linked with change in exhumation rate of the Himalayan-Tibetan Plateau and Late Miocene global
cooling. Where reduced physical erosion and enhanced sediment-water interaction under cooler and
more seasonal conditions amplified chemical weathering feedbacks. Together, these processes
reorganized regional hydrology and monsoon dynamics, underscoring the coupled influence of
tectonics and global climate forcing in driving the Late Miocene weakening of the South Asian
monsoon. However, the relative influence of climate versus tectonics still remains inherently very
complex and higher resolution provenance data, thermochronology and climate model simulations
will be crucial for fully understanding the mechanisms underlying the Late Miocene Change.

The paleogeography and topography of Asia underwent dramatic changes
during the Cenozoic due to the India-Asia collision, driven by the pro-
gressive uplift of the Himalayan-Tibetan Plateau (HTP), which began
approximately 50-60 Ma ago"”. The uplift of the HTP and the associated
reorganization of Asian topography profoundly influenced the formation
and evolution of the Asian monsoon system"’~*. Meanwhile, global climate
entered a long-term cooling trajectory beginning in the Eocene®. In Asia,
paleoenvironmental conditions transitioned from circulation dominated by
planetary winds to a monsoon-controlled regime during the Late
Oligocene-Early Miocene (ca. 23 Ma)"®. Although the South Asian mon-
soon, also called as Indian monsoon, is believed to have initiated around 9-
8 Ma ago’, with early signs of development during the Early Miocene'’ and
even evidence dating back to the Eocene', its strengthening and climatic

significance are thought to have been strongly modulated by HTP uplift
beginning in the Eocene®'>".

To understand monsoon variability during the Late Miocene, we
conducted this study on siliciclastic sediments from the Himalayan Fold
Belt, which receives a substantial sediment flux from the Northwestern
(NW) Himalaya and its associated lithotectonic units**"". Erosion in the
NW Himalaya closely tracks monsoon intensity across tectonic and orbital
timescales and is largely concentrated along the southern Himalayan flank'®.
In addition to summer monsoon rainfall, this region receives winter
moisture from Westerly disturbances'”. The western HFB is notably more
seasonal relative to the wetter eastern HFB™. Previous regional paleoclimatic
studies from the HFB provide a critical framework for linking erosion and
weathering proxies with independent climatic archives'>***>. However, the
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mechanistic drivers of the Late Miocene climatic shift remain debated, with
hypotheses invoking either HTP uplift'** or long-term global cooling™*.
To test these hypotheses requires a robust characterization of paleoclimatic
trends in the HFB, particularly the evolution of the South Asian monsoon,
which serves as a crucial archive for disentangling climate-tectonic linkages.

Owing to its pivotal role as a repository of monsoonal and tectonic
signals, the geological framework of the HFB requires careful consideration.
The basin developed during the Paleogene as a result of the Indian plate
bending downward in response to the tectonic pressures from the collision
between India and Asia along the northern edge of the Himalayas™". The
basin is bounded by the Himalayan Frontal Thrust (HFT) to the south and
the Main Boundary Thrust (MBT) to the north (Fig. 1a). The basin extends
more than 2000 km from the Potwar plateau in Pakistan to Arunachal
Pradesh in India. Covering an area of 30,300 km? it is the largest terrestrial
basin, with elevations ranging from 1800 to 2700 m. Climatically, the basin
is situated at the intersection zone between the Southwest monsoon and the
complex orography of the HTP. The Paleogene Sub-Himalaya basin sedi-
ments are exposed in regions such as Kashmir-Hazara, Salt Range, Jammu
(Mandi and Kalakot), Himachal Pradesh, Darjeeling and Arunachal
Pradesh®”. The Neogene sediments are consistently exposed along the
entire basin, referred to as the Siwalik Group. The Siwalik Group, ~7 km
thick, is subdivided based on faunal and sedimentological criteria into three
units: the mudstone-rich Lower Siwalik (Early Miocene), sandstone-
dominated Middle Siwalik (Late Miocene) and gravelly Upper Siwalik
(Late Miocene-Pleistocene)**?.

This study presents a continuous record of clay mineral assemblages
integrated with the geochemical compositions of major, trace and rare earth
elements (REEs) in siliciclastic sediments from the HFB between 12.5 and
4 Ma. The objectives are twofold (1) to constrain the provenance and
compositional characteristics of the source rocks supplying these sediments
and (2) reconstruction of paleoweathering patterns and South Asian
monsoon evolution to evaluate their relationship to HTP uplift and global
cooling during the Late Miocene.

Results

Major elements

The major element concentrations of the studied samples of the Tanakpur-
Sukhidang (TS) section are given in Supplementary Table 1 and plotted in
Fig. S1a. The major oxide composition is dominated by high concentrations
of SiO; and ALO;, with SiO, ranging from 56.67 to 77.63% (ave. 67.50%)
and AL,O; from 12.42 to 18.61% (ave. 15.40%). Among the other oxides,
TiO, ranges between 0.45 and 0.73% (ave. 0.59%), Fe,O; from 1.54 to 5.76%
(ave. 3.71%) and MnO remains low, varying from 0.01 to 0.04% (ave.
0.02%). The contents of MgO and CaO range from 0.44 to 2.22% (ave.
1.30%) and 0.19 to 0.26% (ave. 0.21%), respectively. Alkali oxides also show

moderate variability, with Na,O ranging from 0.21 to 0.69% (ave. 0.45%)
and K,O from 1.02 to 3.34% (ave. 2.23%). P,Os is present in minor amounts,
ranging from 0.03 to 0.11% (ave. 0.04%). The values of Loss on ignition
(LOI) range from 6.28 to 14.54% (ave. 10.25%). The major oxide ratio of
Si0,/Al,O5 varies from 0.17 to 0.29 (ave. 0.23), Na,O/Al,O; varies from
0.01 to 0.05 (ave. 0.03) and K,O/Al,O; varies from 0.08 to 0.21 (ave. 0.14)
(Fig. S2a—c). The calculated CIA* and WIP* values, based on major ele-
ment concentrations, range from 77.84 to 83.94 (ave. of 81.40) and from
17.08 to 38.55 (ave. 27.22), respectively (Supplementary Table 1).

Trace elements

The trace element concentrations of studied samples from the TS section are
presented in Supplementary Table 2 and plotted in Figure. S1b. Despite
depositional age differences, all analyzed samples exhibit strong geochem-
ical similarity, with only minor variations. The concentrations of the highly
compatible transition trace elements (i.e., Sc, Cr, Co and Ni) vary from 6.45
t0 19.67 ug/g (ave. 12.47 ug/g), 30.68 to 129.51 ug/g (ave. 71.27 ug/g), 2.94 to
19.76 ug/g (ave. 9.78 ug/g) and 8.93 to 53.76 ug/g (ave. 9.78 ug/g), respec-
tively. Uranium (U) and thorium (Th) concentrations range from 6.96 to
26.22 ug/g (ave. 12.73 ug/g) and 1.0 to 3.79 ug/g (ave. 1.75 ug/g), respec-
tively. The large ion lithophile elements Rb and Sr range from 93.98 to
284.02 ug/g (ave. 184.02 ug/g) and 25.60 to 63.92 ug/g (ave. 41.36 ug/g),
respectively (Supplementary Table 2). The Rb/Sr ratios range from 2.64 to
7.38 (ave. 4.45) (Supplementary Table 2). The ratios of La/Sc, Th/Sc, Th/Co,
Cr/Th and La/Co fall within the range of UCC” (Fig. S2). Th La/Sc ranges
from 1.61 to 4.64 (ave. 2.86), Th/Sc from 0.64 to 1.83 (ave. 1.05), Th/Co from
0.66 to 4.85 (ave. 1.59), Cr/Th from 3.32 to 10.49 (ave. 5.74) and La/Co from
1.59 to 14.22 (ave. 4.32) (Figure. S2; Supplementary Table 2).

Rare earth elements (REEs)

The REEs data for the TS section samples are presented in Supplementary
Table 3 and plotted in Fig. S1c, d. The normalized REEs distribution pattern
shows a significantly enriched LREEs and depleted HREEs pattern. Addi-
tionally, the REEs pattern of chondrite-normalized UCC” and PAAS™ is
similar to the chondrite-normalized REEs pattern of the studied samples
(Figure. Slc). In the studied section, the PAAS normalized REEs show a
similar pattern and all the values are close to 1 (Fig. S1d). The concentration
of REEs ranges from 85.25 to 277.21 ug/g (ave. 147.51 ug/g). The >_HREEs
and Y_LREEs varies from 75.99 to 254.74 ug/g (ave. 134.73 ug/g) and from
7.34 to 24.57 ug/g (ave. 11.87 ug/g), respectively. The Eu anomaly (Eu/Eu*)
values in the studied section vary from 0.47 to 0.7 (ave. 0.60) (Figure. S2i).

Clay mineral assemblages
The XRD analysis revealed that the primary constituents of the clay minerals
are illite, kaolinite and smectite, with a small amount of chlorite (Fig. 2;
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Supplementary Table 4). The major constituents are illite and kaolinite
which range from 47.95 to 89.24% (ave. 68.83%) and from 2.16 to 38.75%
(ave. 17.25%), respectively. The smectite and chlorite range from 2.58 to
25.61% (ave. 9.22%) and from <1.0 to 17.93% (ave. 4.70%), respectively. The
relatively high values of illite are observed from 12.5 to 8.0 Ma, followed by a
sharp decline at ~ 8.0 Ma (Fig. 2b). In contrast, opposite trends are exhibited
in the concentrations of smectite and kaolinite (Fig. 2a, ¢). The illite crys-
tallinity index shows values ranging from 0.13 to 0.43 (ave. 0.25) and exhibit
a similar trend as kaolinite and smectite (Fig. 2f).

Discussion

Constraining sediment provenance is essential prior to interpreting
weathering records and paleoclimate reconstructions based on clay mineral
assemblages and geochemical compositions. Previous studies have
emphasized that variations in source lithology or shifts in sediment pro-
venance can significantly influence clay mineral abundances and sediment
geochemistry, potentially obscuring primary climatic signals'>*™*. To a
certain extent, tectonic activity can alter sediment provenance potentially
masking or overprinting the weathering and climate signals recorded in clay
minerals and geochemical compositions*'.

The geochemical composition of siliciclastic sediments is widely
recognized as a reliable approach for determining provenance and source
rock composition”**"**. REEs along with certain trace elements (e.g., Th, Co,
Sc and Cr) are particularly effective for differentiating felsic from mafic
sources because of their relative stability during sedimentary processes such
as weathering, erosion and diagenesis* . Furthermore, REEs pattern and
europium anomaly (Eu/Eu*) values provide critical insights into source
rock composition*. Sediments derived from felsic sources typically exhibit
high LREE/HREE ratios and a pronounced negative europium anomaly,
whereas those from mafic sources are characterized by lower LREE/HREE
ratios and a positive europium anomaly”. The chondrite-normalized REEs
pattern of the analyzed samples displays LREEs enrichment and HREEs
depletion, closely resembling the PAAS distribution pattern, indicating
derivation predominantly from felsic source rocks in the Himalayas (Figure.
S1c). PAAS-normalized REEs pattern reveal similar trends, supporting
sediments origin from the felsic source rocks (Figure. S1d). The Eu/Eu*
versus Th/Sc scatter plot (Fig. 3a) further confirms a felsic source for the TS
sediments. Additional geochemical parameters have been used to assess
sediment provenance” . In clastic sedimentary rocks, REEs are relatively
immobile during sedimentary processes and thus serve as effective

indicators of source rock composition. The bivariate plot of La/Sc versus Th/
Co is also a useful tool for interpreting source rock characteristics in clastic
sediments™. For the analyzed TS samples, this plot indicates derivation of
the sediments from felsic source rocks as well (Fig. 3b). Similarly, the La-Th-
Sc ternary diagram effectively constrains source rock composition®, with
most samples clustering within the felsic field, corroborating the felsic origin
(Fig. 3c). Elemental ratios such as La/Sc, Th/Sc, Th/Co, Cr/Th and La/Co
further constrain source lithology". These ratios fall within the range typical
of felsic-derived sediments and are comparable to UCC values™, supporting
the inference of a dominant felsic source for the TS sediments between 12.5
to 4 Ma (Fig. S2). The temporal variations in La/Sc, Th/Sc, Th/Co, Cr/Th,
La/Co and Eu/Eu* between the 12.5-4 Ma interval are plotted in Supple-
mentary Fig. S2. These records display a subtle inflection near ~8 Ma, which
may correspond to the initial surface exposure of the Inner Lesser Himalaya
and a consequent, though limited, increase in its sedimentary contribution.
This subtle shift did not modify the overall felsic geochemical signature of
the detritus, consistent with isotopic evidence from the Bengal Fan and
Siwalik successions. Derry and France-Lanord™ also suggest that the detrital
supply remained essentially stable throughout the Neogene. However, a
pronounced rise in riverine Sr isotopic ratios during the Late Miocene was
attributed to the progressive unroofing and erosion of metamorphosed
carbonate (metalimestone) units within the central Himalaya, rather than to
any major change in sediment source region™. These findings support our
geochemical interpretation that the observed variability reflects a minor
compositional adjustment within the Himalayan source terranes. To further
assess the extent to which the TS sediments retain their primary source
characteristics, bivariate plots of immobile element ratios, such as AL,Os/
SiO, vs. Fe,03/Si0; are also used™. Data from the Higher Himalaya, Lesser
Himalaya and Siwalik sediments are plotted alongside our dataset for
comparison’'. Comparative fields indicate that most of the sediments ori-
ginated dominantly from variable contributions from the Higher Himalaya
with minor inputs from the Lesser Himalaya and Siwalik source regions™
(Fig. 3d). This shows that the TS sediments retain the geochemical finger-
print of their source terranes. The analysis of Late Neogene sandstones from
the same region, based on variations in texture, petrography and mineral
composition, indicates the Higher Himalaya as the dominant sediment
source, with minor contributions from the Lesser Himalaya, thereby sup-
porting our findings'>****. Additional records of the geochemical compo-
sition of major oxides and REEs in Siwalik sediments similarly identify felsic
rocks, derived from the Higher and Lesser Himalayas, as the primary
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of La-Th-Sc; and d scatter plot of Fe,03/SiO, vs. Al,O3/SiO, of the TS section sediments and endmembers™.

source™. Likewise, studies of paleo-weathering and provenance from the
HFB in the western Himalaya indicate that the sediments were pre-
dominantly derived from Higher Himalayan rock formations, with only a
minor contribution from the Lesser Himalayan Crystalline'* The felsic
nature of the source rocks is further corroborated by heavy mineral
assemblages from the Upper Siwalik Group in the Jammu region®. Geo-
chemical records from the present study, combined with these previous
findings, confirm that the sediments are primarily sourced from felsic
lithologies, chiefly from the Higher Himalayas with minor input from the
Lesser Himalayas and Siwalik. Hence, the uniform trace element compo-
sitions, consistent REEs pattern and stable source rock discrimination plots
collectively point to a persistent felsic provenance between 12.5 and 4 Ma.
Therefore, the observed temporal variations in weathering indices and clay
mineralogy are best explained by fluctuations in chemical weathering
intensity driven by monsoonal variability, accompanied by a modest
increase in the sedimentary contribution from the uplifted Lesser Himalaya
during this interval.

The clay mineral assemblages of the clastic sediments generally
represent the chemical alteration products of the source rocks and have a
direct link to climatic conditions”. Illite and chlorite in the clay mineral
assemblage are typically produced by the physical erosion of terrestrial rocks
under cold and arid climatic conditions™. Smectite generally forms under
moderate hydrolysis and alternating wet and dry seasons, where episodic
leaching and cation retention promote its stabilization’”. Since the sedi-
ments originate from felsic source regions, volcanic influence is negligible,
implying that smectite abundance here likely records change in monsoon
intensity and climatic seasonality rather than volcanic alteration. Kaolinite,
on the other hand, is formed under intense chemical weathering associated
with warm and wet climatic conditions™”. The clay minerals in the basin

sediments can alter by diagenetic changes either soon after deposition or
during burial®***. To correctly interpret their climatic significance, it is
essential to evaluate potential diagenetic alteration, as burial diagenesis can
convert detrital smectite to illite and hence many alter clay mineral signature
of chemical weathering intensity™. The diagenetic transformation of clay
mineral assemblages is among the most common diagenetic processes in
sedimentary basins** and according to the classical diagenesis model, illite
content should gradually increase with rising temperature and pressure
during deeper burial”’. Two mechanisms are typically invoked: (1) smectite
layers convert to illite layers via AI*" and K’ released from K-feldspar and
mica®" and (2) smectite dissolves while illite recrystallizes concurrently”®.
The crystallinity index of illite is a key tool to distinguish detrital from
diagenetic illite: illite from chemical weathering shows expanded layers due
to hydrolyzation, whereas clastic origin illite exhibits good crystallinity and
low index values™. On the contrary, illite formed via diagenesis typically
exhibits a high crystallinity index. In our studied samples, the low illite
crystallinity values (0.13-0.43, with an ave. of 0.25) indicate well-crystal-
lized, detrital illite (Fig. 2f). Further, the absence of a depth-related increase
in illite content (Fig. 2b) and zircon fission-track constraints showing burial
temperatures below 100 °C" further confirm that 3000 m-thick TS section
experienced minimal diagenetic alteration, preserving a true detrital
weathering signal. The SEM micrographs (Fig. S3) further reveal angular
morphologies and surface textures consistent with physical erosion, rein-
forcing the interpretation that illite was primarily derived from the erosion
of source rocks rather than in-situ diagenetic processes. Therefore, these
morphological features provide critical visual confirmation of the sedi-
ment’s provenance and enhance the reliability of the mineralogical and
geochemical weathering indicators used in this study. The resultant smectite
content along with smectite/illite + chlorite (S/(I + C)) ratio, in the present
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study, can act as a chemical weathering proxy and hence monitor monsoon
intensity variation with high ratios indicate more chemical weathering in the
source region.

The geochemical composition of clastic sediments is significantly
affected by chemical weathering processes”. The depletion of alkaline ele-
ments during weathering can be quantitatively assessed with relative ease.
Consequently, weathering indices such as the CIA and WIP have been
proposed to evaluate the extent of chemical weathering in the source region
of the sediments™*. Hence, the CIA and WIP quantifies the degree of
chemical weathering and provides insights into paleoclimatic conditions.
Elevated CIA and low WIP values indicate pronounced chemical weath-
ering, whereas lower CIA and higher WIP values suggest dominant physical
erosion’*'. Additionally, enhanced chemical weathering leads to the rapid
leaching of Sr relative to Rb™, resulting in increased Rb/Sr ratios with
increase chemical weathering. Therefore, CIA, WIP and Rb/Sr ratios, along
with the S/(I4- C) ratio, can collectively serve as proxies for assessing che-
mical weathering and hence South Asian monsoon variability in the pre-
sent study.

In high-relief terrains such as the NW Himalaya, intense precipitation
under warm and wet climatic conditions typically drives physical weath-
ering to dominate over chemical alteration, even when climatic settings
would otherwise favor enhanced chemical weathering’. Steep slopes pro-
mote rapid surface runoff, reducing water-rock interaction time and thereby
suppressing geochemical processes such as hydrolysis, oxidation and
carbonation”'”*. This effect is especially pronounced in the NW Himalaya,
where steep topography coincides with heavy monsoonal rainfall”®. Under
such conditions, intense rainfall enhances mechanical denudation and
detrital transport while inhibiting chemical transformation of clastic sedi-
ments, whereas cooler and drier intervals tend to reverse this balance by
favoring chemical alteration'®”. As the source of the present study region
lies in the high-relief Himalaya and high-rainfall zone'®, sediments depos-
ited between 12.5 and 8 Ma are characterized by clay mineral assemblages
dominated by illite and chlorite with low S/(I+ C) ratios (Fig. 2b, d, e),
indicating intense physical erosion and limited chemical weathering in the
source area. This interpretation is supported by geochemical indices, as CIA
and Rb/Sr values (Fig. 4b, d) reflect subdued chemical alteration alongside
strong physical erosion, while WIP trends closely follow illite and chlorite
abundances and suggest weak chemical weathering in the source region
during this period (Fig. 4c). Collectively, these proxies indicate that from
12.5 to 8 Ma, high physical erosion and weak chemical weathering prevailed,

likely in response to a strengthened South Asian monsoon. From 8 to 4 Ma,
the clay mineral record shifts toward higher smectite content and rising S/
(I+ C) ratios (Fig. 2a, e), signaling a reduction in mechanical erosion and
relatively enhanced chemical alteration. Corresponding CIA, WIP and Rb/
Sr values confirm elevated chemical weathering and diminished physical
erosion (Fig. 4b-d). Taken together, these clay mineral and geochemical
records suggest that during 8 to 4 Ma, reduced mechanical erosion and
increased chemical weathering occurred, reflecting a weakened South Asian
monsoonl(),Z(],73.

The Late Miocene evolution of the Asian monsoon climate was pre-
dominantly influenced by global cooling™ and the uplift of the HTP". In
particular, the uplift and expansion of the Tibetan Plateau, as indicated by
climate models, played a significant role in intensifying the Asian monsoon
system by influencing atmospheric circulation'””>’°. The Himalayan
paleogeographic evolution combined with provenance quantitative analysis
of the Bengal fan sediments, suggested that significant uplift of the Hima-
layan Mountain belt probably began no earlier than the Miocene””. How-
ever, tectonic activity in the region persisted throughout the Miocene,
characterized by gradual west-to-east deformation, ultimately contributing
to the formation of the Himalayan Mountain ranges, reaching near-modern
elevations by the Late Miocene’. Muscovite Ar-Ar thermochronometric
studies suggested that the rapid exhumation of the Greater Himalaya began
around 20-30 Ma in the western Himalaya and approximately at 10-25 Ma
in the central Himalaya with exhumation rates declining near ~17 Ma and
again during 6-8 Ma”. Detrital zircon fission-track records from the
Miocene-Pliocene Siwalik Group indicate unroofing of the Central Hima-
laya near ~16 Ma, reflecting sustained rather than accelerated exhumation®.
Detrital apatite fission-track analyses of modern river sediments and Bengal
Fan deposits similarly suggest relatively constant exhumation rates since
~13 Ma”’. A progressive southward migration of Himalayan tectonics, with
exhumation of the Higher Himalaya slowing by ~17 Ma, followed by surface
exposure of the non-metamorphosed Inner Lesser Himalaya ~9 Ma and
eventual exhumation of the metamorphosed Lesser Himalayan Crystalline
Series by ~6 Ma®'.

In addition, the bedrock erosion rates of the Higher and Lesser
Himalayan rocks, Kumaun-Garhwal regions of the NW Himalaya, which
represent the source rocks of the studied section of the TS Sub-Himalayan
rocks (Supplementary Table 5)*"*. These records clearly suggest that the
bedrock erosion rates were mostly less than 0.5mm/yr and as low as
0.2 mm/yr around ~8 Ma or in the Late Miocene in the Kumaun-Garhwal
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regions**. Even in the entire Himalayan orogen and NW Himalaya, the
bedrock erosion rates for the upper regions of the Higher Himalayas were
less than 1.0 mm/yr from ~10 to 4 Ma"” or ~0.4 + 0.1 mm/yr from ~13 to
2Ma", which contributed mostly to the deposition of Sub-Himalayan
rocks"***. The only unit that exhumed relatively higher rates (average
~2.9 mm/yr) during 11-4 Ma lies in the NW Himalaya, however, still these
erosion rates were nearly half the rate of ~4.5mm/yr that existed at
~14-13 Ma or ~0.9-0.3 Ma in the Kumaun-Garhwal regions or during
~23-19 Ma for the entire NW Himalayan regions (Supplementary Table
5)%"%, Furthermore, the only phase of rapid erosion occurred during the
Plio-Quaternary, following the Middle Miocene, in the NW Himalaya
(Supplementary Table 5)***. The Late Miocene (~8Ma) phase of
Himalayan evolution was marked by a pronounced slowdown in tectoni-
cally driven erosion, coincident with the initial uplift of the Inner Lesser
Himalaya and reorganization of drainage networks"". This reduced exhu-
mation facilitated longer sediment-water interaction times, enhancing
silicate weathering and contributing to atmospheric CO, drawdown.

The climatic transition around ~8 Ma, hence, is best understood as a
product of global cooling, which has been proven to act as the forcing behind
the widespread weakening of the South Asian monsoon and the concurrent
shift from intense physical erosion to more pronounced chemical
weathering'®"’. This shift of weathering regime is evidenced by the coeval
rise in S/(I+ C) ratios, elevated CIA, Rb/Sr and decreased WIP indices
across the HFB (Fig. 4a-d). Magnetic susceptibility records from the same
HFB section document a pronounced shift at ~8 Ma, characterized by
reduced values of concentration-dependent magnetic parameters™ (Fig. 4e).
This change is interpreted as a weakening of the Indian monsoon, likely also
driven by global cooling”. Multiple regional and global datasets support this
linkage, emphasizing that the ~8 Ma transition reflects a climate-driven®™".
The global sea surface temperature (SST) records from various DSDP, ODP
and IODP sites also indicate synchronous cooling in both hemispheres
during the Late Miocene (Fig. 41)**. The carbon and oxygen isotopic records
of fossil gastropods from the North China Loess'', along with geochemical
and magnetic data from Chinese loess deposits® and plant wax isotope
records from eolian sediments in the North Pacific™, collectively suggest a
marked decline in temperature, supporting evidence for global cooling
around 8 Ma. Records from the Arabian Sea, Bay of Bengal and South China
Sea suggest reduced precipitation intensity and a stepwise shift toward more
arid and seasonal climates linked with global cooling'***"*>**, In the Ara-
bian Sea, geochemical” (Fig. 4f) and nitrogen isotopic (Fig. 4g) records
indicate a persistently weak South Asian monsoon since the Late Miocene,
with no intensification at ~8 Ma. In the South China Sea, clay mineral
assemblages and bulk mineralogical composition”” (Fig. 4j) show a marked
decline in chemical alteration after ~8 Ma, suggesting that weakened
monsoonal runoff curtailed silicate weathering flux. Furthermore, benthic
foraminiferal §"°C records from the South China Sea document a major
cooling event and Antarctic ice-sheet expansion at ~7.9 Ma™ (Fig. 4k). In
contrast, records from the Bay of Bengal indicate intensified chemical
weathering during the same interval, reflected by low elemental K/Al ratios™
(Fig. 4h) and enhanced clay mineral alteration indicating chemical
weathering' (Fig. 4i), overall reduced monsoon intensity with shift in
monsoonal precipitation locus from north-west dominated to north-east
dominated in the northern India*'*"**"*°. These opposing trends suggest
that while overall monsoon precipitation weakened, spatially variable
hydrological responses amplified by global cooling drove enhanced che-
mical weathering in basins with high runoff efficiency (e.g., Bay of Bengal)
but suppressed weathering in more aridifying regions like the source region
of the Arabian Sea sediments’. Similar responses are also observed across
the South China Sea, where provenance transitions™ and palynological
reorganizations” coincide with this cooling interval. The intensification of
the East Asian winter monsoon in the Late Miocene also linked with
declining atmospheric CO,”. To strengthen this interpretation, we addi-
tionally incorporate the recently synthesized high-elevation record from the
Zhada Basin in western Tibet, which captures late Miocene South Asian
summer monsoon variations. This record suggests a pronounced

weakening of the Asian summer monsoon around ~7.2 Ma, primarily
attributed to global climate forcing™.

The carbon isotope composition (§"°C) of sedimentary organic matter
and carbonates serves as a robust proxy for reconstructing the relative
contributions of C; and C, vegetation within catchment areas, provided that
soil-respired CO, remains sufficiently elevated to minimize the influence of
atmospheric CO, diffusion'”. Temporal fluctuations in §"°C can therefore
be used to infer vegetation dynamics, with more negative values indicating
Cs dominance and enriched values reflecting enhanced C, input, due to the
distinct photosynthetic fractionation mechanisms of these plant groups: Cs
plants strongly discriminate against "°C, producing lower §"”C values,
whereas C, plants yield comparatively higher §"°C owing to reduced frac-
tionation. Within the studied section, §°C depletion from 12.5 to 8 Ma
reflects a landscape dominated by C; flora (Fig. S4a), whereas enrichment
after 8 Ma indicates progressive C, expansion”. The transition from a C,
tree-dominated ecosystem to predominantly C, grassland communities
around ~8 Ma (Figure. S4b), initially linked to intensification of the South
Asian monsoon'”', is now widely reinterpreted as a response to progressive
Late Miocene monsoon weakening, expressed through reduced rainfall,
greater seasonality and associated aridification. This reinterpretation is
supported by multiple lines of evidence, including enhanced weathering
intensity, elevated 8"*O values in soil carbonates and the ecological pre-
ference of C, grasses for environments characterized by pronounced dry-
seasonality and reduced rainfall’*'**'’. Isotopic archives from the western
Siwaliks document a pronounced C; expansion between ~8.5 and
6.5 Ma'" (Fig. S4c), with post-7 Ma proliferation across the western
Himalaya reflecting declining monsoon-driven precipitation but
increased seasonality” (Figure. S4d). However, stable §"C profiles from
the Kameng section (eastern Himalaya) indicate continued C; dom-
inance under persistently humid, less seasonal regimes due to its proxi-
mity to oceanic moisture sources; however, clay mineral and geochemical
weathering proxies from the same section suggest reduced effective
precipitation and weakening monsoon intensity around 8 Ma, likely
linked to global cooling™. This pattern is further supported by §"°C of
n-alkanes (C, - Cs;) from Surai Khola (Nepalese Siwaliks), which record
a progressive shift from C; to C, dominance between 8 and 5Ma'”
(Fig. S4e), consistent with Neupane’s evidence for a stepwise expansion
beginning ~8.5 Ma and accelerating after ~5.2 Ma'*® (Fig. S4e). These
molecular biomarker records are widely recognized as robust indicators
of C, vegetation proliferation'”'"”. Further west, a ~ 6%o 8"°C increase in
plant wax n-alkanes from the Indus Fan'” (Fig. S4f) and comparable
shifts from the Bengal Fan'® (Fig. S4g) highlight substantial Late Mio-
cene C, expansion, likely accentuated by concurrent global cooling,
which weakened summer monsoon convection, amplified aridification
and increased wildfire frequency across the Indian subcontinent, further
facilitating C, proliferation'”. High-resolution benthic §"°C record of
ODP Site 1146 (South China Sea) likewise documents the Late Miocene
cooling driven by carbon-cycle reorganizations and declining precipita-
tion, conditions that weakened monsoon strength, intensified climatic
seasonality and promoted widespread establishment of C, grasses™
(Fig. S4h).

In summary, multiproxy weathering records derived from clay mineral
assemblages, geochemical compositions and vegetation indicators from the
HEFB, integrated with climatically coherent yet regionally contrasting con-
tinental and marine weathering signals from the Arabian Sea, Bay of Bengal
and South China Sea, demonstrate a definitive reorganization of the South
Asian monsoon during the Late Miocene. Around ~8 Ma, the system
underwent a pronounced but potential multi-cause transition toward
reduced tectonic activity, change in monsoon-driven runoff, increased
aridification and increased seasonality. This shift was likely influenced by
driven by the coupled influence of HTP uplift and global cooling”*”*'".
Although alternative mechanisms such as change in erosion efficiency or
subtle provenance adjustments may also have contributed to the observed
geochemical and mineralogical trends. This reorganization is corroborated
by synchronous declines in marine sediment flux, clay mineral transitions
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and isotopic signatures across the Indo-Pacific, reflecting basin-wide
hydrological adjustments to both tectonic and climatic forcing. Hence, the
change in exhumation rates of the HTP and intensified chemical weathering
during the Late Miocene collectively indicate, rather than definitively prove,
that both tectonics and global climate forcing as the primary drivers of
monsoon weakening and environmental transformation. We acknowledge
that distinguishing climatic weakening from tectonically driven erosion
reduction remains challenging, and future work integrating higher-
resolution provenance tracers, thermochronology and climate-model
simulations will be essential to further constrain the mechanisms behind
the ~8 Ma transition.

Methods

In this study, we select mudstone samples from the TS section with con-
tinuous Neogene deposition dated by magnetostratigraphy'" (Fig. 1b). The
TS section (29°04/53"N, 80°04/41"E to 29°09'47"N, 80°04/38"E) is 3000 m
thick (Fig. 5a). The Lower and Middle Siwalik are exposed in this section
(Fig. 1b). The exposed portion of the Lower Siwalik is 560 m thick and is
comprised of dark to pale brown, purple, compact mudstone that is inter-
bedded with fine-grained sandstone'''"”. Whereas about 2400 m thick
sediments of overlying Middle Siwalik are characterized by medium to
coarse-grained sandstones and subordinate greyish to brown mudstones
along with conglomerate'"'"”. The previous detailed magnetostratigraphic
study in this section suggests that sediments of Lower and Middle Siwalik
were deposited during 12.5-11 Ma and 11-4 Ma, respectively''' (Fig. 5b).

Several faults traverse this section, i.e., the Bastia fault, Tanakpur fault,
Sukhidang fault and Kalaunia fault (Fig. 1b).

Major elements analysis

At the Inter-University Accelerator Center (IUAC), Ministry of Earth Sci-
ences, India, the major elements in the 28 mudstone samples were analyzed
using the Axios Max, PANalytical sequential wavelength dispersive X-ray
fluorescence spectrometer (WD-XRF). In the first step, the samples were
powdered to a particle size of <63 um using a tungsten ball mill available at
the Birbal Sahni Institute of Palaeosciences (Lucknow, India). The homo-
genized powdered samples (~20 mg) were treated with 10% HCI to remove
carbonate phases and this step was repeated until all carbonate fractions
were completely dissolved. This is followed by triple rinsing with MQ to
eliminate residual acid. Residual organic matter was subsequently removed
by ashing the samples at 550 °C for four hours in a controlled-temperature
muffle furnace. A 6.4 g of treated sample was mixed with 1.6 g of boric acid
to make a pellet using a Kameyo powder press machine with a 40-ton load.
The WD-XRF technique determined the concentrations of ten major oxides
Si0,, ALO;, Fe,05, MgO, CaO, Na,O, K,0, TiO,, P,Os and MnO. To
ensure quality, standard JSD-2 and GXR-2 were also analyzed. The analy-
tical accuracy and precision were less than 2%. The total loss of ignition
(LOI) was determined after heating the samples for 6 h at 950 °C. The
concentrations of major elements were reported as weight percentages. The
CIA” and WIP* have been used to interpret the chemical weathering
intensity of the TS section sediments (Fig. 4b, c). The values of CIA and WIP
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have been derived by using the following Eqs. (1) and (2), respectively:

AlLO
CIA = 273 X100 1)
(ALO; + K,0 + CaO* + Na,0)
Na,O K,0 MgO CaO*
WIP = (2X—22 42X 2- 45~ X100 2
( 035 T 025 oot 0.70) @)

Here, CaO* represents the calcium oxide component associated
exclusively with silicate minerals.

Trace and REEs analysis

Several trace and REEs are widely used to investigate shifts in provenance
and source rock composition*’**. Thirty samples were ground to a particle
size of <63 um with a tungsten ball mill for analyzing the geochemical
composition. To remove carbonate content, samples were treated with 10%
HCI and, in the next step, heated at 550 °C for 4 h in an oven to remove
organic content. About 30 mg of the treated sample was dissolved in a triple
acid mixture of HF-HNO;-HCI in 15ml Savillex vial. The analysis of
trace elements and REEs was carried out by ICP-MS (Agilent, 7700 series) at
the Geochemistry Laboratory of Birbal Sahni Institute of Palaeosciences,
Lucknow. The analytical accuracy and precision were maintained through
the various duplicates and USGS standards (RGM-2 and GSP-2) and were
better than 5%. All trace element and rare earth element (REE) con-
centrations in our study are reported in pg/g.

Clay mineral extraction and identification

In this study, 41 samples were used for clay mineral assemblage analysis in
the Lower and Middle Siwalik of the TS section. Typically, data samples were
uniformly distributed across the TS section, with a temporal resolution of ~
0.2 million years. For palaeoclimate assessment based on clay mineral and
geochemical composition, we select only mudstone samples because clay
minerals found in siltstones and sandstones may form through authigenesis
during the early stages of diagenesis'".

The paleoclimatic evolution since the Neogene in the HFB was derived
only from the analysis of mudstone samples. Before separating the clay
fraction (<2 pum), selected samples were treated with 10% acetic acid
(CH3COOH) and 20% hydrogen peroxide (H,O,) to remove carbonate and
organic fraction, respectively. From treated samples, clay fractions were
separated by a centrifuge-based Atterberg method and oriented glass
mounts in an ethylene glycol state were prepared. The X-ray diffraction
(PANalytical, model- X’PERT’ Powder) was used to identify the clay
minerals. The XRD analytical conditions at the time of analysis were as
follows: radiation CuKa, 40 mA, 45kV and the scanning range was
2-40°(20). The clay mineral identification was based on the positioning of
the (001) series of basal reflections on the XRD pattern'”., A semi-
quantitative analysis of peak areas for the main clay mineral groups
(smectite includes mixed smectite and illite -17 A, illite-10 A, and kaolinite/
chlorite-7 A) was conducted on glycolated samples'” (Fig. S5). The relative
proportions of kaolinite and chlorite were estimated from the ratio of peak
areas at 3.57 A and 3.54 A, respectively'® (Fig. S5). The illite crystallinity is
used to assess the illite crystal structure'”"'*’ and intensity of hydrolysis'*'.
High values of illite crystallinity indicate poorly crystallized illite formed
under strong hydrolyzing conditions, while low values suggest well-
crystallized illite formed under weak hydrolysis conditions'**'*’.

Data Availability
All data generated during this study are included in the supplementary
information files.
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