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ABSTRACT
The Cenozoic erosion history of the Himalaya-Karakoram, which is a function of tectoni-

cally driven uplift and monsoon climatic evolution in South Asia, remains elusive, especially 
prior to the Miocene. Here, we present a multiproxy geochemical and thermochronological 
analysis of the oldest samples available from the Arabian Sea, which we used to investigate 
the erosion history of the Himalayan and Karakoram orogenic system. The Indus Fan records 
rapid and sustained erosion of the Himalayan-Karakoram mountains from before 24 Ma 
(ca. 30) to ca. 16 Ma concurrent with changing provenance from the Indian (Himalayan) 
and Eurasian plates. Our data, combined with previous studies of younger Indus Fan de-
posits, indicate that the mid-to-late Cenozoic erosion history of the Himalayan-Karakoram 
mountains is overall consistent with a vigorous monsoonal climate from the late Oligocene 
to middle Miocene and with changes in global climate in the late Miocene, whereas erosion 
and deposition are relatively insensitive to changes in sources and rock erodibility. Although 
tectonic processes were active throughout, we suggest that the erosional signatures of the 
Himalayan-Karakoram mountains from the Indus Fan largely preserve a record of climate 
changes since the Oligocene.

INTRODUCTION
The Himalaya-Karakoram mountains form 

the highest topography on Earth and have ex-
perienced dramatic tectonic activity since the 
start of India-Eurasia continental collision, 
probably in the early Cenozoic (Hodges, 2000; 
Yin, 2006; Kapp and DeCelles, 2019). The up-
lift and unroofing of these high landforms have 
had a major impact on global and regional cli-
mate (Molnar et al., 1993), especially the South 
Asian monsoon, which in turn affects mountain 
building through surface erosion (Clift et al., 
2008). The Neogene erosion of the Himalaya 
and Karakoram is partly documented by studies 
of the hinterland and foreland basins (e.g., Naj-
man, 2006; Thiede et al., 2009; Stickroth et al., 
2019), but the timing and extent of erosion of the 
Himalaya and Karakoram before the Miocene 

(>23 Ma) are poorly constrained (e.g., Qayyum 
et al., 2001). This limits our understanding of 
the history of erosion and of the interactions 
between tectonics and climate (e.g., Herman 
et al., 2013).

The Indus River, forming the second biggest 
submarine fan in the world (Fig. 1A), originates 
in the Himalayan and Karakoram orogenic belts, 
flows southward, and drains into the Arabian 
Sea (Fig. 1B). The oldest detritus in the Arabian 
Sea has been dated at approximately the middle 
and late Eocene (ca. 45 Ma; Clift et al., 2001), 
and it provides an excellent record of the early 
evolution history of Himalaya-Karakoram ero-
sion. This study presents multiproxy provenance 
analysis and detrital apatite fission-track (AFT) 
dating of deep-sea sedimentary rocks to investi-
gate the erosion/exhumation history of the Hi-
malaya-Karakoram from Oligocene (>24 Ma) 
to middle Miocene (ca. 16 Ma) time.

GEOLOGICAL CONTEXT
The Indus Fan (Fig. 1A), located in the north-

western Arabian Sea, is composed of more than 
11 km of clastic deposits that are mostly derived 
from the Indus River catchment, which drains 
the Himalaya-Karakoram mountains (Fig. 1B). 
Samples from sedimentary units recovered from 
Ocean Drilling Program (ODP) Sites 722 and 
731 (Fig. 1C) on the western edge of the fan 
were the focus of this study. The lower parts of 
the drilled sections at Sites 722 and 731 were 
derived from the western Himalaya and Kara-
koram regions (Fig. 1B), delivered via the Indus 
River and through submarine turbidity currents 
(Clift et al., 2001). The turbidite sedimentary 
units are characterized by clear fining-upward 
sequences, showing a coarse-grained sandstone 
base and a siltstone or silty claystone cap, with 
bed thicknesses ranging from ∼10 cm to as 
much as 150 cm (Shipboard Scientific Party, 
1989a). The depositional ages of the analyzed 
samples were established based on biostratigra-
phy and paleomagnetism (Shipboard Scientific 
Party, 1989a, 1989b) and range from >24 Ma 
(younger than ca. 30 Ma) to ca. 16 Ma (see 
age controls in Fig. 1D and the Supplemental 
Material1).

The Indus River drains several major tec-
tonic units belonging to the Indian and Eurasian 
plates (Fig. 1B), respectively. The Karakoram 
and Kohistan-Ladakh magmatic arc (KLA) 
dominate the Eurasian plate within the Indus 
drainage; both are characterized by zircon U-Pb 
ages mostly younger than 200 Ma (Fig. 2A), and 
by amphibole-dominated detrital heavy miner-
al assemblages (Fig. 3C; Liang et al., 2019). 
In addition, the KLA is characterized by less *E-mail: huayulu@nju.edu.cn

1Supplemental Material. Analytical methods, age controls, data tables, and additional figures. Please visit https://doi.org/10.1130/GEOL.S.14582763 to access the 
supplemental material, and contact editing@geosociety.org with any questions.
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radiogenic εNd and 87Sr/86Sr values than the 
Karakoram (Fig. 3A and 3B; Reichardt et al., 
2010). The Himalaya are formed of metamor-
phic and sedimentary rocks originating on the 
Indian plate and consist of the Neoproterozoic 
or Ordovician to Paleocene Tethyan Himalayan 
Sequence (THS), the Neoproterozoic to Cam-
brian Greater Himalayan Sequence (GHS), and 

the mostly Paleoproterozoic Lesser Himalayan 
Sequence (LHS) (Fig. 1B). Although there are 
some lateral differences along the Himalaya, 
the GHS and THS have similar zircon U-Pb 
age distributions with major peaks ranging 
ca. 470–1100 Ma, ca. 1650–1800 Ma, and ca. 
2400–2550 Ma in Zanskar, Himachal, and Ne-
pal Himalaya (Figs. 1B and 2A; Gehrels et al., 

2011; DeCelles et al., 2020). The GHS and THS 
also have similar εNd and 87Sr/86Sr values, both 
of which are more radiogenic than those of the 
Eurasian plate (Fig. 3A and 3B; Robinson et al., 
2001). The LHS is characterized by detrital zir-
con U-Pb ages with peaks at ca. 1800–1900 Ma 
and ca. 2500 Ma (Fig. 2A; Gehrels et al., 2011; 
DeCelles et  al., 2020) and εNd and 87Sr/86Sr 

A
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B

Figure 1. (A) Shaded relief map of South Asia and the Arabian Sea. (B) Tectonic units within the Indus drainage, including the Indian and Eur-
asian plates (from Yin, 2006). (C) Shaded relief map of the northwestern Arabian Sea, showing locations of ocean drilling sites and two study 
sites, Ocean Drilling Program (ODP) Site 722 (16°37′N, 59°48′E) and Site 731 (16°28′N, 59°42′E), from which we obtained samples. (D) Sedimen-
tary logs of ODP 722 and 731 showing lithologies, age controls, and sample locations (see Tables S1 and S2 [see footnote 1]). STD—South 
Tibetan Detachment; MCT—Main Central Thrust; KF—Karakoram fault; IODP—International Ocean Discovery Program.
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 values that are far more radiogenic than those 
of the other units (Figs. 3A and 3B; Robinson 
et al., 2001). Rivers draining Himalayan (GHS, 
THS, and LHS) source rocks carry fewer am-
phiboles and epidote but typically more garnet, 
ultrastable minerals (zircon, tourmaline, rutile 
[ZTR]), and high-grade minerals than those of 
the Eurasian plate (Fig. 3C; Liang et al., 2019).

RESULTS
Detrital zircon U-Pb ages of 11 samples 

(Fig. 2B), Sr-Nd isotope geochemistry of 19 
samples (Fig. 3D), heavy mineral analysis of 
10 samples (Fig. 3E), and detrital AFT data 
from six samples (Fig. 4A) from the lower part 
of the section recovered at ODP Sites 722 and 
731 (>24–16 Ma) are presented here (Fig. 1D; 

also see analytical methods in the Supplemental 
Material).

The distributions of zircon U-Pb ages il-
lustrate that most of the grains are within ca. 
0–200 Ma and ca. 300–1000 Ma age ranges 
(Fig. 2B). The εNd and 87Sr/86Sr values show 
relatively small variations from ca. 30 to 26 Ma 
(Fig. 3D), followed by a decrease in εNd  values 

A

C

B

Figure 2. Zircon U-Pb age distributions for potential sources and samples with calculated source contributions. (A,B) Kernel density estimates 
for zircon age distributions of potential sources (A) (Table S9 [see footnote 1]) and samples from Ocean Drilling Program (ODP) Sites 722 
and 731 (B) (Table S11). (C) Relative contributions of bulk materials from the Eurasian plate (EAP, zircon ages <200 Ma) and Himalaya (Indian 
plate, zircon ages >200 Ma) sedimentary sources, based on zircon U-Pb age populations (Table S6). Data <16 Ma are from Clift et al. (2019). 
THS—Tethyan Himalayan Sequence; GHS—Greater Himalayan Sequence; LHS—Lesser Himalayan Sequence.
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and an increase in 87Sr/86Sr values starting at 
ca. 25 Ma. The εNd and 87Sr/86Sr records re-
turn to values similar to those recorded in ca. 
30–26 Ma samples after ca. 18 Ma. Pyroxene 

appears in sediment younger than ca. 27 Ma; 
epidote and pyroxene remained high between 
ca. 27 and 25 Ma and decreased after ca. 25 Ma 
(Fig. 3E); amphibole first appeared at ca. 27 Ma 

and increased to peak values between ca. 22 Ma 
and ca. 16 Ma. Of the six samples analyzed for 
AFT thermochronology, five showed one single 
population, ranging from ca. 35.0 to 21.4 Ma 

A D
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C

Figure 3. Sr-Nd isotopic compositions and heavy mineral assemblages for potential sources and samples. (A,B) εNd and 87Sr/86Sr values for 
potential sources (Table S10 [see footnote 1]). (C) Detrital heavy mineral assemblages of potential sources (Table S3). “Himalaya” source 
includes the Greater Himalayan Sequence (GHS), Tethyan Himalayan Sequence (THS), and Lesser Himalayan Sequence (LHS). (D,E) Varia-
tions of Sr-Nd isotopic compositions and heavy mineral assemblages of Indus Fan deposits over the past ∼30 m.y. (Tables S4 and S5). Data 
<16 Ma are from Andò et al. (2019), Garzanti et al. (2020), and Clift et al. (2008, 2019). εNd and 87Sr/86Sr ranges of potential sources are shown as 
colored bars in D. High contributions from the Himalaya source at ca. 25–18 Ma and <6 Ma are indicated by the gray rectangle. Heavy mineral 
concentration of bulk sample (HMC) is represented by white circle in E. Ap—apatite; Ttn—titanite; Px—pyroxene; Am—amphibole; Grt—garnet; 
HgM—high-grade minerals (staurolite, andalusite, kyanite, sillimanite); Ep—epidote; ZTR—ultrastable minerals (zircon, tourmaline, and rutile). 
IODP—International Ocean Discovery Program; ODP—Ocean Drilling Program; KLA—Kohistan-Ladakh magmatic arc.

A B C D

Figure 4. Thermochronological data for Indus Fan deposits and Himalayan foreland basin samples. (A) Kernel density estimates for apatite 
fission-track (AFT) ages (in Ma) of samples from Ocean Drilling Program (ODP) Sites 722 and 731 (Table S12 [see footnote 1]). (B–D) Lag-
time plots of depositional age verus youngest thermochronological age peaks of samples from the Indus Fan (Table S8; Zhou et al., 2020) 
and Himalayan foreland basins. Light-gray bar indicates period of 8–7 Ma. Lag time data from the Pakistan and Indian foreland samples were 
compiled from Jain et al. (2009), Najman et al. (2009), Chirouze et al. (2015), and references therein. In B, δ13C and δ18O data are from pedogenic 
carbonates for deposits in South Asia (Table S13, and references therein). ZFT—zircon fission track; PDB—Peedee belemnite.
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(Fig. 4A). The youngest sample (deposited at 
ca. 15.8 Ma) contained two populations with 
peak ages at ca. 19.6 Ma and ca. 39.4 Ma; the 
19.6 Ma population accounts for 83.5% of the 
total (Fig. 4A).

DISCUSSION
Provenance Evolution of the Indus Fan

The sources of the Indus Fan sedimentary 
samples can be mainly divided into two groups 
(Fig. 2A): Eurasian Plate (EAP, including both 
the Karakoram and KLA, 0–200 Ma), and Hi-
malaya (>200 Ma, including the GHS, THS, 
and LHS). Because the THS was originally de-
posited as a lateral equivalent of the GHS, it is 
difficult to distinguish between GHS and THS 
sources; the LHS, however, does not contain 
any zircons younger than ca. 1600 Ma and also 
produces more evolved Nd and Sr isotope sig-
nals (Fig. 2A; Gehrels et al., 2011; DeCelles 
et al., 2020). We estimated the total sediment 
budget based on the zircon age distributions 
of EAP and Himalayan sources with a correc-
tion using zircon fertilities for these two source 
groups (Fig. 2C; Table S6; Liang et al., 2019). 
The bulk budget indicates that the Indus Fan 
received more erosional materials from the Hi-
malaya between ca. 25 and ca. 16 Ma (81%–
91%) than before that time (Fig. 2C; Fig. S1). 
This is consistent with the εNd and 87Sr/86Sr re-
cords, which show more Himalayan contribution 
between ca. 25 and ca. 18 Ma (Fig. 3D). The 
Himalayan detritus contribution was relatively 
low between ca. 16 and ca. 6 Ma (60%–68%), 
followed by a gradual increase after ca. 6 Ma 
(72%–93%) (Fig. 2C), as indicated by the zir-
con U-Pb ages and Sr-Nd isotope values from 
International Ocean Discovery Program (IODP) 
Site U1456 (Figs. 2C and 3D; Clift et al., 2019).

The high contribution of detritus from the 
Himalaya between ca. 25 and ca. 16 Ma can 
be partly explained by rapid unroofing of the 
GHS rocks and of their protoliths (Stickroth 
et al., 2019) in response to motion on the Main 
Central Thrust (MCT) and the South Tibetan 
Detachment (STD) (Fig. 1B; Hodges, 2000; 
Thiede et al., 2009), coupled with enhanced 
erosion (Clift et al., 2008). GHS prograde meta-
morphism ended by ca. 25 Ma (Kohn, 2014), 
followed by decompression and exhumation. 
Structural and sedimentological studies indicate 
that GHS rocks were likely not widely exposed 
before ca. 20 Ma (DeCelles et al., 2020; Stick-
roth et al., 2019), and possibly not until much 
later in the NW Himalaya (Webb, 2013), which 
implies that the geochemical signature from the 
ca. 25–20 Ma Indus detritus is a record of ero-
sion of the overlying THS, which commenced 
no later than 45–40 Ma (Wiesmayr and Grase-
mann, 2002; Stickroth et al., 2019).

Initial motion of the Karakoram strike-slip 
fault (KF in Fig. 1B) at ca. 16 Ma (Phillips et al., 
2013) might have triggered uplift and exhuma-

tion of local EAP rocks along this structure and 
changed the provenance of the Indus Fan. Mio-
cene–Pliocene southward propagation of the 
Himalayan thrust front and development of the 
Lesser Himalaya duplex (LHD) between ca. 
12 Ma and ca. 5 Ma (DeCelles et., 2020) moved 
the locus of erosion to the south of the MCT. The 
increase in Himalayan contribution after ca. 6 Ma 
in the Indus Fan is consistent with final unroof-
ing of the LHS, which is characterized by very 
negative εNd and high 87Sr/86Sr values (Figs. 3A 
and 3B) (Najman et al., 2009; Clift et al., 2019).

The decreasing content of epidote and py-
roxene in heavy mineral assemblages since 
ca. 25 Ma in Indus Fan sediments indicates 
less EAP but more Himalayan contributions 
(Fig. 3E). However, the increasing content of 
amphiboles suggests more contribution from 
EAP rocks between ca. 22 and ca. 16 Ma, which 
contrasts with the other provenance proxies dis-
cussed above. We suggest that the decreasing 
amphibole content in sediments older than ca. 
22 Ma and the disappearance of both amphi-
bole and pyroxene before ca. 27 Ma were mainly 
controlled by the impact of diagenesis (Andò 
et al., 2012) and not by a change in provenance. 
This is supported by the lower heavy mineral 
concentration values (Garzanti and Andò, 2007) 
in samples older than ca. 25 Ma (Fig. 3E), and 
by relatively constant heavy mineral assemblag-
es in samples younger than ca. 9 Ma, which are 
not influenced by the provenance change starting 
at ca. 6 Ma (Figs. 2C, 3D, and 3E; Andò et al., 
2019; Garzanti et al., 2020).

Erosion History of the Himalaya-
Karakoram and Climatic Implications

All of the detrital AFT samples from >24–
16 Ma Indus Fan deposits show similar pat-
terns of late Eocene–Miocene detrital cooling 
age populations between ca. 39 and ca. 19 Ma 
(Fig. 4A). Detrital populations are older than the 
depositional age of the host strata and younger 
than the zircon U-Pb ages from the same sam-
ples (Fig. 2B). Combined with the observation 
that the oldest sample was collected from a depth 
of <1 km below the seafloor (Fig. 1D), this in-
dicates that AFT ages represent cooling ages 
related to sediment source exhumation, rather 
than postdepositional thermal overprinting.

The lag time, defined as the time difference 
between the cooling age (in this case, the young-
est detrital population) and the depositional age 
of a sample, represents the time elapsed from 
exhumation of the sample through its closure 
depth and final deposition (e.g., Bernet et al., 
2001). Our results show that the lag times for 
the Indus Fan samples range from ∼6 m.y. to 
∼3 m.y. (Fig. 4B), similar to the range measured 
at IODP Site U1456 (Zhou et al., 2020). This 
indicates relatively rapid and sustained erosion 
between >24 Ma and 16 Ma despite variations 
in tectonic activity, source, and rock erodibility 

(Figs. 2C and 3D). We suggest that the Indus 
Fan routing system has diluted local changes 
and sustained relatively rapid sediment delivery 
into the distal basin for millions of years. This 
requires significant discharge and hence a vigor-
ous, e.g., monsoonal-type, climate (and relief) 
and active tectonics between >24 and 16 Ma. 
When analyzing published lag time data, we also 
observed a clear signal of rapid erosion (∼0 m.y. 
lag times) between ca. 20 and ca. 16 Ma (e.g., 
Pakistan and Indian forelands; Figs. 4C and 4D), 
which can be explained by rapid exhumation of 
the GHS, accompanied by a strong monsoon 
(Clift et al., 2008). A significant change in lag 
time at ca. 8–7 Ma (Fig. 4B) is not coupled with 
a change in source (Figs. 2C and 3D) and hence 
may, at least in part, reflect changes in climate. 
Stable isotope geochemistry from the Pakistan, 
Indian, and Nepal foreland basins shows in-
creased aridity and seasonality of precipitation 
starting at ca. 8–7 Ma (Fig. 4B; e.g., Dettman 
et al., 2001), consistent with the transition from 
C3 to C4 vegetation occurring at the same time 
(Fig. 4B). An alternative interpretation of the 
ca. 8–7 Ma phase of rapid erosion could be the 
growth of the LHD and the resulting erosion of 
its cover unit (Najman et al., 2009). However, 
the LHD is suggested to have initiated no earlier 
than ca. 12 Ma and continued until ca. 5 Ma 
(DeCelles et al., 2020). Therefore, exhumation 
of the LHD alone cannot explain the increase 
in erosion as recorded by a change in lag time 
to ∼1–2 m.y. at ca. 8–7 Ma.

Although hotly debated, increasing erosion 
in the late Cenozoic is observed not only in cool-
ing ages of the Indus Fan deposits (Fig. 4B), 
but also throughout the world (Herman et al., 
2013), and it has been interpreted as the result of 
high-amplitude/high-frequency climate change 
(Zhang et al., 2001) and large-scale glacial ero-
sion due to global cooling since ca. 8 Ma (Clift 
et al., 2008). Conversely, quasi-steady lag times, 
and by inference erosion, in the Himalaya-Kara-
koram during the late Oligocene to middle Mio-
cene are here interpreted to be the result of low-
amplitude/low-frequency climate change and 
relatively minor glacial erosion in response to 
a warmer and likely more humid climate com-
pared to the late Cenozoic.
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