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ABSTRACT

For sedimentary archives to be used as a 
record of hinterland evolution, the factors 
affecting the archive must be known. In ad-
dition to tectonics, a number of factors, such 
as changes in climate and paleodrainage, as 
well as the degree of diagenesis, influence 
basin sediments. The Indus River delta-fan 
system of South-Central Asia records a his-
tory of Himalayan evolution, and both the 
onshore and offshore sedimentary reposi-
tories have been studied extensively to re-
search orogenesis. However, a number of 
unknowns remain regarding this system. 
This paper seeks to elucidate the paleodrain-
age of the Indus River, in particular when it 
took on its modern drainage configuration 
with respect to conjoinment of the main Hi-
malayan (Punjabi) tributary system with 
the Indus trunk river. We leverage the fact 
that the Punjabi tributary system has a sig-
nificantly different provenance signature 
than the main trunk Indus River, draining 
mainly the Indian plate. Therefore, after the 
Punjabi tributary system joined the Indus 
River, the proportion of Indian plate mate-
rial in the repositories downstream of the 
confluence should have been higher than in 
the upstream repository. We compared bulk 
Sr-Nd data and detrital zircon U-Pb data 
from the Cenozoic upstream peripheral fore-
land basin and downstream Indus delta and 
Indus Fan repositories. We determined that 
throughout Neogene times, repositories be-

low the confluence had a higher proportion 
of material from the Indian plate than those 
above the confluence. Therefore, we conclude 
that the Indus River took on its current con-
figuration, with the Punjabi tributary system 
draining into the Indus trunk river in the 
Paleogene, early in the history of the oro-
gen. The exact time when the tributary sys-
tem joined the Indus should correlate with a 
shift to more Indian plate input in the down-
stream repositories only. While the upstream 
repository records no change in Indian plate 
input from Eocene to Neogene times, a shift 
to increased material from the Indian plate 
occurs at the Eocene–Oligocene boundary in 
the delta, but sometime between 50 Ma and 
40 Ma in the fan. Though further work is 
required to understand the discrepancy be-
tween the two downstream repositories, we 
can conclude that the tributary system joined 
the Indus trunk river at or before the start of 
the Oligocene.

1. INTRODUCTION

The Himalaya, the largest orogen on Earth,
garners significant interest from researchers in a 
variety of disciplines. While considerable infor-
mation on the mountain belt’s evolution can be 
determined from its hard rock geology, its early 
history is often destroyed in these rocks by later 
tectonism, metamorphism, and/or erosion. In 
these circumstances, researchers turn to infor-
mation recorded in the sedimentary archive of 
material eroded from the mountain belt and pre-
served in surrounding sedimentary basins, both 
onshore and offshore.

The main repositories of Himalayan detri-
tus are preserved in the orogen’s suture zone, 
peripheral and axial foreland basins onshore 
(e.g., Hodges, 2000; Najman, 2006; Shah, 2009), 
and the Indus and Bengal fans offshore, which 

are the world’s largest sediment fans (Nyberg 
et al., 2018). Detritus from all of these basins 
has been studied to document hinterland evo-
lution using a variety of bulk-rock and single-
grain analytical techniques. For example, stud-
ies of the Indus River’s sedimentary repository 
include detrital feldspar Pb-isotopic analyses 
applied to the Indus Suture Zone molasse (Clift 
et al., 2001b), detrital zircon fission-track and 
Sm-Nd bulk analyses applied to the peripheral 
foreland basin sedimentary rocks (e.g., Chir-
ouze et al., 2015), detrital zircon U-Pb analyses 
applied to the axial foreland basin (e.g., Zhuang 
et al., 2015), and heavy mineral and petrographic 
data (Andò et al., 2020; Garzanti et al., 2020) 
applied to the Indus Fan. However, for the 
sedimentary archives to be robustly interpreted, 
the evolution of the river’s paleodrainage must 
be known, since significant changes in drain-
age affect the sedimentary archive. This paper 
focuses on reconstruction of the Lower Indus 
River paleodrainage.

Today, the Indus River flows west along the 
Indus Suture Zone that separates the Indian 
and Asian plates, before turning south across 
the Himalaya to eventually flow into the north-
ern Indian Ocean, giving rise to the Indus Fan 
(Fig. 1). Here, we define the Lower Indus as that 
part of the Indus River downstream (south) of 
the Himalayan mountain front that flows axially, 
southward along the Indus Basin. We define the 
Upper Indus as that part of the Indus River that 
flows through the mountains and is subdivided 
into the “west-flowing axial Upper Indus,” 
which flows westward from its headwaters, 
axially along the Indus Suture Zone, and, far-
ther downstream, the “south-flowing transverse 
Upper Indus,” which cuts southward across the 
mountain range (Fig. 1A). The main tributaries 
of the Indus are the Punjabi or Himalayan tribu-
taries of the Jhelum, Chenab, Ravi, Beas, and 
Sutlej rivers, herein called the Punjabi tributary 
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Figure 1. (A) Map showing modern drainage of the Indus River, South-Central Asia, with the Punjabi tributary system and the Indus Fan 
(black dotted line). Also shown are the onshore Lower Indus (Kirthar and Sulaiman) and offshore Integrated Ocean Drilling Program 
(IODP), Ocean Drilling Program (ODP), and Deep Sea Drilling Project (DSDP) locations of previously published data (Roddaz et al., 2011; 
Zhuang et al., 2015; Clift et al., 2001a, 2019; Clift and Blusztajn, 2005; Feng et al., 2021) with which we compared our new upstream data. 
Black rectangle shows the location of Figure 1B. (B) Locations of new data (this study) and various towns and sample sites discussed in the 
text. HKS—Hazara-Kashmir syntaxis; MHS—Murree Hill station. (C) Drainage superimposed on regional geology (Clift et al., 2019). ISZ—
Indus Suture Zone; MBT—Main Boundary Thrust; MCT—Main Central Thrust; MFT—Main Frontal Thrust; SSZ—Shyok Suture Zone.
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system, which predominantly drains the Indian 
plate (Fig. 1C).

Mid-Eocene Owen Ridge sediment is con-
sidered to be early Indus Fan material derived 
from north of the Indian plate (Clift et al., 2001a, 
2002a). This places a lower bound on the tim-
ing of initiation of the Indus River, although 
its upstream configuration is debated. For the 
Upper Indus, the proposed time of its initiation 
as a river flowing westward along the suture 
zone ranges from early Eocene through Miocene 
(Bhattacharya et al., 2021; Clift et al., 2001b; 
Henderson et al., 2011; Najman, 2006; Sinclair 
and Jaffey, 2001).

This paper focuses on the evolution of 
paleodrainage of the Lower Indus River. Vari-
ous suggestions have been made regarding 
whether western Himalayan rivers switched 
between flowing east to the Ganges and Ben-
gal Fan catchment and west to the Indus River 
and Fan catchment. While a number of authors 
based their interpretations on paleocurrent 
data from the peripheral foreland basin depos-
its (e.g., see review in Burbank et al., 1996), 
Clift and Blusztajn (2005) used geochemical 
data from the Indus Fan. They considered that 
changes in the geochemical signature of the 
Indus Fan sediment archive after 5 Ma rep-
resent a major drainage change in the Lower 
Indus at this time, when the Punjabi tributar-
ies of the Lower Indus River (Jhelum, Chenab, 
Ravi, and Sutlej rivers; Figs.  1A and 1C) 
switched from flowing eastward to the Gan-
ges and Bengal Fan, to westward to the Indus 
River and Indus Fan. However, Chirouze 
et al. (2015) considered that this geochemical 
change could be better interpreted as the result 
of variations in upland exhumation. This sug-
gestion was later agreed upon by the original 
proponents of the drainage diversion hypoth-
esis (Clift et al., 2019; Zhou et al., 2021); thus, 
when the Indus River took on its current con-
figuration with respect to the Punjabi tributary 
system remains unknown.

Using a rationale similar to that of Chirouze 
et al. (2015), we compare provenance indicators 
from upstream and downstream of the conflu-
ence of the Punjabi tributary system with those 
from the Indus River, and from this compari-
son we determine when a provenance change 
in the downstream repository is detected, and 
thus when the tributary system joined the Indus 
trunk river. We extend the peripheral foreland 
basin Sr-Nd dataset of Chirouze et al. (2015) 
from the mid-Miocene down section as far as 
the Eocene to determine when the provenance 
change occurred, and additionally we apply 
new provenance indicators, namely detri-
tal zircon U-Pb ages and detrital white mica 
Ar-Ar ages.

2. BACKGROUND

2.1. Himalayan Geology

2.1.1. Tectonic Units
The Indus Suture Zone separates the Asian 

Lhasa Terrane to the north from the Indian plate 
to the south. In the west, the Kohistan-Ladakh 
intraoceanic island arc is sandwiched between 
the Indian and Asian plates, with the southern 
margin of the Asian plate at this location com-
prised of the Karakoram and Hindu Kush. The 
northern suture separating the Asian plate and 
Kohistan-Ladakh intraoceanic island arc is 
termed the Shyok Suture Zone, and the southern 
suture separating the Kohistan-Ladakh intra-
oceanic island arc and Indian plate is termed 
the Indus Suture Zone, also known as the Main 
Mantle Thrust in this region (Fig.  1C). The 
Indus River flows west along the Indus Suture 
Zone before turning south to cross the Himalaya 
and foreland basin before debouching into the 
Arabian Sea.

The Lhasa terrane comprises Phanerozoic 
low-grade metamorphic and sedimentary cover 
overlying Precambrian–Cambrian basement 
(e.g., Leier et  al., 2007). Along its southern 
rampart, the Gangdese continental arc batho-
liths of the Trans-Himalaya are intruded, which 
represent the Andean-type southern margin of 
Asia prior to consumption of the intervening 
Neo-Tethys Ocean (Schärer et al., 1984). While 
Gangdese intrusions are Mesozoic–Paleogene 
in age, post-collisional igneous activity contin-
ued into Miocene times (Hodges, 2000). To the 
west, the Lhasa terrane terminates against the 
Karakoram Fault. West of the fault, the southern 
margin of Asia is represented by the Karakoram 
(Fig. 1C). The Karakoram terrane is divided into 
three units (Hildebrand et al., 1998, 2001; Searle 
et al., 1999): the Northern Karakoram Sedimen-
tary Unit, the Southern Karakoram Metamorphic 
Belt, and the intervening Karakoram Batholith. 
The Northern Karakoram Sedimentary Unit 
comprises pre-Ordovician crystalline base-
ment covered by an Ordovician to Cretaceous 
sedimentary succession (Gaetani and Garzanti, 
1991; Gaetani et al., 1993; Zanchi and Gaetani, 
2011). The Karakoram Batholith includes pre–
India-Asia collision, Andean-type subduction-
related granitoids, and post–India-Asia colli-
sional leucogranites. The age of metamorphism 
of the Southern Karakoram Metamorphic Belt 
ranges from Late Cretaceous to late Miocene 
(Fraser et  al., 2001; Palin et  al., 2012; Searle 
et al., 2010).

The Kohistan-Ladakh intraoceanic island arc 
separates the Indian and Asian plates in the west 
of the orogen. It consists of Late Cretaceous and 
Eocene plutonic belts, and pyroxene granulites, 

calc-alkaline volcanics, amphibolites, and minor 
metasediments (Coward et al., 1984; Schaltegger 
et al., 2002), fringed by ophiolitic mélange in the 
southern suture (DiPietro et al., 2000; DiPietro 
and Pogue, 2004).

The Indian plate lies to the south of the 
Kohistan-Ladakh intraoceanic island arc. As 
summarized in Hodges (2000), in the central and 
eastern part of the orogen, the Indian plate Hima-
laya is divided, from north to south, into the 
Tethyan Himalaya, the Greater Himalaya, Lesser 
Himalaya, and Cenozoic foreland basin sedi-
mentary rocks of the sub-Himalaya (Fig. 1C). 
Typically, the Tethyan Himalaya, separated 
from the Greater Himalaya to the south by the 
South Tibetan Detachment System, consists of 
Paleozoic–Mesozoic sedimentary and low-grade 
metasedimentary rocks that were deposited on 
the Tethyan Ocean passive margin. The Greater 
Himalaya, separated from the Lesser Himalaya 
to the south by the Main Central Thrust, consists 
predominantly of medium- to high-grade Neo-
proterozoic–Ordovician metamorphic rocks that 
were subjected to metamorphism and anatexis 
during the Cenozoic Himalayan orogeny, when 
they were intruded by Neogene leucogranites; 
and the Lesser Himalaya, separated from the 
Cenozoic sub-Himalaya foreland basin sedimen-
tary rocks to the south by the Main Boundary 
Thrust, which consists of Paleoproterozoic meta-
morphosed and unmetamorphosed Indian plate 
rocks. These lithologies also broadly constitute 
the Indian plate Himalaya to the west in Paki-
stan. However, exact correlation is uncertain, the 
degree of metamorphism differs, and the litholo-
gies are not structurally imbricated in the same 
way (Treloar et al., 2019). According to DiPi-
etro and Pogue (2004), north of the Khairabad 
Thrust (MCT equivalent in Pakistan), metamor-
phosed rocks of ages equivalent to the Tethyan, 
Greater, and Lesser Himalaya are found, while 
both Lesser and Tethyan equivalents are found 
between the Khairabad Thrust and the Main 
Boundary Thrust. The Nanga Parbat syntaxis is 
considered to be of Lesser, Greater, and Tethyan 
Himalayan affinity (Argles et al., 2003). In this 
paper, we refer to the Neoproterozoic–Ordovi-
cian rocks as “Greater Himalayan lithological 
correlatives,” the Paleoproterozoic rocks as 
“Lesser Himalayan lithological correlatives,” 
and the Paleozoic–Mesozoic rocks as “Tethyan 
Himalayan lithological correlatives.” Such terms 
do not reflect the locations of the rocks within 
the various thrust-bound terranes, as they do far-
ther east.

The units described above have distinct zircon 
U-Pb ages and Nd isotopic signatures associated 
with different crustal evolutionary histories (e.g., 
Argles et al., 2003; Clift et al., 2019; DeCelles 
et al., 2004, 2016; Gehrels et al., 2011; Najman, 
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2006). These differences (Table 1) allow for the 
use of these techniques as provenance indica-
tors in the detrital record downstream (e.g., Clift 
et al., 2019; DeCelles et al., 2004, 2016; Gehrels 
et al., 2011; Najman, 2006).

The overwhelming majority of zircons from 
the Indian plate have U-Pb ages older than 
400 Ma (DeCelles et al., 2004; Gehrels et al., 
2011), with the minor exception of grains dated 
ca. 130 Ma from the Tethyan Himalaya (e.g., 
Clift et al., 2014) and Neogene grains eroded 
from leucogranites (e.g., Hodges, 2000, and 
references therein). Within the Indian plate, 
grains dated at 2300–1500 Ma are characteris-
tic of the Lesser Himalaya, and those dated at 
1250–300 Ma are characteristic of the Greater 
and Tethyan Himalaya, although not uniquely 

so (Clift et al., 2019). By contrast, zircons from 
the Kohistan-Ladakh intraoceanic island arc 
are exclusively aged at 200–40 Ma, while the 
southern Asian margin (the Karakoram terrane 
and the Lhasa terrane to the east) also has a high 
proportion of grains of such age, but also with 
some Neogene grains and older grains stretch-
ing to the Precambrian that are derived from the 
substrate into which the Mesozoic–Paleogene 
plutons intruded (e.g., Zhuang et al., 2018, and 
references therein).

The old continental crust of the Indian plate 
has a mean εNd value of −15 for the Greater 
Himalaya, −22 for the Lesser Himalaya, and 
−11 for the Tethyan Himalaya (Ahmad et al., 
2000; Deniel et al., 1987; Richards et al., 2005; 
Robinson et al., 2001; Zhang et al., 2004). By 

contrast, the Asian and intraoceanic arc ter-
ranes have more positive values that reflect the 
dominance of Mesozoic–Paleogene plutons: the 
Kohistan-Ladakh intraoceanic island arc has val-
ues of ∼+5 (Bignold and Treloar, 2003; Khan 
et al., 1997, 2004, 2009), while the Karakoram, 
which consists of both old sedimentary and met-
amorphic rocks as well as younger plutons, has 
an average value of ∼−9.6 (Mahéo et al., 2009; 
Miller et al., 1999). Data from the Lhasa terrane 
are mainly from the central and eastern part of 
the orogen: the Gangdese/Trans-Himalaya have 
values ranging from +0.9 to +5.5 for the Meso-
zoic granitoids and +2.4 to +8.5 for the Paleo-
cene–Eocene granitoids, in contrast to the Oli-
gocene–Miocene granitoids with values of −9.4 
to +5.5 (Ji et al., 2009; Pan et al., 2014), while 

TABLE 1. COMPARISON OF PROVENANCE DATA FROM THE PERIPHERAL FORELAND BASIN WITH THOSE 
FROM THE LOWER INDUS AXIAL BASIN AND INDUS FAN, SOUTH-CENTRAL ASIA

Terrane/basin stratigraphy εNd Zircons (%) with U-Pb ages 200–40 Ma (arc-derived)

Source region characteristics*
Karakoram Average: –10 Dominant 200–40 Ma populations with some older 

grains to Precambrian
Kohistan island arc Average: +5 Entirely 200–40 Ma
Indian plate Average: –15 (GHS), –22 (LHS & NP), –11 (THS) Near 100% older than 200 Ma

Upstream peripheral foreland basin
Modern Indus River No data for downstream of GHS At Skardu (upstream 

of GHS) –8.6† At Besham (just into GHS) –10.7†
At Attock: 53% arc§

Upper Miocene Nagri Formation –9.4, –9.9 67% arc
Mid-Miocene Chinji Formation –7.7, –8.7 (our data) –3.8 to –7.7 (Chirouze et al., 2015) 47% arc
Lower mid-Miocene Kamlial Formation –8.3 51% arc
Lower Miocene Murree Formation –13.8 (MHS) –8.1, –9.2 (HKS, Paras north of Balakot) 23% arc (MHS) 50% arc (HKS, Paras north of Balakot) 

0%–4% arc (HKS, Balakot)# 0%–17% (HKS 
Muzaffarabad)#

Lower–mid-Eocene Kuldana Formation –8.1, –8.8 49%–75% arc (HKS, Balakot)# 6%–74% arc (HKS, 
Muzaffarabad)# Qasim Murree Hill station 34%–78% 
arc (MHS)**

Downstream Lower Indus Axial Basin, Kirthar (K), and Sulaiman (S) regions
Modern Indus River –15 (below Sutlej confluence and at delta)† At Thatta: 18% arc††

Pliocene Siwalik Group –12 (K), n = 2## 12% arc (K)##

Upper Miocene Siwaliks –9.3 (K), n = 1##

Middle Miocene Siwalik Group & Vihowa Formation –11 (K), n = 8## 22% arc (K)##

Lower Miocene Vihowa & Chitarwata formations –10.5 (S), n = 2§§ –13.1 (K), n = 5##

Upper Oligocene Chitarwata Formation Upper upper Oligocene: –11.1 (S), n = 3§§ Lower upper 
Oligocene: –12.4 (S), n = 3§§

Lower Oligocene Chitarwata Formation –9.6 (S), n = 1§§ –13.4 (K), n = 1## 16% arc (K)## 16% arc (S)##

Lower–mid-Eocene Ghazij and Kirthar Groups Average: –9.3 (S), n = 2§§ Average: –7.5 (K), n = 1##

Indus Fan
Pliocene Average: –10.8, n = 8††† 19%–32%§§§,****
Miocene Average: –10.1, n = 47***,§§§,### 11%–48%§§§,###,****
Oligocene Average: –11.9, n = 16***,§§§ 16%–43%###

Mid-Eocene –11.96, –5.2***
Early Eocene –9.3†††

Note: Source region signatures are also provided. Note that three “Mid-Eocene” data points from the Indus Fan are omitted as the age was noted as questionable in 
the original publication of Clift et al. (2001a). GHS, LHS, THS—Greater-, Lesser-, Tethyan Himalaya, respectively; NP—Nanga Parbat; MHS—Murree Hill station; HKS—
Hazara-Kashmir syntaxis.

*Compiled source region data from Ahmad et al. (2000); Bignold and Treloar (2003); Clift et al. (2019); DeCelles et al. (2004, 2018); Deniel et al. (1987); Gehrels et al. 
(2011); Ji et al. (2009); Khan et al. (1997, 2004, 2009); Mahéo et al. (2009); Miller et al. (1999); Najman (2006); Pan et al. (2014); Richards et al. (2005); Robinson et al. 
(2001); Whittington et al. (1999); Zhang et al. (2004); Zhu et al. (2012); Zhuang et al. (2018), and additional references as listed in Figure S3B (see text footnote 1).

†Clift et al. (2002b).
§Alizai et al. (2011) and Clift et al. (2022).
#Ding et al. (2016b).
**Qasim et al. (2018).
††Clift et al. (2004).
§§Roddaz et al. (2011).
##Zhuang et al. (2015).
***Clift et al. (2001a).
†††Clift and Blusztajn (2005).
§§§Clift et al. (2019).
###Feng et al. (2021).
****Zhou et al. (2022).
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the continental substrate into which these plu-
tons intruded has an average recorded εNd value 
of −9 (Pan et al., 2014; Zhu et al., 2009, 2012).

2.1.2. Tectonic Evolution
Prior to India-Asia collision, India was sub-

ducting beneath Asia as the Neo-Tethys Ocean 
closed, with the Kohistan-Ladakh intraoceanic 
island arc located between the two continents 
in the west. The timing of India-Asia collision, 
and whether the island arc collided with India or 
Asia first, is disputed; a majority of researchers 
consider India-Asia collision to have occurred 
around 60–55 Ma (see review in Hu et al., 2016, 
and references therein), with other estimates 
extending to ca. 35 Ma or 25–20 Ma (Aitchison 
et al., 2007; Bouilhol et al., 2013; van Hinsber-
gen et al., 2012).

The west differs from the better-studied 
east and central part of the orogen in both the 
presence of the Kohistan-Ladakh intraoceanic 
island arc and in the timing of exhumation of 
the Indian plate. In the west, a tectonic wedge 
consisting of the Kohistan-Ladakh intraoceanic 
island arc, ophiolitic mélange, and thrust slices 
of Lesser Himalayan and Tethyan correlatives 
of the Indian plate were in position and thrust 
over the Indian plate foreland prior to 47 Ma. 
Thereafter, Indian plate Lesser-, Greater-, and 
Tethyan Himalayan correlatives were exhumed 
from beneath the wedge (DiPietro et al., 2008), 
predominantly during the Paleogene with a pulse 
of deformation also in the earliest Miocene, at 
ca. 20 Ma (Argles et al., 2003, and references 
therein; DiPietro et al., 2021). Substantial rapid 
exhumation of the Indian plate hinterland is not 
recorded after this time, except in the Nanga 
Parbat region (Fig.  1C), a syntaxis of Lesser, 
Greater, and Tethyan Himalayan lithological 
correlatives, where rapidly accelerating exhuma-
tion is recorded over the Pliocene (e.g., Schnei-
der et  al., 2001). Thrusting and exhumation 
propagated southward toward the foreland in 
the mid- or late Miocene, and continued into the 
Pliocene (Burbank and Tahirkheli, 1985; Yeats 
and Hussain, 1987).

To the north of the Indian plate, moderate 
exhumation is recorded from Eocene times in the 
Kohistan island arc (van der Beek et al., 2009), 
yet the Karakoram terrane of the Asian plate 
records periods of rapid exhumation around 
35–27 Ma, 17–13 Ma, 8–7 Ma, and 7.4–3.3 Ma 
(Dunlap et al., 1998; Wallis et al., 2016; Zhuang 
et al., 2018).

2.2. Foreland Basin Geology

In Pakistan, current basin environments along 
which the modern Indus River flows consist 
of: (1) the peripheral foreland basin that strikes 

east–west along the southern margin of the 
orogen and (2) the north–south-striking Lower 
Indus axial foreland basin along which the 
Lower Indus River debouches into its delta in 
the Arabian Sea (Fig. 1A).

2.2.1. Peripheral Foreland Basin
Foreland basin stratigraphy is, for the most 

part, invariant along strike in the orogen, with 
local minor facies variation, although formation 
names differ. In Pakistan, the Paleogene has a 
number of formation names for equivalent units 
in different areas (Pivnik and Wells, 1996). We 
adopt the formation names in our area of study, 
which for our Paleogene samples is the Hazara-
Kashmir syntaxis (Hazara-Kashmir syntaxis; 
Figs. 1A and 1B), and the stratigraphy is recorded 
in Table 1. At this location, the Paleocene Lock-
hart Limestone is overlain successively by the 
latest Paleocene (57–55 Ma) Patala Formation, 
the early Eocene (55–53 Ma) Margala Hill and 
Chorgali formations, and the early–mid-Eocene 
(53–43 Ma) Kuldana Formation (Baig and 
Munir, 2007; Bossart and Ottiger, 1989; Ding 
et al., 2016b; Qasim et al., 2018). These forma-
tions, which stretch from marine facies to the 
transitional Kuldana Formation, are separated 
from the overlying continental alluvial facies by 
a late Eocene–Oligocene unconformity. Above 
the unconformity, there is the Murree Formation, 
also called the Balakot Formation in the Hazara-
Kashmir syntaxis. In this syntaxis, the Murree 
Formation has a latest Oligocene maximum dep-
ositional age (MDA) as determined by the two 
youngest zircons within error, with a weighted 
mean U-Pb age of 22.6 ± 1.0 Ma (this study, 
section 4.2) from a sample collected near Paras, 
north of Balakot (Fig. 1B), which is supported 
by a grain dated at 22.7 ± 0.4 Ma (Ding et al., 
2016b) from a section 15 km south at Muzaffar-
abad (Fig. 1B). Southwest of the Hazara-Kash-
mir syntaxis, at Murree Hill station (Fig. 1B), 
detrital mica Ar-Ar ages indicate an MDA 
younger than 24 Ma (this study, section 4.3). 
These MDAs agree with the early Miocene dat-
ing of the Murree Formation to the south, based 
on mammal fossils (Shah, 2009). Farther south, 
in the Kohat and Potwar plateaus (Fig. 1A), are 
the alluvial Kamlial Formation and overlying 
Siwalik Group, which are subdivided into the 
Chinji, Nagri, and Dhok Pathan formations (see 
Table 1 for stratigraphy). These formations are 
dated by magnetostratigraphy (Johnson et  al., 
1985) at 18–14 Ma, 14–11 Ma, 11–8.5 Ma, and 
younger than 8.5 Ma, respectively.

2.2.2. Lower Indus Axial Basin
The stratigraphy of the Lower Indus Basin 

in the Sulaiman and Kirthar regions is broadly 
correlative (Shah, 2009). It encompasses the 

early Eocene Ghazij Formation, the middle–late 
Eocene Kirthar Group, the Oligocene–early 
Miocene Chitarwata Formation, the late early–
middle Miocene Vihowa Formation, and the 
middle Miocene–Pliocene rocks of the Siwalik 
Group (Roddaz et al., 2011; Shah, 2009; Zhuang 
et al., 2015), as denoted in Table 1. Facies are 
predominantly marine until the Chitarwata For-
mation, which transitions up from deltaic to flu-
vial facies. Fluvial facies then persist until the 
top of the section.

2.3. Paleodrainage Models

2.3.1. The Early Drainage Configuration of 
the Paleo-Indus: Evidence from the Indus 
Fan Sedimentary Archive

The oldest eastern Indus Fan sample (Inte-
grated Ocean Drilling Program [IODP] 355, 
IODP U1456, and IODP U1457, Fig.  1A) to 
have been subject to detrital zircon U-Pb analy-
ses is 15 Ma. This shows evidence of input from 
the Karakoram (Zhou et al., 2022), which indi-
cates that the drainage basin of the paleo-Indus 
stretched as far back as the Shyok Suture Zone 
by this time (Fig. 1C). The oldest sample sub-
jected to detrital zircon U-Pb dating in the west-
ern part of the Indus Fan (ODP 731; Fig. 1A) is 
ca. 30 Ma. This sample shows evidence of input 
from the Kohistan-Ladakh intraoceanic island 
arc/Asian plate (undifferentiated), which indi-
cates that the river stretched back at least beyond 
the Indus Suture Zone (Fig. 1C) by that time 
(Feng et al., 2021). Likewise, mid-Eocene Owen 
Ridge sediments from Deep Sea Drilling Project 
(DSDP) 224 (Fig. 1A), considered to be early 
Indus Fan deposits (Clift et al., 2001a, 2002a), 
show bulk-rock εNd signatures and K-feldspars 
with Pb isotopic compositions indicative of deri-
vation from north of the Indian plate (Clift et al., 
2001a). This indicates that the river’s drainage 
basin stretched back at least as far as the Indus 
Suture Zone and Kohistan-Ladakh intraoceanic 
island arc at this time.

2.3.2. The Early Drainage Configuration of 
the Upper Axial Paleo-Indus: Evidence from 
the Indus Suture Zone Molasse

Clift et  al. (2001b) considered that various 
isotopic provenance datasets and paleocurrents 
in Indus Suture Zone sedimentary rocks of early 
Eocene age indicate a contribution from the 
Lhasa terrane to the east, requiring along-strike, 
east-to-west flow along the suture zone at that 
time. However, Najman (2006) argued that an 
alternative source with a suitable signature could 
potentially be the Karakoram, located north of 
the suture zone sediments under discussion, and 
therefore along-strike transport and axial flow 
were not required. Sinclair and Jaffey (2001) 
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considered that their facies analyses of the 
suture zone sediments indicated internal rather 
than through-flowing drainage until at least the 
early Miocene. Later, Henderson et al. (2010) 
reported that the oldest suture zone sedimentary 
rocks to contain both micas derived from the 
Indian plate and zircons derived from the Asian 
plate is dated at younger than 23 Ma. From these 
mixed-source sedimentary rocks and the accom-
panying facies analysis, they considered that the 
Indus River was flowing in the suture zone at 
that time. However, it should be noted that: (1) 
micas were also recorded in older suture zone 
sedimentary rocks, but they were of too small a 
grain size to analyze; (2) Indian plate material 
with low muscovite fertility, such as from the 
Tethyan Himalaya, may well have contributed 
to the suture zone rocks earlier; and (3) an open 
question remains as to why the first appearance 
of micas interpreted as Indian-derived was not 
also accompanied by an influx of Paleozoic 
and older zircons, which are also typical of 
the Indian plate. While subsequently, such old 
zircons, interpreted as Indian rather than Asian-
derived, have been documented in suture zone 
sediments as old as ca. 50 Ma (Bhattacharya 
et al., 2021), they are, nevertheless, not present 
in the samples analyzed for white mica Ar-Ar 
analyses by Henderson et al. (2010). While min-
eral sorting due to different hydraulic regimes of 
zircon versus mica (Malusà et al., 2016) could 
explain the difference, we suggest that—with 
the benefit of subsequent better characterization 
of the ages of micas from the southern margin 
of the Asian plate (Zhuang et  al., 2018)—an 
Asian Karakoram provenance may provide an 
alternative provenance for these micas. Regard-
less, mixed Indian-Asian provenance, unac-
companied by facies data indicating deposition 
in a major river, does not indicate east–west 
through-flow of drainage. Bhattacharya et  al. 
(2021) demonstrated from provenance data that 
detritus from the east was transported westward 
by ca. 27 Ma. Thus, we may conclude that an 
axial Upper Indus flowed westward by Oligo-
cene times. Prior to that, the suture zone was a 
depocenter, but it may have been externally or 
internally drained.

2.3.3. Early Drainage Configuration of 
the Upper Transverse Paleo-Indus River: 
Evidence from the Peripheral Foreland Basin 
Deposits

In the peripheral foreland basin, detrital blue-
green hornblende considered to be derived from 
the Kohistan-Ladakh intraoceanic island arc is 
first recorded in the Kohat and Potwar plateaus 
from 11 Ma (Nagri Formation) and interpreted 
as paleo-Indus deposits (Abbasi and Friend, 
1989; Cerveny et al., 1989). Ullah et al. (2015) 

applied geochemistry and petrography to the 
Chinji Formation (14–11 Ma) to record material 
from the Kohistan-Ladakh intraoceanic island 
arc and Indus Suture Zone. Based on petrogra-
phy, Najman et al. (2003) recorded arc-derived 
detritus in the Potwar Plateau at 18 Ma, which is 
the start of the section they studied, from which 
they interpreted that this time represents the first 
arrival of sediment from the Upper Indus River to 
the foreland basin in this region. Still, later work 
(Ding et al., 2016b; Qasim et al., 2018) recorded 
arc-derived zircons in the foreland basin latest 
Paleocene to early Eocene Margala Hill and 
uppermost Patala formations, which indicates 
derivation from north of the Indus Suture Zone/
Main Mantle Thrust since at least 55 Ma.

While the above provenance data indicate 
derivation from material as far north as the 
Kohistan-Ladakh intraoceanic island arc since 
Eocene times, whether these rocks represent the 
deposits of the paleo-Indus is debated (Cerveny 
et al., 1989; Willis, 1993; Zaleha, 1997). Chir-
ouze et al. (2015) proposed a Lhasa terrane ori-
gin for detrital zircons with old fission-track ages 
in the Chinji Formation. This would indicate that 
the contributing drainage basin stretched into the 
Shyok Suture Zone and Asian plate by this time 
and was therefore likely the paleo-Indus. How-
ever, we suggest that such grains may also be 
derived from the Indian Himalayan units south 
of the Kohistan-Ladakh intraoceanic island arc, 
as can be argued due to their occurrence in the 
Siwalik foreland basin sedimentary rocks of 
Nepal, which were deposited by rivers that did 
not stretch back to Asia (Bernet et al., 2006).

However, more definitive evidence of depo-
sition from the paleo-Indus comes from detri-
tal mica Ar-Ar data. Lag times of detrital mica 
Ar-Ar ages from Kamlial Formation Potwar 
Plateau sedimentary rocks indicate rapid exhu-
mation of the upland source region from 16 Ma 
to 14 Ma (Najman et al., 2003). The exhuming 
source area was interpreted by those authors to 
be the Karakoram and/or Nanga Parbat region, 
which is consistent with two sets of bedrock data 
from those regions (Treloar et al., 2000; Zhuang 
et al., 2018, and references therein). Due to their 
locations, the derivation of micas from either 
location strongly suggests transport by a paleo-
Indus. Furthermore, detritus delivered by possi-
bly ancient smaller tributaries draining only the 
Indian plate and arc would have had a distinct 
and different signature, with a higher proportion 
of Indian plate detritus, for example, the mid-
Miocene Kamlial Formation sample CP96-6A 
from Najman et  al. (2003), and presumably 
those samples from the Eocene Kuldana For-
mation with a high proportion of old zircons at 
Muzaffarabad (Ding et al., 2016b; see section 
5.2 for further discussion).

2.3.4. Evolution of the Lower Indus 
Paleodrainage

Within the basin, the position of the Gan-
ges-Indus drainage divide over time has long 
been debated, with various authors proposing 
that parts of the current Gangetic catchment 
used to flow into the Indus Fan (e.g., DeCelles 
et al., 1998), and the current Indus River catch-
ment flowed into the Bengal Fan (e.g., Burbank 
et al., 1996) at various times. Clift and Blusz-
tajn (2005) noted a change to more negative 
εNd values in the Indus Fan at 5 Ma, which they 
interpreted as the drainage diversion of the major 
Indian plate-draining Punjabi Indus River tribu-
tary system of the Jhelum, Chenab, Ravi, and 
Sutlej rivers (Figs. 1A and 1C) from a previous 
routing toward the Ganges and the Bengal Fan 
to the east.

However, the above argument was countered 
by Chirouze et al. (2015), who looked at both 
spatial and temporal trends at the range front and 
Indus Fan. They considered that the change in the 
signal was due to differential exhumation in the 
hinterland rather than drainage reorganization. 
They compared εNd data between the range front 
and Indus Fan for both the present day and the 
Miocene (using Chinji Formation foreland basin 
data for the Miocene range front). They recorded 
a spatial variation of four εNd units between the 
range front and the Indus Fan for both mid–late 
Miocene times and modern day (Miocene range 
front and Indus Fan values were −6 and −10, 
respectively; modern-day range front and Indus 
Fan values were −10 and −14, respectively. 
This suggests a stable drainage pattern for the 
Lower Indus since at least the mid–late Miocene. 
From the data above, they noted a negative shift 
of ∼3 εNd units between the Miocene and the 
modern day at the range front (comparison of 
Miocene foreland basin sedimentary rocks with 
modern-day Upper Indus values) and a similar 
shift in the Indus Fan. From this temporal shift 
they therefore concluded that the variation over 
time was due to the changing exhumation rates 
of the contributing source regions, with the exhu-
mation and thus contribution of the Karakoram/
Indian plate syntaxial Himalaya increasing at the 
expense of the more positive Kohistan-Ladakh 
intraoceanic island arc (Table 1) explaining the 
shift in εNd values in the Indus Fan at 5 Ma. They 
supported their proposal of variations in exhu-
mation using detrital zircon fission-track (ZFT) 
data, interpreting a decrease in older ZFT ages 
after 12 Ma as due to decreased input from the 
Kohistan-Ladakh intraoceanic island arc. Later, 
the original proponents of the drainage-capture 
hypothesis (Clift and Blusztajn, 2005) con-
curred with the view of Chirouze et al. (2015) 
that changes in the tectonics of the hinterland 
were the more likely cause of the geochemical 
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change in the Indus Fan at 6 Ma (Clift et  al., 
2019; Zhou et al., 2022). Thus, exactly when the 
Punjabi tributary system joined the Indus trunk 
river remains unknown. This question, namely 
the evolution of the downstream Indus, is the 
focus of this paper.

The location of where the Indus River exited 
to the ocean in the past retains a level of uncer-
tainty. Today, the Indus River debouches to the 
Arabian Sea to the south of the Lower Indus 
Axial Basin. These deposits are recorded in 
the eastern Sulaiman and Kirthar regions of the 
Lower Indus Axial Basin (Welcomme et  al., 
2001; Fig. 1A). Zhuang et al. (2015) showed that 
zircons from the Kohistan-Ladakh intraoceanic 
island arc are recorded in these sediments from 
at least early Oligocene times; they considered 
that detrital zircon U-Pb data indicate input from 
the Karakoram from at least mid-Miocene times, 
and that Sr-Nd data indicate a paleo-Indus ori-
gin from 50 Ma. Roddaz et  al. (2011) carried 
out mixture modeling on their Sr-Nd data and 
concluded that there was an appreciable input 
from the Karakoram since 50 Ma.

However, Paleogene deltaic facies have also 
been identified in the Katawaz remnant oce-
anic basin (Fig. 1A) to the west (Qayyum et al., 
2001). In view of the differing compositions and 

provenance of these two deltaic systems, Roddaz 
et al. (2011) proposed two river delta–fan sys-
tems, with the Katawaz system debouching into 
the Khojak submarine fan, and the sediments of 
the Lower Indus Axial Basin debouching into the 
Indus Fan. Provenance data from the Katawaz 
rocks show that that the drainage basin stretched 
back at least as far as the Kohistan-Ladakh intra-
oceanic island arc by Miocene times (Carter 
et  al., 2010), with a paucity of data currently 
precluding earlier documentation. For a full 
evaluation of the Indus River delta–fan system 
and the spatial evolution, more data are needed 
from the Katawaz basin; data presented in this 
paper provide a direct comparison of peripheral 
foreland basin records and terminal sinks in the 
delta and ocean.

3. METHODS

3.1. Rationale and Approach

To determine when the Punjabi tributary sys-
tem joined the Indus trunk river, we leverage 
the fact that the tributaries have a very different 
drainage basin lithology than the Indus trunk 
river; the former includes only Himalayan units, 
while the drainage basin of the latter also includes 

the Kohistan-Ladakh intraoceanic island arc and 
Asian plate (Fig. 1C), which have very differ-
ent isotopic and geochemical signatures than the 
Indian plate (Table 1). This difference is clearly 
reflected in both the Sm-Nd and zircon U-Pb 
characteristics of the Indus trunk river versus 
the Punjabi tributary system: Figures 2 and 3A 
(inset) show that, compared to the modern Indus 
trunk river, the Punjabi tributaries have a more 
negative εNd value and a much lower proportion 
of young arc-aged grains (Alizai et  al., 2011; 
Chirouze et al., 2015), a signature that extends 
back into the ancient sedimentary record (Exni-
cios et al., 2022; Najman et al., 2009).

We took a similar approach to Chirouze et al. 
(2015) in hypothesizing that prior to the Punjabi 
tributary system joining the Indus river, the sedi-
mentary repositories upstream and downstream 
of the confluence should look similar in terms 
of provenance. After the tributary system joined 
the Indus River, the repository upstream of the 
confluence should have remained similar (unless 
synchronously affected by a tectonic-induced 
change in the hinterland), but the downstream 
repository should show increased input from 
Himalayan Indian plate units.

Therefore, we compared data upstream (our 
new foreland basin data) and published data 

Figure 2. εNd values from the 
upstream peripheral fore-
land basin in (A) Pakistan 
and downstream Lower Indus 
Axial Basin and (B) the Indus 
Fan through time. In panel A, 
numbers by squares refer to 
sample numbers at left. Aster-
isks indicate new data. White 
squares indicate data from the 
modern Indus River at Besham 
and Thatta; hexagons indicate 
data from the modern Punjabi 
tributaries (Clift et  al., 2002b; 
Alizai et  al., 2011; Chirouze 
et  al., 2015). In panel B, dia-
monds indicate data from the 
Sulaiman and Kirthar regions 
of the Lower Indus Axial Basin 
(Roddaz et  al., 2011; Zhuang 
et  al., 2015); circles indicate 
data from the Indus Fan (Clift 
et  al., 2001a, 2019; Clift and 
Blusztajn, 2005; Zhou et  al., 
2021; Feng et al., 2021). Ques-
tion marks next to three mid-
Eocene samples represent 
uncertainties in the ages of 

those samples, as depicted in the original publication of Clift et al. (2001a). HKS—Hazara-Kashmir syntaxis; MHS—Murree Hill station; 
MDA—maximum depositional age as determined from detrital grain ages (see sections 2.2.1, 4.2, and 4.3 in the text). Grey horizontal shad-
ing between plots A and B denotes roughly equivalent time periods.

A B
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downstream from the Punjabi tributary system. 
Previous work used the Indus Fan as the down-
stream comparative repository. We used both 
the deltaic record in the Sulaiman and Kirthar 
region, and the Indus Fan archive, since onshore 
sedimentary archives are typically more prone to 
diagenetic alteration than marine records, while 
distal deposits are more prone to the effects of 
hydraulic sorting (e.g., Garzanti et  al., 2020) 
and contain evidence of subordinate extrane-
ous (non-Indus River) sources to the Himalayan 
orogen, such as the Deccan Traps of peninsular 

India input to the Indus Fan (Clift et al., 2019; 
Garzanti et al., 2020; Yu et al., 2019). The Indus 
Fan record is a composite repository of material 
recovered from the Owen Ridge and Western 
Fan from DSDP 224 (Eocene–Miocene) and 
ODP 720, 722, and 731 (Eocene–Pleistocene) 
sites, and IODP 355 sites U1456 and U1457 in 
the Eastern Fan (Neogene only; Clift et al., 2019; 
Feng et al., 2021; Zhou et al., 2022; Fig. 1A).

Our dataset builds on the previous work of 
Chirouze et al. (2015) in two ways. Firstly, it 
expands the time range from the previous mid-

Miocene study of the Pakistani peripheral fore-
land basin to now include foreland basin rocks 
from the Eocene to late Miocene. This allows 
a more complete assessment of the evolution 
of the Lower Indus to be determined. Sec-
ondly, we incorporate not only εNd data from 
mudstones, but also new and previously pub-
lished zircon U-Pb data to assess provenance, 
and mica 40Ar/39Ar data to assess exhumation. 
Therefore, in addition to using both onshore 
and offshore repositories to limit the potential 
effects of fertility, diagenetic, and hydraulic 
sorting biases, our multi-proxy approach pro-
vides additional mitigation, since: (1) zircons 
are resistant to diagenesis, (2) we assessed 
evidence from both the mud and sand-grain 
size fractions with the use of both bulk- and 
single-grain approaches, and (3) we obtained 
data from both zircon and mica grains that 
respond differently to the hydraulic regime 
(e.g., Garzanti and Andò, 2019; Garzanti et al., 
2009; Malusà et al., 2016). Furthermore, since 
white mica is rare in the Kohistan-Ladakh 
intraoceanic island arc, exhumation patterns 
of the Karakoram and Indian plate Himalaya 
can be considered in isolation using this tech-

A

B

C

Figure 3. Detrital zircon U-Pb data shown as 
cumulative age distribution plots. (A) Data 
for the Pakistan peripheral foreland basin, 
excluding data for the Murree Formation 
except for our new data. Kuldana Formation 
samples are early–mid-Eocene, Murree For-
mation samples are early Miocene, Kamlial 
Formation sample is early–mid-Miocene, 
Chinji Formation sample is mid-Miocene, 
and Nagri Formation sample is late Miocene 
(Table 1). (A, inset) Modern river data com-
paring the Indus at the range front at Attock 
with rivers of the Punjabi tributary system. 
(B) All Murree Formation data, both new 
and published, with comparison to the Jhe-
lum modern river data. Murree Formation 
is early Miocene. (C) Comparison of data 
from the peripheral foreland basin, down-
stream Lower Indus Axial Basin, and (C, 
inset) Indus Fan. Eocene peripheral fore-
land basin data are omitted from the figure 
as there are no comparative data from the 
downstream repositories. HKS—Hazara-
Kashmir syntaxis; MHS—Murree Hill sta-
tion. All new data are asterisked. Samples 
with superscripts are published data, as fol-
lows: 1—Ding et al. (2016b); 2—Qasim et al. 
(2018); 3—Awais et  al. (2021); 4—Zhuang 
et al. (2015); 5—Clift et al. (2022); 6—Clift 
et al. (2004); 7—Clift et al. (2019); 8—Zhou 
et  al. (2021); 9—Feng et  al. (2021); 10—
Alizai et al. (2011).
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nique, because it is unbiased by potential issues 
related to dilution and fertility.

3.2. Samples and Analyses

3.2.1. Samples
We analyzed five sandstones for detrital zir-

con, 10 mudstones for Sr-Nd isotopes, and three 
sandstones for mica 40Ar/39Ar. The samples ana-
lyzed (Figs. 1A and 1B) are from the Kuldana 
Formation in the Hazara-Kashmir syntaxis at 
Paras north of Balakot, the Murree Formation in 
both the Hazara-Kashmir syntaxis and at Murree 
Hill station, and the Kamlial, Chinji, and Nagri 
formations of the Chinji section of the Potwar 
Plateau, the latter being the same location from 
which Chirouze et al. (2015) took their samples. A 
summary of our sample information is tabulated 
in Table S1 in the Supplemental Material1. Our 
samples from the Kuldana Formation are struc-
turally imbricated within the Murree Formation 
(Najman et al., 2002). Originally, Najman et al. 
(2002) considered these structural imbrications to 
be from the Patala Formation, based on the work 
of Bossart and Ottiger (1989), who did not rec-
ognize the Kuldana Formation. However, more 
recent detailed mapping (Ding et al., 2016b) and 
the better agreement of biostratigraphic ages from 
the structural imbricates (early–mid-Eocene; 
Bossart and Ottiger, 1989) of the Kuldana For-
mation rather than the Patala Formation (section 
2.2.1) suggests reassignment of these imbricates 
from the Patala to Kuldana Formation.

3.2.2. Sr-Nd Bulk Analyses
Sr and Nd isotopic analyses of bulk mud-

stones were carried out at the Natural Environ-
ment Research Council Isotope Geosciences 
Laboratory, Keyworth, Nottingham, UK. Sam-
ples were leached in dilute acetic acid to remove 
carbonate material, and then dissolved using HF-
HNO3 and converted to chloride form. Sr and 
a bulk rare earth element (REE) fraction were 
separated using AG 50W × 8 cation columns, 
and Nd was separated from the bulk REE using 
LN-Spec columns. Sr and Nd were analyzed on 
a Thermo Scientific Triton thermal ionization 
mass spectrometer.

3.2.3. Zircon U-Pb Analyses
Detrital zircon U-Pb ages were acquired using 

laser ablation–inductively coupled plasma–mass 
spectrometry at the London Geochronology 
Centre, University College London, UK. To 
avoid bias, polished grain mounts were made, 
without hand picking, directly from Diiodo-
methane sink fractions with a grain size of 
≤300 µm. Each laser spot (25 µm) was placed 
on the outermost parts of each grain to target the 
youngest growth stage. Between 150 and 320 
grains were analyzed for each sample to provide 
statistical confidence of detecting all component 
ages. Data were processed using GLITTER ver-
sion 4.4 data reduction software with age-stan-
dard bracketing to correct for mass fractionation. 
Between 8% and 15% of ages were rejected, due 
to high discordance from lead loss, zoning, or 
mixing of growth zones. One exception was the 
Chinji Formation, which contained an unusually 
high number (60%) of discordant grains. Most of 
these discordant grains are associated with ages 
of between 120 Ma and 75 Ma and consistent 
with lead loss, likely due to source weathering.

3.2.4. Muscovite Ar-Ar Analyses
Muscovite Ar-Ar ages were analyzed at the 

Argon Geochronology Laboratory at Vrije Uni-
versiteit Amsterdam, Netherlands. Individual 
grains ranging from 125 µm to 1000 µm were 
handpicked under a binocular microscope to 
avoid obvious weathering or inclusions. After 
irradiation at the Oregon State University 
TRIGA nuclear reactor, total fusion analyses 
were carried out with a Thermo Fisher Scientific 
HELIX MC Plus multicollector noble gas mass 
spectrometer, fitted with 1013 Ohm amplifiers. 
Data reduction was done using ArArCALC2.5 
(Koppers, 2002).

Detailed methodologies are provided in Text 
S1, and results are reported in Tables S1 (Sr-
Nd data), S2 (zircon U-Pb data), and S3 (mica 
Ar-Ar data).

4. RESULTS AND INTEGRATION WITH 
PUBLISHED DATA

4.1. Sr/Nd Bulk

Data are recorded and portrayed in Table S1 
and Figures 2 and S1. There is little significant 
variation in εNd values from the Eocene Kuldana 
Formation to the late Miocene Nagri Formation, 
with values ranging between −7.0 and −9.2 
(Fig. 2A). The exception to this overall similarity 
is the Murree Formation at Murree Hill station, 
with a value of −13.8. We note that previous 
work for the Chinji Formation records values of 
−3.8 to −7.7 (Chirouze et al., 2015). This dif-
ference could perhaps reflect the previous use of 

sand for analysis instead of mud in the current 
research (see Jonell et al., 2018, for further dis-
cussion). There are no modern-day data avail-
able for the range front. The Upper Indus has a 
value of −10.8 at Besham (Clift et al., 2002b), 
which is located just downstream of the Kohistan 
arc (Figs. 1B and 1C), and we can extrapolate 
that values should be more negative than this at 
the range front, after the river has passed over the 
Greater and Lesser Himalaya. Values at the delta 
front at Thatta are −14.9 (Clift et al., 2002b).

We carried out mixture modeling on the fore-
land basin material (Fig. S1). The mixture mod-
eling is complicated by the number of end-mem-
ber contributors; today, sediment in the Upper 
Indus River contains material from the Lhasa ter-
rane, Karakoram, Kohistan-Ladakh intraoceanic 
island arc, suture zone, and the Indian plate units 
of the Greater-, Lesser-, and Tethyan Himalayan 
correlatives. Overlapping signatures of some 
units (e.g., between the Karakoram and Tethyan 
Himalaya, and between the Kohistan-Ladakh 
intraoceanic island arc and ophiolitic mélange of 
the suture zone) also add uncertainty. We started 
with the premise that, from the zircon data, we 
are confident that the foreland basin contains 
material from the Kohistan-Ladakh intraoceanic 
island arc (section 4.2) from the oldest sediments 
studied, namely the early–mid-Eocene Kuldana 
Formation. Thus, the Kohistan-Ladakh intraoce-
anic island arc forms the apex of our model, and 
various mixture couplings are calculated with 
this apex and other potential end members. The 
modeling shows that all data can be explained by 
a mix of Indian plate and Kohistan-Ladakh intra-
oceanic island arc inputs, and contribution from 
the Karakoram and Lhasa terrane is equivocal. 
The Murree Formation sample from Murree Hill 
station requires considerable input from Greater 
Himalayan lithological correlatives.

The Sr-Nd compositions of the samples show 
trends that are consistent with simple mixing 
between mafic and more evolved sources. There 
is some scatter in the data toward high Sr87/
Sr86 values that may result from weathering or 
diagenesis. However, we are confident that the 
dominant trends reflect changes in provenance, 
as described above.

4.2. Detrital Zircon U-Pb Analyses

Data are recorded and portrayed in Table S2 
and Figures 3, S2, and S3. We compiled our new 
data from the Murree Formation at Paras, north 
of Balakot in the Hazara-Kashmir syntaxis and 
at Murree Hill station (dated at younger than 
24 Ma), and from the Kamlial (18–14 Ma), 
Chinji (14–11 Ma), and Nagri (11–8.5 Ma) for-
mations in the Potwar Plateau, with previously 
published data from the Kuldana and Murree 

1Supplemental Material. Text S1: Detailed 
analytical methodologies and sample information. 
Table S1: Sr-Nd bulk mudstone data. Table S2: 
Detrital zircon U-Pb data. Table S3: White mica 
Ar-Ar analyses. Figure S1: Sr-Nd mixture modeling. 
Figure S2: KDEs of zircon U-Pb data. Figure S3: 
MDS plots of zircon U-Pb data. Figure S4: KDEs 
of mica Ar-Ar data. Please visit https://doi​.org​/10​
.1130​/GSAB​.S.24347437 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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Formation rocks at Balakot, Muzaffarabad, and 
Kotli in the Hazara-Kashmir syntaxis and at Mur-
ree Hill station (Awais et al., 2021; Ding et al., 
2016a; Qasim et al., 2018) and modern river data 
collected at the Main Central Thrust-correlative 
(Khairabad Thrust) at the range front at Attock 
(Alizai et al., 2011; Clift et al., 2022; Fig. 1B). We 
keep our observations of comparisons broad and 
conservative in nature, since various approaches 
to mineral separation and data processing pro-
cedures by different labs can cause variations in 
proportions of populations. We begin our sum-
mary at the marine-to-continental transition (the 
Kuldana Formation, section 2.2.1). We focus on 
the 200–40 Ma “arc-aged” population character-
istic of the Kohistan-Ladakh intraoceanic island 
arc and Karakoram, and the older grains typical 
of the Indian plate and Karakoram, with empha-
sis on the 2300–1500 Ma population typical of 
the Lesser Himalayan lithological correlatives 
and the 1250–300 Ma population typical of the 
Greater Himalayan lithological correlatives (sec-
tion 2.1.1; Table 1).

With the exception of the Murree Formation 
(which we portray separately in Fig. 3B and dis-
cuss separately in section 5.2), the proportions of 
the 200–40 Ma “arc-aged” populations remain 
approaching or >50% throughout the Neogene 
to present day. There is much variation within 
the Eocene Kuldana Formation, and a number 
of samples also show a majority of the grains 
to be arc aged (Fig. 3A; Table 1). By contrast, 

the Murree Formation has a very low proportion 
of grains in the 200–40 Ma range in all samples 
analyzed from Murree Hill station, Muzaffar-
abad, and Balakot, although not at Paras north 
of Balakot in the Hazara-Kashmir syntaxis 
(Figs. 1B, 3B, and S2). Instead, these Murree 
Formation samples from Murree Hill station, 
Muazaffarabad, and Balakot have a high propor-
tion of grains with ages typical of the Greater 
Himalaya. In contrast to the modern-day river 
sample at Attock (Figs. 3C and 1B), there is no 
2300–1500 Ma population typical of the Lesser 
Himalayan lithological correlatives in any of the 
formations.

4.3. Mica Ar-Ar

Data are recorded and portrayed in Table S3 
and Figures 4 and S4. We integrated our new 
data from the Murree Formation at Murree Hill 
station and the Chinji and Nagri formations with 
previous data from the Murree Formation in the 
Hazara-Kashmir syntaxis at Paras north of Bala-
kot (Najman et al., 2001) and the Kamlial Forma-
tion (Najman et al., 2003; Fig. S4). We note that 
the number of grains analyzed for the Murree 
Formation at Paras north of Balakot (n = 257) 
and the Kamlial Formation (n = 277) is con-
siderably higher than for the Murree Forma-
tion at Murree Hill station, the Chinji and Nagri 
samples (n = 59, 94, and 43, respectively). Thus 
the Balakot and Kamlial Formation datasets are 

likely to have more completely captured the full 
spectrum of age populations.

The youngest grain in the Murree Forma-
tion at Paras in the Hazara-Kashmir syntaxis 
is 24.6 ± 0.7 Ma, the weighted mean of the 
youngest two grains overlapping within error at 
two sigmas is 24.8 ± 1.4 Ma, and the youngest 
peak population is 37 Ma. Pre-Cenozoic ages 
extend to older than 1500 Ma. Farther south, 
the youngest grain in the Murree Formation at 
Murree Hill station is 23.7 ± 0.1 Ma, which 
also forms one of the two youngest grains over-
lapping within error at 2 sigmas (weighted mean 
age of 23.85 ± 0.12 Ma). The youngest peak 
population is 28–24 Ma. Pre-Cenozoic ages 
extend to ca. 450 Ma. The youngest grain from 
the Kamlial Formation is 14.5 ± 0.7 Ma, and 
the weighted mean of the youngest two grains 
within error at 2 sigmas is 15.00 ± 1.10 Ma. 
The youngest peak population is 18 Ma, and 
pre-Cenozoic ages extend to ca. 450 Ma. The 
lowest Chinji Formation sample (CP96-7A; 
Najman et  al., 2003; dated at 13.9 Ma) has 
a youngest grain at 14.1 ± 0.7 Ma, and this 
also forms one of the two youngest grains 
within error at 2 sigmas (weighted mean age 
of 14.43 ± 0.81 Ma). Pre-Cenozoic grains 
extend to 400 Ma. Our new sample from the 
Chinji Formation has a youngest grain age of 
16.74 ± 0.1 Ma, the weighted mean of the two 
youngest grains overlapping within error at 2 
sigmas is 25.95 ± 0.10 Ma, the youngest peak 

Figure 4. Ar-Ar mica data plot-
ted against depositional age 
for new (asterisked) and pub-
lished samples. Published data 
from: 1—Clift et al. (2004) for 
the modern Indus River data 
at Thatta; 2—Najman et  al. 
(2003) for the lower Chinji 
Formation; 3—Najman et  al. 
(2003) for the Kamlial Forma-
tion; 4—Najman et  al. (2001) 
for the Murree Formation at 
the Hazara-Kashmir syntaxis. 
Apart from the lower Chinji 
Formation sample, Chinji For-
mation and Nagri Formation 
samples are not tied to the mag-
netostratigraphically dated 
section (Johnson et  al., 1985; 
section 2.2.1 in the text), and 
therefore the depositional age 
range of these samples is shown 
by the gray bars. Note that 
Murree Formation samples are 
plotted on the y-axis at the age 
of their maximum depositional 
ages.
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population is 29–28 Ma, and pre-Cenozoic ages 
extend to ca. 450 Ma. The youngest grain in 
the Nagri Formation is 17.9 ± 0.14 Ma, the 
weighted mean age of the two youngest two 
grains overlapping within error at 2 sigmas is 
19.69 ± 0.12 Ma, the youngest peak popula-
tion is 21 Ma, and pre-Cenozoic ages extend 
to ca. 200 Ma.

Good magnetostratigraphic age control for the 
Kamlial and lowest Chinji Formation allowed 
for periods of rapid hinterland exhumation to 
be determined from lag times. Rapid exhuma-
tion occurred in the hinterland between 16 Ma 
and 14 Ma (Najman et al., 2003; Fig. 4). The 
lack of independent depositional age constraints 
precludes calculation of lag times for the newly 
analyzed Murree, Chinji, and Nagri Formation 
samples. Up section from the Kamlial Forma-
tion, there is no evidence of grain ages approach-
ing depositional age, until the modern river 

sample at Thatta, although the number of grains 
analyzed is relatively small.

5. INTERPRETATIONS OF THE 
EVOLUTION OF THE LOWER INDUS 
DRAINAGE

5.1. When Did the Punjabi Tributary 
System Join the Paleo-Indus Trunk River?

As outlined in our rationale and approach 
(section 3.1), we determine when the Punjabi 
tributary system joined the main trunk river by 
comparing provenance data from upstream and 
downstream of the present-day confluence. We 
leverage the fact that unlike the paleo-Indus 
trunk river, the tributaries drain only the Indian 
plate terranes (Fig. 1C) and thus have a differ-
ent provenance signature (section 3.1; inset of 
Figs. 2 and 3A).

As schematically presented in Figure 5, the 
following evidence should be met, at the time 
the tributary system joined the Indus trunk river:

(1) Prior to when the Punjabi tributary system 
joined the Indus catchment, the proportion of 
Indian plate detritus delivered to the Indus River 
should be comparable at the range front and at 
the river mouth, i.e., upstream and downstream 
of where the Punjabi tributary system now joins 
the modern Indus.

(2) After the Punjabi tributary system joined 
the Indus River, the proportion of Indian plate 
material in the Indus River downstream of 
the confluence with the Punjabi rivers should 
increase relative to the downstream’s previous 
pre-reorganization proportion and be greater 
than coeval sediments upstream. However, 
the proportion of Indian plate material in the 
upstream should remain constant both before 
and after the proposed drainage reorganization.

A B

Figure 5. Schematic figure showing expected and actual changes in provenance characteristics of sedimentary archives upstream and 
downstream of the confluence, when the Punjabi tributary system joins the paleo-Indus trunk river, superimposed on the modern geology. 
More detail on analytical values summarized in this figure can be found in Table 1. Av—average; Eoc—Eocene; KLIA—Kohistan-Ladakh 
intraoceanic island arc; R—River; Z—zircon.
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For the above predictions to be explored, 
the Indian plate, versus Karakoram, versus 
Kohistan-Ladakh intraoceanic island arc must 
be differentiable in the detritus of the foreland 
basin. Table 1 provides the typical zircon U-Pb 
and εNd signatures of these units, alongside a 
summary of equivalent data from the periph-
eral foreland basin, and downstream in both the 
Sulaiman-Kirthar region and Indus Fan. The 
insets of Figures 2 and 3A show the difference 
between the modern Indus trunk river, which 
drains the Asian plate, arc, and Indian plate, ver-
sus the modern Punjabi tributary system, which 
primarily drains only the Indian plate.

For the interpretations made from this 
upstream–downstream comparison to be valid, 
the rocks at the locations evaluated must be the 
products of the paleo-Indus trunk river. While 
all three repositories studied—the peripheral 
foreland basin, the Lower Indus Axial Basin, 
and the Indus Fan—show evidence of derivation 
from at least as far north as the Kohistan-Ladakh 
intraoceanic island arc since Eocene times, we 
acknowledge that evidence for input from north 
of the Shyok Suture Zone can be equivocal (see 
sections 2.3.1, 2.3.3, and 2.3.4).

Below, we summarize the salient points 
regarding the upstream and downstream reposi-
tories that are relevant to the characteristics 
required to document the timing of conjoinment 
of the Punjabi tributary system with the Indus 
trunk river, as described above in this section. 
Separately, in section 5.2, we discuss the Mur-
ree Formation, which is anomalous at Murree 
Hill station, Muzzafarabad, and Balakot, but not 
at Paras.

5.1.1. Comparison of the Upstream 
Peripheral Foreland Basin Material with the 
Downstream Repositories in Terms of Sr-Nd 
Data

Our upstream data (peripheral foreland basin) 
show that values have remained broadly con-
stant from the start of the early–mid-Eocene 
Kuldana Formation (Fig. 2A) until the late Mio-
cene Nagri Formation, when values become a 
little more negative. εNd(0) values in the down-
stream repositories are similar to those upstream 
in the early Eocene. However, values in the 
downstream repositories become more negative 
than those upstream by mid-Eocene in the Indus 
Fan and around the Eocene–Oligocene bound-
ary in the Lower Indus Axial Basin (Fig. 2B). 
This shift indicates a greater input of material 
from the Indian plate Himalayan terrane at 
this time.

From the more negative εNd(0) values 
recorded below the confluence compared to 
above it throughout the Neogene, we interpret 
that the Punjabi tributary system has drained into 

the paleo-Indus trunk river throughout the Neo-
gene, and that the present drainage configuration 
was therefore established during the Paleogene.

The consistency of εNd values from the Eocene 
to the Neogene in the upstream repository, in 
contrast to the shift to more negative values in 
the downstream repositories, should reflect the 
time when the Punjabi tributary system joined 
the Indus trunk river. However, the difference 
in the time of the downstream shift, which took 
place at the Eocene–Oligocene boundary in the 
Lower Indus Axial Basin delta deposits and in 
the mid-Eocene in the Indus Fan, indicates that 
more research is required before we can pin-
point exactly when the tributary system joined 
the Indus river. Nevertheless, with available data 
we can conclude that the tributaries joined the 
Indus river at or before the start of the Oligocene 
(Fig. 5).

5.1.2. Comparison of the Upstream 
Peripheral Foreland Basin Material with the 
Downstream Repositories in Terms of Detrital 
Zircon U-Pb Data

Although intraformational variability, lack of 
data from the Oligocene in the peripheral fore-
land basin, and lack of data from the Eocene 
in the downstream repositories limits the com-
parison, the data are consistent with the inter-
pretations determined by the Sm-Nd data, that 
the Punjabi tributary system joined the Indus 
trunk river by Oligocene times (section 5.1.1; 
Fig. 5). The proportion of 200–40 Ma arc-aged 
grains remains high throughout the Miocene in 
the peripheral foreland basin, and these values 
are higher than the Oligocene–Pliocene values 
in both downstream repositories (Figs. 3A and 
3C; Table 1). Data from the Eocene peripheral 
foreland basin are highly variable. However, at 
least some samples have a proportion of arc-
aged grains that is similar to the proportions of 
the Neogene peripheral foreland basin, which 
is consistent with the pattern shown in the 
Sm-Nd data.

Figure S3 illustrates the river’s evolution 
well, particularly in comparison to the Lower 
Indus Axial Basin. Downstream samples have 
a greater affinity to Indian plate rocks and the 
modern Indus at its mouth at Thatta, compared 
to the upstream peripheral foreland basin rocks, 
which have greater affinity to the arc and Asian 
plate, and the modern-day Indus at the range 
front at Attock.

The variation in zircon U-Pb age spectra and 
εNd values between the onshore and offshore 
downstream paleo-Indus and the eastern and 
western Indus Fan (Figs. S1 and S3) is intrigu-
ing. These variations could be the result of a 
number of factors: differences in sample prepa-
ration procedures between operators, the down-

stream influence of hydraulics, or the contribu-
tion of additional material downstream.

5.2. Interpretation of the Murree 
Formation

Compared to the other peripheral foreland 
basin sediments sampled, the zircon U-Pb 
data show significantly higher proportions of 
old grains in the Murree Formation at Murree 
Hill station, Kotli, and at Balakot and Muzaf-
farabad in the Hazara-Kashmir syntaxis, but 
not at Paras north of Balakot (Figs. 3B and S2; 
Table 1). Where accompanying Sr-Nd data are 
available (Murree Hill station and Paras only), 
there is a corresponding change to more nega-
tive εNd values at Murree Hill station (Fig. 2A), 
which mirrors the change noted in the zircon 
data. This signature indicates a higher propor-
tion of material derived from the Indian plate 
(also see Fig. S3). These deposits may be inter-
preted as the paleo-Jhelum Punjabi tributary, 
which has a zircon U-Pb spectrum similar to 
that of the Murree Formation (Fig. 3B), and 
a drainage basin consisting predominantly of 
the Indian plate (Fig. 1C). The spatial distribu-
tion of the samples we analyzed is consistent 
with this interpretation: a Himalayan-derived, 
paleo-Jhelum–type signature is prevalent in 
Murree Formation samples at Muzaffarabad 
(Fig. 1B), which is located on the modern-day 
Jhelum River, at Murree Hill station, which 
is downstream and ∼10 miles to the west of 
the modern Jhelum River, and at Kotli, which 
is downstream and 20 km east of the modern 
Jhelum River. It is also prevalent at Balakot, 
∼15 miles upstream of the modern Jhelum 
River, which we suggest could have been in 
the flood plain of the paleo-Jhelum. Five miles 
farther north, near Paras, the signature is more 
arc-like and in this paleodrainage scenario, 
we propose lies outwith the floodplain of the 
paleo-Jhelum. We note that only at Muzaffar-
abad, through which the modern Jhelum River 
flows, a paleo-Jhelum–type signature is also 
recorded, in some samples, in the underlying 
Eocene Kuldana Formation. This may reflect 
the early initiation of this river, which was not 
large enough in its early evolution to affect the 
downstream.

Alternatively, the anomalous signature from 
the Murree Formation compared to the rest of 
the Cenozoic sediments in the peripheral fore-
land basin may reflect increased input from the 
Himalaya attributable to a pulse of exhumation 
recorded in the Himalaya in the early Miocene 
(section 2.1.2). A coeval change to greater 
input from the Indian plate is also recorded in 
the Indus Fan (Feng et  al., 2021) and Kirthar 
ranges (Zhuang et  al., 2015), which supports 
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this interpretation. Further analyses from Mur-
ree Formation samples distal to the Jhelum River 
should distinguish between these two alternative 
hypotheses.

The difference in Murree signature com-
pared to the rest of the foreland basin cannot 
be ascribed to bias associated with grain-size 
variation, since the difference is reflected in 
both bulk-rock Sr-Nd and zircon proxies. Nor 
is there any reason to consider that a potential 
difference in the degree of diagenesis caused the 
difference, since zircons are largely unaffected 
by this process.

5.3. What Caused the Change in the 
Geochemical Signature of the Indus Fan at 
6–5 Ma?

The more recently proposed alternatives to 
drainage reorganization (Clift and Blusztajn, 
2005) to explain the geochemical shift in the 
Indus Fan at 6–5 Ma all involve tectonic expla-
nations, namely variations in exhumation of the 
hinterland terranes, although the extent to which 
increased exhumation of the Lesser Himalaya 
versus Greater Himalaya versus Karakoram is 
responsible is debated (Chirouze et  al., 2015; 
Clift et al., 2019; Zhou et al., 2022). Changes in 
monsoonal intensification are not considered to 
have been a major influence (Clift et al., 2019; 
Zhou et al., 2022).

To what extent do our data support a tectonic 
explanation? We focus on the peripheral fore-
land, which should provide the most tectoni-
cally influenced archive, above any downstream 
influence from the Punjabi tributary system. We 
compare our data from the Nagri Formation (11–
8.5 Ma; Table 1) to modern-day Indus data at the 
range front, as this time period encompasses the 
6–5 Ma date over which the geochemical shift in 
the Indus Fan occurred.

The average εNd value of the two samples 
from the Nagri Formation is −9.65. No data are 
available for the modern Indus at the range front. 
The spatially closest sample is from Besham, 
just south of the Main Central Thrust (Fig. 1C). 
This sample has a value of −10.7, and we 
would expect a more negative value by the time 
the river had crossed to the range front, having 
flowed over more of the Greater Himalaya and 
most negative Lesser Himalaya (Table 1). Thus, 
the shift to more negative εNd values between the 
Nagri Formation and the estimated value for the 
range front in modern times shows that varia-
tion in upland tectonics over this time period 
could have resulted in the shift to more nega-
tive εNd values seen in the Indus Fan over this 
time period.

Assigning zircon U-Pb age populations to dis-
tinct provenances is challenging with respect to 

overlap of the older Karakoram and Indian plate 
grains. Nevertheless, the 2300–1500 Ma popula-
tion is typical of the Lesser Himalaya. This pop-
ulation makes up 3% of the Nagri sample. There 
is no sample from the modern Indus River at the 
range front. However, there is a sample from 
upstream at Attock (Fig. 1C). This sample has 
an 11% contribution from the 2300–1500 Ma 
population, and we would predict a higher pro-
portion of that population after the river flowed 
over a greater proportion of Indian plate mate-
rial. The shift to a higher proportion of zircons 
with ages indicative of Lesser Himalayan input 
between the Nagri Formation and the modern 
day (Fig. 3) therefore supports our observations 
from the Sm-Nd data that upstream variations in 
tectonics could have resulted in the geochemical 
shift in the Indus Fan.

There are no modern river mica 40Ar/39Ar data 
from the range front. Modern river 40Ar/39Ar 
mica data from the Indus trunk river at its mouth 
at Thatta show Plio-Pleistocene grains (5–1 Ma) 
that are indicative of rapid exhumation (Clift 
et al., 2004). Recording of these young grains in 
the trunk river but not in the tributaries draining 
only the Indian plate or Indian plate plus Hindu 
Kush (Clift et  al., 2004; Najman et  al., 2009; 
Zhuang et al., 2018) is consistent with the view-
points of, for example, Chirouze et al. (2015) 
and Clift et al. (2022), that the Karakoram and/
or the Nanga Parbat syntaxis supplied this young 
material. Lag times determined from mica data 
from the Neogene peripheral foreland basin 
sedimentary rocks show no clear indication of 
rapid exhumation of the micas’ source region 
after 16–14 Ma (Fig. 4), although the n-values 
are small, and populations may have been 
missed. Therefore, a period of rapid exhumation 
occurred sometime between Nagri Formation 
times and present day, which is consistent with 
the view that changing exhumation in the hinter-
land was responsible for the geochemical shift at 
5 Ma in the Indus Fan.

6. CONCLUSIONS

When the Lower Indus River broadly 
attained its current drainage configuration, in 
particular when the Punjabi tributary system 
joined the main trunk river, is undocumented. 
Comparison of εNd bulk-rock data and detrital 
zircon U-Pb data from Cenozoic paleo-Indus 
sedimentary rocks both upstream and down-
stream of the confluence of the Indus with the 
Punjabi tributary system shows that through-
out the Neogene, greater proportions of Indian 
plate material are recorded in the downstream 
compared to the upstream repositories. There-
fore, we conclude that the Punjabi tributary 
system, which transports predominantly Indian 

plate detritus, had joined the Indus trunk river 
prior to the Neogene.

While provenance indicators show that the 
proportion of Indian plate material remained 
constant from the Eocene to Neogene in the 
paleo-Indus repository upstream of the conflu-
ence, the proportion of Indian plate material 
increases in the downstream repositories, at the 
Eocene–Oligocene boundary in the paleodelta, 
and in the mid-Eocene in the Indus Fan. More 
research is required to understand the reasons 
for this discrepancy in timing of the shift in the 
downstream repositories, but nevertheless we 
can conclude that the Punjabi tributary system 
joined the paleo-Indus trunk river at or before 
the start of the Oligocene.
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