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Abstract: This study reported the detrital zircon U-Pb geochronology of the Cenozoic sequence
exposed in Kotli, northwestern Himalaya, Pakistan, which forms part of the Kashmir foreland basin.
The U-Pb detrital age patterns of the Paleocene Patala Formation show a major age cluster between
~130-290 Ma, ~500-1000 Ma and ~1000-1500 Ma, which mainly resembles the lesser and higher
Himalayan sequence. However, the younger age pattern (~130-290 Ma) can be matched to the ages
of the ophiolites exposed along the Indus-Tsangpo suture zone. In addition, two younger grains with
57 Ma and 55 Ma ages may indicate a contribution from the Kohistan-Ladakh arc. The detrital zircons
in the upper Tertiary sequence show the increased input of younger detrital ages <100 Ma, with more
pronounced peaks at ~36-58 Ma, ~72-94 Ma and ~102-166 Ma, indicating the strong resemblance
to the Asian sources including the Kohistan-Ladakh arc, Karakoram block and Gangdese batholith.
This provenance shift, recorded in the upper portion of Patala Formation and becoming more visible
in the upper Tertiary clastic sequence (Kuldana and Murree formations), is related to the collision
of the Indian and Asian plates in the northwestern Himalayas. Considering the age of the Patala
Formation, we suggest that the Indian and Asian plates collided during 57-55 Ma in the northwestern
Himalayas, Pakistan.

Keywords: detrital zircon provenance; Cenozoic sequence; Hazara-Kashmir syntaxis; Kashmir
foreland—fold belt; northwestern Himalaya; India—Asia collision

1. Introduction

The Himalayan orogenic system, which is the result of the Cenozoic India—Asia collision,
is a natural laboratory to study continent—continent collisional tectonics. In response to the
collision, a foreland basin system was developed on the northern margin of the Indian plate,
which received the detritus from the Indian and Asian blocks. The Himalayan foreland
basin occupied the Sub-Himalayan region, which consists of Paleocene-Eocene marine rocks
unconformably overlain by Oligocene and younger fluvial sediments throughout the orogen.
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The mixing of the India—Asia detritus provides minimal age constraints on the timing of
collision. The timing and location of the India—Asia collision has remained a hotly debated
topic in the last two decades, which resulted in a wide range of collision ages along the
strike [1]. This difference in the collision age is due to various methods adopted to constrain
the collision timing. These methods consisted of dating of the magmatic arc record [2],
dating of ultra-high-pressure eclogite associated with subduction zone [3-6], the overlapping
of paleo-latitudes [7-10], changes in the velocity of Indian plate [11], cessation of marine
facies [12], faunal migration across the plates and sedimentary provenance [4,13-17]. As
collision is a process in which the first stage is the ophiolite obduction, and the last stage is
the cessation of marine facies, these different methods can be used to date each stage of the
collision process. However, the difference in the collision age can be seen through a similar
proxy along strike points towards a diachronous collision [18], with the timing of collision
reported in the northwestern Himalaya ranging from ~65-34 Ma [19-21]. However, a
recent study in the Balakot area proposed the collision to be at ~56-55 Ma [16]. The latter
study provides important evidence for the collision age, such as the provenance change, the
mixing of India—Asia detritus and the recognition of disconformity at the Paleocene-Eocene
boundary. Therefore, in this study, we have selected an area southeast of the Balakot in
the same basin to study the Cenozoic sequence for stratigraphic characterization and their
tectonic implications in relation to the India—Asia collision.

The study area is part of the sub-Himalayas and is located in the Hazara-Kashmir
syntaxial region in its eastern proximity, as shown in Figure 1A,B [22]. The area comprises
the exposed sequence of the Indian plate, which is intensely deformed as reflected by the
regional-scale folds and faults.

U-Pb detrital zircon geochronology is applied on selected samples to interpret the
provenance for constraining the collision timing between the Indian and Asian plates in
northwestern Himalayas, Pakistan (Figure 1C).
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Figure 1. (A) Generalized Tectonic map showing major tectonostratigraphic zones (modified after Qasim et al., [17] and

based on many sources references therein). The red rectangle shows the extent of Figure 1B. (B) Simplified Tectonic map of

Hazara-Kashmir syntaxis and surrounding areas (after Qasim et al. [17] and references therein). The hatched black rectangle
shows the location of the studied area. MMT—Main Mantle Thrust, LT—Laut Thrust, NT—Neelum Thrust, BT—Barian
Thrust, PT—Panjal Thrust, HKS—Hazara Kashmir Syntaxis, MBT—Main Boundary Thrust, MZD—Muzaffarabad, OS—Oghi
Shear zone, MT—Mansehra Thrust, NaT—Nathia Gali Thrust and RT—Riasi Thrust. (C) Geological and structural map of the
studied area showing stratigraphic units and location of samples collected for U-Pb geochronology.

2. Regional Tectonic Setting

The three major tectonic blocks, i.e., Indian Plate, Eurasian Plate and Kohistan-Ladakh
Arc (KLA), are involved in controlling the tectonics of the northwestern Himalayas (Figure 1A).
The KLA is sandwiched between the Indian and Eurasian Plates. It is an intra-oceanic
island arc that first collided along the Main Karakoram Thrust (MKT) with Eurasian Plate,
forming a northern suture zone during the Late Cretaceous period [23]. The collision
of KIA with the Indian Plate occurred during the Early to Middle Eocene along Main
Mantle Thrust, forming the southern suture zone [23,24]. During this collision, the Tethys
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Ocean closed, and the remnants of the oceanic lithosphere were exposed along the suture
zone as ophiolites. These ophiolites were emplaced during the Cretaceous and Paleocene
periods onto the northern Indian margin and thus indicate the initiation of the collision
process [25]. These ophiolites are located from west to east along the strike. They are named:
Bela-Muslimbagh-Zhob ophiolites, Waziristan Ophiolites, Dargai Ophiolites, Jijal and
Chilas complexes, Spontong ophiolites, Nidar ophiolites and Xigaze ophiolites [26]. The
sequences of KIA obducted onto the Indian Plate rocks are due to this Eocene collision. This
Eocene collision is responsible for the formation of the northwestern Himalayas in Kashmir.
Generally, the Himalayan mountain ranges are divided into four tectonostratigraphic sub-
divisions separated by boundary faults [27]. These four tectonostratigraphic sub-divisions
comprise the Tethyan Himalaya, Greater Himalaya, Lesser Himalaya and sub-Himalaya.
The boundary faults which separated these blocks from each other (north to south) include
the South Tibetan Detachment System (STDS), Main Central Thrust (MCT), Main Boundary
Thrust (MBT) and Main Frontal Thrust (MFT), respectively.

The study area occupying the position within the Hazara-Kashmir syntaxial region
at the eastern flank is part of the sub-Himalayas. The sub-Himalayas consists of folded
Neogene mollasses sediments, which are covered by alluvium in the south. In the foothill
region of sub-Himalaya, an active Himalayan Frontal Fault cuts this Indo—Gangetic allu-
vium [28]. A series of en-echelon faults parallel to the strike of the orogen between Punjab
and Assam are noted along this frontal fault [29,30]. This frontal fault is terminated with
MBT on the western side of the syntaxis [22]. The major thrust faults form a loop near Paras
and form an antiformal structure named the Hazara-Kashmir syntaxis (HKS). These faults
include the Main Boundary Thrust (MBT), Panjal Fault and Main Central Thrust (MCT).
The Miocene molasses in the axial zone of HKS is a continuation of the sub-Himalayan
zone towards the southeast [28].

3. Stratigraphy

The regional stratigraphy of the Kashmir basin comprises of pre-Cambrian to Recent
sedimentary and meta-sedimentary rocks [31]. The stratigraphic succession of the Kashmir
basin is broadly divided into basement and cover sequences. The basement belongs
to the pre-Cambrian Dogra Slates in the Kashmir basin, which are equivalent to the
Hazara Formation, Manki Slates and Landikotal Slates. The cover sequence includes Early
Paleozoic and Cenozoic rocks. Two major hiatuses exist in succession, one of them is at
the boundary of basement rocks and cover sequence, and the other is between the Early
Paleozoic and Cenozoic sequences.

The stratigraphy of the mapped area consists of lithological units of the cover sequence.
The basement rocks are not exposed in the mapped area. These lithological units comprise
the Early Paleozoic Muzaffarabad Formation and Tertiary rocks. The Tertiary sequence
comprises of Hangu and Patala formations of the Paleocene age, Margalla Hill Limestone,
Chorgali and Kuldana formations of the Eocene age, Murree Formation of Miocene age
and some Quaternary deposits (Figures 1C and 2). These lithological units are described in
detail in the following sections.

3.1. Muzaffarabad Formation

Various stratigraphic names have been given to the Muzaffarabad Formation [32]
in different parts of the Lesser and sub-Himalayas, such as Sirban Limestone [33], Great
Limestone [34] and Jammu Limestone [35,36]. The main lithologies of the Muzaffarabad
Formation include dolomite (cherty and/or stromatolitic), black limestone, chert bands
and quartzite. The dolomite is fine to medium grained and hard. It shows chop board
weathering (Figure 3A) and solutioning. It has sharp contact with fine to medium-grained
quartzite. The Muzaffarabad Formation is the oldest exposed unit in the study area. There-
fore, its contact with underlying units is buried, while the contact with the overlying Hangu
Formation is marked by a regional unconformity. The age assigned to the Muzaffarabad
Formation is Cambrian.
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Figure 2. Stratigraphic column of the studied area showing position of the samples collected for

U-Pb geochronology.

Figure 3. (A) The dolomite of Muzaffarabad Formation showing chop board weathering. (B) The
bauxite and clay of the Hungu Formation are exposed in the Dandli area. (C) Plecypodic beds in
shaly limestone of Patala Formation exposed near Gradh junction. (D) The shales of Margalla Hill
Limestone showing larger forams. (E) Thinly bedded nodular limestone with alternate shales of
Chorgalli Formation exposed near Gradh. (F) Variegated shales of Kuldana Formation exposed at
Bhabra. (G) Fractured and jointed sandstone of Murree Formation exposed near Dara area. (H) Rip
ups in the Murree Formation. (I) Cultivated river terraces in the Dandli area.
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3.2. Hangu Formation

The Hangu Formation comprises laterite, bauxite, fireclay (Figure 3B), ferruginous
sandstone and coal seam. The weathered color of bauxite is rusty brown. The Hangu
Formation overlies the Muzaffarabad Formation of the Cambrian age, thus forming lower
contact unconformable. Similarly, the contact with the overlying Patala Formation is also
unconformable. The age of the Hangu Formation is Early Paleocene.

3.3. Patala Formation

The Patala Formation consists dominantly of shales. However, subordinate limestone
beds and sandstone are also present. The color of shales varies from khaki, brown and
grey. The shale appeared thinly laminated and splintery. The color of the limestone is
dull grey on the weathered surface, and grey to light grey color on a fresh surface. It is
fine-grained, thinly bedded and soft. The limestone has Pelecypodic beds near the Gradh
junction (Figure 3C). The coal seams are found at some places in the Dandli area. The
lower contact of the Patala Formation with the Hangu Formation is unconformable, and
the upper contact with the Margalla Hill Limestone is gradational. However, in the upper
part of the Patala Formation, the paleosol layer is present below the contact with Margalla
Hill Limestone. This paleosol layer may represent the Paleocene—Eocene unconformity.
The age of the Patala Formation is Late Paleocene.

3.4. Margalla Hill Limestone

The Margalla Hill Limestone mainly comprises nodular limestone with minor shale
intercalations. The limestone is medium to thick-bedded, nodular, fine-grained and hard.
The weathered surface of limestone exhibits dull grey to light grey color while the fresh
surface shows a dark grey color. The size of the nodule varies from 20 cm to 30 cm. The
limestone is richly fossiliferous. The abundant fossils present in the limestone belong
to the foraminiferas (Figure 3D). The lower contact of Margalla Hill Limestone with the
Patala Formation is gradational, and the upper contact with the Chorgali Formation is
conformable gradational. The age of the Margalla Hill Limestone is Early Eocene.

3.5. Chorgali Formation

The Chorgali Formation comprises shales, limestone and quartzite. Shales are present
in the lower unit. The color of shale is grey to dark grey and blackish. The limestone of the
Chorgali Formation shows platy nodularity (Figure 3E). The nodule’s size (10 cm) is smaller
than the size (30 cm) of the nodules of the Margalla Hill Limestone. The limestone is thinly
bedded and white to light grey in color. The fresh color of the limestone is dark grey to
black. The lower contact of the Chorgali Formation with the Margalla Hill Limestone is
gradational and upper contact with the Kuldana Formation is conformable. The age of the
Chorgali Formation is Early Eocene.

3.6. Kuldana Formation

The name Kuldana Formation was given by Latif [37] for a sequence of multi-colored
shales at the base of the Murree Formation. The Kuldana Formation consists of variegated
color shales, clays, siltstones and sandstones. The color of shales and clays are purple,
greenish, yellowish and reddish maroon (Figure 3F). The dull purple, greyish green and
purple are weathered colors of the shales and clays. The sandstone is hard, compact and
fine-grained. The lower contact of the Kuldana Formation with the Chorgali Formation is
conformable and has a gradational upper contact with the Murree Formation. The age of
the Kuldana Formation is Middle to Late Eocene.

3.7. Murree Formation

The cyclic sequence of sandstone, claystone and shales are titled in Murree Formation
in the HKS and adjoining areas, as determined by Wadia [35], Calkins et al. [38], Ashraf
and Chaudhary [39,40]. The Formation consists of alternate beds of sandstone and shales.
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Sandstone is fine to medium grained and non-micaceous. The color of the sandstone is
reddish and grey. The sandstone is hard, compact and shows cross-bedding, load casts
and rip ups (Figure 3G). These sedimentary structures are helpful for the paleo-flow and
younging direction of the strata. The sandstone is medium to thickly bedded and large. In
the project area, the sandstone is highly fractured and jointed (Figure 3H). The shales are
reddish maroon in color. The lower contact with the Kuldana Formation is gradational, and
the upper contact with the Quaternary deposits is unconformable. The age of the Murree
Formation is Early Miocene.

3.8. Quaternary Deposits

The Quaternary deposits are the recent deposits. These deposits are classified as
alluvial, colluvial and river terrace deposits. The alluvial deposits are in the form of alluvial
fans and along the meanders of main streams (Figure 3I). The colluvial deposits are present
in the study area as colluvial fans. These colluvial fans mainly consist of angular to sub-
angular fragments of dolomite of the Muzaffarabad Formation. The river terrace deposits
are horizontally bedded clays and gravels. These deposits are present as a blanket over
the underlying Murree Formation. The existing drainage pattern of the study area cuts
the river terrace deposits. These deposits in the area are cyclic in nature and present at
different levels used for cultivation purposes (Figure 3I).

4. U-Pb Geochronology
4.1. Sampling and Methods

Six samples representative of the key Cenozoic sequences were selected for detrital
zircon U-Pb age dating (Figure 1C). Among the collected samples, two samples representing
the late Paleocene Patala Formation (2017TP1 and 2017TP2), two samples representing
the Early Middle Eocene Kuldana Formation (2017TP3 and 2017TP4) and two samples
from the Miocene Murree Formation (2017TP5 and 2017TP6) were processed, analyzed and
described as elaborated in U-Pb probability density plots.

The studied samples were crushed and treated for the separation of the detrital zircon
grains using heavy liquids and magnetic separation techniques. The grains were then
mounted in epoxy resin, and the zircon grain surface was polished to make the surface
smooth. Finally, the surface of these mounted zircon grains was cleaned and washed with
dilute Nitric Acid (HNO3) and pure alcohol for the removal of lead contamination before
the in situ laser U-Pb analyses. The U-Pb analyses on detrital zircon grains were performed
using the Agilent 7500a Quadruple Inductively Coupled Plasma Mass Spectrometer (Q-
ICP-MS) attached with a NewWave UP 193 nm ArF excimer laser-ablation system at
the Institute of Tibetan Plateau Research, Chinese Academy of Sciences. The analytical
procedure for the zircon grains in this study was followed as described by Cai et al. [41].

One hundred mounted individual detrital zircon grains from each sample were ana-
lyzed except 2017TP2. From sample 2017TP2, only 90 zircon grains were analyzed. The
zircon Plesovice was taken as an internal standard for the calibration of the unknown ages.
The mean age of the Plesovice zircon is 337 £ 0.37 Ma [42]. The standard 91,500 was used
as an external standard. The age of the 91,500 is 1064 £ 5 Ma [43]. The final ages of the
individual zircon grains were assigned on the basis of 2”/Pb /2Pb and 2°Pb /238U age
systems. The 2”Pb/2%Pb age system opted for the zircon grains with ages >1000 Ma,
while 2%Pb /238U age system opted for zircon grains with ages <1000 Ma. The Glitter
4.0 software was used for the standardization of the U-Pb ages against standard zircon
Plesovice (mean age of 337 & 0.37 Ma) to process the raw data [42]. The zircon grains with
<10% discordance were included in the final interpretation. For the illustration of detrital
zircon grains regarding U-Pb ages, the probability density plots were developed by using
ISOPLOT [44]. The zircon U-Pb detailed age data are provided in the supplementary data
(Table S1).
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4.2. U-Pb Detrital Zircon Results

Two samples from the Late Paleocene Patala Formation were analyzed. One hundred
(n = 100) detrital zircon grains were analyzed from sample 2017TP1, where 98 grains
yielded usable ages (zircon grains with <10% age discordance) (Figure 4), out of which
two populations are <290 Ma. The other prominent peaks vary between 510-984 Ma. In
comparison, smaller peaks and scattered ages were present between 1000 Ma and 1500 Ma.
The dominant peaks from data lie between 1500 Ma and 2000 Ma. The rest of the grains
mostly show scattered ages between 2043-3428 Ma. The oldest age produced by the sample
was 3428 + 8 Ma, whereas the youngest age was 57 = 1 Ma. Sample 2017TP2 from the
Patala Formation generally shows a similar data set, where 86 grains with usable ages were
selected out of 100 analyzed grains (Figure 4). The grains show a prominent peak around
130 Ma, whereas mild peaks were observed between 500-1000 Ma. A broad smaller peak
was recorded between 1000 Ma and 2000 Ma. The oldest grain was 3011 & 32 Ma, and the
youngest grain had the age of 55 + 2 Ma.

The two samples from the Early-Middle Eocene Kuldana Formation (2017TP3 and
2017TP4) were analyzed for U-Pb detrital zircon dating. The sample 2017TP3 with 99 detrital
grains out of 100 showed results with ages having <100 Ma peaks (Figure 4). These clusters
were mainly categorized into two groups, i.e., ranging from 39-56 Ma and 72-94 Ma promi-
nent peaks. There was a range of detrital grains clustering between 102 Ma and 166 Ma.
Other than that, the ages were scattered till 2500 Ma. The oldest detrital age recorded by a
single grain was 2371 &+ 11 Ma, and the youngest was 37.7 & 0.3 Ma. The 2017TP4 sample
from the Kuldana Formation with 96 selected grains out of 100 analyzed grains was used
for the representation of the age data (Figure 4). The age spectrum was almost similar to
the sample 2017TP3 age spectrum. The majority of the detrital grains yielded <200 Ma ages
(Figure 4). The U-Pb probability density plot shows peaks with two groups of ages, i.e.,
36-58 Ma and 60-100 Ma. The rest of the grains show the scattered age spectra ranging
from 100-2600 Ma, where the oldest subjected age was 2605 £ 12 Ma, and the youngest
was 35.9 + 0.9 Ma.

The two samples from the Miocene Murree Formation (2017TP5 and 2017TP6) were
analyzed for the U-Pb detrital zircon dating. The 2017TP5 sample from the Miocene Mur-
ree Formation with 100 detrital zircon grains gave 91 grains for usable ages (Figure 4).
Generally, the ages were >100 Ma and showed random higher peaks between 400-1000 Ma.
From 1000 Ma to 3000 Ma, the peaks were not so prominent. The ages found in be-
tween show scattered data. The oldest recorded detrital zircon age from this sample was
3012 4 90 Ma, whereas the youngest one was 34.7 = 1 Ma. The Miocene Murree Formation
sample 2017TP6 was subjected to U-Pb analyses with 100 detrital zircon grains from which
95 grains were considered usable for the ages (Figure 4). Some of the grains peaked at
250 Ma, whereas most of the grains showed peaks between 430-950 Ma. In addition, the
data presented some peaks between 1600-1800 Ma. The remaining data almost showed
scattered ages between 2000 Ma and 3500 Ma. The oldest age from the zircon grain was
3235 £ 6 Ma, and the youngest recorded age was 22 & 2 Ma.
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Figure 4. U-Pb probability density plots for studied samples of Late Paleocene Patala Formation, Early middle Eocene

Kuldana Formation and Early Miocene Murree Formation, representing the Kotli section, Kashmir Basin, northwestern

Himalaya, Pakistan.

5. Discussion

5.1. Detrital Zircon Provenance

5.1.1. U-Pb Ages of Source Terranes

The detrital zircon provenance interpretation for the upper Tertiary sequence that
was exposed in the Yadgar section needs the U-Pb age data set representative for the
litho-tectonic terranes, which were the possible source (contributing sediments) during
the development of the Cenozoic foreland basin. The litho-tectonic terranes included
are; Karakoram Block, Lhasa Block, Kohistan-Ladakh Island arc (KLA), Greater /Higher
Himalaya, Lesser Himalaya and Tethyan Himalaya [1,45,46]. These terranes have distinct
age spectra that provide an indication of the source region feeding the foreland basin

(Figure 5).
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Figure 5. Comparison of composite U-Pb probability density plots Late Paleocene Patala Formation,
Early-Middle Eocene Kuldana Formation and Early Miocene Murree Formation with the reference
terranes (after Gehrels et al., [45]. The transparent rectangles depict the possible contribution of
the various terranes. Where THB = Transhimalayan batholiths, GHP = Greater Himalayan Pluton,
TH = Tethyan Himalayan, GH = Greater Himalayan and LH = Lesser Himalaya.

The lower, Lesser Himalaya gave a cluster of ages between 1700-1900 Ma from zir-
cons with subordinate clustering between 2400-2600 Ma [45]. The Greater Himalayan
Sequence (GHS) from the detrital zircons portray cluster ages between 540-750 Ma,
800-1200 Ma, 1600-1900 Ma and 2400-2600 Ma (Figure 5). The dominant ages of the GHS
cluster ~900-1100 Ma [15,45]. The record of detrital zircon from the intruded granitic body
shows cluster ages between 470-550 Ma along with a distinctive peak at 485 Ma [47]. The
Tethyan and Upper-Lesser Himalayas have a similar detrital age spectra as the GHS. How-
ever, the age cluster of 480-570 Ma is relatively more prominent than other clusters, such
as 700-1200 Ma and 2430-2560 Ma (Figure 5) [48-51]. The Tethyan strata also consists of
younger detrital zircon grains having the age range between 110-140 Ma, which is represen-
tative of the volcanic rocks from the Indian Plate [13,15,45,52-54]. The ophiolitic remnants
exposed at different localities along the Indus suture zone possess ages between ~115 and
~178 Ma [26,55]. The westernmost ophiolites (Bela-Muslim Bagh-Zhob, Waziristan and
Dargai ophiolites) are stratigraphically emplaced over the Paleocene sediments and thus
considered to be Late Cretaceous in age [19]. The MMT, northern collision zone in Pakistan,
where the KLA represents the southern margin of the Eurasian Plate, is accreted to the
Karakoram Plate. A recent study by Bouilhol, Jagoutz, Hanchar and Dudas [2] provided
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a valuable dataset of U-Pb zircon ages for incorporation to interpret the identification of
the sources from KLA. A broad age range between 40-110 Ma with some distinct peaks
at 43 Ma, 50 Ma, 65 Ma and 70 Ma are shown for the KLA age spectra (Figure 5). In
comparison, the Lhasa block granitic rocks, having the younger age spectra (Gangdese
Batholith), yielded an age cluster of ~40-60 Ma with a distinct peak at 52 Ma and a signifi-
cant population of ~18 Ma (Figure 4) [56]. The detrital zircons from the U-Pb age spectra
of granitic rock bodies (Karakoram batholith) from the Karakoram Block showed clusters
~11-22 Ma with peaks at 18 Ma and 20 Ma, 53-80 Ma with dominant peaks at 56 Ma, 65 Ma
and 73 Ma, and 93-110 Ma with a single peak at 103 Ma, respectively (Figure 5) [57-60].

5.1.2. Sources to Tertiary Foreland Sequence
Patala Formation (~57-55 Ma)

Generally, the Patala Formation produced an age range with a cluster around <290 Ma
with clustering segments showing peaks between ~130-290 Ma, ~500-1000 Ma and promi-
nent peaks between ~1000 Ma and ~1500 Ma. There are minor scattered ages present
between 2000 Ma and 3500 Ma (Figure 5). This discussed age pattern dominantly matches
the Lesser Himalayan spectrum indicating the Indian Plate provenance (Figure 5). Both
the samples show broadly similar age patterns. The detrital grains with ages between
130290 Ma are representative of the ophiolitic source. The ophiolite emplacement in
the late Cretaceous period was recently suggested in the western Himalayas [61]. This
interpretation supports our ophiolitic component in the Patala Formation. This age spec-
trum resembles the Tethyan Himalayas and Lesser Himalayas, which indicates Indian
Plate provenance with a minor contribution from the ophiolitic remnants. However, a
substantial percentage (~11%) of Cretaceous—Paleocene detrital zircons were observed
in the upper part of the Patala Formation. These younger grains are typically from the
Kohistan-Ladakh Arc, which then accreted onto the Karakoram Batholith in the Late Cre-
taceous period and represented the southern margin of the Eurasian Plate to the north of
the collision zone [58]. This contribution from the Kohistan-Ladakh Arc designates the
mixing of Indian and Eurasian Plates provenance, which occurred during the upper Patala
Formation deposition.

Kuldana Formation (~56—43 Ma)

The Kuldana Formation yielded age spectra with a distinctive cluster around <100 Ma,
i.e., ~36-58 Ma, ~72-94 Ma and ~102-166 Ma, whereas scattered ages were also reported
ranging up to ~2500 Ma (Figure 5). These age spectra show a mixed source from different
terranes, including Trans-Himalayan batholiths, Tethyan Himalaya and Lower-Lesser
Himalaya. The age spectra from the Tethyan Himalaya and Greater Himalaya are alike.
However, the existence of a few Jurassic zircon grains strengthens the possible input
of Tethyan Himalaya instead of GH because the GH was still buried under during the
deposition of Eocene sequences [62]. The presence of abundant Cretaceous zircons shows
that during the deposition of the Early-Middle Eocene Kuldana Formation, the dominant
source was KLA with a possible contribution from the Karakoram block and Gangdese arc.
Lithologically, it is the first sandy unit in the Kuldana Formation after the thick Paleocene—
Eocene limestone sequence. Therefore, the Kuldana Formation indicates the detrital record
with a mixed provenance of India and Eurasia. The only possibility for the contribution
from the Karakoram and Lhasa blocks in the Kuldana Formation prevails when the KLA
accreted first to these terranes and later on collided with the northern Indian margin. In
this way, by considering the possible contribution as reflected by the similar age spectra, it
fully supports the model of the first accretion of the KLA with the Karakoram block prior
to the final collision with Indian Plate [23].

Murree Formation (~36.1-22 Ma)

The Kuldana Formation with a marine—continental transitional sequence is uncon-
formably overlain by the continental deposits of the Murree Formation. The amalgamated
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age spectra for the detrital samples from the Murree Formation show dominant age clus-
ters >100 Ma, ~250-950 Ma and ~1000-1800 Ma (Figure 5). Subordinate age populations
between ~1800-3000 Ma are also recorded. The straightforward contribution from these
age clusters and peaks indicate various litho-tectonic terranes, including KLA, GH, LLH,
TH and Upper-Lesser Himalaya. The GH sequence contribution is supported by the
~447-550 Ma cluster with a dominant peak at ~460 Ma, ~482 Ma and ~500 Ma, which
prominently matched with the granitic gneisses of the GHS [47]. This detritus contribution
from the GH sequence indicates that the GH was uplifted and exposed to provide the detri-
tus for the evolving foreland basin. The contribution of the younger detrital zircon grains
to the foreland basin was by the KLA, Karakoram block and Gangdese arc. The involve-
ment of these various litho-tectonic terranes mentioned above evidenced the southward
propagation of the fold—thrust belt as a consequence of the India—Eurasia collision.

5.2. Tectonic Implications

The Cenozoic stratigraphic sequence was deposited during the transition of the north-
ern Indian Plate margin from passive to active. Therefore, the Cenozoic stratigraphic
sequence records the collisional process as well. In the northwestern Himalayas, the
collisional timing of the Indian and Asian Plates was ~56 Ma [16,17]. During this time,
the transition of the sediments occurred in the Patala Formation and became a more pro-
nounced up-section in the Early-iMddle Eocene Kuldana Formation and Miocene Murree
Formation (Figure 5). The detrital zircon provenance in this study provides an insight into
the timing of collision. We proposed a tectonic evolution model relying on the detrital
zircon provenance to explain the collision process (Figure 6). Our data suggest that the
dominant provenance during the deposition of the Patala Formation is from the Indian cra-
ton. However, the younger detrital zircon with ages of 55 Ma and 57 Ma indicate derivation
from the KLA. This contribution from the KLA indicates that in the western Himalayas, the
India—Asia collision started at the end of the Paleocene period during 57-55 Ma (Figure 6A).
In the up-section, the detrital zircon provenance of the Kuldana Formation shows the
increased input from the KLA, and associated northern provenances may indicate the rapid
exhumation of the KLA (Figure 6B). Similarly, the detrital provenance of the Murree Forma-
tion indicates an increased input from the KLA and also the Greater and Lesser Himalayan
blocks that indicate the southward propagation of the Himalayan fold—thrust belt.

. ca. 65-55 Ma
Deposition of Paleocene sequence and Initiation of India-Asia collision

Indian margin Tethys Eurasian Plate

- Eocene Kuldana Formation
- ca. 55-43 ]E\’IH S e L - Hangu and Patala Formations (PS)
Final India-Asia collision and distinct provenance shift
Indian margin Eurasian Plate - UHP metamorphic complex
I : .
f . 1M 1 Kohistan-Ladakh arc (KLA)
KLA ——y
S KT N_ - Oceanic crust
D Continental crust

.-;Hudinu:nl transport direction

Figure 6. Tectonic model explaining the provenance change and India—Asia collision in the north-
western (NW) Himalayas (modified after Ding et al., [16]). (A) Deposition of the Paleocene sequence
and initiation of the India—Asia collision. (B) Final India—Asia collision and subsequent exhumation
of the KLA and associated blocks indicating major provenance shift from south to north.
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6. Conclusions

This study resulted in the following conclusions;

1.  The detrital zircon U-Pb ages show a major provenance change occurred in the
upper part of the Patala Formation, which is more pronounced in the upper Tertiary
Kuldana and Murree formations. This indicates that it is more likely associated with
the India—Asia collision in northern Pakistan.

2. The mixed provenance in the Patala Formation suggest that the ophiolites exhumed
during the Late Paleocene contributed the source to the evolving foreland basin
together with Kohistan Island arc and the Indian craton.

3.  This provenance change also suggests that the India—Asia collisional timing in the
Kashmir basin, northwestern Himalaya, is constrained to be around 57-55 Ma consid-
ering the age of the Patala Formation.

4. The up-section, the mixed detritus in the Kuldana and Murree formations, indicate
the exhumation of Greater and lesser Himalayan blocks in response to the southward
propagation of a fold-thrust belt during the Eocene-Miocene period.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min11121399/s1. Table S1. U-Pb isotopic analysis of detrital zircons.
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