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Abstract: As a Quaternary repository of wind-reworked Indus River sand at the entry point in the
Himalayan foreland basin, the Thal Desert in northern Pakistan stores mineralogical information
useful to trace erosion patterns across the western Himalayan syntaxis and the adjacent orogenic
segments that fed detritus into the Indus delta and huge deep-sea fan throughout the Neogene.
Provenance analysis of Thal Desert sand was carried out by applying optical and semi-automated
Raman spectroscopy on heavy-mineral suites of four eolian and 11 fluvial sand samples collected
in selected tributaries draining one specific tectonic domain each in the upper Indus catchment.
In each sample, the different types of amphibole, garnet, epidote and pyroxene grains—the four
dominant heavy-mineral species in orogenic sediment worldwide—were characterized by SEM-EDS
spectroscopy. The chemical composition of 4249 grains was thus determined. Heavy-mineral
concentration, the relative proportion of heavy-mineral species, and their minerochemical fingerprints
indicate that the Kohistan arc has played the principal role as a source, especially of pyroxene
and epidote. Within the western Himalayan syntaxis undergoing rapid exhumation, the Southern
Karakorum belt drained by the Hispar River and the Nanga Parbat massif were revealed as important
sources of garnet, amphibole, and possibly epidote. Sediment supply from the Greater Himalaya,
Lesser Himalaya, and Subhimalaya is dominant only for Punjab tributaries that join the Indus
River downstream and do not contribute sand to the Thal Desert. The detailed compositional
fingerprint of Thal Desert sand, if contrasted with that of lower course tributaries exclusively draining
the Himalaya, provides a semi-actualistic key to be used, in conjunction with complementary
provenance datasets and geological information, to reconstruct changes in paleodrainage and unravel
the relationship between climatic and tectonic forces that controlled the erosional evolution of the
western Himalayan-Karakorum orogen in space and time.

Keywords: amphibole; garnet; epidote; pyroxene; provenance tracers; varietal studies; mineral chemistry;
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1. Introduction

Heavy minerals provide detailed information on the geology of source areas, which is particularly
useful in the study of modern sand unmodified by diagenesis [1]. Subtler distinctions, however, may be
required in provenance analysis wherever several different potential sources of sediment consist of similar
lithological assemblages shedding similar heavy-mineral assemblages. This is often the case in orogenic
sediment containing transparent-heavy-mineral suites typically dominated by amphibole, garnet, epidote,
and pyroxene in various proportions [2—4]. In this case, distinctive geochemical signatures of single
groups of detrital minerals can be used as a genetic tool to trace their provenance (“varietal studies”; [5]).
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After the pioneering study dedicated to tourmaline by Krynine [6], and since modern geochemical
techniques were applied on garnet [7], single-mineral analyses have been frequently used and proven
to be an efficient means to trace sediment provenance (e.g., [8-12]). More and more sophisticated
geochemical and geochronological methods are being applied with the aim to fingerprint the source of
an increasing number of target minerals (e.g., [13]). Single-mineral studies have the advantage that
fractionation by physical processes during erosion, transport and deposition, and by chemical processes
during weathering and diagenesis, can generally be held as minimal. On the other hand, the information
obtained from single-mineral datasets needs to be deciphered by correcting for the generally strong
differences in mineral fertility of different potential source rocks [14,15]. This thorny fertility problem
is best tackled when several mineral groups are investigated (“multimineral fingerprinting”; [16,17]),
because provenance signals carried by different minerals are expected to differ, reflecting their different
abundance in different source-rock domains. Emphasizing this crucial point is one of the goals of
this article, which focuses on Transhimalayan and Himalayan sources of detritus transported by the
Indus River across northern Pakistan to pinpoint the provenance of heavy minerals contained in
eolian sand of the Thal Desert. This small dune field is located in central-northern Pakistan, confined
between the Indus River in the west and the course of its major Punjab tributaries in the east (Figure 1).
The overall petrographic, mineralogical, and geochemical signatures of Thal dunes indicate that the
contribution of Himalayan-derived Punjab tributaries is negligible [18]. The Thal Desert, therefore,
can be safely considered as representing a relict Quaternary repository of wind-reworked alluvial-fan
sediment originally deposited by the upper Indus at the entry point in the Himalayan foreland basin.
The detailed compositional fingerprint of Thal Desert sand, if contrasted with that of Punjab tributaries
exclusively draining the Himalayan belt, thus provides an additional actualistic key to trace changes in
erosion patterns within the huge catchment that has fed detritus to the Indus delta and deep-sea fan
throughout the late Neogene [19,20]. To this goal, our dataset complements a previous work on major
and trace elements in amphibole [21] and integrates the geochemical study of detrital garnet in sand of
the middle Indus course and its Punjab tributaries [22]. We chose to focus on the chemical composition
of detrital amphibole, garnet, epidote, and pyroxene because these four minerals, all solid-solution
series, represent the four dominant species in orogenic sediments worldwide [23]. Other studies
investigating provenance of Indus sediments focused on Pb isotopes in detrital K-feldspar and
bulk-sediment Nd and Sr isotope fingerprints [24-26], zircon U-Pb or mica % Ar/*?Ar geochronology
and apatite fission-track or (U-Th)/He thermochronology [27-29], sand petrography, heavy minerals,
19Be cosmogenic nuclides [18,30], and clay mineralogy [31]. Such multi-technique approaches have
shed new light on the relative role played by the interacting climatic and tectonic forces that controlled
the erosional evolution of the western Himalayan-Karakorum orogen.
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Figure 1. The Indus drainage system and sample locations in northern Pakistan.

2. The Indus River Catchment and the Thal Desert

The Indus River, sourced from the central southern Tibetan Plateau, flows in its upper course
along the suture zone and Transhimalayan forearc basin, while receiving detritus from both the Ladakh
arc in the north and the northern side of the Himalayan belt in the south [30]. Next, it cuts a deep gorge
through the western Himalayan syntaxis, where very rapid erosion rates generate large amounts of
detritus from the Karakorum belt, the Nanga Parbat crystalline massif, and the Kohistan arc [32-35].
Farther downstream, it flows across the Himalayan belt and Potwar Plateau [36] where it is joined by
the Kabul River draining the Hindukush belt [37], crosses the Salt Range, and eventually reaches the
foreland basin where it flows southward, confined between the front of the Sulaiman Range in the
west and the Thal Desert in the east (Figure 1).

The upper Indus River is mainly fed by melting of ice and snow, and sediment flux consequently
increases by two to three orders of magnitudes during the summer [38]. The annual suspended load of
the Indus River, estimated as ~14 X 10° t upstream of the Shyok confluence (Figure 1), increases rapidly
downstream owing to major contributions from the Shyok River (~23 x 10° t/a), Karakorum tributaries
(<100 x 100 t, ~18 x 10° of which from the Hunza River), the Astor River draining Nanga Parbat
(~2 x 10° t), and diverse tributaries draining the Kohistan arc, summing up to ~176 x 10° t at the
Besham gauging station [39]. The annual sediment load reaching the Tarbela Dam, which was closed
in 1974 in northern Pakistan, has been estimated at 200 x 10° t [40,41] or even at 287 x 10° t [42].

The hydrology of the Indus River has been so intensely regulated since the 1930s that most of its
sediment has been trapped in artificial reservoirs and canals, and the annual flux in the lower course has
been reduced to ~50 x 10° t [42]. The Indus Waters Treaty signed in 1960 gave rights to the entire flow
of the Indus, Jhelum, and Chenab Rivers to Pakistan, and of the Ravi, Beas, and Sutlej Rivers to India.
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Subsequently, all Punjab tributaries have been dammed and linked by canals to irrigate the arid lowlands
and compensate for lost waters in eastern Pakistan. Water discharge dropped sharply, and flow in the Ravi
and Sutlej rivers ceased altogether except during monsoon floods. The Mangla Dam, completed in 1967,
reduced sediment load of the Jhelum River from 45 to < 0.5 x 10° t/a [43,44]. Among Indus tributaries
draining the Sulaiman Range in western Pakistan, the Gomal River (basin area 36,000 kmz) is characterized
by extreme concentration of suspended solids (42 g/L) and high sediment load (30 x 10° t/a), followed by
the Kurram River (3 x 10° t/a; [42]). Other rivers are minor and mostly flow during flash floods.

2.1. Karakorum Belt

The composite Karakorum belt includes the Northern Karakorum sedimentary domain, the Central
Karakorum batholith, and the Southern Karakorum metamorphicbelt (Figure 2; [45,46]). In the Northern
Karakorum zone, an Ordovician to Upper Cretaceous sedimentary succession lying non-conformably
onto crystalline basement is exposed [47]. Black slates in the north, intruded by calc-alkaline
gabbro-diorite, granodiorite, granite, and tonalite, contain andalusite, chloritoid, and epidote [48].
The Central Karakorum batholith comprises mid-Cretaceous granitoids intruded before the India-Asia
collision and containing amphibole with residual clinopyroxene and accessory titanite, epidote, allanite,
apatite, zircon, and opaque minerals [49]. Post-collisional leucogranites were intruded between
13 and 25 Ma (e.g., Baltoro batholith; [50]). The Southern Karakorum belt includes migmatitic domes
undergoing rapid erosional exhumation and displays a northeastward increase in metamorphic
grade from structurally lower phyllites to staurolite-, kyanite-, and eventually sillimanite-bearing
metasedimentary rocks at the top. Impure dolomitic marbles containing diopside and corundum,
and amphibolites with hornblende and garnet also occur [51-53].
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Figure 2. Geological map of the Indus catchment in northern Pakistan (modified from Pécher et al. [34]).
Geological units, from north to south: Karakorum belt: 1: northern sedimentary belt; 2: axial batholith
and other granitoid rocks; 3: southern metamorphic belt; 4: felsic gneiss; 5: Masherbrum Greenstone
Complex. Shyok suture zone: 6: mostly terrigeneous strata; 7: mélange zone (mainly volcanic rocks);
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8: ultramafic rocks (Shyok and Dobani-Dassu lineament). Kohistan and Ladakh arcs: 9: Paleogene
Chalt (Kohistan) and Khardung (Ladakh) volcanic rocks, Turmik volcaniclastic rocks; 10: undifferentiated
volcano-sedimentary group; 11: metasedimentary rocks; 12: plutonic rocks; 13: gabbronorite (Chilas complex);
14: southern amphibolite; 15: Dras volcano-sedimentary group; 16: ultramafic rocks (Jijal complex). Indus
suture zone: 17: Indus Group; 18: Spontang ophiolite; 19: imbricate thrust units with blueschist. Tethys and
Greater Himalaya: 20: Paleozoic-Eocene sedimentary rocks; 21: Miocene leucogranite; 22: Permian Panjal
Traps; 23: Greater Himalayan neometamorphic rocks; 24: Paleozoic intrusives; 25: mainly Paleoproterozoic
orthogneiss; 26: Besham metaigneous rocks. Lesser Himalaya: 27: Paleozoic-Eocene strata; 28: upper nappe
(mostly Mesoproterozoic metasedimentary rocks); 29: lower nappe (mostly Neoproterozoic and Paleozoic
metasedimentary rocks); 30: Salt Range (Neoproterozoic to Eocene Indian margin strata). Sub-Himalaya:
31: Muree and Subathu formations (Cenozoic); 32: Siwalik Group (Neogene); 33: Peshawar and Srinagar
Quaternary intramontane basins. West Pakistan Belt: 34: Sulaiman Range.

2.2. Ladakh and Kohistan Arcs

The Ladakh and Kohistan batholiths expose a complete section of mantle to upper crustal igneous
rocks representing the dissected remnants of magmatic arcs fed by northern subduction of Neotethyan
lithosphere during the Cretaceous to earliest Paleogene. The arcs are delimited by the Shyok ophiolitic
suture in the north, generally ascribed to Upper Cretaceous (pre-Campanian) collision with the
Karakorum block [54-58], and the Indus ophiolitic suture in the south, closed when India collided
with Asia during the Paleocene [59,60].

The Kohistan arc is composed of six main units from bottom to top (south to north): (1) Jijal
ultramafic-mafic complex yielding garnet, amphibole, clinopyroxene, and minor olivine, orthopyroxene,
spinel and zoisite; (2) Kamila amphibolite; (3) Chilas ultramafic-mafic complex, containing
orthopyroxene and clinopyroxene with minor olivine, magnetite, ilmenite, hornblende, and spinel;
(4) Kohistan batholith, yielding mainly hornblende and locally clinopyroxene; (5) Jurassic-Cretaceous
metavolcanic and metasedimentary rocks of the Jaglot and Chalt Groups, and the Aptian-Albian
volcano-sedimentary Yasin Group [61-63].

The Ladakh batholith consists of a suite of Cretaceous to Paleogene mafic to felsic rocks
(olivine norite to granite) yielding hornblende, augite, titanite, apatite, epidote, and zircon [64,65].
The batholith is non conformably overlain by Upper Cretaceous to Paleogene strata of the Indus
Group [66,67]. Rocks exposed along the Indus suture also include Lower Cretaceous carbonates,
ophiolitic mélange, and blueschists [68,69].

2.3. Himalayan Belt and Nanga Parbat Massif

The Himalayan Range formed as a consequence of continental collision between the Indian
passive margin and the Asian active margin at ~60 Ma [70,71]. The orogenic belt consists of a
series of southward propagating thrust sheets, which resulted in crustal thickening starting from the
Eocene [72,73]. The Neoproterozoic to Eocene Tethys Himalayan succession consists of siliciclastic and
carbonate rocks originally deposited onto the northern continental margin of India [74,75]. The Greater
Himalaya, including slate intruded by Ordovician granitoids and sillimanite-bearing metasedimentary
rocks at the top, represents the axial crystalline backbone of the range [33,76]. It is delimited in the
north by the South Tibetan Detachment system lined with Miocene tourmaline-bearing leucogranite
intrusions [77] and by the Main Central Thrust in the south [78]. Lesser Himalayan and Sub-Himalayan
rocks exposed farther south include, respectively, Paleoproterozoic basement and Mesoproterozoic to
Cenozoic cover strata displaying southward decreasing metamorphic grade [79,80] and orogen-derived
Cenozoic molasse [81-83]. These rocks are drained by Punjab tributaries and shed detritus that
contributes to Indus River load only downstream of the Thal Desert.

Only the Indus River cuts across the western Himalayan syntaxis, where the N/S-elongated
crustal-scale Nanga Parbat antiform exposing Precambrian Indian gneissic basement overprinted by
Himalayan metamorphism is bounded to the north by the Karakorum belt and flanked to the west and
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east by the Kohistan and Ladakh arcs. In the Nanga Parbat massif, sillimanite-bearing gneisses are
structurally overlain by kyanite-bearing schists [84,85]. Leucogranite intrusions yielding tourmaline,
apatite, zircon, monazite, and garnet [86] are as young as 1.4 Ma. Cooling ages of 5 Ma or even 1 Ma
in the core of the dome [87] testify to ultra-rapid exhumation and very fast fluvial incision [88,89],
with high denudation rates of 3-5 mm/year [90-92]. Upstream of the entry point in the foreland basin,
the Indus River traverses the Potwar Plateau, where Himalayan-derived molassic Cenozoic rocks are
widely exposed [93,94], and finally cuts across the Salt Range, including Paleozoic to Paleogene strata
detached over uppermost Neoproterozoic/Cambrian salt and uplifted during the latest Miocene [95].

2.4. Thal Desert

The Thal Desert, a triangular region located in central northern Pakistan between ~30° and 32°30
N and between ~71° and 72°E (Figure 2), is characterized by arid to semi-arid subtropical climate.
This desert occupies the Sind-Sagar or Thal Doab (doab = land between two rivers, from do = two and
ab = water in Urdu and Farsi), the region extending between the course of the Indus River in the west
and the Punjab in the east, the fertile region crossed by the Himalayan rivers Jhelum, Chenab, Ravi,
Beas, and Sutlej (punjab = five waters, from panj = five and ab = water).

The Thal Desert is delimited by the Salt Range foothills in the north, whereas the Indus floodplain
is bounded by the Sulaiman Range in the west (Figure 1). The desert area is covered by low sand
dunes (1-2 m in height) or rolling sand plains alternating with narrow valleys of cultivable land, and is
underlain by Quaternary fluvial and eolian deposits more than 350 m thick in the south and even
thicker in the central part of the desert [96]. The underlying alluvium mostly consists of laterally
continuous fine to coarse sand, with minor gravel and isolated mud lenses. The coarsest deposits
occur in the north close to the Salt Range, but otherwise the distribution of grain size is irregular,
reflecting deposition by the constantly shifting paleo-Indus River.

3. Methods

3.1. Sampling

The sample set considered in this study includes four eolian-dune sand samples collected in
February 2001 from the Thal Desert, along with 11 sand samples collected during 2001 and 2011 from
active river bars in 11 tributaries draining each a different geological domain in the upper Indus
River catchment (“first-order sampling scale” of [97]). These samples were accurately selected from a
much larger sample set, described elsewhere [18,30,98], as the best suited to represent end-member
sources of detritus derived from the Karakorum belt (upper Hushe, upper Braldu, upper Hunza,
and Hispar samples), the Ladakh (Stagmo and Domkar samples) and Kohistan arcs (Kandia and Swat
samples), the Nanga Parbat massif (Astor sample), and the Himalayan belt (Zanskar and Nandihar
samples). The Thal dune samples are upper very fine to lower fine and well to moderately sorted sands
(3.05-2.67 ®, 0.43-0.84 0¢); fluvial samples are upper very fine to lower medium and moderately-well
to moderately sorted sands (3.20-1.51 ®, 0.63-0.97 o¢) (Supplementary Table S1).

3.2. Heavy Mineral Analyses

For each of the 15 selected samples, heavy minerals were separated with sodium polytungstate
(density ~ 2.90 g/cm?) from a split aliquot of the 63-250 pum or 32-500 um fraction obtained by sieving,
recovered by partial freezing with liquid nitrogen, and mounted on a glass slide. A polished thin
section was also prepared, and mineralogical composition was determined by both counting under the
microscope of >200 transparent heavy minerals in the glass slide and by semi-automated analysis of
the polished thin section with a Raman spectrometer [99].

Heavy-mineral concentration, calculated as the volume percentage of total (HMC) and transparent
(tHMC) heavy minerals in the bulk sample, ranges from poor (tHMC < 1), moderately poor
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(1 < tHMC < 2) and moderately rich (2 < tHMC < 5), torich (5 < tHMC < 10), very rich (10 < tHMC < 20)
and extremely rich (20 < tHMC < 50) [100,101].

3.3. Sources of Bias

As a consequence of choosing a 2® to 4®-wide size window for analysis in order to reduce
technical problems during separation, mounting on the glass slide and identification under the
microscope caused by detrital grains with great size differences, heavy minerals occurring in the finest
tail of the size distribution (3% =+ 2% of each bulk sample) and in the coarse tail (32% + 22% of each bulk
sample) were discarded. The sediment fraction considered for analysis ranged between 58% + 21% for
fluvial samples to 85% + 9% for the better sorted Thal eolian-dune samples. The analytical bias thus
introduced can be considered as minor, because the fine tail was almost entirely included whereas the
coarse tail is strongly depleted in heavy minerals as the concentration of denser grains drops rapidly in
the coarser classes of sediments deposited by tractive currents [102,103].

Another potential source of bias is represented by hydraulic-sorting processes, which may
concentrate different minerals in distinct depositional sub-environments based on their size, density,
and shape [104-106]. An efficient way to test for heavy-mineral enrichment or depletion in sediment
samples is provided by chemical analyses, which readily reveal anomalous concentrations of chemical
elements such as rare earth elements (REE) or zirconium preferentially hosted in ultradense minerals [101].
Among the four Thal dune samples, heavy-mineral enrichment is apparent for the Muzaffarghar sample
51470 containing much more Zr than the Munda sample 51474 (524 vs. 106 ppm), whereas the other
two samples 51462 and S1463 have Zr concentration very close to the Upper Continental Crust standard
(UCC; 195-213 vs. 190-193 ppm in the UCC; [107,108]) (Supplementary Table S1). Among river sands,
only the Hispar sample shows high concentration of Zr, Th, and REEs relative to all other samples (Zr 395
vs. 110-186 ppm; Th 52 vs. 3-14 ppm; La 117 vs. 12-55 ppm and Y 41 vs. 12-27 ppm), suggesting
hydraulic enrichment in heavy minerals. The heavy-mineral spectrum of samples systematically showing
anomalous concentrations in these elements is expected to be enriched in denser heavy minerals such as
garnet relative to low-density heavy minerals such as amphibole.

3.4. Microchemical Analyses

The same polished thin sections, in a photographic image of which all grains were properly
identified and numbered, were carbon-coated and analyzed by Energy Dispersive X-ray Spectroscopy
(EDS) under the scanning electron microscope (SEM) to obtain quantitative chemical information
on the four most common detrital minerals in orogenic sediments (i.e., amphibole, garnet, epidote,
and pyroxene). Microchemical analyses were carried out at the Department of Earth and Environmental
Sciences, University of Milano-Bicocca (Milano, Italy), using a TESCAN TS5136XM with an electronic
microprobe EDAX GENESIS 4000 XMS Imaging 60 SEM, voltage 20 KeV, detection time 20 s, spot size
250 nm and absorption current 190 + 1 pA measured in Faraday cup, medium heating, take off angle
45°, working distance 23 mm. In each thin section, we counted ~100 grains for each mineral group
(or all of those present in case we did not find enough). In the four Thal Desert samples, 400 amphibole,
395 epidote, 317 pyroxene, and 280 garnet grains were analyzed, thus allowing identification even of
small detrital populations [109]. Overall, we analyzed 1504 amphibole, 1129 epidote, 861 pyroxene,
and 755 garnet grains in the 15 selected samples. Information on sample locations, the result of
heavy-mineral analyses, and the complete geochemical dataset including the percentages of each mineral
variety in each sample are provided as Supplementary Material (Tables S1-510). Statistical techniques
used to illustrate our dataset include multidimensional scaling, which produces a map of points in
which samples with similar mineralogical signature cluster closely together and dissimilar samples
plot far apart [110] and the biplot [111], which allows us not only to discriminate among multivariate
observations (data points) but also to visualize the mutual relationships among an even large number of
variables (rays). The length of each ray is proportional to the variance of the corresponding parameter
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in the dataset, whereas if the angle between two rays is close to 0°, 90° or 180°, then the corresponding
elements are directly correlated, uncorrelated or inversely correlated, respectively.

3.5. Amphibole Chemistry

The general chemical formula of the amphibole supergroup is AB;C5TgO2 W5, where A, B, and C
are cations and W anions (A = 0, Na, K, Ca, Pb, Li; B = Na, Ca, Mn?*, Fe?*, Mg, Li; C = Mg, Fe2+,
Mn?*, Al, Fe3*, Mn3*, Ti**, V3%, Li; T = Si, Al, Ti**, Be; W = (OH), F, Cl, O%7; [112,113]). Following the
recommendation of the International Mineralogical Association, amphibole minerals are divided
into two groups based on the dominant anions at site W, i.e., (OH, E, Cl)~ versus oxo-amphiboles.
The (OH, F, Cl)~ group is further subdivided into eight subgroups based on B cations. An Excel
spreadsheet developed by Locock [114] was used to calculate the chemical formula and classify
detrital amphiboles. The Fe>*/~Fe and Mn3*/~Mn ratios were calculated based on charge balance by
normalizing the formula to one or more sets of cation sums because the valence state of Fe and Mn
was not measured. All amphibole grains were considered to be monoclinic because only a few (<2%)
orthorhombic amphibole grains were detected with Raman spectroscopy. For amphibole with W = 2
(OH, E Cl), sufficient OH content was calculated to reach two (OH, F, Cl) per formula unit because
H,O+ was not measured and OH could not be estimated [114].

3.6. Garnet Chemistry

The general formula of garnet contains eight cations and 12 anions: X3Y,Z3®1,, where X = Na,
Mg, Ca, Mn?*, Fe?*, Y; Y = Mg, Al, Si, Sc, Ti, V, Cr, Mn®", Fe?*, Fe3*, Zr, Sn; Z = Al, Si, Fed.
The Excel spreadsheet developed by Locock [115], which considers 15 different garnet varieties and 14
end-members was used to calculate the molar proportion of garnet end-members from chemical data.
The iron was entered as FeOiot in the spreadsheet and the amounts of Fe2+ and Fe®* were calculated
by stoichiometric constraints because the proportion of FeO vs. Fe,0O3 was not determined. Mn3* was
calculated only for compositions that cannot charge balance with Fe** alone.

Garnet, common in orogenic sediments derived from metasedimentary rocks, is a particularly
valuable provenance tracer because it displays a wide range of major-element compositions and resists
diagenetic dissolution better than epidote, amphibole, and pyroxene [116-118].

Different types of detrital garnets can be empirically distinguished according to their provenance
by the use of the Fe + Mn-Mg—Ca ternary plot [5,119]. Type A garnet (high Mg, low Ca) is mainly shed
by granulite-facies metasedimentary rocks, charnockites, and intermediate-felsic igneous rocks. Type B
garnet (low Mg, variable Ca) is derived from either intermediate-felsic igneous rocks (sub-type Bi; Xug
<20%, Xca < 10%) or amphibolite-facies metasedimentary rocks (sub-type Bii). Type C garnet (high Mg,
high Ca) is preferentially contained in high-grade metabasite (sub-type Ci) or ultramafic rocks such as
pyroxenite and peridotite (sub-type Cii; XMg > 40%, Xca > 10%), and type D garnet (low Mg, very high
Ca) in metasomatic rocks (skarn), very low-grade metabasite, and high-grade calc-silicate rocks.

The different origins of detrital garnet are also highlighted by the use of the Mn-Mg—Ca diagram,
based on the observation that Mg?* progressively substitutes for Mn?* and Fe?" in pyralspite garnet
with increasing metamorphic temperature, whereas Ca?* increases at increasing pressures [120,121].

3.7. Epidote Chemistry

For the classification of epidote-group minerals we used the Windows™ program WinEpclas developed
by Yavuz and Yildirim [122] and based on the nomenclature recommended by the Comission on New
Minerals and Mineral Names of the International Mineralogical Association. The structural formula of
monoclinic epidote-group minerals can be expressed as AIA2M1M2M3 [T,07][TO4](04)(O10), where
Al = Ca, Mn?*; A2 = Ca, Sr, Pb, Ce®*, (REE)**; M1 = Mg, Fe?*, Mn?*, Al, Fe**, V3*, Mn3*, Cr**; M2
= Al, Fe**; M3 = Mg, Fe?*, Mn?*, Al, Fe**, V3%, Mn®*, Cr®*; T = Si; 04 = 0?7, F~; and O10 = OH",
O?™ [123]. The normalization scheme based on the £(A + M + T) = 8.0 determines the mineral species
on the basis of the dominant cations at sites A1, A2, M1, M2, and M3, and of anions at sites O4 and O10.
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Zoisite, the orthorhombic polymorph of clinozoisite, cannot be distinguished chemically from its monoclinic
polymorph clinozoisite, and is thus not considered as a distinct species by WinEpclas software.

3.8. Pyroxene Chemistry

The general formula of orthorhombic or monoclinic pyroxene can be expressed as ABZ,Og, where A =
Ca, Fe?*, Li, Mg, Mn?*, Na, Zn; B = Al, Cr**, Fe?*, Fe**, Mg, Mn?*, Sc, Ti, V3*; Z = Al, Si. Composition of
detrital pyroxene was calculated on the basis of six oxygen atoms in the chemical formula, using the software
developed by Sturm [124]. The nomenclature follows the rules set in Morimoto et al. [125]. The prefixes
“aluminian” or “sodian” are added for clinopyroxene with AI** > 0.1 atoms per formula unit (a.p.f.u.) or
Na* > 0.1 a.p.f.u., respectively. The prefix “subsilicic” is added if Si** is < 1.75 a.p.f.u. Most pyroxene grains
belong to the Quad chemical group (i.e., plot in the classical pyroxene quadrilateral, part of the Ca—Mg-Fe
classification triangle; [125]). The ] parameter is twice Na a.p.f.u; the Q parameter is Ca + Mg + Fe?* a.p.f.u.

4. Heavy Mineral Sources

Transparent heavy-mineral suites in all analyzed samples mostly consist (84% on average) of
amphibole (47% + 17%), epidote (17% + 9%), pyroxene (12% + 9%), and garnet grains (9% + 8%).

Heavy-mineral concentration results to be much higher in river sand derived from the Kohistan arc
(19%-44%) than from the Ladakh arc (5%—20%), and higher in river sand derived from the Nanga Parbat
massif (6%—17%) than from both Karakorum belt and Greater Himalaya (3%-9%). Heavy mineral
concentration is remarkably high in dune sand of the Thal Desert (12%—-26%; Table 1).

Table 1. Heavy-mineral assemblages in river sands of the Upper Indus catchment (end-member sources)
and eolian dunes of the Thal Desert (sediment sink) performed by semi-automated Raman spectroscopy.

Sample River/Dune Domain HMC tHMC Zrn  Tur Rt Ttn  Ap Amp Cpx Opx Ol Zo
S1749 Hushe Karakorum 4.8 2.5 2 0.2 1 9 6 60 5 0 0.5 0
51748 Braldu Karakorum 6.5 45 0.9 1 3 8 6 42 11 0 0.5 0.1
51437 Hunza Karakorum 29 1.5 0.5 2 9 10 5 45 8 0.2 0 0.2
51438 Hispar Karakorum 8.7 6.7 2 1 1 10 3 26 6 0 0.2 0
54426 Stagmo Ladakh arc 12.6 12.0 0.4 0.4 0.4 6 0.9 82 6 0 0 0
54430 Domkar Ladakh arc 9.7 8.1 2 0.3 1 7 1 73 6 0.3 0 0
51439 Kandia Kohistan arc 44.2 33.4 0 0 0.5 7 0.5 51 4 0 0.2 2
51440 Swat Kohistan arc 31.4 27.5 0.2 0 2 1 0.6 49 37 4 0 0
54419 Zanskar G. Himalaya 4.8 4.6 1 5 2 8 8 21 11 0 0.2 0
51426 Nandihar G. Himalaya 4.8 4.0 0.6 8 1 5 3 32 13 2 0 0.6
51432 Astor Nanga Parbat ~ 17.9 16.9 0.2 1 2 1 0.3 64 6 0 0.2 0.6
51462 Mankera Thal Desert 21.2 15.3 0 1 1 4 0.3 40 10 1 0.5 0.5
51463 Haidarabad Thal Desert 242 18.6 0 0.4 2 6 1 36 11 3 0.4 0.9
51470 Muzaffarghar ~ Thal Desert 264 17.7 0.3 0.8 2 4 1 35 13 2 1 0.7
S1474 Munda Thal Desert 12.3 10.0 0.3 1 1 4 1 40 13 2 0.3 0.3

Sample River/Dune Domain Czo &Ep Grt Cld St And Ky Sil &HM Tot %Amp %Grt
51749 Hushe Karakorum 1 11 4 0 0 0 0 0.2 0.6  100.0 1.5 0.1
51748 Braldu Karakorum 5 11 7 1 0.4 0.8 0 0.4 1 100.0 1.9 0.3
51437 Hunza Karakorum 6 13 1 0 0.2 0.3 0 0 0.5 100.0 0.7 0.0
51438 Hispar Karakorum 9 15 26 0.2 0.5 0 0 0 0.2 100.0 1.7 1.7
54426 Stagmo Ladakh arc 0 3 0 0 0 0 0 0 0 1000 99 0.0
54430 Domkar Ladakh arc 0.5 7 1 0 0 0 0 0 0.8  100.0 59 0.1
51439 Kandia Kohistan arc 22 10 2 0 0 0 0 0 0 100.0 171 0.7
51440 Swat Kohistan arc 2 4 0.6 0 0 0 0 0 0 1000 135 0.2
54419 Zanskar G. Himalaya 0.3 11 21 0 0.3 0 0.5 9 1 100.0 1.0 1.0
51426 Nandihar G. Himalaya 1 2 22 0 2 0 8 0.6 0.4  100.0 1.3 0.9
51432 Astor Nanga Parbat 5 9 9 0 0.2 0.2 0.8 0.2 0.2 100.0 108 1.6
51462 Mankera Thal Desert 15 9 14 0.3 0.8 0 1 0.2 0.7 100.0 6.1 2.1
51463 Haidarabad Thal Desert 11 13 14 0 0.6 0.2 0.4 1 0 1000 6.6 2.5
51470  Muzaffarghar  Thal Desert 14 11 11 0 0.5 0 0.8 0.5 05 1000 63 2.0
51474 Munda Thal Desert 11 12 10 0 0.6 0 1 0.3 0.1 100.0 4.0 1.0

On average, over 700 transparent heavy minerals were counted per sample (ranging from 275 for 54426 to 1300 for S1748;
Supplementary Table S2). HMC = heavy mineral concentration; tHMC = transparent heavy mineral concentration; Zrn
= zircon; Tur = tourmaline; Rt = rutile; Ttn = titanite; Ap = apatite; Amp = amphibole; Cpx = clinopyroxene; Opx =
orthopyroxene; Ol = olivine; Zo = zoisite; Czo = clinozoisite; &Ep = allanite and other epidote-group minerals; Grt =
garnet; Cld = chloritoid; St = staurolite; And = andalusite; Ky = kyanite; Sil = sillimanite; &HM = other transparent
heavy minerals (monazite, anatase, brookite, prehnite, axinite, gahnite, barite, vesuvianite). Percentages of amphibole,
garnet, epidote, and pyroxene on bulk samples are given in the four last columns to the right.



Minerals 2019, 9, 457 10 of 27

4.1. Karakorum

The studied river sands derived from the Karakorum contain moderately poor to rich
transparent-heavy-mineral suites dominated by amphibole, with subordinate epidote, clinopyroxene,
titanite and rare clinozoisite, apatite, and garnet. The Hispar River, draining mid-crustal rocks
rapidly exhumed in metamorphic domes of the Southern Karakorum Belt, carries the richest
transparent-heavy-mineral suite containing subequal amounts of garnet and amphibole (Table 1).

Amphibole grains in sand of the upper Hushe River, which largely drains granitoid rocks,
are mainly pargasite (52%), hastingsite (26%), and hornblende (Figure 3A). Garnet grains mainly plot
in field Bi of the Fe + Mn-Mg-Ca plot and in the low P/T field of the Ca-Mg-Mn plot (Figure 4A),
reflecting provenance from intermediate-felsic igneous rocks. Epidote-group minerals include abundant
REE-rich allanite (11% on average) and detrital pyroxene is mainly diopside with subordinate augite
with a low wollastonite (Wo) value and negligible orthopyroxene (Figures 5A and 6A).
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Figure 3. Chemical composition of detrital amphibole in river and eolian sands of northern Pakistan.
All data were plotted in one single biplot [111], next separated into four panels to allow comparison

between end-member sources (A = Karakprum, B = Ladakh and Kohistan arcs, C = Himalaya) and the
sediment sink (D = Thal Desert).
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Mange and Morton [5]; Ca-Mg-Mn plot after Win et al. [121]). XFe, XMg, XCa, XMn = molecular
proportions of Fe2t, Mg, Ca, and Mn.

KARAKORUM
@ Hushe n=117
< Braldu n=100
Hunza n=97
Hispar n-g5

Aln

HIMALAYA
O Zanskar n=70

Nandihar n=16
O Astor

n=87

Aln
9

LADAKH
v Stagmo ne7
7 Domkar n=25

KOHISTAN
A Kandia n=08
Swat n=29

Ep

90

10

10

Czo

THAL DESERT
* Mankera  n=100|
Haidarabad n=99

* Muzaftarghar n=100

* Munda n=00

*
Ep 90

Figure 5. Chemical composition of detrital epidote-group minerals in river sands of northern Pakistan
and in the Thal Desert. (A-D) The proportion of clinozoisite, allanite, and epidote were calculated as Al
(atoms per formula unit (a.p.f.u.)) -2, if Al (a.p.f.u.) > 2 (otherwise the proportion was taken as zero),
as rare earth elements (REE) (a.p.f.u.), and as 1-allanite-clinozoisite, respectively [126]. Aln: allanite;
Ep: epidote; Czo: clinozoisite. (E) Classification of REE-bearing epidote grains after Kartashov [127].
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Figure 6. Chemical composition of detrital pyroxene in river sands of northern Pakistan (A = Karakorum,
B = Ladakh and Kohistan arcs, C = Himalaya) and in the (D) Thal Desert. Pyroxene quadrilateral
from Poldervaart and Hess [128] and Morimoto et al. [125]. Wo: Wollastonite (Ca,Si,Og); En: enstatite
(MgSipOg); Fs: ferrosilite (FepSip Og).

Sand of the upper Braldu River draining the axial part of the Karakorum belt contains mainly
hornblende prevailing over pargasite and actinolite, and mainly Bi with subordinate Bii garnet plotting
in the low and intermediate P/T fields (Figure 4A). Epidote dominates over allanite and clinozoisite.
Pyroxene is mostly diopside, largely derived from upper-amphibolite facies metasedimentary rocks
(99%; Figure 6A). Similar mineralogical signatures characterize upper Hunza and Hispar sands,
mainly derived from the Northern Karakorum sedimentary domain and from the Southern Karakorum
belt, respectively. Hispar sand however lacks allanite (Figure 5A), whereas upper Hunza sand contains
only a few garnet grains, dominantly of type D (Figure 4A), and some ferroaugite grains (Figure 6A).

4.2. Ladakh and Kohistan Arcs

Stream sands derived from the Ladakh arc contain rich to very rich, amphibole-dominated
transparent heavy-mineral suites including minor titanite, clinopyroxene, epidote, and only rare
garnet (Figure 4B). Amphibole grains are mostly hornblende (~81% on average; Figure 3B), epidote is
dominant (allanite is rare in Stagmo sand and absent in Domkar sand; Figure 5B), and detrital pyroxene
is mainly diopside and augite (Figure 6B). Domkar sand includes a few orthopyroxene grains.
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The very rich to extremely rich transparent heavy-mineral suites shed from the Kohistan arc are
more varied (Table 1). Kandia sand yields mainly pargasite, hornblende, and actinolite among the
amphibole group, abundant epidote-group minerals (mostly clinozoisite; Figure 5B), mostly high-Ca
garnet of type D (Figure 4B), and only a few diopside and orthopyroxene grains (Figure 6B). In Swat
sand, common detrital amphibole is mainly hornblende (42%), with minor pargasite and hastingsite,
and rare actinolite and tschermakite. Clinopyroxene (diopside, minor augite) is abundant and
orthopyroxene minor (Figure 6B). Epidote-group minerals are represented by epidote and clinozoisite
(Figure 5B). The rare garnet grains are high in Ca and Mg (Figure 4B).

4.3. Greater Himalaya

Rivers draining amphibolite-facies metamorphic rocks of the Greater Himalaya carry moderately
rich transparent heavy-mineral suites including amphibole, garnet, clinopyroxene and epidote,
with minor titanite, tourmaline, apatite, sillimanite, and kyanite (Table 1).

The Zanskar River, sourced from the topmost part of the Greater Himalaya and cutting across the
Tethys Himalaya, carries pargasite and hornblende with minor hastingsite, mainly Bi garnet with a
few Bii and Ci grains (Figure 4C), and dominant epidote with minor allanite (Figure 5C). Diopside
accounts for the vast majority of pyroxene grains (Figure 6C).

Similar amphibole varieties characterize Nandihar river sand, which contains mainly Bi garnet
with minor A, Bii, and D grains (Figure 4C), epidote-clinozoisite but no allanite (Figure 5C), and a
higher proportion of augite (30%) and orthopyroxene (25%) (Figure 6C).

4.4. Nanga Parbat

The very rich transparent-heavy-mineral suite of Astor River sand chiefly derived from the
Nanga Parbat massif is dominated by amphibole with subordinate epidote-group minerals, garnet,
and clinopyroxene (Table 1). Detrital amphibole is mainly hornblende with common tschermakite (14%)
and minor pargasite (Figure 3C). Garnet grains are mainly Ci (57%) and minor Bii types (Figure 4C).
Epidote and clinozoisite occur whereas allanite is lacking (Figure 5C), and detrital pyroxene is
dominantly diopside with rare augite and orthopyroxene (Figure 6C).

5. Heavy-Mineral Provenance Tracers in Thal Desert Sand

Transparent-heavy-mineral suites of Thal Desert sand reflect the mineralogy of their diverse
magmatic and metamorphic sources. As each source-rock domain contributes detrital species to the
sediment load of the upper Indus River in different proportions, depending not only on exposure area
and erosion rate but also on the different mineral concentrations (fertilities), every detrital mineral is
expected to carry a distinct provenance signal (Figure 7). A source-rock domain may contribute one
mineral (e.g., amphibole) in large proportion but another mineral (e.g., garnet) in negligible proportion;
as a consequence, that domain will be over-represented in the detrital-amphibole spectrum but hardly
seen in the detrital-garnet spectrum.
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Figure 7. Multidimensional scaling maps based on the chemical signatures of the four studied mineral

groups in river sands of northern Pakistan and in the Thal Desert (Supplementary Tables S7-510).

The four Thal dune samples are considered as subsamples of the same unitary population. Solid

and dashed lines link closest and second-closest neighbors, respectively. The higher “stress” values

(poorer fit) obtained for the amphibole (11.2%) and pyroxene maps (8.9%) than for the garnet (2.4%)

and epidote maps (0.8%) largely reflect the higher number of varieties identified for amphibole (32) and

pyroxene (39) than for epidote and garnet (six each). The four maps—plotted using the provenance

package of Vermeesch et al. [129]—differ because different minerals are contained in markedly different

proportions (fertilities) in different source-rock domains. Similarities among mineralogical spectra

indicate the Kohistan arc as the main supplier of epidote and pyroxene, whereas amphibole and garnet

were largely derived also from the Karakorum (Southern Karakorum gneiss domes drained by the

Hispar River) and Himalaya (Nanga Parbat massif). The shape and color of sample symbols are same

with those of Figures 3-6.

5.1. The Thal Desert as a Quaternary Sediment Sink

The very rich transparent-heavy-mineral suites of Thal Desert sand (tHMC 15.4 + 3.9) mainly
consist of amphibole, with common epidote, clinozoisite, clinopyroxene, and garnet. Detrital amphibole
includes mainly hornblende, subordinate pargasite, actinolite (11% on average), hastingsite, and minor
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tschermakite (up to 5%; Figure 3D). Detrital garnet mainly consists of Bi grains with minor Ci (23%), Bii
(18%), A (13%), and a few D grains (Figure 4D). Epidote-group minerals are mainly clinozoisite (54% on
average) and epidote (Figure 5D). Detrital pyroxene is mainly diopside with common orthopyroxene
(32% on average) and minor augite (Figure 6D).

The four studied dune samples are compositionally homogeneous (Table 1) and can thus be
considered as subsamples of the same unitary population. Minor differences, however, are observed for
instance between the adjacent Mankera and Haidarabad samples (Figure 1). Sample 51462 yielded more
hornblende and more Bii than Ci garnets (20% vs. 18%), whereas sample 51463 yielded more hastingsite
(27%), less Bii than Ci garnets (12% vs. 26%), and a lower diopside/augite ratio (Figures 8 and 9).
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Figure 8. Calculated proportions of different varieties of detrital amphibole found in river and eolian
sands of northern Pakistan. Act: actinolite; Hbl: hornblende; Hst: hastingsite; Prg: pargasite; Tr:
tremolite; Ts: tschermakite.
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Figure 9. Calculated proportions of different varieties of detrital garnet (as defined in Mange and
Morton, [5]) found in river and eolian sands of northern Pakistan. Data for Kabul, Indus, Jhelum,
Chenab, Ravi, Beas, and Sutlej sands, circled in black, are from Alizai et al. [22]. Garnet types are
explained in the text (Section 3.6).

5.2. Heavy Mineral Concentration and Provenance Estimates

A fundamental parameter in provenance analysis is represented by heavy-mineral concentration
(HMC; [100,101]), which depends originally on the mineralogy and on the average density of parent
rocks. The denser a rock is, the greater amount of dense minerals it contains and therefore can shed.
Heavy-mineral concentration in sediments, however, can be modified even by an order of magnitude or
more by hydraulic sorting during erosion, transport and sedimentation [106], or by chemical processes
including weathering in soils and intrastratal dissolution during burial diagenesis [118,130]. Only in
the absence of such environmental and diagenetic bias can terrigenous detritus be considered as
produced purely by physical comminution and the mineralogy of daughter sand held to faithfully
reflect the mineralogy of parent rocks. Under this strict assumption, the concentration (fertility) of each
mineral can be determined for any specific source by the mineralogical analysis of daughter sand [15].

Our mineralogical dataset, integrated by data from Garzanti et al. [18] and Munack et al. [30],
indicates that erosion in the diverse tectonic domains of the upper Indus catchment generate different
amounts of heavy minerals. This depends principally on arc versus continental protoliths and crustal
level exposed to erosion in each domain, because continental crust is more felsic and therefore less
dense than arc crust, and because the Earth’s crust is markedly stratified by density [131].

The very high transparent-heavy-mineral concentration in all of our four Thal dune-sand
samples, which are not systematically enriched in densest minerals by selective-entrainment effects
(Supplementary Table S1), points by itself to major heavy-mineral supply especially from dense
mafic rocks exposed in deep tectonostratigraphic levels of the Kohistan arc and minor heavy-mineral
supply from either the Karakorum or the Greater Himalaya. Similarity analysis [132] indicates that
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heavy-mineral suites resembling more closely those of Thal Desert dunes are those of Braldu and
Hispar sands derived from the Central-Southern Karakorum, whereas the least similar are those of
stream sand derived from the Ladakh arc. Forward-mixing calculations based on heavy-mineral data
shown in Table 1 (mathematical method explained in Weltje [133] and Garzanti et al., [134]) confirm the
Kohistan arc and the Central-Southern Karakorum as major sources of sediment for the Thal dunes.

5.3. The Amphibole Signal

The composite amphibole population of Thal Desert sand includes hornblende as well as other
species identified in sands carried by diverse mountain tributaries of the Indus River, pointing to
mixing from several sources (Figure 8). The relatively high amount of actinolite suggests contribution
from Karakorum and/or Kohistan, and the presence of tschermakite indicates significant supply from
the Nanga Parbat.

The massive appearance of blue-green hornblende in Upper Miocene foreland-basin strata of
northern Pakistan was used as an indicator of rapid exhumation of the Kohistan arc [135]. Geochemical
data from Lee et al. [21] confirm the Kohistan arc as a major source of amphibole, whereas the Nanga
Parbat massif together with the Himalayan belt and the Ladakh arc in the uppermost catchment were
held to be minor contributors. Major supply from the Kohistan arc was principally ascribed to high
fertility, whereas the Southern Karakorum Belt was identified as the dominant source of bulk sediment
also based on Nd isotope fingerprints [24].

5.4. The Garnet Signal

As the studied rivers draining the Ladakh and Kohistan arcs carry little garnet, most of which
are Ca-rich type-D grains, the arcs cannot be considered as significant sources for garnet (Figure 9).
However, Thal Desert dunes contain common high-Mg Ci and A garnet grains, which may have
been derived not only from Nanga Parbat and the Greater Himalaya, respectively, but also from
granulite-facies metagabbros and metasedimentary rocks exposed in the southern part of the Kohistan
arc drained by the Indus River. These high-grade rocks of the lower arc crust may in fact contain up to
20%-30% garnet [136,137]. High-Mn garnets plotting in the low P/T field are sporadic in Thal dunes,
but common in all river sands derived from the Karakorum belt and the Greater Himalaya (Figure 4),
which argues against dominant garnet contribution from these sources.

Geochemical data from Alizai et al. [22] indicate that garnet in Kabul sand has intermediate
signatures between those of the Karakorum belt and the Kohistan arc, and that Punjab Rivers draining
the Himalayan belt carry mainly Bi and Bii garnets with minor Ci grains (Figure 9). Type D garnet
occurs in all geological domains drained by the Indus River upstream of the Thal Desert but not in
Punjab tributaries (Figure 9), which do not contribute significant amounts of sediment to the Thal Desert.
Mg-rich garnet derived from the Kohistan arc and subordinately from the Karakorum belt, characteristic
of Indus sand, are still the mark of Thar Desert dunes in southern Pakistan, chiefly representing the
wind-reworked alluvial fan of the Indus River [22].

5.5. The Epidote Signal

Although epidote has been generally used as a provenance tracer based on isotopic
fingerprints [138,139], major element geochemistry also provides critical information. Most important,
allanite grains were not detected in all four Thal sand samples, which precludes significant contribution
from the Northern and Central Karakorum drained by the upper Hunza, upper Braldu, and upper
Hushe rivers, and by the upper part of the Greater Himalaya drained by the Zanskar River (Figure 10).
The abundance of clinozoisite favors instead major contribution from the Kohistan arc and possibly from
the Southern Karakorum, drained by the Hispar which is the only Karakorum river that does not carry
allanite. Subordinate supply from the Nanga Parbat massif, mainly shedding epidote, and from the
Greater Himalaya in Pakistan, dominantly shedding clinozoisite, cannot be ruled out. Although zoisite
cannot be identified from geochemical data by WinEpclas software [122], Raman spectroscopy revealed
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its abundance in both Thal Desert and Kandia River sands (Table 1), confirming the Kohistan arc as a

major source of detrital epidote for Thal dunes.
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Figure 10. Calculated proportions of different varieties of detrital epidote-group minerals found in
river and eolian sands of northern Pakistan. Note that Thal dunes, as well as sand from Kohistan
and Nanga Parbat, lack allanite. Among Karakorum rivers, only the Hispar does not carry allanite,

which singles out the Southern Karakorum as the only domain potentially representing a major source

of epidote within the belt. Aln: allanite; Czo: clinozoisite; Ep: epidote.

5.6. The Pyroxene Signal

The abundance of orthopyroxene in Thal dunes points to dominant contribution from the
Kohistan arc, with minor to negligible additional contributions from other sources (Figure 11). In fact,
the Ladakh arc (Wo < 30), the Karakorum belt (upper Hushe sand; Wo ~30), and the Greater Himalaya
(Nandihar sand; Wo < 40) shed mostly Ca-poor augite (Figure 6), whereas augite grains in Thal Desert
dunes are mostly Ca-rich (Wo > 40). Detrital ferroaugite is negligible in Thal dunes, whereas it occurs
in sand derived from Nanga Parbat, Greater Himalaya, and Karakorum belt (upper Hunza sand)

(Figure 6).
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Figure 11. Calculated proportions of different varieties of detrital pyroxene found in river and eolian
sands of northern Pakistan. Aug: augite (25 < Wo < 45); Di: diopside (Wo > 45); Opx: orthopyroxene
(Wo < 5); Wo: wollastonite.

6. Conclusions

Varietal studies of heavy minerals have long been proven to provide crucial information on
sediment provenance. The present study focuses on the chemical composition of detrital amphibole,
garnet, epidote, and pyroxene because these solid-solution series are the four dominant minerals in
orogenic sediments worldwide. The rich minerochemical dataset produced is intended as a basis useful
to discriminate among the diverse sources of detritus within the upper part of the Indus River catchment
in northern Pakistan, upstream of its entry point in the Punjab foreland basin. Therefore, the thorough
quantitative description of mineralogical signatures of Thal Desert dune sand, representing a relict sink
of sediment entirely derived from the upper Indus River in the Quaternary, offers a complementary
way to trace erosion patterns across the western Himalayan syntaxis and adjacent orogenic segments.

High-resolution analysis of Thal Desert dune sand indicates that the Kohistan arc has played
the principal role as a source of heavy minerals, especially as pyroxene and epidote are concerned.
The similarity among mineralogical spectra suggests that the Southern Karakorum gneiss domes
undergoing fast exhumation and the Nanga Parbat massif were major suppliers of amphibole and
garnet, reflecting high erosion rates in the western Himalaya syntaxis. Among other Himalayan
domains, a minor amount of heavy minerals was supplied by the Greater Himalaya, whereas detritus
from the Lesser Himalaya and Subhimalaya becomes significant in Indus sand only in southern
Pakistan, downstream of the confluence with Punjab tributaries. The contrast between mineralogical
fingerprints of Thal Desert sand, entirely derived from geological domains exposed around the western
Himalayan syntaxis, and those of detritus carried by Punjab tributaries, which drain the Himalayan
belt exclusively, can be exploited to assess how the relative contributions from these different parts
of the Himalayan-Karakorum orogen to the Indus delta to huge deep-sea fan have changed through
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time. Such a clear differentiation between Transhimalayan and Himalayan sources of detritus provides
a semi-actualistic key that can be used, together with complementary compositional datasets and
geological information, to make a step forward in the understanding of the erosional evolution of the
Himalayan orogen and of landscape changes in the Punjab foreland basin as controlled by the complex
interplay between climatic and tectonic forces in the recent and less recent past.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/8/457/s1,
Table S1: Sampling sites (including textural and geochemical information), Table S2: Heavy-mineral data obtained
by semi-automated Raman spectroscopy, Table S3: Chemical composition of detrital amphiboles, Table S4:
Chemical composition of detrital garnets, Table S5: Chemical composition of detrital epidote-group minerals,
Table S6: Chemical composition of detrital pyroxenes, Table S7: Percentages of amphibole varieties in each sample,
Table S8: Percentages of garnet varieties in each sample, Table S9: Percentages of epidote varieties in each sample,
Table S10: Percentages of pyroxene varieties in each sample.
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