minerals

Article

Geochemical Assessment of River Sediments at the Outlets of
Eastern Makran, Pakistan; Implications for Source Area
Weathering and Provenance

Waseem Khan 1'*(0, Ke Zhang !, Hao Liang ! and Pengpeng Yu 12

check for
updates

Citation: Khan, W.; Zhang, K,; Liang,
H.; Yu, P. Geochemical Assessment of
River Sediments at the Outlets of
Eastern Makran, Pakistan;
Implications for Source Area
Weathering and Provenance. Minerals
2023, 13, 348. https:/ /doi.org/
10.3390/min13030348

Academic Editors: Santanu Banerjee

and Georgia Pe-Piper

Received: 1 January 2023
Revised: 26 February 2023
Accepted: 27 February 2023
Published: 1 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Guangdong Provincial Key Laboratory of Geodynamics and Geohazards, School of Earth Sciences and
Engineering, Sun Yat-sen University, Zhuhai 519082, China

Guangdong Provincial Key Laboratory of Geological Processes and Mineral Resources, Zhuhai 519082, China
*  Correspondence: khanw@mail2.sysu.edu.cn

Abstract: The river sediments in the eastern Makran were investigated to determine the influence of
climate, tectonics, and source rocks based on the geochemistry of sediment delivery to the offshore
marine basin. Samples were collected at the outlets of four major drainage basins. The specimens
were analyzed by XRF, ICP-MS, and ICP-AES. The geochemical concentrations of major, trace, and
rare earth elements show great variation among the four outlets. The Rakhshan Kaur (RK), Shadi
Kaur (SK), and Dasht Kaur (DK) represent more sorted and matured detrital sediments than those of
the Hingol Kaur (HK). The detrital sediments at all outlets represent mostly humid climates except
for the DK which falls at the junction of humid and semi-arid conditions. The studied samples show
a low level of source area weathering. The sedimentary provenance of the RK and DK is due to the
heterogeneous sources of detritus from Iran in the west and the older Eocene-Holocene sedimentary
successions in the east. The sediment carried by SK is probably from the late Oligocene-Holocene
succession from central and coastal Makran. The HK represents a heterogeneous provenance from the
Kirthar-Sulaiman Belt, Bela Ophiolites, and sedimentary successions of central and coastal Makran.
The tectonic environments of all river sediments signify a continental arc rather than an active
continental margin.

Keywords: Rakhshan River; Dasht River; Shadi River; Hingol River; eastern Makran; provenance

1. Introduction

The onshore main rivers of eastern Makran emptying into the Arabian Sea traverse a
wide variety of terrain with varying climatic and tectonic forces. The geochemistry of river
sediments at basin outlets gives an excellent chance of examining how climate and tectonic
forces combine to regulate erosion. If such a sediment archive is to be used, it is necessary
to know where the sediment comes from, what its composition is, and how it changes as it
travels owing to abrasion and chemical weathering [1]. If the bedrock compositions are
diverse enough, the bulk composition of the sediment may provide a means of determining
the source of the materials. Many researchers have utilized the geochemistry of bedload
and suspended sediments to establish their origin, source area weathering, and the tectonic
environment of various river basins [2-9].

The clastic/siliciclastic sediments are the end products of numerous complicated pro-
cesses such as weathering, transportation, and their relations, and their provenance can be
inferred using their geochemical characteristics. The geochemistry of sediments preserves
the evidence of these processes from source to sink, after their deposition. Al, Fe, Ti, Sc,
Th, Zr, Cr, Ni, Co, and rare earth elements are among the examples of major and minor ele-
ments whose distributions are well-suited to distinguishing between different provenances
and tectonic settings. These elements tend to be transient in riverine environments and
have little mobility throughout sedimentary processes [10]. The geological evolution of a
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sedimentary unit or basin province can be decoded from its source region by analyzing the
geochemistry of sediments, which in turn exposes information on the nature of source area
weathering and provenance, which are governed by climatic and tectonic causes.

Geochemical investigations of the onshore eastern Makran river sediments have been
given less priority in conducting such work. Here, we investigate the geochemistry of river
sediments collected at the watershed outlets to see how effective major, trace, and rare earth
element geochemistry can be in determining provenance. In addition, the sorting, maturity,
tectonic environment, climatic influence, and source area weathering of the sediments are
also discussed.

2. Geographical and Geological Framework
2.1. Geographical Aspects

Its rough terrains make Balochistan a unique geographical area, which is categorized
into five divisions: deserts, plains, lower highlands, upper highlands, and the coast. The
east-west coast stretches approximately 760 km from Jiwani near the Iranian border to
the Hub River near Karachi. It comprises numerous promontories and peninsulas. The
desert areas fall in the Chagai and Kharan districts in the northwest of Balochistan province.
The zone covers massive plains in the form of huge sand dunes and black gravel surfaces.
The plains contain Makran plain, including Dasht, Bugti plain, and Lasbela plain. The
piedmont plain, valley floor, and terrains make up 15% of the area, whereas the greater
area is covered by mountains. The lower highlands are commonly found in the southern
parts of the province. They range from 600 to 1200 m. The upper highlands include the
Kirthar-Sulaiman and Makran ranges at the east and west, respectively. They rise to an
altitude of ~1500 to 3700 m [11].

2.1.1. Climate

The climate of the desert zone is extremely arid but extremely hot in summer. The
plain areas have mild winters and extremely hot summers. The temperature can rise up to
~52 °C. The climate of the lower highlands varies from place to place. The northern parts
are extremely cold in winter, while the winters of the southern parts are mild. Both parts
are dry and hot in summer except for the coastal cities. The upper highlands are extremely
cold in winter, while summers are warm. The climate of the coast has mild winters and hot
summers with high humidity [11].

2.1.2. Rainfall

The annual rainfall ranges from 50 to 500 mm. The northern parts receive the highest
rainfall, which ranges from 200 to 500 mm, while the eastern and southern parts receive
an average of 25 to 50 mm. The average annual rate of evaporation ranges from 1830
to 1930 mm, which is usually higher than the rate of annual rainfall [12]. The annual
rainfall varies from November to March, with a peak in January and February. In addition,
glaciation is absent [10]. In [13], the authors stated that the region of the Arabian Sea
receives two types of monsoon winds. The humid and warm monsoon winds blow from the
southwest in summer, while the drier and weaker winds of semi-arid to arid environments
blow from north to north-east in the winter [14]. However, extreme rainfall sometimes
leads to extensive flash floods that cause severe erosion and transportation of sediments.
These eroded sediments from inner and outer Makran are then transported to the Arabian
Sea through the main streams.

2.1.3. Rivers and Streams

Makran is hydrologically distributed into the Rakhshan, Doraski, Hingol, Kech, Ni-
hing, Shadi, Basol, and Dasht rivers. Among them, the Dasht, Shadi, Basol, and Hingol
rivers drain directly into the Arabian Sea. The Dasht River is ephemeral, with a catchment
area of about 21,000 km?, and the rainfall is 110 cm per annum [15]. Two associated tribu-
taries, Kech from Balochistan in the east and Nihing from Iran in the west, join the Dasht
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river at Kor-e-Awar in the Nasirabad region. Other tributaries in the Sami area, such as
Rakhshan draining from Panjgur, Gishkaur, and Kill Kaur connect the Kech River. The
Shadi Kaur (River) is not an ephemeral type, with a total length of about 80 km. The smaller
Pidark and Bahri rivers join Shadi Kaur, which finally drains into the Arabian Sea in the
Pasni region. The Basol River enters the Arabian Sea about 30-35 km west of Ormara. The
tributaries draining from the southern parts of Awaran and Hoshab join the Basol River. On
the other hand, the Hingol River is an ephemeral type of river that drains into the Arabian
Sea in the Lasbela region, which covers an area of about 35,736 km? [16,17].

2.2. Geological Background

The Makran is bound by two strike-slip faults i.e., Ornach Nal to the east of Makran
Accretion Wedge (MAW) in Balochistan, Pakistan (Figure 1) and Menab to the west, in
Iran. The region developed at the convergent margin between the Arabian and Eurasian
plates throughout the Cenozoic, mainly by recycling of sediments that were eroded from
the India—Asia collision belt and from the uplifted older strata [18,19]. Makran is further
divided into three regions, i.e., outer Makran comprising the Chagai-Raskoh magmatic
arcs region, inner Makran representing Eocene to Miocene Flysch sediments, and coastal
Makran representing the post-Miocene Flysch sediments (Figure 1). The oldest parts
(Chagai-Raskoh magmatic arcs) are about 400 km inland from the Makran coast. The
coastal region contains Plio-Pleistocene sediments [20-22].
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Figure 1. Map showing the geological background of Balochistan. The horizontal arrows refer
to the divisions of Makran, for instance, outer, inner, and coastal Makran. MC-Hc: Miocene to
Holocene; MKG: Makran-Khojak Group; BO: Bela Ophiolites; MBO: Muslim Bagh Ophiolites;
CRA: Chagai-Raskoh arc; KSF: Kirthar-Sulaiman Fold Belt; KS = Koh Sultan; SM = Sandak mag-
matic arc; CMA = Chagai magmatic arc; RMA: Raskoh magmatic arc; CTF: Chaman Transform Fault;
GF: Ghazaband Fault; and ONF: Ornach Nal Fault [20-26].
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Moreover, the region shows massive sedimentary beds ranging from Jurassic to
Holocene (Figures 1 and 2a-c). The Jurassic formation (AM]) comprises fossiliferous
gray limestone and shale, which is found at the Kirthar Fold Belt (Figure 2c). The Creta-
ceous Pab Formation (PFC) comprises quartzose sandstones and shales and can be found
at the Kirthar Fold Belt (Figure 2c). The Paleocene Gidar Dhor Formation (GDFP) consists
of diverse igneous and sedimentary rocks and is found at the Kirthar Fold Belt along with
Paleocene undifferentiated rocks (URP) (Figure 2c). The ophiolitic mélanges (BOMP) of
Paleocene are found in the Bela Ophiolite (Figure 2c). Many isolated outcrops of Wakai
Limestone (WLE) can be found along the Pakistani and Iranian borders in the western Sia-
han Range. This Eocene formation primarily comprises grey reefoid limestones (Figure 2a).
The Eocene Nisai Formation (NFE) comprises argillaceous and reefoid gray limestone,
shale, and sandstone interbeds in the Kirthar Fold Belt along with Eocene undifferentiated
rocks (KPE) (Figure 2¢c). The Oligocene Nal Limestone (NLO) to the north of the Bela
Ophiolite and Nari Formation (NFO) at the Kirthar Fold Belt comprises massive reefoid
gray to light brown limestones, shale, and sandstone interbed (Figure 2c). The Oligocene
Murgha Faqirzai Formation (MFFO) at the Khojak Group (KG; Figure 1), comprises shale
with sandstones, and minor interbeds of shelly limestones (Figure 2c). The Late Oligocene
to Early Miocene Panjgur formation (PFOM) is widespread in central Makran and along
the coast [20-22,27]. The authors of [18,28] found that the younger succession represents
slope and shelf sediments (shallow marine) deposited on top of the wedge, whereas the
older succession was deposited on the ocean floor (deep marine) of the precursor of the
Arabian Gulf and subsequently tectonically absorbed into the accretionary wedge. The
PFOM is composed of greenish micaceous sandstones and turbidites that originated on
the ocean floor (Figures 1 and 2a—c). The Neogene Hinglag Formation (HFN) consists of
sandstone, shale, and shelly limestone and is found in coastal Makran (Figure 2c). As
described by [18] and supported by [29], along the coastal range, the Parkini Formation
(PFM) is widely distributed and extensively exposed along the Turbat-Pasni route. With
very fine-grained thin sandstone strata, it is frequently composed of light-grey, fine-grained,
and less cemented mudstones dating to the Miocene. The sediments of PFM were deposited
on an outer shelf region with an upper slope (Figure 2a,b). Along the coast of Makran, the
early Pliocene Chatti Formation (CFP) is found. Siltstones and fine-grained sandstones
make up the Formation. A middle-outer shelf habitat is indicated by the prevalence of
nanofossils in this formation (Figure 2a,b). Along the west coast of Makran, the Gwadar
Formation (GFP) can be found. It resembles conglomerate, sandstone, and sandy clay.
This formation is late Pliocene in age (Figure 2a). The Bostan Formation (BFP) in the
Khojak Group, Kech Conglomerate (KCP) in central Makran, and Haro Conglomerate
(HCP) in coastal Makran correspond to the same Pleistocene age and rock properties.
These formations are of lacustrine and fluvial origin with less consolidated sandstones,
conglomerate, and shale (Figures 1 and 2a—c). In the eastern part of the coastal area, the
Holocene Extrusive Mud (EMDH) is found (Figure 2c). In addition, the older alluvial
deposits (SRDH) and unconsolidated surface deposits (RDH) are found throughout the
region (Figures 1 and 2a—c) [27].
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Figure 2. The catchment-based geological maps of eastern Makran in Pakistan. (a) The geological map
of the Dasht River catchment including the Rakhshan River catchment, (b) the Shadi River catchment,
and (c) the Hingol River catchment. Note that suffix “K” represents Kaur, which is a local word in the
Balochi language meaning river. Where, RDH: recent deposits; SRDH: sub-recent deposits; EMDH: ex-
trusive mud deposits; BFP: Bostan Formation; HCP: Haro Conglomerate; KCP: Kech Conglomerate;
CFP: Chatti Formation; GFP: Gwadar Formation; PFM: Parkini Formation; HFN: Hinglag Formation;
PFOM: Panjgur Formation; MFFO: Murgha Faqirzai Formation; NLO/NFO: Nal Limestone and Nari
Formation; KFE: Kirthar Formation; NFE: Nisai Formation; WLE: Wakai Limestone; BOMP: Bela
Ophiolitic Mélange; URP: undifferentiated rocks; GDFP: Gidar Dhor Formation; PFC: Pab Formation;
AM]J: Anjira Member [20-26].

3. Sampling and Analytical Techniques
3.1. Data Acquisition and Laboratory Techniques

Some necessary tools were used to collect the sediment samples during the fieldwork.
These include a GPS (Garmin eTrex 10 handheld), a shovel, a pan to carry the sediments,
a measuring tape, sampling bags, and stationery such as pens, markers, notebooks, etc.
Four major outlets were selected for sampling and field observations. These include the
Rakhshan River in Panjgur, the Dasht River in Jiwani, the Shadi River in Pasni, and the
Hingol River in Lasbela (Figures 1 and 2). Four samples (2 km each) from four outlets
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were collected for whole rock geochemical examinations. The samples were collected
perpendicularly to the flow direction about 5 m between samples in a row at downstream
of the four rivers. This sampling procedure was applied to grain the spatial heterogeneity
of river sediments. The fine-grained sediment samples from DK were collected from
surface sediment of ~1-m water depth. The dry coarser sediment samples were collected
from RK and SK, and coarser wet sediment samples were collected from HK; i.e., the
grain size in increasing order is DK < RK < SK < HK. The boulders/coarse materials were
removed without sieving procedures and the sediment samples were air-dried prior to the
laboratory examinations.

The concentrations of major elements were examined by XRF. The specimens were
analyzed using the method of lithium borate fusion. The major oxides were examined by
X-ray fluorescence spectroscopy (XRF) following the laboratory’s analytical procedures.
For the sample preparation, the lithium borate fusion technique was used. First, lithium
metaborate (LiBO;)-lithium tetraborate (Li,B4Oy) flux containing lithium nitrate (LiNOs)
was mixed with the prepared samples as an oxidizing agent. The mixture was subsequently
poured into a platinum crucible. Last, XRF recorded the resulting discs. The inductively
coupled plasma—mass spectrometry (ICP-MS) and inductively coupled plasma—atomic
emission spectrometry (ICP-AES) methods were applied to measure the trace element
concentrations consisting of REEs. The laboratory analytical procedures are as follows:
powdered samples (25 mg) were weighed in the first stage and two solution subsamples
were subsequently prepared. Perchloric (HCIOy), nitric (HNO3), and hydrofluoric (HF)
acids were digested in a single subsample. The remains were discharged and diluted to
volume in dilute hydrochloric acid (HCl). The ICP-MS for ultra-trace level elements and
the ICP-AES for trace level elements were used for examinations and then the digestion
solution was analyzed. The results were corrected for spectral inter-element interferences.
The other subsamples were mixed with the flux of lithium metaborate/lithium tetrabo-
rate, blended, and melted at 1025 °C in a furnace. In an acid mixture containing nitric,
hydrochloric, and hydrofluoric acids, the resulting melt was cooled and dissolved. To
test this approach, ICP-MS was used. In addition, the organic matter content (OMC) of
sediment samples is determined using loss on ignition (LOI) analysis. The organic fraction
was removed through LOI using a muffle furnace at 1000 °C. The LOI determines OMC
by comparing the sample’s weight before and after sediment ignition. Before ignition, the
sample contains organic matter, but following ignition, only the mineral fraction of the
sediment remains. The difference between the sample’s weight before and after ignition
represents the amount of OMC in the sample [29]. Thus, to test this loss, the concentrations
of loss on ignition (LOI) were calculated. The LOI contents are not explained at length
in this study but are used to support the reproducibility of data for future research. The
geochemical analyses were prepared and analyzed in the Guangdong Provincial Key Labo-
ratory of Geodynamics and Geohazards, School of Earth Sciences and Engineering, Sun
Yat-Sen University, China.

3.2. Data Processing

The relationships between elements were explored using correlation and principal
component analysis (PCA). Major oxides and trace elements were normalized against
upper continental crust (UCC) values [30], and REEs were normalized against chondrite-
normalized values [31].

Nesbitt and Young [32,33] offered CIA to calculate the intensity of weathering follow-
ing the molar proportions, where CIA is solved by Equation (1):

Al O3

IA =
S (A1203 + CaOx* + Na2O + KzO)

x 100 1)

where the weathering intensity scale < 50 refers to unweathered, 50-60 is low weathered,
60-80 is moderately weathered, and >80 is intense weathered [34].
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Cox et al. [35] introduced the index of chemical variability (ICV) for sedimentary
maturation. The ICV is calculated to measure the alumina content for the assessment of
maturity compared to leading cations. The ICV can be calculated according to Equation (2)
as follows:

(Fe;03 4+ K70 + NapO + CaOx + MgO + MnO + TiO;)
Al,O3

ICV = )

According to the atomic weights and radii, REEs are typically categorized into LREE
or HREE groups [36,37]. There are two distinguishing features of REE concentrations in
nature. The concentrations of REEs follow two patterns: (1) La to Lu decrease, and (2) even
atomic numbers of REEs are more abundant in their immediate vicinity. As a standard
practice, REE contents are normalized to a reference in order to eliminate these two effects
and display distribution patterns graphically [38]. The differences in oxidation state and
greater fractionation relative to other REEs [39] make Ce and Eu unique among REEs
and make them indispensable for redox-state tracing. The methods can be calculated to
determine Ce and Eu anomalies by Equations (3) and (4), respectively [36]:

(LaN X PI‘N) ’
Bu = Euy @)

(Smy x Gdy)*°

where the initials represent REEs and “N” subscripts represent values normalized against
chondrite values. An anomaly with a value above 1 is considered positive, while an
anomaly with a value below 1 is considered negative.

4. Results
4.1. Correlation Matrices of the Major Elements

The correlation matrix and PCA is calculated to examine the range of negative and
positive relationship of the studied samples and is shown in Figures 3 and 4. The watershed
RK shows a positive correlation of Al;O3, Fe;O3, CaO, NayO, and K,O with SiO,, while
TiO,, MnO, MgO, P,0s5, and LOI negatively correlate with SiO, (Figure 3 and Table S1).
The watershed DK represents the positive correlation of CaO and NayO with SiO;, while
Al O3, FeyO3, TiOp, MnO, MgO, K0, P05, and LOI negatively correlate with SiO,.
The watershed SK denotes a positive correlation of Al,O3, Fe;O3, Nay,O, and K,O with
5i0,, whereas TiOp, MnO, MgO, CaO, P,0s5, and LOI negatively correlate with SiO;.
The watershed HK signifies a positive correlation of TiO;, Al,O3, MgO, NayO, K;0, and
P,05 with SiO,, while Fe;O3, MnO, CaO, and LOI negatively correlate with 5iO,. The
negative correlation between SiO, and LOI represents sediments with low amounts of
silicate minerals, for instance, quartz and clay, which have excessive amounts of carbonate
and organic materials [40].

SiO, vs. CaO shows a positive correlation in the RK and DK but not SK and HK
samples, representing the possible influence of detrital carbonates/microfossils in SK
and HK sediments, which is further supported by a positive correlation b/w CaO and
LOI in SK and HK sediments. The Al;O3 vs. SiO, negative correlation of river DK is
possibly due to quartz dilution and sorting/grain-size effects as fine-grained sediment
samples were collected from DK (Figure 3). The MgO, K;O, Fe,O3, and TiO, have a clear
positive association, suggesting that these abundances are often regulated in particular
size grades by aluminous clay or heavy minerals. The close relationship between P,Os
and MnO of rivers RK, DK, and SK indicates the regulation and/or partnership of heavy
minerals with phyllosilicate fractions (Figure 4a—c and Tables 51-56), whereas no such
relationship between P,Os and MnO is found in river HK (Figure 4d). In most of the sandy
specimens, Na,O is negatively correlated with SiO,, and high concentrations of Na,O
are observed. The sandy samples show an association between CaO and high NayO. The
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above characteristics suggest that the abundance of CaO and Na,O is primarily associated
with low weathered feldspars. Al,Oj3 is reduced, while in clay-rich samples, its content is
fairly enriched, suggesting quartz dilution. However, K;O, MgO, and Na,O are markedly
depleted (Figure 3), suggesting that during weathering, progressive loss of ferromagnesian
minerals occurs [41]. Moreover, the positive correlation between SiO; and Al,O3, CaO,
NayO, and K;O may be controlled by the presence of rock-forming minerals associated

with the lithic fragments.
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Figure 4. PCA biplots showing the correlation matrices of (a) RK river (b) DK river (c) SK river, and
(d) HK river.

4.2. Major Elements

The major elemental concentrations are listed in (Table 1) with the UCC values of [30].
The major concentrations show variations from river to river. The mean SiO; concentrations
are 32.32%, 62.12%, 40.19%, and 49.03% and the mean Al,O3 concentrations are 4.32%,
8.05%, 4.49%, and 3.81%, of river sediments RK, DK, SK, and HK, respectively. This reflects
an increase in the ratios of SiO, /Al, O3 (6.83,7.72, 8.14, and 12.91 of river sediments RK,
DK, SK, and HK, respectively) as compared to UCC (4.34). TiO; contents are significantly
depleted as compared to UCC. The contents of total Fe;O3 show depletion. The concen-
trations of CaO are very high, with a mean of 30.34% for RK, 10.46% for DK, 25.24% for
SK, and 21.43 % for HK. The concentrations of MgO, MnO, K,O, Na,O, and P05 show
great depletion. The enrichment and depletion of the major oxides normalized to UCC are
shown in Figure 5a.
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Table 1. The examined major oxide concentrations and the calculated parameters of sorting, source
area weathering, and provenance of the river sediments of the eastern Makran outlets in Pakistan.

Si0, AlLO3 TiO, Fe;0O3 MnO MgO CaO NapO K,O P,Os LOI S/A KRb A/T CIA ICV
RK1 32.3 4.70 0.23 2.95 0.23 1.48 30.3 0.79 0.63 0.07 259  6.87 0.02 2043 588 7.79
RK2 325 4.73 0.22 2.96 0.21 1.35 30.5 0.80 0.64 0.05 256  6.86 0.02 2150 587 7.75
RK3 32.1 471 0.22 2.90 0.22 1.49 30.2 0.79 0.64 0.07 26.0 6.80 0.02 2141 589 7.73
RK4 324 4.79 0.22 2.94 0.21 1.33 30.4 0.80 0.64 0.05 256 677 002 2177 59.0 7.63
Mean 32.3 473 0.22 2.94 0.22 1.41 30.3 0.80 0.64 0.06 258  6.83 0.02 2128 589 7.73
DK1 61.8 8.08 0.50 3.41 0.11 2.02 10.4 1.62 1.24 0.10 105 7.65 0.02 16.16 54.8 2.39
DK2 62.5 793 0.42 3.34 0.10 1.82 10.6 1.64 1.20 0.08 104 7.88 0.02 1888 542 2.40
DK3 61.6 8.27 0.50 3.45 0.11 2.04 10.5 1.63 1.27 0.10 105 745 0.02 1654 551 2.35
DK4 62.6 791 0.43 3.37 0.11 1.83 10.4 1.73 1.20 0.08 102 791 0.02 1840 531 241
Mean 62.1 8.05 0.46 3.39 0.11 1.93 10.5 1.66 1.23 0.09 104 772 0.02 1749 543 2.39
SK1 37.6 4.61 0.27 2.95 0.29 1.31 26.9 0.98 0.64 0.07 238 817 0.02 1707 581 6.61
SK2 43.2 5.10 0.27 3.36 0.25 1.19 23.7 1.06 0.71 0.06 204 847 0.02 1889 579 8.72
SK3 39.2 4.84 0.28 3.21 0.29 1.38 25.7 0.99 0.65 0.07  23.0 8.09 0.02 1729 55.0 6.71
SK4 40.8 521 0.28 3.75 0.25 1.28 24.7 0.97 0.73 0.06 213 783 002 1861 56.7 6.13
Mean 40.2 4.94 0.28 3.32 0.27 1.29 252 1.00 0.68 0.07 221 814 0.02 1796 56.9 7.04
HK1 49.7 4.13 0.30 3.31 0.17 1.40 20.4 0.70 0.72 0.08 182 120 0.02 1377 572 6.53
HK2 48.8 3.71 0.24 3.61 0.17 0.96 21.9 0.63 0.57 0.06 186 132 0.02 1546 58.0 7.57
HK3 50.8 4.04 0.29 3.30 0.15 1.20 20.4 0.64 0.77 0.07 17.8 126 0.02 1393 581 6.61
HK4 46.8 3.37 0.26 3.89 0.16 0.93 23.0 0.54 0.62 0.06 196 139 003 1296 579 8.72
Mean 49.0 3.81 0.27 3.53 0.16 1.12 214 0.63 0.67 0.07 186 129 0.02 1403 57.8 7.36
ucc 66.0 15.20 0.68 5.03 0.08 2.20 420 3.90 3.40 0.15 434 0.03 2235

Samples/UCC

The concentrations are in wt %. CIA is calculated using molar ration. S represents SiO;; A represents Al,Og3;
K represents K,O; and T represents TiO,.

100 4 —*—RK

Sample/Chondrite

Sample/UCC

01 rrrrrrrrrrrrrrrrrrorrTrrrororr T

ORf Rep Q@\*‘&é\cﬁ\}‘@‘b@@ RO L 459 20N CoPLLIRAQRR O

Figure 5. Spider diagrams illustrating the mean normalized patterns of the sediments at the outlets
of the eastern Makran in Pakistan: (a) the mean of major oxides normalized against UCC [30,31];
(b) the mean of trace elements normalized against UCC [30]; and (c) the mean of rare earth elements
normalized against chondrite [31].
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4.3. Trace Elements

The concentrations of trace elements are shown in Table 2. The enrichment and deple-
tion values normalized against UCC are shown in Figure 5b. A wide variation is observed
in trace element concentrations. The large ions lithophile elements (LILE) such as Th, U, Rb,
and Ba were relatively depleted in the studied sediments. Sr concentrations were relatively
high in the RK and SK samples, while depleted in the DK and HK samples. Cs concentra-
tions were depleted in all river sediments, whereas Pb concentrations were significantly
high with the exception of samples from DK. The wide variation in Sr concentrations indi-
cates extreme fractionation of plagioclase probably linked with the source areas [42]. The
excessive carbonate, as shown by the negative correlation between SiO, and LOI (Figure 3),
may have also controlled the Sr content in sediments [43]. The concentrations of Ni and
Cr were enriched, while the concentrations of V, Co, and Sc were depleted in the studied
samples. Y was enriched in RK, SK, and HK, indicating that the excess was regulated
principally by heavy minerals. Relative to UCC, Ba was greatly depleted in the RK and DK
samples and relatively depleted in the SK and HK samples. Sr concentrations were greatly
depleted in DK and HK, while in SK and RK they were greatly increased, the depletion of
Ba and Sr elements indicating feldspar breakdown in chemical weathering.

4.4. Rare Earth Elements

The ~REE contents were consistently depleted as compared to (UCC: 148) [30] in the
studied sediments (Table 3). The higher ratios of (La/Yb)n were probably due to a decrease
in the HREEs. The (La/Sm)y were relatively depleted, as compared to the (UCC: 4.26).
The (Gd/Yb)y ratios were also depleted. The Eu/Eu* pattern in the chondrite normalized
diagram indicates negative anomalies (Figure 5c). Moreover, the samples from RK show no
significant Eu anomaly.
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Table 2. The trace elements concentrations in river sediments at the outlets of eastern Makran, Pakistan.
RK1 RK2 RK3 RK4 Mean DK1 DK2 DK3 DK4 Mean SK1 SK2 SK3 SK4 Mean HK1 HK2 HK3 HK4 Mean ucCcC
Li 225 20.4 22.4 20.5 21.5 27.2 24.0 28.0 23.8 25.8 18.6 16.4 174 20.1 18.1 16.1 15.9 155 12.1 14.9 20.0
Sc 8.76 7.90 9.03 8.00 8.42 9.77 7.80 9.72 7.60 8.72 8.15 7.30 7.40 7.89 7.69 7.54 5.10 7.95 5.30 6.47 13.6
\% 39.5 37.0 40.6 37.0 38.5 57.9 50.0 58.1 53.0 54.8 35.6 34.0 36.0 37.4 35.8 34.6 31.0 36.2 29.0 32.7 107
Cr 71.7 51.0 76.8 52.0 62.9 280 114 255 125 194 114 82 103 103 101 360 169 401 193 281 83
Co 8.89 8.60 9.11 8.70 8.83 10.2 9.10 10.3 9.00 9.65 11.3 11.9 13.1 12.2 12.1 10.4 10.3 10.8 10.1 10.4 17.0
Ni 44.3 42.5 45.3 42.4 43.6 53.8 49.7 54.6 49.1 51.8 40.1 39.4 43.0 43.0 41.4 41.1 41.9 41.6 37.1 40.4 44.0
Cu 17.2 17.2 17.4 17.5 17.3 15.6 15.3 16.0 15.0 15.5 14.1 17.1 18.5 14.0 15.9 124 11.8 13.0 11.7 12.2 25.0
/n 34.6 35.0 35.5 35.0 35.0 45.0 41.0 453 43.0 43.6 31.0 32.0 36.0 31.6 32.7 36.0 30.0 39.6 26.0 329 71.0
Ga 6.49 5.58 6.59 5.67 6.08 10.2 8.67 10.3 8.46 9.41 6.36 5.64 5.81 6.46 6.07 5.79 4.35 5.93 3.80 497 17.0
Ge 1.31 0.07 1.36 0.07 0.70 1.52 0.08 1.50 0.08 0.80 1.24 0.08 0.07 1.23 0.66 1.32 0.05 1.38 0.08 0.71 1.60
As - 21.3 - 215 214 - 13.6 - 13.4 13.5 - 734 75.0 - 74.2 - 58.2 - 84.7 715 1.50
Rb 28.2 28.8 29.2 28.8 28.8 52.4 50.3 53.2 49.2 51.3 29.5 31.6 32.1 29.8 30.8 28.7 24.5 31.3 24.0 27.1 112
Sr 646 680 664 682 668 247 251 253 260 253 512 456 473 492 483 316 335 311 324 322 350
Y 29.1 27.5 29.9 28.3 28.7 23.6 16.0 25.6 15.7 20.2 27.7 23.2 23.0 26.1 25.0 24.7 16.9 28.9 19.3 225 22.0
Zr 73.3 27.7 69.4 27.2 494 359 35 336 35 191 134 24.0 25.3 122.0 76.3 359 24.9 379.0 27.6 198 190
Nb 3.75 3.50 3.84 3.50 3.65 8.71 6.60 8.76 6.60 7.67 5.06 4.40 4.70 5.11 4.82 5.54 3.90 6.07 3.80 4.83 12.0
Mo 0.57 0.59 0.58 0.58 0.58 0.37 0.37 0.37 0.38 0.37 0.74 1.17 2.42 1.01 1.34 1.28 1.30 1.44 1.44 1.37 1.50
Ag - 0.04 - 0.05 0.05 - 0.05 - 0.05 0.05 - 0.06 0.05 - 0.06 - 0.06 - 0.06 0.06 50.0
Cd 0.31 0.24 0.30 0.25 0.28 0.46 0.11 0.46 0.10 0.28 0.27 0.16 0.17 0.27 0.22 0.51 0.14 0.50 0.13 0.32 98.0
In - 0.03 - 0.03 0.03 - 0.04 - 0.03 0.04 - 0.03 0.03 - 0.03 - 0.02 - 0.02 0.02 50.0
Sn 1.20 1.10 1.16 1.00 1.12 1.61 1.30 1.66 1.30 1.47 0.95 1.00 1.00 0.97 0.98 0.97 0.80 1.03 0.70 0.88 5.50
Sb 0.92 1.11 0.90 1.04 0.99 0.55 0.63 0.54 0.57 0.57 0.80 1.65 2.89 1.17 1.63 1.06 1.49 1.38 2.44 1.59 0.20
Cs 1.89 1.95 1.93 1.99 1.94 3.22 3.05 3.29 2.97 3.13 1.88 2.05 2.17 1.94 2.01 1.68 1.55 1.78 1.45 1.62 4.60
Ba - 100 142 100 114 267 200 266 210 236 374 360 500 385 405 427 320 422 410 395 550
Hf 1.86 0.80 1.76 0.80 1.31 8.60 1.00 8.31 1.10 4.75 3.33 0.60 0.70 3.12 1.94 8.60 0.60 8.78 0.80 4.70 5.80
Ta 0.25 0.25 0.24 0.25 0.25 0.61 0.50 0.61 0.51 0.56 0.33 0.33 0.34 0.33 0.33 0.38 0.29 0.46 0.28 0.35 1.00
W - 0.60 - 0.70 0.65 - 1.00 - 1.00 1.00 - 0.70 0.70 - 0.70 - 0.60 - 0.60 0.60 2.00
Tl - 0.14 - 0.14 0.14 - 0.24 - 0.24 0.24 - 0.17 0.16 - 0.17 - 0.13 - 0.13 0.13 750
Pb 17.7 16.9 17.5 16.9 17.3 12.9 11.4 13.0 11.0 12.1 17.2 21.6 25.0 18.0 20.5 17.1 18.5 20.1 18.5 18.6 17.0
Bi - 0.22 - 0.24 0.23 - 0.16 - 0.16 0.16 - 0.18 0.17 - 0.18 - 0.10 - 0.11 0.11 127
Th 3.65 3.53 3.68 3.52 3.60 8.34 6.79 8.40 6.48 7.50 4.51 4.40 4.44 4.40 4.44 5.75 4.36 5.96 5.90 5.49 10.0
U 0.84 0.70 0.81 0.70 0.76 191 1.10 1.97 1.10 1.52 0.99 0.80 0.70 1.01 0.88 1.58 0.80 1.59 1.10 1.27 2.80
Rb/Sr 0.04 0.04 0.04 0.04 0.04 0.21 0.20 0.21 0.19 0.20 0.06 0.07 0.07 0.06 0.07 0.09 0.07 0.10 0.07 0.08 0.32
Zr/Sc 8.37 3.51 7.69 3.40 5.74 36.8 4.54 34.6 4.66 20.1 16.4 3.29 3.42 15.5 9.65 47.6 4.88 47.7 5.21 26.3 14.0
Th/Sc 0.42 0.45 0.41 0.44 0.43 0.85 0.87 0.86 0.85 0.86 0.55 0.60 0.60 0.56 0.58 0.76 0.85 0.75 1.11 0.87 0.79
Cr/Ni 1.62 1.20 1.70 1.23 1.44 5.20 2.29 4.67 2.55 3.68 2.84 2.08 2.40 2.40 2.43 8.76 4.03 9.64 5.20 6.91 1.89
Y /Ni 0.66 0.65 0.66 0.67 0.66 0.44 0.32 0.47 0.32 0.39 0.69 0.59 0.53 0.61 0.61 0.60 0.40 0.69 0.52 0.55 0.50
Cr/V 1.82 1.38 1.89 141 1.63 4.84 2.28 4.39 2.36 3.47 3.20 2.41 2.86 2.75 2.81 10.40 5.45 11.08 6.66 8.40 0.78

The concentrations are in ppm whereas ultra-trace concentrations are in ppb, such as Cd, In, Ti, Bi, Ag, etc.



Minerals 2023, 13, 348 13 of 22
Table 3. The rare earth element concentration in river sediments from easter Makran (values normalized to chondrite concentration [31].
RK1 RK2 RK3 RK4 Mean DK1 DK2 DK3 DK4 Mean SK1 SK2 SK3 SK4 Mean HK1 HK2 HK3 HK4 Mean UCC
La 12.3 12.9 12.4 134 12.8 21.1 21.6 21.8 20.3 21.2 13.1 14.6 15.2 12.3 13.8 16.1 13.9 16.2 18.2 16.1 31.0
Ce 24.6 28.8 24.8 29.5 26.9 42.7 44.9 44.8 42.2 43.7 28.0 32.4 34.0 26.4 30.2 32.7 29.5 335 38.3 33.5 63.0
Pr 3.75 4.02 3.79 4.15 3.93 5.21 5.39 5.47 5.04 5.28 3.73 411 4.39 3.49 3.93 4.21 3.73 4.45 4.79 4.30 7.10
Nd 17.5 18.8 17.6 19.3 18.3 20.6 21.6 21.5 20.4 21.0 16.4 18.0 18.6 15.3 17.1 174 15.6 18.7 19.1 17.7 27.0
Sm 5.35 5.60 5.37 5.81 5.53 4.55 4.53 4.72 4.39 4.55 4.65 4.73 4.90 4.32 4.65 4.29 3.78 4.88 4.72 4.42 4.70
Eu 1.69 1.62 1.70 1.63 1.66 1.03 0.94 1.04 0.88 0.97 1.33 1.21 1.19 1.23 1.24 1.05 0.87 1.16 0.95 1.01 1.00
Gd 5.30 4.98 5.27 4.96 5.13 4.46 3.47 4.66 3.23 3.96 4.73 4.20 4.14 4.36 4.36 4.36 3.24 4.90 3.73 4.06 4.00
Tb 0.87 0.76 0.88 0.75 0.82 0.69 0.49 0.73 0.48 0.60 0.78 0.66 0.63 0.72 0.70 0.70 0.48 0.80 0.56 0.64 0.70
Dy 4.78 4.19 4.81 4.21 4.50 3.92 2.69 4.20 2.73 3.39 4.35 3.55 3.51 4.09 3.88 3.96 2.68 4.55 3.10 3.57 3.90
Ho 0.87 0.76 0.88 0.76 0.82 0.79 0.53 0.86 0.51 0.67 0.82 0.67 0.65 0.78 0.73 0.77 0.52 0.90 0.57 0.69 0.83
Er 2.15 1.89 2.17 1.93 2.04 2.21 1.37 2.42 1.34 1.84 2.11 1.68 1.67 2.02 1.87 2.09 1.31 2.42 1.44 1.82 2.30
Tm 0.30 0.25 0.30 0.25 0.28 0.34 0.19 0.37 0.19 0.27 0.29 0.22 0.22 0.28 0.25 0.31 0.17 0.36 0.19 0.26 0.30
Yb 1.72 1.48 1.72 1.49 1.60 2.16 1.18 2.31 1.16 1.70 1.72 1.24 1.31 1.68 1.49 1.95 1.00 2.22 1.17 1.59 2.00
Lu 0.26 0.21 0.26 0.21 0.24 0.35 0.18 0.36 0.17 0.27 0.26 0.18 0.18 0.26 0.22 0.30 0.14 0.35 0.17 0.24 0.31
2REE 81.4 86.3 81.9 88.4 84.5 110 109 115 103 109 82.3 87.5 90.6 77.2 84.4 90.2 76.9 95.4 97.0 89.9 148
Eu/Eu* 0.97 0.94 0.98 0.93 0.96 0.70 0.72 0.68 0.71 0.70 0.87 0.83 0.81 0.87 0.85 0.74 0.76 0.73 0.69 0.73 0.71
Ce/Ce* 0.89 0.98 0.89 0.97 0.93 1.00 1.02 1.01 1.02 1.01 0.98 1.03 1.02 0.99 1.01 0.97 1.00 0.97 1.01 0.99 0.99
(La/Sm)yn 148 1.49 1.49 1.49 1.49 2.99 3.08 2.98 2.99 3.01 1.82 1.99 2.00 1.84 191 2.42 2.37 2.14 2.49 2.36 4.26
(Gd/Yb)N 2.55 2.78 2.53 2.75 2.65 1.71 243 1.67 2.30 2.03 2.27 2.80 2.61 2.15 2.46 1.85 2.68 1.83 2.64 2.25 1.65
(La/Yb)N 5.13 6.25 5.17 6.45 5.75 7.01 13.13 6.77 12.55 9.87 5.46 8.45 8.32 5.25 6.87 5.92 9.97 5.23 11.2 8.07 11.1
(La/Lu)y 5.17 6.58 5.11 6.84 5.93 6.52 12.86 6.45 12.80 9.66 5.40 8.69 9.05 5.13 7.07 5.73 10.6 497 11.5 8.20 104

The concentrations are in ppm.
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5. Discussion
5.1. Sorting and Maturity of Sediments

The authors of [35,44,45] suggested the ICV index to distinguish the clastic mineralog-
ical maturity. The value of the ICV is usually >0.84 for rock-forming minerals, for instance,
pyroxene, amphibole, and feldspar, while less than 0.84 is denoted for clay minerals such
as muscovites, illites, and kaolinites. In addition, [35,41] contended that the lower values of
the ICV indicate recycled sediments and the siliciclastic rocks having greater values repre-
sent the immature type and low weathered sources. The calculated mean ICV estimations
of the present study (RK =7.73, DK = 2.39, SK = 7.04, and HK = 7.36) imply immature type,
low recycled, and low weathered sources of the studied sediments (Table 1).

Due to the total amount of quartz in the sediment reflecting not only the composition of
the sources but also the sorting of the sediment as a result of current activity and the effects
of chemical weathering, it appears unlikely that we can use major element concentrations as
a provenance proxy unless the sorting process can be accounted for [43]. Because this might
fluctuate over time during seasonal flooding and ebbs of the river, as well as throughout the
length of the river channel and across the channel with depth, extreme caution would be
required. Even in a current river, this would be difficult to do, and it is unlikely to provide
any useful results when applied to earlier deposits.

By comparing important ratios against one another, we can analyze the impact of
heavy minerals on sediment chemistry. A plot of Th/Al vs. Zr/Al is shown in Figure 6a.
This graph (Figure 6a) reveals a positive association, implying that sediments rich in mon-
azite are likewise rich in zircons, as one might anticipate from currents that concentrate
these dense minerals. The connection between heavy mineral concentration, as proxied
by Th/Al, and relative enrichment in LREE and HREE, as proxied by La/Sm and Tb/Yb,
is shown in Figure 6b,c. The LREEs are predominantly found in clay minerals, accord-
ing to [44], although monazite and allanite are also high in these elements (Figure 6b,c),
according to [45]. HREEs, on the other hand, are commonly found in heavy minerals
such as xenotime and zircon [45]. The HREE-enriched heavy minerals have a substantial
impact on REE compositions, indicating provenance control [46]. In addition, the increasing
heavy minerals trend (Figure 6a,d) indicates higher zircon content in the HK river due to
granitic detritus.

5.2. Tectonic and Climatic Conditions

The geochemical proxies are globally applied to summarize the tectonic and climatic
conditions [10,47-56]. The binary plot of [48] based on SiO, vs. K,O/Na,O is largely
adopted to scrutinize the nature of tectonic settings. The studied sediments were plotted
on the said discrimination diagram, indicating an active continental margin field for all
the examined sediments, with some exceptions seen in samples of the RK and SK zones
(Figure 7a). In addition, [52] documented a binary plot based on (La/Sm)y vs. Nb/La to
distinguish the tectonic environments of clastic rocks. The river sediments from the DK
zone fell at the junction of the active continental margin and continental arc, whereas the
sediments from the RK, SK, and HK zones covered the area of the continental arc (Figure 7b).
To sum up all the observations, the tectonic environments of the studied sediments are
more possibly continental arc rather than the active continental margin.
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Figure 6. Demonstrating the trace elements variations in the eastern Makran river sediments:
(a) Zr/ Al vs. Th/ Al for increasing zircon compared to the accumulation of heavy minerals; (b) La/Sm
vs. Th/Al; (c) Tb/Yb vs. Th/Al; and (d) Nb/Zr vs. Th/Al.
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Figure 7. Representative graph of plate tectonic environments: (a) K;O/NayO vs. SiO; [48] (b) Nb/La
vs. (La/Sm)y [53].
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The authors of [57] proposed Al,O3 + K,O + NayO vs. SiO; illustration to record
the climatic conditions. The river sediments were plotted to test the climatic conditions,
indicating that the sediments from the HK zone fall in humid conditions and are somewhat
chemically mature due to their provenances, sediments from RK fall at the junction of the
humid and arid climate, those from SK fall at the junction of the humid and arid climate,
and the DK sediments also fall in the boundary of the semi-arid climate (Figure 8).
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Figure 8. Cross plot showing the determination of the climatic conditions of the studied sedi-
ments [57].

5.3. Source Area Weathering

The weathering intensity is largely a consequence of climate variability and rate of
tectonic uplift. The CIA drafted by [34] is widely applied to determine the intensities of
chemical weathering of clastic rocks. The provenance commonly affects the weathering
intensity of various parent materials; thus, the chemical composition of sedimentary rock is
controlled by its lithology [34,55,58]. The primary feldspar in association with secondary
clay minerals is quantitatively estimated by the CIA index. The altered feldspar ranges
from a CIA value of 50 to 100, while the unweathered intensity is usually <50 [32,34].
The mean CIA intensity of the studied river sediments varies between RK (58.87), DK
(54.31), SK (56.93), and HK (57.80) with an overall mean of 56.98 (Table 1), indicating
a low level of chemical weathering of the parent materials. This can also be visualized
by A-CN-K triangular diagram (Figure 9a) to observe the trend of weathering and to
evaluate the post-depositional K-metasomatism degree [33,34]. The plotted river sediments
display strong depletion in Na,O and K,O relative to UCC and track the ideal tendency of
weathering (Figure 9a) [55]. The mineralogical compositions and weathering intensities
are also determined by the A-CNK-FM graph [59]. The studied river sediments follow
the tendency of UCC along with granitic, granodioritic, and andesitic, designating felsic
parent materials (Figure 9b). In addition, the ratios of K;O/Rb and Rb/Sr are commonly
considered as proxies for weathering intensity; therefore, the ratio of Rb/Sr > 1 suggests
greater chemical weathering and low intensities inferred by <1 [55,56,60]. All the studied
sediments show both K;O/Rb and Rb/Sr less than 1, indicating low weathering intensities
(Tables 1 and 2, respectively). The overall deduced observations suggest a low level of
chemical weathering of the river samples.
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Figure 9. Ternary plots showing the paleo-weathering settings of the studied sediments: (a) the
A-CN-K plot [32] and (b) the A-CNK-FM plot [61].

5.4. Provenance

The compositions of geochemical data such as aluminum and titanium oxides are valu-
able markers for analyzing the provenance of sedimentary rocks owing to their relatively
low mobility in fluvial processes [55,60,62]. The major oxides such as Al;O3 and TiO, rarely
fractionate during diagenesis, weathering, and/or transportation processes [55,63,64]. The
ratio of Al,O3/TiO; is generally applied to distinguish between mafic, intermediate, and
felsic provenances of source materials. In [65], the authors documented that the ratios of
Al,O3/TiO, range 3-8 for mafic, 8-20 for intermediate, and 21-70 for felsic sources. The
mean ratios of Al,O3/TiO, from RK (21.25), DK (17.55), SK (18.02), and HK (13.95) (Table 1),
indicate that river RK receives materials of heterogenic provenance (mafic + felsic sources)
but more felsic inputs, and intermediate parent rocks for DK, SK, and HK (both felsic
and mafic equal contributions) (Table 1). Moreover, the low range of chemical weathering
(Figure 9a) is also suggestive of marine and Himalayan-derived detritus (unpublished;
Khan et al., 2023). The high field strength elements (HFSE) such as Ti, Hf, Zr, Ta, Nb, and
Y are incompatible in the mantle phase, while the contents are high in silicate melt. The
immobility of these elements helps identify parent rocks. In the crust, these are enriched
and representatives of excessive amounts of apatite, zircon, and sphene. The authors
of [66] argued that depleted concentrations of these elements are examples of magmatic
arc- and subduction-related settings. Similarly, the depletion of these elements in this
study followed the argument of [43] that these sediments were linked with magmatic
arc-related settings. The transition elements represent compatibility with the mantle phase
and are highly concentrated in the solid phase. The higher contents of Ni and Cr represent
significant contributions of ultramafic detritus. The negative Eu pattern in the chondrite
normalized diagram indicates differentiation of plagioclase and/or crustal magma con-
tamination (Figure 5c). Moreover, the samples from RK show no significant Eu anomaly
indicating a mafic/calcareous derived contribution and/or sediment depositing from the
nearby bedrocks. In [67] proposed a diagram of Discrimination Function 1 vs. Discrimi-
nation Function 2 based on a combination of major elements. The plot was applied to the
studied river samples suggesting all the samples fall in intermediate igneous provenance
while the samples from DK represent slight differences due to detrital inputs from the
Lut Block of Iran (via Nihing River). This further indicates that the sediments are derived
from andesitic parent rocks, whereas the acidic plutonic/volcanic rocks may also have
contributed (Figure 10a). Further, a combination of trace elements, for instance, Th/Sc vs.
La/Sc, is generally illustrated to distinguish the parent arc type of the sediments. The plot
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was tested on the studied sediments, indicating a closer relation to the North American
shale composite (NASC: Th/Sc = 0.82 and La/Sc = 2.07) type of sediments [68] (Figure 10b).
In addition, ref. [69] suggested a plot based on trace elements such as Hf vs. La/Th. The
studied sediments mostly fall in the field of mixed basic/felsic sources (Figure 10c).
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Figure 10. Cross plots illustrating the provenance types of the eastern Makran river sediments:
(a) DF1 vs. DF2 [67]; (b) Th/Sc vs. La/Sc; (c) Hf vs. La/Th [69]; and (d) Zr/Sc vs. Th/Sc [68].

Moreover, the ratios of trace elements, for instance, Ti/Zr, Zr/Sc, and Th/Sc, are reli-
able indicators of felsic and mafic sources [7,60]. The binary plot of Zr/Sc vs. Th/Sc is used
to examine the provenance type and also for determining the sorting/recycling effect [60].
The river sediments follow the PCT (primary compositional trend) but are unrelated to
I-type granitic or S-type granitic provenances and indicate intermediate characters with
slight variations between samples due to grain size variation/sorting input of sedimentary
materials (Figure 10d). The scattered distribution of sediments is possibly the provenance
from recycled materials of the Makran-Khojak Flysch Basin (Figure 1a; unpublished: Khan,
2023) and also reflects the addition of zircon and loss of Sc (Table 2). The authors of [7]
argued that the Th/Sc ratios are good indicators of mafic and felsic source materials. A
Th/Sc ratio less than 1 indicates Archean/mafic provenances, whereas greater than 1 sug-
gests granites and approximately 1 for post-Archean source materials. The studied river
sediments comprised the mean ratios <1 for individual rivers RK (0.43), DK (0.86), SK (0.58),
and HK (0.87), representing significant mafic contributions (Table 2) similar to that of the
adjoining Oligocene-Miocene composition (0.79) (unpublished: Khan et al., 2023).
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Furthermore, the ferromagnesian concentration of Cr > 150 ppm and Ni > 100 ppm
and the relative ratio of Cr/Ni of 1.3 to 1.5 reflects provenance from ultramafics [70]. The
Cr/Ni of the river sediments imitated a sufficient input of ultramafic (except for samples
from river RK) and their slight increase compared to (UCC: 0.78) is perhaps measured
by phyllosilicates (Table 2). In addition, the ferromagnesian minerals in mafic/ultramafic
parent rocks are generally high, which results in a decrease in Y/Ni (<0.5) and an increase
in Cr/V (>8). The ratio of Cr/V in calc-alkaline, UCC, and Phanerozoic granite is relatively
<1 [7,60,68]. The studied river sediments comprised mean Y /Ni of 0.66 (RK), 0.39 (DK),
0.61 (SK), and 0.56 (HK), indicating the fact that river DK receives sources from calc-alkaline
volcanic rocks from the Lut Block of Iran (via Nihing river Figure 1) but the rest of river
sediments are slightly enriched in Y/Ni. The mean ratios of Cr/V were 1.63 (RK), 3.47 (DK),
2.81 (SK), and 8.40 (HK), signifying higher than that of the proposed ratios; thus, the
increased Cr/V ratio indicates an effective influence of mafic/ultramafic.

Ref. [60], the authors suggested that the absence of strong chemical weathering of
siliciclastic rocks and the distributions of REEs and europium anomaly describe the felsic
and mafic sedimentary source of the materials. The REEs patterns of mafic sediments show
lower fractionation, slight or negative europium anomalies, and depleted (La/Yb)y. On the
other hand, the REEs patterns of felsic sediments describe higher fractionation, enriched
(La/Yb)n, and good Eu negative [7]. The REE normalized patterns of all river sediments
have good Eu negative anomalies except sediments from river RK which comprised no ef-
fective Eu negative anomaly (Figure 4c), demonstrating sedimentary and crystalline source
materials for the DK, SK, and HK rivers, and more basaltic/calcareous rock contributions
for RK. The Eu pattern of RK was probably due to the absence of unaltered feldspar coming
from granitic and gneisses detrital materials present within the older rocks in MAW, and
calcareous inputs from the Kirthar Fold Belt and/or adjoining Jurassic limestones (AM])
(Figures 1 and 2a—c). The mean (La/Yb)y values of RK (5.75), DK (9.86), SK (6.87), and HK
(7.64), indicate significant mafic assistance. In addition, the slight negative Ce anomaly
of the RK river indicates arc magmas of the parent rocks [71,72] i.e., Bela Ophiolitic re-
gion (Figure 1), and this Ce depletion also represents derivatives of carbonates. The DK
watershed comprises several major tributaries such as Nihing, Kech, and Rakhshan. The
Kech and the Rakhshan run through the central Makran and carry mostly the sedimentary
type of rocks, while Nihing runs from Iran, enters Pakistan, and joins the Dasht river at
Kaur-e-Awar. Igneous and metamorphic sediments from the Ispikan-Wakai Formation in
Pakistan and the Lut Block in Iran are carried by the Nihing river.

6. Conclusions
The study concluded with the following findings:

1. The ICV values for all studied sediments indicated immature, low recycled, and low
source area weathering of the parent rock.

2. The DK along with RK and SK indicated more mature, sorted sediments, and variation
in tectonic and climatic environments than HK due to their heterogeneous prove-
nances. The higher zircon content in the HK river only represented by the increasing
heavy minerals trend is due to granitic detritus, whereas other river sediments show
variations due to their source rocks.

3. The tectonic environments of all river sediments signify a continental arc rather than
an active continental margin and humid climatic conditions.

4. The sediments of HK have a provenance of intermediate character due to a mixture of
felsic and mafic with or without sedimentary/meta-sedimentary rocks and ultramafic
rocks. The heterogeneous sources of the sediments include Himalayan-derived recy-
cled sediments found in the Khojak-Makran flysch basin and the Kirthar-Sulaiman
belt. Bela Ophiolitic complexes also supply detrital metamorphic and volcanic lithic
to HK.

5. The detrital sediments carried by the SK watershed represent the complex tectonic
condition of a continental arc with a humid climatic setting. They also show low source
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area weathering conditions. The provenance indicators of SK signify an intermediate
igneous character as their main source of sediments is central Makran.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13030348/s1, Table S1: Major elemental individual and
mean positive and negative correlations of the Eastern Makran rivers samples, Table S2: Major
elemental PCA correlation matrix of RK, Table S3: Major elemental PCA correlation matrix of DK,
Table S4: Major elemental PCA correlation matrix of SK, Table S5: Major elemental PCA correlation
matrix of HK, Table S6: Major elemental PCA correlation matrix of mean.

Author Contributions: Conceptualization, W.K. and K.Z.; methodology, W.K.; software, W.K. and
H.L.; validation, K.Z. and H.L.; formal analysis, W.K. and K.Z; investigation, WK., K.Z. and H.L.;
resources, K.Z., H.L. and P.Y;; data curation, W.K.; writing—original draft preparation, W.K.; writing—
review and editing, WK, K.Z., H.L. and P.Y.; visualization, W.K.; supervision, K.Z.; project admin-
istration, K.Z.; funding acquisition, K.Z., H.L. and P.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research work was supported and funded by the National Science Foundation of
China under Grant Nos. 41572178, 41802225, and 42272250.

Acknowledgments: We are grateful to anonymous reviewers for their thorough reviews and helpful
suggestions which helped us to improve the manuscript. We are also grateful to the university
laboratory’s team for assisting during the experimental work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  He, M,; Zheng, H.; Huang, X,; Jia, J.; Li, L. Yangtze River sediments from source to sink traced with clay mineralogy. J. Asian Earth
Sci. 2012, 69, 60-69. [CrossRef]

2. Bhuiyan, M.A.H.; Rahman, M.].].; Dampare, S.B.; Suzuki, S. Provenance, tectonics and source weathering of modern fluvial
sediments of the Brahmaputra—Jamuna River, Bangladesh: Inference from geochemistry. J. Geochem. Explor. 2011, 111, 113-137.
[CrossRef]

3. Condie, K.C; Noll, PD.; Conway, C.M. Geochemical and detrital mode evidence for two sources of Early Proterozoic sedimentary
rocks from the Tonto Basin Supergroup, central Arizona. Sediment. Geol. 1992, 77, 51-76. [CrossRef]

4. Shao, J.; Yang, S.; Li, C. Chemical indices (CIA and WIP) as proxies for integrated chemical weathering in China: Inferences from
analysis of fluvial sediments. Sediment. Geol. 2012, 265-266, 110-120. [CrossRef]

5. Singh, P. Major, trace and REE geochemistry of the Ganga River sediments: Influence of provenance and sedimentary processes.
Chem. Geol. 2009, 266, 242-255. [CrossRef]

6.  Singh, P. Geochemistry and provenance of stream sediments of the Ganga River and its major tributaries in the Himalayan region,
India. Chem. Geol. 2010, 269, 220-236. [CrossRef]

7. Taylor, S.R.; McLennan, S.M. The Continental Crust: Its Composition and Evolution; Blackwell: Oxford, UK, 1985.

8. Wu,W,;Xu,S,; Lu, H; Yang, J.; Yin, H.; Liu, W. Mineralogy, major and trace element geochemistry of riverbed sediments in the
headwaters of the Yangtze, Tongtian River and Jinsha River. J. Asian Earth Sci. 2011, 40, 611-621. [CrossRef]

9. Yang, S; Jung, H.-S.; Li, C. Two unique weathering regimes in the Changjiang and Huanghe drainage basins: Geochemical
evidence from river sediments. Sediment. Geol. 2004, 164, 19-34. [CrossRef]

10. Bhatia, M.R.; Crook, K.A.W. Trace element characteristics of graywackes and tectonic setting discrimination of sedimentary
basins. Contrib. Miner. Pet. 1986, 92, 181-193. [CrossRef]

11.  Government of Pakistan. Provincial Census Report Balochistan; Ministry of Planning, Development and Special Initiatives, Pakistan
Bureau of Statistics: Islamabad, Pakistan, 2017.

12.  Kehl, M. Quaternary climate change in Iran—The state of knowledge. Erdkunde 2009, 63, 1-17. [CrossRef]

13. Clemens, S.C.; Prell, W.L. A 350,000 year summer-monsoon multi-proxy stack from the Owen Ridge, Northern Arabian Sea.
Mar. Geol. 2003, 201, 35-51. [CrossRef]

14. Haghipour, N.; Burg, J.-P. Geomorphological analysis of the drainage system on the growing Makran accretionary wedge.
Geomorphology 2014, 209, 111-132. [CrossRef]

15. Rahim, A.; Gabol, K.; Ahmed, W.; Manzoor, B.; Batool, A. Population assessment, threats and conservation measures of marsh
crocodile at Dasht River, Gwadar. Pak. J. Mar. Sci. 2018, 27, 45-53.

16. Delisle, G.; von Rad, U.; Andruleit, H.; von Daniels, C.; Tabrez, A.; Inam, A. Active mud volcanoes on- and offshore eastern
Makran, Pakistan. Int. J. Earth Sci. 2001, 91, 93-110. [CrossRef]

17.  Khan, M.A,; Lang, M.; Shaukat, S.; Alamgir, A.; Baloch, T. Water Quality Assessment of Hingol River, Balochistan, Pakistan.

Middle East ]. Sci. Res. 2014, 19, 306-3013.


https://www.mdpi.com/article/10.3390/min13030348/s1
https://www.mdpi.com/article/10.3390/min13030348/s1
http://doi.org/10.1016/j.jseaes.2012.10.001
http://doi.org/10.1016/j.gexplo.2011.06.008
http://doi.org/10.1016/0037-0738(92)90103-X
http://doi.org/10.1016/j.sedgeo.2012.03.020
http://doi.org/10.1016/j.chemgeo.2009.06.013
http://doi.org/10.1016/j.chemgeo.2009.09.020
http://doi.org/10.1016/j.jseaes.2010.10.013
http://doi.org/10.1016/j.sedgeo.2003.08.001
http://doi.org/10.1007/BF00375292
http://doi.org/10.3112/erdkunde.2009.01.01
http://doi.org/10.1016/S0025-3227(03)00207-X
http://doi.org/10.1016/j.geomorph.2013.11.030
http://doi.org/10.1007/s005310100203

Minerals 2023, 13, 348 21 of 22

18.

19.

20.

21.

22.

23.
24.
25.
26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Harms, J.C.; Cappel, H.; Francis, D.C. The Makran coast of Pakistan: Its stratigraphy and hydrocarbon po-tential. In Marine
Geology and Oceanography of Arabian Sea and Coastal Pakistan; Van Nostrand Reinhold: New York, NY, USA, 1984; pp. 3-26.
Fruehn, J.; White, R.S.; Minshull, T.A. Internal deformation and compaction of the Makran accretionary wedge. Terra Nova 1997,
9, 101-104. [CrossRef]

Kassi, AM.; Khan, A.S.; Kelling, G.; Kasi, A.K. Facies and cyclicity within the Oligocene-Early Miocene Panjgur Formation,
Khojak-Panjgur Submarine Fan Complex, south-west Makran, Pakistan. J. Asian Earth Sci. 2011, 41, 537-550. [CrossRef]

Kassi, AM.; Kasi, A.; McManus, J.; Khan, A.S. Lithostratigraphy, petrology and sedimentary facies of the Late Cretaceous-
Palaeocene Ispikan Group, southwestern Makran, Pakistan. J. Himal. Earth Sci. 2013, 46, 49-63.

Kassi, A.M.; Grigsby, ].D.; Khan, A.S.; Kasi, A.K. Sandstone petrology and geochemistry of the Oligocene-Early Miocene Panjgur
Formation, Makran accretionary wedge, southwest Pakistan: Implications for provenance, weathering and tectonic setting.
J. Asian Earth Sci. 2015, 105, 192-207. [CrossRef]

Hunting Survey Corporation. Reconnaissance Geology of Part of West Pakistan: A Colombo Plan Cooperative Project, Government of
Canada for the Government of Pakistan; Hunting Survey Corporation: Toronto, CA, USA, 1960.

Bakr, M.A.; Jackson, R.O. Geological Map of Pakistan, 1:2,000,000; Geological Survery of Pakistan: Quetta, Pakistan, 1964.

Kazmi, A.H.; Rana, R.A. Tectonic Map of Pakistan, 1:2,000,000 Scale; Geological Survery of Pakistan: Quetta, Pakistan, 1982.
Khan, W.; Mirwani, M. Probing the Nature and Characteristics of Active Mud Volcanic Clusters in Makran Coastal Zone, Pakistan.
Int. ]. Res. Granthaalayah 2020, 8, 214-222. [CrossRef]

Farhoudi, G.; Karig, D.E. Makran of Iran and Pakistan as an active arc system. Geology 1977, 5, 664. [CrossRef]

Harms, ].; Cappel, H.; Francis, D. SPE Offshore South East Asia Show. In Proceedings of the Geology and Petroleum Potential of
the Makran Coast, Pakistan, Signapore, 9-12 February 1982. [CrossRef]

Robertson, S. Direct Estimation of Organic Matter by Loss on Ignition: Methods; Simon Fraser University, Soil Science Lab: Denver,
CO, USA, 2011; pp. 1-11.

McLennan, S.M. Relationships between the trace element composition of sedimentary rocks and upper continental crust. Geocherm.
Geophys. Geosystems 2001, 2, 2000GC000109. [CrossRef]

Sun, S.S.; McDonough, W.F. Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and
processes. In Magmatism in the Ocean Basin; Geological Society Special Publication: London, UK, 1989; Volume 42, pp. 313-345.
Nesbitt, H.W.; Young, G.M. Early Proterozoic climates and plate motions inferred from major element chemistry of lutites. Nature
1982, 299, 715-717. [CrossRef]

Nesbitt, H.; Young, G. Prediction of some weathering trends of plutonic and volcanic rocks based on thermodynamic and kinetic
considerations. Geochim. Cosmochim. Acta 1984, 48, 1523-1534. [CrossRef]

Fedo, C.M.; Nesbitt, HW.; Young, G.M. Unraveling the effects of potassium metasomatism in sedimentary rocks and paleosols,
with implications for paleoweathering conditions and provenance. Geology 1995, 23, 921-924. [CrossRef]

Cox, R;; Lowe, D.R,; Cullers, R. The influence of sediment recycling and basement composition on evolution of mudrock chemistry
in the southwestern United States. Geochim. Cosmochim. Acta 1995, 59, 2919-2940. [CrossRef]

Alfaro, M.R.; Nascimento, C.W.A.D.; Biondi, C.M.; da Silva, Y.J.A.B.; Accioly, AM.D.A.; Montero, A.; Ugarte, O.M.; Estevez, J.
Rare-earth-element geochemistry in soils developed in different geological settings of Cuba. Catena 2018, 162, 317-324. [CrossRef]
Sadeghi, M.; Morris, G.A.; Carranza, E.J.M.; Ladenberger, A.; Andersson, M. Rare earth element distribution and mineralization
in Sweden: An application of principal component analysis to FOREGS soil geochemistry. J. Geochem. Explor. 2012, 133, 160-175.
[CrossRef]

Laveuf, C.; Cornu, S. A review on the potentiality of Rare Earth Elements to trace pedogenetic processes. Geoderma 2009, 154, 1-12.
[CrossRef]

Compton, J.S.; White, R.A.; Smith, M. Rare earth element behavior in soils and salt pan sediments of a semi-arid granitic terrain
in the Western Cape, South Africa. Chem. Geol. 2003, 201, 239-255. [CrossRef]

Rao, D.S.; Vijayakumar, T.V.; Prabhakar, S.; Raju, G.B. Geochemical assessment of a siliceous limestone sample for cement making.
Chin. J. Geochem. 2011, 30, 33-39. [CrossRef]

Hossain, H.; Roser, B.; Kimura, ].-I. Petrography and whole-rock geochemistry of the Tertiary Sylhet succession, northeastern
Bengal Basin, Bangladesh: Provenance and source area weathering. Sediment. Geol. 2010, 228, 171-183. [CrossRef]

Rahman, M.].J.; Suzuki, S. Geochemistry of sandstones from the Miocene Surma Group, Bengal Basin, Bangladesh: Implications
for Provenance, tectonic setting and wealthering. Geochem. J. 2007, 41, 415-428. [CrossRef]

Floyd, P.A.; Shail, R.; Leveridge, B.E.; Franke, W. Geochemistry and provenance of Rhenohercynian synorogenic sandstones:
Implications for tectonic environment discrimination. Geol. Soc. Lond. Spéc. Publ. 1991, 57, 173-188. [CrossRef]
Armstrong-Altrin, ].S.; Lee, Y.I; Verma, S.P.; Ramasamy, S. Geochemistry of Sandstones from the Upper Miocene Kudankulam
Formation, Southern India: Implications for Provenance, Weathering, and Tectonic Setting. J. Sediment. Res. 2004, 74, 285-297.
[CrossRef]

Roser, B.P,; Cooper, R.A.; Nathan, S.; Tulloch, A.J. Reconnaissance sandstone geochemistry, provenance, and tectonic setting of
the lower Paleozoic terranes of the West Coast and Nelson, New Zealand. N. Z. . Geol. Geophys. 1996, 39, 1-16. [CrossRef]
Garzanti, E.; Ando, S.; Vezzoli, G. Settling equivalence of detrital minerals and grain-size dependence of sediment composition.
Earth Planet. Sci. Lett. 2008, 273, 138-151. [CrossRef]


http://doi.org/10.1046/j.1365-3121.1997.d01-13.x
http://doi.org/10.1016/j.jseaes.2011.03.007
http://doi.org/10.1016/j.jseaes.2015.03.021
http://doi.org/10.29121/granthaalayah.v8.i3.2020.145
http://doi.org/10.1130/0091-7613(1977)5&lt;664:MOIAPA&gt;2.0.CO;2
http://doi.org/10.2118/10423-ms
http://doi.org/10.1029/2000GC000109
http://doi.org/10.1038/299715a0
http://doi.org/10.1016/0016-7037(84)90408-3
http://doi.org/10.1130/0091-7613(1995)023&lt;0921:UTEOPM&gt;2.3.CO;2
http://doi.org/10.1016/0016-7037(95)00185-9
http://doi.org/10.1016/j.catena.2017.10.031
http://doi.org/10.1016/j.gexplo.2012.10.015
http://doi.org/10.1016/j.geoderma.2009.10.002
http://doi.org/10.1016/S0009-2541(03)00239-0
http://doi.org/10.1007/s11631-011-0484-8
http://doi.org/10.1016/j.sedgeo.2010.04.009
http://doi.org/10.2343/geochemj.41.415
http://doi.org/10.1144/GSL.SP.1991.057.01.14
http://doi.org/10.1306/082803740285
http://doi.org/10.1080/00288306.1996.9514690
http://doi.org/10.1016/j.epsl.2008.06.020

Minerals 2023, 13, 348 22 of 22

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Yang, S.-Y.; Wang, Z.-B. Rare Earth Element Compositions of the Sediments from the Major Tributaries and the Main Stream of
the Changjiang River. Bulletin of Mineralogy. Petrol. Geochem. 2012, 30, 31-39.

Garzanti, E.; Ando, S.; France-Lanord, C.; Censi, P,; Vignola, P.; Galy, V.; Lupker, M. Mineralogical and chemical variability of
fluvial sediments 2. Suspended-load silt (Ganga—Brahmaputra, Bangladesh). Earth Planet. Sci. Lett. 2010, 302, 107-120. [CrossRef]
Rollinson, H.R. Using Geochemical Data: Evaluation, Presentation, Interpretation; Routledge: New York, NY, USA, 2013.

Maynard, J.B.; Valloni, R.; Yu, H.-S. Composition of modern deep-sea sands from arc-related basins. Geol. Soc. Lond. Spéc. Publ.
1982, 10, 551-561. [CrossRef]

Roser, B.P.; Korsch, R.J. Determination of Tectonic Setting of Sandstone-Mudstone Suites Using SiO, Content and K,O/Nay,O
Ratio. J. Geol. 1986, 94, 635-650. [CrossRef]

Hallberg, R.O. A Geochemical Method for Investigation of Palaeoredox Conditions in Sediments. Ambio Spec. Rep. 1976, 4,
139-147.

Nath, B.N.; Bau, M,; Rao, B.R.; Rao, C. Trace and rare earth elemental variation in Arabian Sea sediments through a transect
across the oxygen minimum zone. Geochim. Cosmochim. Acta 1997, 61, 2375-2388. [CrossRef]

Jones, B.; Manning, D.A. Comparison of geochemical indices used for the interpretation of palaeoredox conditions in ancient
mudstones. Chem. Geol. 1994, 111, 111-129. [CrossRef]

John, T.; Schenk, V.; Haase, K.; Scherer, E.; Tembo, F. Evidence for a Neoproterozoic ocean in south-central Africa from mid-
oceanic-ridge-type geochemical signatures and pressure-temperature estimates of Zambian eclogites. Geology 2003, 31, 243-246.
[CrossRef]

Akinyemi, S.A.; Adebayo, O.; Ojo, O.; Fadipe, O.; Gitari, W.M. Mineralogy and geochemical appraisal of paleo-redox indicators
in Maastrichtian Outcrop shales of Mamu Formation, Anambra Basin, Nigeria. |. Nat. Sci. Res. 2013, 3, 48-64.

Adebayo, O.F,; Akinyemi, S.; Madukwe, H.; Aturamu, A.; Ojo, A.O. Paleoenvironmental studies of Ahoko shale, south eastern
Bida basin, Nigeria: Insight from palynomorph assemblage and trace metal proxies. Int. ]. Sci. Res. Publ. 2015, 5, 1-16.

Hossain, H.Z. Major, trace, and REE geochemistry of the Meghna River sediments, Bangladesh: Constraints on weathering and
provenance. Geol. J. 2019, 55, 3321-3343. [CrossRef]

Hossain, H.Z.; Kawahata, H.; Roser, B.P.; Sampei, Y.; Manaka, T.; Otani, S. Geochemical characteristics of modern river sediments
in Myanmar and Thailand: Implications for provenance and weathering. Geochemistry 2017, 77, 443-458. [CrossRef]

Suttner, L.J.; Dutta, PK. Alluvial sandstone composition and paleoclimate; I, Framework mineralogy. J. Sediment. Res. 1986, 56,
329-345. [CrossRef]

Garzanti, E.; Resentini, A. Provenance control on chemical indices of weathering (Taiwan river sands). Sediment. Geol. 2016,
336, 81-95. [CrossRef]

McLennan, S.M.; Hemming, S.; McDaniel, D.K.; Hanson, G.N. Geochemical Approaches to Sedimentation, Provenance, and Tectonics;
Geological Society of America Geological Society of America: Boulder, CO, USA, 1993; pp. 21—40. [CrossRef]

Nesbitt, H-W.; Young, G.M.; McLennan, S.M.; Keays, R.R. Effects of Chemical Weathering and Sorting on the Petrogenesis of
Siliciclastic Sediments, with Implications for Provenance Studies. J. Geol. 1996, 104, 525-542. [CrossRef]

Cullers, R.L. The geochemistry of shales, siltstones and sandstones of Pennsylvanian-Permian age, Colorado, USA: Implications
for provenance and metamorphic studies. Lithos 2000, 51, 181-203. [CrossRef]

Rollinson, H.R. Using Geochemical Data: Evaluation, Presentation, Interpretation, 1st ed.; Pearson Prentice Hall: Harlow, UK, 1993.
Hayashi, K.-I; Fujisawa, H.; Holland, H.D.; Ohmoto, H. Geochemistry of ~1.9 Ga sedimentary rocks from northeastern Labrador,
Canada. Geochim. Cosmochim. Acta 1997, 61,4115-4137. [CrossRef] [PubMed]

Roser, B.; Korsch, R. Provenance signatures of sandstone-mudstone suites determined using discriminant function analysis of
major-element data. Chem. Geol. 1988, 67, 119-139. [CrossRef]

Condie, K.C. Chemical composition and evolution of the upper continental crust: Contrasting results from surface samples and
shales. Chem. Geol. 1993, 104, 1-37. [CrossRef]

Floyd, P.A.; Leveridge, B.E. Tectonic environment of the Devonian Gramscatho basin, south Cornwall: Framework mode and
geochemical evidence from turbiditic sandstones. J. Geol. Soc. 1987, 144, 531-542. [CrossRef]

Garver, ].I; Royce, PR.; Smick, T.A. Chromium and Nickel in Shale of the Taconic Foreland: A Case Study for the Provenance of
Fine-Grained Sediments with an Ultramafic Source. J. Sediment. Res. 1996, 66, 100-106. [CrossRef]

Caracciolo, L.; Critelli, S.; Innocenti, E; Kolios, N.; Manetti, P. Unravelling provenance from Eocene-Oligocene sandstones of the
Thrace Basin, North-east Greece. Sedimentology 2011, 58, 1988-2011. [CrossRef]

Caracciolo, L.; Critelli, S.; Cavazza, W.; Meinhold, G.; von Eynatten, H.; Manetti, P. The Rhodope Zone as a primary sediment
source of the southern Thrace basin (NE Greece and NW Turkey): Evidence from detrital heavy minerals and implications for
central-eastern Mediterranean palaeogeography. Int. J. Earth Sci. 2014, 104, 815-832. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.epsl.2010.11.043
http://doi.org/10.1144/GSL.SP.1982.010.01.36
http://doi.org/10.1086/629071
http://doi.org/10.1016/S0016-7037(97)00094-X
http://doi.org/10.1016/0009-2541(94)90085-X
http://doi.org/10.1130/0091-7613(2003)031&lt;0243:EFANOI&gt;2.0.CO;2
http://doi.org/10.1002/gj.3595
http://doi.org/10.1016/j.chemer.2017.07.005
http://doi.org/10.1306/212F8909-2B24-11D7-8648000102C1865D
http://doi.org/10.1016/j.sedgeo.2015.06.013
http://doi.org/10.1130/spe284-p21
http://doi.org/10.1086/629850
http://doi.org/10.1016/S0024-4937(99)00063-8
http://doi.org/10.1016/S0016-7037(97)00214-7
http://www.ncbi.nlm.nih.gov/pubmed/11540490
http://doi.org/10.1016/0009-2541(88)90010-1
http://doi.org/10.1016/0009-2541(93)90140-E
http://doi.org/10.1144/gsjgs.144.4.0531
http://doi.org/10.1306/D42682C5-2B26-11D7-8648000102C1865D
http://doi.org/10.1111/j.1365-3091.2011.01248.x
http://doi.org/10.1007/s00531-014-1111-9

	Introduction 
	Geographical and Geological Framework 
	Geographical Aspects 
	Climate 
	Rainfall 
	Rivers and Streams 

	Geological Background 

	Sampling and Analytical Techniques 
	Data Acquisition and Laboratory Techniques 
	Data Processing 

	Results 
	Correlation Matrices of the Major Elements 
	Major Elements 
	Trace Elements 
	Rare Earth Elements 

	Discussion 
	Sorting and Maturity of Sediments 
	Tectonic and Climatic Conditions 
	Source Area Weathering 
	Provenance 

	Conclusions 
	References

