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1. Introduction
The Himalayan Foreland Basin is one of the largest and 
dynamic terrestrial basins. It is divided into a number 
of subbasins separated by several pre-Tertiary basement 
highs/lineaments (Raiverman, 2002). In Pakistan, two 
main sedimentary basins, namely the Indus and the 
Balochistan basins, have been identified. The former 
contains excellent exposures of the Middle to Late Miocene 
Kamlial Formation in the Kohat and Potwar plateaus 
(Kadri, 1995). The sedimentary sequence of the Kamlial 
Formation preserves the record of the tectonic processes 
and climatic conditions of the Western Himalayan orogeny 
and sedimentation pattern and drainage organization at 
the subbasin level for that time period (Figure 1; Kumar 
et al., 2003). The present study focuses on three sections of 
the Kamlial Formation exposed in the southwestern part 

of the Kohat plateau, which constitutes the westernmost 
part of the Himalayan Foreland Basin and comprises 
regional scale folds and thrust faults. Important folds 
in this region include the Karak anticline, Nari Panoos 
syncline, Chashmai anticline, Banda Assar syncline, and 
Bahadar Khel anticline. The last three structures, i.e. the 
Chashmai anticline (33°06´34˝N, 70°47´77˝E), Banda 
Assar syncline (33°07´52˝N, 70°55´88˝E), and Bahadar 
Khel anticline (33°09´79˝N, 70°57´64˝E), were selected 
for the present investigation (Figure 2).

2. Major structures of the Western Himalayas
Along its strike, the Himalayan orogen is subdivided 
into Western, Central, and Eastern segments. The last 
mentioned segment extends into Pakistan (Yin, 2006). 
The Himalayan tectonic evolution consists of two stages: 
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the Eo-Himalayan event (Middle Eocene to Oligocene, i.e. 
45–25 Ma) and the Neo-Himalayan event (since the Early 
Miocene) (Hodges, 2000).

 The Himalayan mountain belt consists of a series 
of thrust sheets, whose southward propagation began 
soon after the India-Eurasia collision in the Eocene 
(Figure 1; Searle et al., 1997). These include the Indus 
Suture Zone (ISZ), which separates the Indian and Asian 
crusts; the South Tibetan Detachment Zone (STDZ) that 
demarcates the Tibetan Himalaya Zone (THZ) from 
the metamorphosed Indian plate rocks constituting the 
Greater Himalayan Crystalline Complex (GHC); and the 
Main Central Thrust (MCT) that marks the boundary 
between the GHC and the mostly Precambrian- to 
Paleozoic-aged Lesser Himalaya (Searle et al., 1997; Vance 
and Harris, 1999). The last phase of peak metamorphism, 
circa 20 Ma, is associated with movement along the MCT 
and normal faulting at the base of the THZ along the 
STDZ (Metcalfe, 1993). Continued convergence of India 
with Eurasia resulted in southward propagation of the 
thrust belt. As a result, the Main Boundary Thrust (MBT), 
which was active in the Middle-Late Miocene (~10 Ma; 
Meigs et al., 1995) or Pliocene time (DeCelles et al., 1998), 
placed the LHZ over the Sub-Himalaya. However, there 
is another model, i.e. the steady-state model, whereby the 
MBT and MCT are thought to be contemporaneous and 

still active (Seeber et al., 1981). This view is supported by 
several lines of geological and geomorphological evidence 
for ongoing tectonic activity along both the MCT (Seeber 
and Gornitz, 1983) and the MBT (Valdiya, 1992).

3. Sampling and geochemical analyses
Sixteen unweathered sandstone and mudstone samples 
representing variation in color and texture were selected 
from three different sections of the Kamlial Formation in 
the Kohat Plateau. Six each of the selected samples represent 
the Banda Assar syncline and Bahadar Khel anticline, 
symbolized as A and B, respectively, while the remaining 
four, coded as C, are from the Chashmai anticline. The 
sandstone is grey to brownish gray, fine- to medium-
grained, and mostly thick-bedded. The interbedded clay/
mudstone sequence is brownish-gray to maroon red and 
occurs as continuous beds as well as lenses pinching out 
at short distances (≥20 m). Some mudstone/clay beds 
are bioturbated and seem to be pedogenic surfaces. At 
places, the mudstone is multistoried, containing abundant 
vertical burrows and caliche horizon toward the top of an 
individual story.

 The analytical work included major element analyses 
with atomic absorption spectrometer (AAS)/UV-
visible spectrophotometer as well as X-ray fluorescence 
(XRF), spectrometer, and trace element analyses by XRF 
spectrometer.
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Figure 1. Location map of the Himalayan Range (modified from Critelli and Garzanti, 1994; Najman, 
2006). The thick continuous lines indicate faults and suture zones, and the major ones among them are 
labeled as follows: ISZ = Indus Suture Zone, STDZ = South Tibetan Detachment Zone, MCT = Main 
Central Thrust, MBT = Main Boundary Thrust, MFT = Main Frontal Thrust. The thinner lines show 
major rivers and are named accordingly. The dashed line marks the international boundary between 
Pakistan and India.
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 Major elements were measured from the fusion disks. 
The corresponding Geological Survey of Japan standard 
samples were run with every batch of ten samples using 
the RIGAKU XRF-3370E spectrometer at the Geoscience 
Advanced Research Laboratories, Geological Survey of 
Pakistan, Islamabad. The results of analyses were then 
compared with the recommended values of USGS standard 
reference samples (Govindaraju, 1989). The detection 
limits of XRF for major elements (wt.%) are as follows: 
SiO2 (0.27), TiO2 (0.014), Al2O3 (0.13), Fe2O3 (0.08), MnO 
(0.005), MgO (0.03), CaO (0.09), Na2O (0.02), K2O (0.03), 
and P2O5 (0.03).

 The trace elements analyses were performed on pressed 
powder pellets using a Philips PW 1480 XRF at the National 
Center of Excellence in Geology (NCEG), University of 
Peshawar, Pakistan. To avoid particle size effects, the very 
finely powdered samples were homogenized with a fusion 
material (wax). Furthermore, major elements were also 
analyzed by AAS/UV spectrophotometer at the NCEG 
Geochemistry Laboratory. All of the analyses were in good 
agreement in replicate. 

 The level of precision for major elements is normally 
better than 6% while the precision for most of the trace 
elements is better than 5%, the exception being Yb, whose 
precision is normally better than 7%. Total iron is reported 
as Fe2O3 (Cullers, 2000). Methods of chemical analysis, 
descriptions of sample sets, and estimates of analytical 
error are as given in detail by Connor (1990).

4. Results and discussion
4.1. Geochemistry and chemical classification of the 
Kamlial sandstone
The Kamlial sandstone of the Himalayan Foreland Basin 
from the Kohat plateau has been classified as feldspathic 
arenite and lithic arenite on the basis of petrography (Ullah 
et al., 2006). Accordingly, its chemical composition is well 
within the range of the mean chemical composition of 
lithic arenites and feldspathic arenites (Tables 1 and 2). The 
only components that depart significantly from the range 
of the mentioned two classes are SiO2 and CaO; the former 
is low while the latter is high to very high in the studied 
sandstone from the southwestern Kohat plateau (Table 2). 
The very high amount of CaO in the studied sandstone 
(7.5%–20.4%) is because of the presence of secondary 
CaCO3. The mean contents of CaO in lithic and feldspathic 
arenites are 6.2% and 2.0%, respectively. Furthermore, the 
relatively high loss on ignition (LOI) values of the studied 
sandstone and mudstone samples (Table 1) reflect the 
presence of variable amounts of carbonate and hydrous 
phases (cf. Gu et al., 1997). 

 The medium- to fine-grained sandstone samples of 
the study area are well classified by the scatter-plots based 
on log (SiO2/Al2O3), log (Na2O/K2O), and log (Fe2O3/K2O) 

(Figure 3). On the log (SiO2/Al2O3) versus log (Na2O/K2O) 
scattergram, the studied sandstones are predominantly 
classified as litharenite; however, a few of the samples do 
fall in the graywacke field, and only one plots as arkose 
(Figure 3a). On the log (SiO2/Al2O3) versus log (Fe2O3/
K2O) scattergram, however, the same samples dominantly 
fall into the Fe-sand field, although a few of them plot 
in the Fe-shale and wacke fields (Figure 3b). The shift of 
sandstone to various fields is due to a wide range in the 
variation of the relative proportion of matrix, feldspar, and 
lithic components (see also Lindsey et al., 2003). Besides, 
chemical variation, particularly in terms of SiO2/Al2O3 
and (Na2O/K2O), may also result from varying degrees of 
weathering of initially Na2O-rich (plagioclase) rock either 
at the source and/or during transit to the depositional 
basin. As care was taken to avoid collecting weathered 
samples, the latter explanation is not applicable to the data 
from the present study.

4.2. Chemical index of alteration and chemical index of 
weathering
Major element chemistry can best be employed for 
determining the extent of weathering at the source area 
once the general tectonic setting is established by other 
means. Both the chemical index of alteration (CIA) [{A12O3 
/ (AI2O3 + CaO* + K2O + Na2O)} × 100] and chemical 
index of weathering (CIW) [{A12O3 / (AI2O3 + CaO* + 
Na2O)} × 100] are based on major element data. CaO* is 
the amount of CaO incorporated in the silicate fraction 
of the rock and is presented in molar proportions to 
emphasize mineralogical relationships (Nesbitt and Young, 
1982). The highly variable values of CaO in the studied 
samples (Tables 1 and 2) are because of the presence of 
secondary CaCO3. Fedo et al. (1995) proposed a correction 
assuming the rocks’ CO2 contents to be equivalent to 
CaO contributions from nonsilicate minerals. As the 
studied samples were not analyzed for CO2, distinction 
between CaO contributions from carbonates and silicates 
(feldspars) is not readily possible. Although rare in the 
Kamlial samples, plagioclase occurring as one of the major 
constituents is the chief source of Ca in many sandstones. 
Similarly, sphene could be another important source of Ca 
as it occurs more or less commonly, albeit as an accessory 
mineral in sandstones. However, grains of sphene were 
not observed at all in the investigated samples. Hence, it 
may be presumed that molar CaO* contributions from 
silicates in the calculation are negligible. That is why CaO* 
is deliberately omitted from the CIA and CIW calculations 
and the corresponding indices adopted in this study are 
designated as CIA’ and CIW’, respectively, which are close 
and reasonable approximations of the former (Cullers, 
2000). 

 Low CIA/CIW values indicate negligible alteration/
weathering, whereas moderate or high CIA/CIW values are 
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correlated with the removal of mobile cations (e.g., Ca++, 
Na+, and K+) relative to the less mobile residual constituents 
(Al+++ and Ti+4) (Nesbitt and Young, 1982). A CIA value 
of about 50 generally indicates first-cycle sediments; the 
CIA tends to increase as chemical weathering intensifies 
(Nesbitt and Young, 1982). The CIA value of the main rock-
forming minerals (quartz, plagioclase, alkali feldspars, 
pyroxene, and olivine) is ≤55, whereas clay minerals yield 
higher CIA values that are usually ≥75. High values of the 
index, i.e. >90%, indicate extensive conversion of feldspar 
to clay and hence intense alteration/weathering. In general, 
the CIA values in Phanerozoic shales range from 70 to 75, 
reflecting muscovite, illite, and smectite compositions 
and a moderately altered/weathered source (Nesbitt and 
Young, 1982). The CIA value for post-Archean Australian 
shale (PAAS) is 69 (Nesbitt et al., 1980).

 Averaging 75, the CIA’ values for the studied sandstone 
range from 70 to 86 (Table 1). The CIA’ values of five of the 
samples are greater than 75, which suggests the presence of 
appreciable amounts of feldspar in sandstone and reflects 
moderate weathering in the source areas. The presence of 
sedimentary rock fragments in the Kamlial sandstones 
(Ullah et al., 2006) reveals that the high CIA’ values were 
produced partly by recycling of older sediments rather 
than solely by intense weathering, as also suggested by Lee 
(2002). 

 The CIA’ values of the studied mudstone samples 
(averaging 77; Table 1) are higher than the CIA value of 
PAAS, suggesting relatively intense source-area weathering. 
However, the presence of abundant sedimentary rock 
fragments in the associated sandstones (Ullah et al., 2006) 
indicates that the high CIA values could be in part because 
of older sediments (recycling) rather than just severe 
weathering (see also Lee, 2002). 

4.3. Index of compositional variability
Cox et al. (1995) proposed a measure of compositional 
variability, known as the index of compositional variability 
(ICV) [= (CaO + K2O + Na2O + Fe2O3(t) + MgO + MnO 
+ TiO2) / A12O3]. Here, Fe2O3(t) is the amount of total 
iron and CaO includes Ca from all sources. Unlike CIA 
and CIW, the ICV is based on weight percent oxides 
rather than moles. The value of ICV decreases with 
increasing degree of weathering. The ICV values of some 
of the relatively common minerals are: ~10–100 (pyroxene 
and amphibole), ~8 (biotite), ~0.8–1 (alkali feldspar), 
~0.6 (plagioclase), ~0.3 (muscovite and illite), 0.14–0.3 
(montmorillonite), and ~0.03–0.05 (kaolinite) (Cox et 
al., 1995). Median ICV values (<0.6) for mudrocks fall 
within the range of clay minerals, whereas ICV values of 
>0.7 indicate the presence of a large nonclay fraction. The 
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overall range of the ICV values for the studied Kamlial 
mudstone (0.6–2.1; Table 1) indicates somewhat moderate 
weathering in the source area. This interpretation is 
supported by the presence of substantial feldspar in the 
associated sandstones (Ullah et al., 2006).

 The ratio of K2O/Al2O3 can also be used as an indicator 
of the original composition of ancient mudrocks. The K2O/
Al2O3 ratios for feldspars (e.g., alkali feldspars = 0.4–1.0) 
are markedly different from those of clay minerals (~0.3 
for illite and nearly 0 for other clay minerals) (Cox et al., 
1995). The K2O/Al2O3 ratios of the investigated mudstones 
from the Kamlial Formation are less than 0.3 (Table 3), 
suggesting the preponderance of clay minerals relative to 
other minerals in the original mudstone (Cox et al., 1995). 
As concluded above, the high ICV values of the Kamlial 
mudstone indicate dominance of nonclay silicate material 
such as feldspar, whereas the low average K2O/Al2O3 ratio 
suggests just the opposite (Table 3). Although K has a high 
aqueous solubility, the chemical stability of illite tends 
to preserve it (Lee and Ko, 1997). The presence of illite 
in mudstone may indicate recycling of older sediments 
(Potter et al., 1980). 

 Moderate weathering conditions in the source area 
for the Kamlial Formation is also in agreement with 
compositions indicated by the presence of unstable 

lithic fragments in the interbedded sandstones (Ullah et 
al., 2006). It should also be noted that high ICV values 
of mudrocks are probably due to the presence of calcite 
cement and high Fe2O3 content (indicated by red or 
maroon color of the mudstone; Table 1), which may be the 
result of chemical weathering during pedogenesis within 
the depositional basin. High ICV values of mudrocks 
show the dominance of first-cycle detritus, supporting 
the results of sandstone petrological studies (Ullah et al., 
2006). 

4.4. Trace elements and degree of weathering and 
conditions of deposition
4.4.1. Large ion lithophile elements
Large ion lithophile elements such as Rb, Sr, Ba, Th, U, and 
Cs behave much like the related major elements during 
weathering processes. For example, whereas Rb and Cs 
are generally incorporated into clays, as is also K2O, Sr 
tends to leach out during chemical weathering, as do also 
CaO and Na2O (Nesbitt et al., 1980). The amounts of Rb 
and Th in the studied Kamlial mudstone and sandstone 
are markedly lower than the corresponding values in 
the upper continental crust (UCC) and PAAS (Tables 1 
and 4). Although there is some overlap, the average Ba 
concentration in the Kamlial samples is also considerably 

Table 2. Whole-rock major element composition of the Kamlial sandstone from southwestern Kohat plateau, NW Pakistan, compared 
with the corresponding mean compositions of lithic arenite and K-feldspar-rich arenite. The numbers in parentheses show the average 
amounts in the Kamlial sandstone.

Oxides Lithic arenite 
(Pettijohn et al., 1987)

K-feldspar-rich arenites
(Pettijohn et al., 1987)

Kamlial Formation
(this study)

SiO2 66.1 66.2 46.9–63.4 (52.6)

Al2O3 8.1 10.2 6.1–23.3 (9.83)

Fe2O3 3.8 7.0 (T) 2.5–4.8 (3.7) (T)

FeO 1.4 - -

MgO 2.4 4.5 0.9–3.5 (2.2)

CaO 6.2 2.0 7.5–20.4 (14.5)

Na2O 0.9 1.8 0.5–1.4 (1.0)

K2O 1.3 1.6 1.1–1.7 (1.3)

H2O
+ 3.6 - -

H2O
- 0.7 0.5 -

TiO2 0.3 - 0.3–0.9 (0.7)

P2O5 0.1 - (0.1)

MnO 0.1 0.2 0–0.2 (0.13)

CO2 5.0 6.2? -
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lower than that in UCC and PAAS (Table 4). On average, 
samples from the present study are slightly enriched 
in U relative to both UCC and PAAS (Tables 1 and 4). 
Compared to UCC and PAAS, all the studied sandstone 
and most mudstone samples contain low amounts of Cs, 
thus suggesting moderate chemical weathering (Tables 1 
and 4) (Yan et al., 2007).

4.4.2. Weathering and sedimentary recycling
Uranium and thorium in sedimentary rocks are associated 
with several phases, such as clay minerals, feldspars, 
heavy minerals, phosphates, and organic matter (Ruffell 
and Worden, 2000). Whereas U is highly soluble even in 
neutral aqueous solutions, Th may dissolve in weak acids, 
such as humic acids (Pierini et al., 2002). 

 Sedimentary recycling under oxidizing conditions 
results in fractionation of Th and U during rock 
weathering; U+4 is readily oxidized to U+6, which forms the 
highly soluble species uranyl ion, which can be removed 
from the system, whereas Th retains its oxidation state 
and remains relatively insoluble (McLennan and Taylor, 
1980). As a consequence, the Th/U ratio increases due to 

successive cycles of weathering and redeposition and thus 
becomes a good marker of these processes. The Th/U ratio 
of the samples under investigation is less than the average 
value for UCC and PAAS (Tables 3 and 4), which suggests 
that these deposits are first-cycled. Further evidence of no 
sedimentary recycling can be seen from the Rb/Sr ratio 
(McLennan et al., 1993), which averages 0.3 for sandstone 
and 0.5 for mudstone from the study area (Tables 3 and 4). 
Similarly, the Zr/Sc ratio is commonly used as a measure 
of the degree of sedimentary recycling, which leads to the 
enrichment of the stable mineral zircon in the deposits 
(Nesbitt and Young, 1982). The Zr/Sc values of all the 
investigated Kamlial samples, except one mudstone, are 
lower significantly than both the UCC and PAAS values, 
indicating that a recycled sedimentary source was a minor 
component (Tables 3 and 4) (Roddaz et al., 2005).

4.4.3. Conditions during sediment deposition
U/Th ratios below 1.25 suggest deposition under oxic 
conditions, whereas values above 1.25 indicate suboxic 
and anoxic conditions (Nath et al., 1997). In the Arabian 
Sea, sediments below the oxygen minimum zone show 

Table 3. Oxide and element ratios in the Kamlial sandstone and mudstone samples from southwestern Kohat plateau, NW Pakistan. The 
letter in the sample numbers refers to locality: C for Chashmai anticline, A for Banda Assar syncline, and B for Bahadar Khel anticline.

Rock type Sandstone Mudstone

Sample # C-1 C-4 C-10 A-40 A-42 A-44 A-52 B-88 B-95 B-97 B-100 C-8 A-41 A-43 B-90 B-98

Na2O/K2O 0.67 0.34 0.44 0.88 0.97 1.03 0.99 0.65 0.66 0.80 0.74 0.52 0.48 0.58 0.27 0.66

K2O/Al2O3 0.18 0.16 0.16 0.09 0.16 0.06 0.16 0.19 0.18 0.13 0.18 0.16 0.10 0.16 0.27 0.15

La/Y 2.28 2.11 1.04 1.70 1.11 1.28 2.17 2.37 1.32 1.77 2.41 1.80 2.07 1.80 1.32 1.75

U/Th 0.20 0.43 0.67 0.60 0.50 0.38 0.33 0.60 0.83 0.67 2.33 0.42 0.40 0.33 0.60 0.44

Rb/Sr 0.27 0.39 0.23 0.27 0.22 0.29 0.30 0.43 0.26 0.38 0.28 0.42 0.87 0.49 0.24 0.44

Auth. U –0.67 0.67 2.00 1.33 1.00 0.33 0.00 1.33 3.00 2.00 12.00 1.00 0.67 0.00 2.67 1.00

V/Cr 0.31 0.18 0.67 0.14 0.20 0.29 0.49 0.28 0.33 0.16 0.20 0.88 0.80 1.05 1.13 0.25

Ni/Co 2.60 2.24 0.83 0.76 1.23 0.70 0.90 5.05 1.37 2.24 1.81 4.00 4.81 1.92 4.16 7.73

Cu/Zn 0.21 0.53 0.30 0.38 0.22 0.28 0.54 0.12 0.38 0.21 0.12 0.48 0.43 0.43 0.53 0.34

Ti/Zr 39.75 78.39 68.47 67.71 61.44 76.53 72.88 77.35 87.87 71.94 54.26 54.39 87.40 57.76 125.39 71.16

Cr/Ti 0.05 0.03 0.01 0.04 0.03 0.02 0.01 0.03 0.02 0.05 0.03 0.01 0.01 0.01 0.01 0.02

K/Rb 332 289 295 227 253 217 202 233 233 245 264 210 191 236 242 240

Cr/Ni 1.45 2.50 2.16 6.69 5.98 7.25 1.69 0.86 4.23 4.46 2.35 1.35 1.22 2.30 1.23 1.69

Cr/Th 31.85 41.91 14.27 49.91 25.52 26.66 10.40 36.72 29.19 64.95 32.69 7.85 11.78 6.12 9.62 32.24

Cr/Sc 11.52 24.36 6.69 22.73 13.18 19.47 4.09 15.52 9.12 32.47 11.51 7.72 9.14 3.22 5.17 19.79

Zr/Th 15.78 15.31 16.97 20.65 15.46 14.43 12.96 17.48 15.92 19.02 18.66 15.18 11.34 9.70 11.95 18.30

Zr/Sc 5.71 8.90 7.95 9.41 7.98 10.54 5.10 7.39 4.97 9.51 6.57 14.92 8.80 5.10 6.42 11.23
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high U/Th ratios (>1.25), whereas the sediments above 
the oxygen minimum zone exhibit low U/Th ratios 
(<1.25). Excluding one sample with an anomalous value, 
the low U/Th ratios in the studied samples suggest an 
oxic depositional environment for the Kamlial Formation 
(Table 3). Similarly, authigenic uranium content [= total 
U – Th/3] is also thought to be indicative of bottom water 
conditions in ancient sedimentary sequences (Wignall 
and Myers, 1988). Lower values of authigenic U (<5) 
represent oxic depositional conditions, while values 
above 5 are indicative of suboxic and anoxic conditions. 
The authigenic U contents are low in both the mudstone 
and sandstone samples under consideration (excluding 
one sandstone with anomalous value) (Table 3). Thus, the 
observed low U/Th ratio and low authigenic U content 
both show that the Kamlial sediments were deposited in 
an oxic environment.

 The V/Cr ratio has also been used as an index of 
paleoxygenation in many studies (Bjorlykke, 1974; Dill et 
al., 1988). Vanadium may be bound to organic matter by 
the incorporation of V4+ into porphyrins, which is generally 
found in sediments deposited in reducing environments 
(Shaw et al., 1990). Chromium is mainly incorporated in 
the detrital fraction of sediments and it may substitute for 
Al in the structure of clays (Bjorlykke, 1974). V/Cr ratios 
of >2 indicate anoxic conditions, whereas values of <2 
suggest more oxidizing conditions (Jones and Manning, 
1994). The values and extent of variation in the V/Cr 
ratios in the mudstone and sandstone samples under 
discussion (Table 3) also imply that the Kamlial formation 
was deposited in an oxic environment. Dypvik (1984) used 
the Ni/Co ratio as a redox indicator. According to Jones 
and Manning (1994), Ni/Co ratios of <5 indicate oxic 
environments, whereas ratios of >5 suggest suboxic and 
anoxic environments. Sandstone from the current study 
shows Ni/Co ratios of <5, which suggests an oxygenated 
depositional environment, while the Ni/Co variation 
in mudstone (with one sample showing Ni/Co ratio of 
7) indicates a suboxic environment (Table 3). Hallberg 
(1976) used Cu/Zn as a paleoredox parameter. According 
to him, high Cu/Zn ratios indicate reducing depositional 
conditions, while low Cu/Zn ratios suggest oxidizing 
conditions. The low Cu/Zn ratios for the studied Kamlial 
samples indicate that this mudstone-sandstone sequence 
was deposited under good oxidizing conditions (Table 3).

4.5. Paleoclimate of the source area 
The average CIA values of sandstone and mudstone of the 
Kamlial Formation suggest moderate to slightly intense 
weathering at the source area. However, the high CIA values 
may also be due to the presence of abundant sedimentary 
rock fragments as occur in the associated sandstones rather 
than a result of severe weathering (Lee, 2002; Ullah et al., 
2006). Similarly, the ICV values of the Kamlial mudstone 

Table 4. Comparison of the average major element oxides (wt.%) 
and trace elements (ppm) of the Kamlial Formation (KF) with 
UCC and PAAS.

Specimen UCC PAAS KF (avg.)
Major elements (wt.% oxides)
SiO2 65.92 62.80 41.96
Al2O3 15.20 18.90 12.76
Fe2O3 5.00 7.23 5.94
MgO 2.20 2.20 3.33
CaO 4.20 1.30 15.04
Na2O 3.90 1.20 0.93
K2O 3.37 3.70 1.89
TiO2 0.50 1.00 1.04
P2O5 - 0.16 0.10
MnO 0.08 0.11 0.12
Trace elements (ppm)
Sc 11 16 15
V 60 150 84
Cr 35 110 131
Co 10 23 18
Ni 20 55 88
Cu 25 50 28
Zn 71 85 62
Ga - 20 11
Rb 112 160 86
Sr 350 200 201
Y 22 27 19
Zr 190 210 134
Nb 14 19 10
Cs - 15 15
Ba 550 650 174
La 30 38 33
Ce 64 80 41
Nd 26 32 34
Sm 4 5 2
Yb 2 3 2
Hf 6 5 6
Pb 20 20 16
Trace elements (ppm)
Th 11 15 10
U 3 3 4
Zr/Sc 17 13 9
Rb/Sr 0.32 0.80 0.43
U/Th 0.27 0.20 0.40
V/Cr 1.70 1.36 0.64
Cu/Zn 0.35 0.59 0.41
Ni/Co 2.00 2.39 4.89



286

ULLAH et al. / Turkish J Earth Sci

indicate somewhat moderate weathering in the source 
area. The presence of feldspar in the associated sandstones 
also supports this interpretation (Lee and Sheen, 1998; 
Ullah et al., 2006). Furthermore, the possibility of 
intensive chemical weathering in the Himalayas orogenic 
belt is highly unlikely, as it requires tectonic quiescence 
for a long period and higher temperature and humidity 
(Lasaga et al., 1994). Nonetheless, ample evidence exists 
indicating that the climate in northern Pakistan was 
warm, humid, subtropical to tropical, and influenced 
by monsoonal circulation throughout the time interval 
studied (Awasthi, 1982; West, 1984; Quade and Cerling, 
1995). Paleoenvironmental reconstructions of the Siwalik 
sections in northern Pakistan indicate marked seasonality 
in paleosol formation, variation in rivers’ discharge, and 
the existence of short-lived lakes (Zaleha, 1997). However, 
the presence of labile volcanic and metamorphic lithic 
fragments in these sequences suggests that petrography has 
not been drastically affected by weathering or diagenesis 
(Najman et al., 2003; Ullah et al., 2006). 

 In conclusion, the average CIA values of the Kamlial 
sandstone and mudstone from the southwestern part of 
the Kohat plateau suggest moderate to slightly intense 
weathering. However, the overall range of the ICV values 
and lower contents of Rb and Cs than UCC and PAAS 
of both the sandstone and mudstone indicate relatively 
moderate weathering. Furthermore, the Th/U ratio of 
the Kamlial Formation is lower than that of UCC and 
PAAS, which also shows that these sediments are first-
cycle in origin. However, the Zr/Sc ratio suggests minor 
contribution from recycled sedimentary sources. The 
values of authigenic U, U/Th, V/Cr, Cu/Zn, and Ni/Co all 
suggest that the Kamlial sediments were deposited under 
oxidizing conditions. 
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