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The Kohat Basin (KB) lies on the Himalayan Foothills and is of scientific importance as it
directly recorded the closure of the Tethys Sea and the Himalayan collision between India,
Asia, and a number of other small plates. During the Eocene, after the collision between the
Indian and Eurasian plates terminated the Tethys Sea, thick-bedded marine evaporite
sequences developed in the KB. In this study, we combined mineralogy, geochemistry,
fluid inclusion and chlorine stable isotope compositions to discuss the origin and evolution
of the KB Eocene halite deposits with the ultimate objective of defining the paleoclimate
that was prevailing in Asia during the Eocene. Our results showed that halite samples were
SO4

2− rich (225–370.103 ppm) and Br− poor (<3 ppm). Cl−, B+, Mg2+, K+, SO4
2− and very

low Br concentrations as well as the (Br/Cl) ratios indicated that halite resulted of a mixture
of solutions with variable compositions and that dissolution, recrystallization and a
progressive decrease in dolomitization were the mechanisms leading to the formation
of these evaporites. A Br/Cl vs Cl plot revealed that the end members involved were:
seawater (sw), saline waters and/or freshwaters. The recrystallization process prevented
identifying the primary structures and primary fluid-inclusions. Most of Cl isotope
compositions (−0.54‰<δ37Cl < 0.83‰) were within the usual range (0 ± 0.5‰)
associated to seawater as the initial source for the halite. The higher isotope
compositions (δ37Cl ≥ 0.83‰) comforted the hypothesis of the genesis by mixing of
solutions of different origins as well as the involvement of recrystallization. Based on our
results, we are proposing the following to explain the regional paleoclimate sequence: 1)
shallow water conditions; 2) halite precipitation induced by evaporation, 3) unstable
paleoclimatic conditions that resulted in the morphing from an evaporite basin into a
terrestrial foreland basin. All these events were controlled by regional tectonic and linked to
both the overall uplift times of the NW Indian Craton and the Eocene thermal maximum one
during the Eocene-Oligocene period.
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INTRODUCTION

The collision tectonic events leading to the final closure of the
Tethys Sea during the Cenozoic formed mountain chains that
prolong from the Mediterranean region to Asia (Potter and
Szatmari, 2009). These events were recorded by the
Paleocene–Pleistocene sedimentary rocks present in India,
Nepal and Pakistan (Najman et al., 2017). These events most
probably debuted after the Indian plate broke away from
Gondwanaland, began moving north towards Eurasia, and
ended with the subduction of the Tethys Sea (Khan et al.,
1987; Ahmad et al., 2002). The continent-continent collision
between the Indo-Pakistan and the Eurasian plates not only
led to the Himalayan orogeny but also provided enough
marine sediments and source material for the development of
thick-bedded evaporites in Pakistan (Pivnik and Wells, 1996).
The major rock salts deposits in Pakistan are located in the Salt
Range area and in the Kohat basin (KB) (e.g. Hussain et al., 2019;
Hussain et al., 2020a; Hussain et al., 2020b; Hussain et al., 2021).
The Precambrian Salt Range is considered as the main and oldest
salt deposits in the sub-continent. The younger salt deposits
(Eocene age) are found in the northwestern KB with the main
deposits located in the central part of the basin. Deposits contain
halite along with variable amounts of gypsum dolomite and clays,
and limited layers of potash and magnesium salts. In comparison,
the KB salts are thin compared to the Salt Range Formation and
can be observed at different locations (Jatta, Karak and
Bahadurkhel) of the KB (Figure 1). Just like the SR Fm. the
base of the KB is not exposed but its thickness is variable, with a
maximum of 700 m (Asrarullah, 1963; Pivnik and Wells., 1996).
Records of marine sedimentation ranging from the Paleocene to
younger ages can be observed at the Kohat Plateau (KP; NW
Pakistan), also known as the Kohat Fold and Thrust Belt (KFTB)
(Hussain and Zhang, 2018). These sedimentary rocks are mainly
constituted of complex groups of sulfate, evaporite, shale/
sandstone, and conglomerates (Meissner et al., 1975). The KP
lies within 100 km of the western Himalayan Foothills (Pivnik
and Wells, 1996) and is assumed to be the main Himalayan
depocenter at the time of the collision between the Indian and
Asian plates (Gardezi, 2016). The KP is restricted by the Main
Boundary Thrust (MBT) on its northern part and by the Trans-
Indus Salt Ranges and the Bannu Plain on its southern border.
The Indus River and the Kurram Fault mark (Figure 1) its eastern
and western boundaries (Kazmi and Rana, 1982).

The KP encompasses Cenozoic sedimentary rocks and
previous studies have shown that during the Paleocene (early
Eocene) the formation of thick-bedded evaporites in the region
was facilitated by the submergence of the NW Indian continental
shelf that separated from both the Tethys Sea and the Persian Gulf
(e.g. Pivnik and Wells, 1996). Thick-bedded evaporites and
particularly brines are common geological features worldwide
(Warren, 2006; Guo et al., 2017) that have been vastly investigated
(e.g. Gee, 1938; Krishnan, 1966; Hsü et al., 1973; Hsü and
Bernoulli, 1978; Alsop, 1996; Hardie and Lowenstein, 2004).

Studies have particularly focused on evaporites strictly related
to source rocks in sedimentary environments (e.g. Hussain and
Warren, 1991; Warren, 2010; Hussain et al., 2021). However, due
the lack of modern equivalents, the origin, evolution and the
depositional background of these evaporites is still subject to
debate (e.g. Guo et al., 2017; Hussain et al., 2020a). Classical
chemistry and isotope systematics have already demonstrated
their added value to better constrain the sources and processes
leading to the formation of these evaporites (Han et al., 2019;
Hussain et al., 2020a; Hussain et al., 2021). For example, the Br/Cl
ratio and Na-Cl-Br concentrations measured in evaporites can be
used to characterize the formation and evolution, including
recrystallizsation, dissolution and redeposition processes, of
basin fluids (e.g. Walter et al., 1990). The Cl/Br ratio is a
common proxy used to study changes during the late phases
of halite deposition (e.g. Eggenkamp et al., 2019a; Hussain et al.,
2021), the origin of saline waters (e.g. Alcala and Custodio, 2004;
Alcala and Custodio, 2008; Katz et al., 2011) as well as dissolved
mineral components in deep fluids (Heinrich et al., 1993; Sonney
et al., 2010) and paleoenvironment of evaporites (Ercan et al.,
2019). On the other hand, the use of Cl stable isotope
compositions (noted δ37Cl) has proved to be a reliable tracer
for ancient evaporites (Eggenkamp et al., 2018; Eggenkamp et al.,
2019a; Eggenkamp et al., 2019b), to identify the origin of modern
brines (Eggenkamp, 2014; Luo et al., 2014), and to characterize
the geochemical development of connate waters in sedimentary
basins (Tomascak et al., 2016; Hanlon et al., 2017). δ37Cl is good
at fingerprinting the origin of mixed magmatic–basinal brines
and it can differentiate between marine and non-marine
environment and depositional conditions (Chiaradia et al.,
2006). Recently it has also been proved that δ37Cl can be used
to evaluate the evaporation rate at the time of the salt formation
(Luo et al., 2014, Luo et al., 2016; Hussain et al., 2019).

The rock salt deposits in Pakistan were early characterized (e.g.
Wynne 1875,Wynne 1878,Wynne 1880). Gee (1945) created two
inches to one-mile geological maps. Asrarullah, 1962; Asrarullah,
1963 and Alam and Asrarullah (1973) estimated the volumes of
Pakistan rock salt resources. While most of this research was
focusing on understanding the stratigraphy and geology of the KB
(Eames, 1952; Meissner et al., 1974; Meissner et al., 1975; Shah,
1977; Wells, 1984; Pivnik and Sercombe 1993a; Pivnik and Wells
1996), the vast deposits of halite, sulfate and other salts present in
the Eocene Kohat Fold and Thrust Belt and their corresponding
sources and evolution have never been investigated using
chemistry and isotope systematics due to a complex
assemblage of these evaporites. The objectives of this study
were: 1) to geochemically characterize the Kohat salt (also
known as the Bahadur Kel salt) deposits 2) to define the
origin and evolution of the ancient halites and ultimately to
discuss the paleoclimate prevailing during their deposition. To
fulfill these objectives, we decided to couple the classical
geochemical, mineralogical and lithological approach with the
use of the (Br/Cl) ratios and δ37Cl isotope compositions. To our
knowledge, this represents the first study using Cl isotopes to
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better understand the regional geology, and lays a basis for future
isotope investigations of the KFTB.

GEOLOGY AND STRATIGRAPHY

The Great Himalaya emerged because of a N-S crustal shortening
and thickening, resulting from the junction between the Indian
and Eurasian Plates and their later impaction (Gansser, 1964; Le
Fort, 1975). In the Early Miocene, these tectonic movements
formed the Tibetan Plateau (TP) as well as thrust structures such
as the KP, which are parts of the Indo-Gangetic foreland (Ahmad
et al., 2006), comprising Tertiary sedimentary rocks. Previous
studies (Gee 1938; Meissner et al., 1974; Meissner et al., 1975;
Shah, 1977; Wells, 1984; Pivnik and Sercombe 1993b; Pivnik and
Wells 1996) indicated that the surface rocks are mainly from the
Eocene and present an unconformable relationship to the
overlying Miocene or younger rocks (Gee, 1945; Fatmi, 1973;
Shah, 2009). The strata deposited under restricted marine
conditions and represents the first record of the Himalayan
collision (Pivnik and Wells 1996). The KFTB was cut off from
the Tethys Sea and developed a complex assemblage of evaporites,
carbonates and clastic rocks generated by tectonic forces during
the later stages of the Himalayan orogeny.

Structurally, the KP represents both compressional and
transpression tectonics (Pivnik and Sercombe, 1993b); many
features are linked to imbricated thrusts; and associated folds
are linked to the oblique convergence and subsequent
formation of an hybrid terrain (Paracha, 2004). Seismic
data from the Northern Potowar Deformation Zone
(NPDZ) and KP revealed that both regions shares parallel
structure histories (Pivnik and Sercombe, 1993a). Pop-ups,
wide synclines, narrow faults, and evaporite anticlines are the
most common structural features of the KFBT. They indicate a
high-level translation of a large thrust mass along the Eocene
evaporites (Hussain and Zhang, 2018) resulting from the
northward clockwise tectonic movement of the Indian plate
(Gardezi, 2016).

Figure 2 reports the detailed stratigraphy of the KFBT studied
and shows that the Paleozoic and Mesozoic rocks deposited on
the north Indian passive continental margin, which facilitated a
southern shoreline to the Tethys sea (Pivnik andWells 1996). The
oldest exposed rocks are of Eocene age and consist of evaporites
(halite and gypsum) and shales. Drill hole data from hydrocarbon
exploration suggest that early Jurassic rocks are the unexposed
oldest rocks (Gardezi, 2016). In this study, we are focusing on the
Eocene halite deposit that was developed between the NW Indian
continental margin, the southern Asian margin, and at least one

FIGURE 1 | Structural map of the Kohat Plateau (modified after Pivnik and Wells, 1996). The map indicates the major structural boundaries as well as the locations
of the thick-bedded salt rock deposits.
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or more microplates that now constitute western Pakistan and
eastern Afghanistan.

The Eocene halite in the KP is referred as the Kohat Saline
Series (Gee, 1945) or the Bahadur Khel Salt (Meissner et al.,
1974). It is exposed along anticlines with a general EW-trend and
crops out in the central part of the KP near the Manzalai anticline

and along the Karak-Hukni fault. The Jatta Gypsum confirmly
lays on top of the Bahadur Khel Salt (BKS) but correlating its age
with other units (e.g. the Ghazij Group) is rendered difficult due
to the lack of local age control (Pivnik and Wells, 1996). The real
thickness of the BKS is unknown as its base is not exposed.
However, while Meissner et al. (1974) reported an exposed

FIGURE 2 | Stratigraphic column of the Kohat Plateau (KP), showing major formations and corresponding ages.

TABLE 1 | δ37Cl and ion compositions of the salt deposits from the Kohat basin: Jatta, Karrak, and Bahadur Khel deposits.

Reion Sample Cl− ppm Br−

ppm
B3+ ppm Ca2+ ppm K+ ppm Li+ ppm Mg2+ ppm Na+ ppm SO4

2−

ppm
δ37Cl ‰ Error

‰

Jatta A−1 591,110.4 2.25 <0.0072 2,749.78 104.12 3.71 20.05 383,061.7 5,919.19 −0.15 0.05
A−2 592,647.9 2.21 <0.0072 2,179.82 113.21 3.88 20.41 384,097.2 4,646.17 −0.03 0.04
A−3 550,320.7 2.11 <0.0072 9,214.54 113.04 4.41 18.16 356,155.2 20,479.94 −0.54 0.06
B−1 599,593.2 2.33 <0.0072 88.44 118.33 3.47 23.94 390,451 225.4 0.69 0.13
B−2 558,776.3 2.05 <0.0072 8,458.22 185.09 2.64 35.57 361,712.8 18,976.26 0.29 0.12
B−3 558,080.4 2.17 <0.0072 8,326.75 155.82 4.2 63.12 361,253.6 18,717.9 0.39 0.15
C−1 545,489.1 2.26 <0.0072 9,763.02 155.16 3.48 29.96 352,658.3 21,135.75 −0.32 0.03
C−2 565,499.6 2.05 <0.0072 6,600.86 126.44 3.34 9.38 367,752.6 17,853.88 −0.16 0.08
C−3 582,439.4 1.3 <0.0072 4,817.71 111.16 3.76 126.54 377,306 11,029.13 −0.24 0.05

Karrak D−1 473,510.6 2.22 <0.0072 9,796.43 179.15 2.72 57.1 305,864.4 21,147.7 −0.06 0.05
D−2 526,668.4 2.14 <0.0072 10,396.13 507.73 2.96 125.26 341,049.3 24,716.07 −0.25 0.12
D−3 540,145 2.37 <0.0072 11,473.05 145.15 4.13 29.83 349,166.7 25,167.27 −0.18 0.26
D−4 496,278.5 2.04 <0.0072 13,025.51 168.52 2.52 33.22 321,023.1 29,584.64 −0.46 0.05
E−1 558,421.5 2.12 <0.0072 9,066.92 139.22 3.49 11 361,596.7 20,518.82 0.83 0.17
E−2 561,922.5 2.23 <0.0072 6,777.26 123.19 3.05 13.46 363,923.9 15,141.28 −0.07 0.24
E−3 550,577.1 1.76 <0.0072 11,036.04 130.97 4.01 13.92 355,285.6 22,686.3 −0.06 0.05

Bahadur khel M4−1 577,665.2 1.94 13.65 7,750.18 82.51 0.77 32.51 373,962.7 17,133.25 −0.26 0.17
M4−2 564,373.8 1.85 4.77 8,808.81 83.13 0.1 37.04 365,623 20,278.07 −0.2 0.05
M4−3 576,612.1 1.71 2.57 6,585 105.7 1.31 24.5 373,436.7 14,667.23 −0.1 0.23
M17–1 575,358.7 2.1 <0.0072 7,848.77 100.85 1.09 30.88 372,284 17,004.87 0.28 0.01
M17–2 571,203.3 1.78 <0.0072 9,413.37 71.43 1.17 27.82 369,778.9 21,102.12 −0.14 0.31
M17–3 532,018.8 1.92 1.29 8,654.4 174.19 0.14 42.14 344,216.4 19,171.54 −0.11 0.21
M17–4 555,311.8 1.94 <0.0072 10,310.72 121.99 1.16 47 359,532.2 23,520.57 −0.26 0.17
OA 561,138.9 2.01 <0.0072 7,248.57 123.74 1.01 15.86 363,103.7 15,629.58 −0.35 0.01
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thickness of about 100 m, a hole drilled in the core of an anticline
(in the Shakarkara village) yielded a thickness of about 700 m
(Meissner et al., 1974). Regional geology and stratigraphy indicate
that at the time of deposition the brine was most likely warm and
deposited on sabkhas and in lagoons in its northeastern part and
in a shallow water environment in its southern part (Pivnik and
Wells, 1996). The Eocene regression forged the final small and
limited basins.

MATERIALS AND METHODS

Sampling and Elemental Concentrations
In total, we collected 24 representative halite samples in 2018
from three distinct deposits (details are given in Table 1): nine
samples from the Jatta deposit, seven from the Karrak one and
eight from the Bahadur Khel one. For each halite sample, we
measured the K+, Na+, Ca2+, B3+, Mg2+, Li3+, SO4

2−, Br−, Cl−

concentrations and corresponding Cl stable isotope compositions
(noted δ37Cl). K+, Ca2+, Mg2+, and B3+ concentrations were
measured by ICP-OES (ICAP6500DUO, United States) with a
precision better than 5%. Br− and SO4

2− were analyzed by Ion
Chromatography (IC-5000+, Thermo Fisher, United States) and
Cl− was measured by chemical mercurimetry, with an accuracy
higher than 0.3% (ISL, CAS, 1988). δ37Cl was analyzed by Positive
Thermal Ionization Mass Spectrometry (TIMS-TRITON,
United States). All measurements were made at the Salt Lakes
Analytical and Testing Department, Qinghai Institute of Salt
Lakes, Chinese Academy of Sciences.

Isotope Sample Preparation and Analysis
Each halite sample was first dissolved in highly deionized water
and then purified using the following two-step protocol (samples
were purified to ultimately contain 5 g/L of Cl): 1) dissolved
samples first passed through a polyethylene ion-exchange column
(∼0.5 cm diameter) filled with ∼2 cm of Dowex 50WX8 H-cation
exchange resin, and subsequently through 2) a second
polyethylene ion-exchange column (∼0.5 cm diameter) filled
with ∼1.6 cm of Cs-cation exchange resin. The pH of the
solution was kept <7 throughout the procedure. Finally, the
eluant was collected for further analysis by TIMS. As the
halite samples presented low SO4

2−/Cl− and NO3
−/Cl− ratios,

interferences by SO4
2− and NO3

− were considered negligible and
therefore no additional purification step was needed (for details
see Hussain et al., 2020b). A tantalum (Ta) filament was heated
under vacuum for 1 h using a current of 2–3A, before being
covered with 2.5 µl of a graphite slurry that contained 80% of
ethanol and 80 µg of graphite. About 2 µl of the sample solution,
having no less than 10 µg of Cl as CsCl, was deposited onto the
filament. The filament was then dried using a current of 1 A for
∼2.5 min and inserted into the TIMS (pressure at ∼2.5 ×
10–7 mbars). The Cs2Cl

+ ion current generated was maintained
at 4 × 10–12 A by adjusting the source current. Data were
instantaneously collected on Faraday cup “C” and “H1” by
using the ion flows from mass numbers 301 (133Cs2

35Cl+) and
303 (133Cs2

37Cl+). The average 37Cl/35Cl ratio we obtained for the
IAEA ISL-354 NaCl standard was 0.319031 ± 0.000066 (n � 12),

in agreement with the value of 0.31964 ± 0.00092 reported by
Xiao et al., 1997. The corresponding δ37Cl value was calculated as
(error ≤ 0.09‰):

δ37Cl � ⎡⎢⎢⎢⎢⎢⎢⎢⎣
37Cl
35Cl

sample
37Cl
35Cl

ISL−354

⎤⎥⎥⎥⎥⎥⎥⎥⎦ × 103

RESULTS AND DISCUSSION

Halite Mineralogical Characteristics
The δ37Cl and elemental compositions of the halite samples are
given in Table 1. Results show that Na+ and Cl− are the major
ions, followed by SO4

2− and Ca2+. Trace elements, such as B3+ and
Br−, are usually negligible. δ37Cl in our halite samples range from
−0.54‰ −0.83‰ with an average isotope composition of
−0.06 ± 0.33‰.

The main salt deposits in the KB can be observed at three
localities: Jatta, Karak and Bahadur Khel (Figure 1). All deposits
in the KB are stratigraphically considered as the Bahadur Khel
Salt (Meissner et al., 1974; Pivnik and Wells, 1996). The general
trend follows a NS direction and extends for up to 40 km. The KB
salts are white to grayish in color, the later resulting of the
intermixing of black bitumen/shale with rock salt, which in
turn affects its purity. The halite thickness in the KB varies
from one to hundreds of meters (Meissner et al., 1974). The
exposed mineralization is massive and translucent for most of the
deposits. Few thin layers are transparent and crystals vary
between euhedral and anhedral. Primary textures were absent
or difficult to detect and only secondary textures with secondary
fluid inclusions were observed under microscopy (Figure 3).

Primary structures in halite, e.g. chevron and hopper
structures, are generally interpreted as reflecting shallow lake
brines (Salvany et al., 2007) deposited under stable environmental
conditions (Warren 2006; Ercan et al., 2019). Although previous
studies concluded that the KB brines were warm, shallow and
developed within a passive continental margin (e.g. Pivnik and
Wells, 1996; Pivnik and Wells, 1996), finding corresponding
primary structures was not possible due to the recycling of the
ancient halite. On the other hand, the recrystallization and
dissolution processes during flooding (Shearman, 1970) and
the alteration of the mineral morphologies by burial effects or
by active capillary activities around older mineralization develop
common secondary features (Ercan et al., 2019). Thus, this
indicates that the KB halite either developed or evolved under
variable conditions.

Halite Geochemistry
For all halite samples Mg2+, Ca2+ and SO4

2− ions yielded large
variations in their concentrations (Table 1). Li+ Br−, Ca2+, K+,
and B+ concentrations varied among the different sites, and even
within each sampling site (Table 1): the K+ and Ca2+ contents in
the Jatta and Bahadur Khel samples ranged from 104 to 185 ppm,
from 88 to 9,763 ppm, from 71 to 174 ppm and from 6,585 to
10,310 ppm, respectively. The Karrak samples gave the highest
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Ca2+ (6,777–13,025 ppm) and K+ (123–507 ppm) concentrations.
Mg2+ concentrations ranged between 15 and 47 ppm for the
Bahadur Khel site, between 11 and 125 ppm for the Jatta site and
from 9 to 126 ppm for the Jatta site. Li+ and Br− contents varied
between 0.09 and 4.4 ppm and between 1.2 and 2.3 ppm,
respectively. B+ concentrations were very low (≤0.007 ppm) in
most of the halite samples. SO4

2− content were high in most
samples with values between 225 and 29,584 ppm. The highest
SO4

2− concentrations were observed at the Karrak site.
During the late Eocene (37–34 Ma), seawater was Mg2+ and

SO4
2− rich (Holland, 2005), due to a progressive decrease in

dolomitization. Between 93.5 and 36 Ma the SO4
2− concentration

was higher than that of Ca2+ (Timofeeff et al., 2006). Figure 4
shows that for the KB SO4

2− > Ca2+, which indicates that the
parent waters were SO4

2− rich. While the K+ concentration of
Tertiary marine halite was constant at about 400 ppm (Holland,
1984), in our samples, it varied between 84 and 9,413 ppm, with
an average value around 100 ppm (Figure 4A). As the Mami Khel
clays overlay the Kohat salts these lower K+ concentrations may
thus be explained by the absorption of K+ onto clay minerals. The
Mg2+ content of the Eocene SW was lower (874 ppm) compared

to the 1,336 ppm in present day SW (Brennan et al., 2013). In the
KB halite the Mg content varied between 1 and 126 ppm
(Figure 4B). The low Mg2+ are probably caused by permeable
zones. The study area is highly faulted, with the Kurram Thrust
Fault covering the western and northern parts of the area and
overlaying the Mami Khel clays. It may form impermissible zones
that prevent any water input. Brennan et al. (2013) reported that
the Ca2+ content in present-day SW (264 ppm) is lower than
during the Eocene (384 ppm), giving a negative relationship
between Ca2+ and SO4

2− (Figure 4C). In our study, the
relationship between these two ions was linear with a positive
slope (Figure 4C) that indicated that the controlling process is a
global decrease in the dolomitization process (Holland and
Zimmermann, 2000; Holland, 2005).

The Br− concentration in the first halite precipitated from SW
is ∼75 ppm (Holser, 1979) and its value reaches up to 270 ppm in
the advanced concentration stages, at the beginning of the Mg
sulfate deposition (Kovalevych et al., 2006). The calculated Br−

residence time is ∼100 million years (Holland, 1984). Therefore,
the Br− concentration in halite precipitated from the evaporation
of Tertiary seawater must be about 75–270 ppm (Ercan et al.,

FIGURE 3 | Microscopy pictures of the halite samples: (A) random crystal of halite covered by secondary fluids, (B) washout structures, and (C) halite random
crystals covered by (black) bituminous materials.

Frontiers in Earth Science | www.frontiersin.org April 2021 | Volume 9 | Article 6444856

Hussain et al. Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


2019) but later changes (e.g. recrystallization, dissolution) can
affect these concentrations (Eggenkamp et al., 2019a). For
example, the Miocene halite of the Mediterranean region
yields Br− concentrations up to 40 ppm (Bloch, 1953) but also
as low as ∼5 ppm (e.g. Ercan et al., 2019). Brennan et al. (2013)
reported Br− concentrations of 11 ppm for halites from the
Catalan sub-basin, whereas Moretto (1986) reported Br−

concentrations of 10 ppm for the Bresse Basin. The Eocene
salts from Bhadur Khel have lower Br− concentrations
compared to the other Paleogene and Neogene basins
(1.3–2.37 ppm) that indicate an entry of non-marine water
(Shouakar-Stash, 2008) or the dissolution or recycling of
ancient marine halite (Brennan et al., 2013; Han et al., 2019;
Eggenkamp et al., 2019b). The study of the Cl/Br ratio has proved
to be one of the most effective and sensitive indexes when
defining the geological environment, brine concentrations and
the depositional stages associated to the brine evaporation

process (e.g. Han et al., 2019; Hussain et al., 2019).
Experiments have demonstrated that this Cl/Br ratio is related
to the brine and salt evolution (Braitsch, 1962): the more
advanced brine solutions produce lower Cl/Br ratios in the
precipitates (Eggenkamp et al., 2019a; Eggenkamp et al.,
2019b). The Cl/Br ratio in SW (∼300) is lower than at any
halite stage as evaporites preferentially incorporate Cl−

compared to Br− (Hussain et al., 2020b). Figure 5 shows that
our halite samples Br− concentrations were low, yielding high Cl/
Br ratios. This indicates that they have been dissolved by saline
waters/non-marine waters as evaporites forming in basins having
no or limited connections with the open sea are expected to
episodically get waters and solutes from non-marine sources
(Holland et al., 1984). Geology demonstrates that halite in the
KB has a marine origin (Wells, 1984; Pivnik and Wells, 1996),
resulting from the precipitation of the ancient Tethys Sea (Pivnik
and Wells, 1996; Hussain and Zhang, 2018). Thus, the low Br−

FIGURE 4 | Ion relationships observed in the Bahadur Khel salts: (A) SO4
2− vs K+, (B) SO4

2− vsMg2+ and (C) SO4
2− vs Ca2+. For each diagram the corresponding

characteristics of the Eocene (data from Brennan et al., 2013) and present-day seawaters are given (data from Holland, 1984).

Frontiers in Earth Science | www.frontiersin.org April 2021 | Volume 9 | Article 6444857

Hussain et al. Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


concentrations can only be explained by multiple inputs of non-
marine water.

The Cl/Br vs Cl diagram (Figure 5) shows that in our study
area brines of different origins were mixed. The halite samples
from our three locations plot along two distinct trends: 1) Most of
the samples from the Karrak mine plot along trend 1 in Figure 5
and indicated that they precipitated from two mixed Cl-rich salt
waters that have dissimilar compositions, percentages or origins
(e.g., SW, saline water or meteoric water). 2) Samples from
Bahadur Khel and Jatta lay along trend 2 and agreed with the
recrystallization of ancient halite (i.e. WRI; water-rock
interaction). We also compared our values with those of two

other salt basins (Figure 5): the Salt Range (Pakistan; Hussain
et al., 2020a) and the Tuz Golu (Turkey; Ercan et al., 2019) basins.
While the KB showed a trend similar (but with lower Br
concentrations) to the Tuz Golu basin, the nearest Salt Range
yielded significantly lower and homogenous Cl/Br ratios that may
be explained by active tectonic and multiple halite dissolutions.

Cl Isotopes in Halite: Implications for
Paleoclimate
δ37Cl isotope compositions have been extensively studied in
evaporites in order to explain the Cl stable isotope
fractionations induced by the evaporation process (e.g.
Vengosh et al., 1989; Xiao et al., 1997; Eggenkamp et al., 1995;
Eastoe et al., 1999; Ying-Kai et al., 2000; Eastoe et al., 2001; Eastoe
et al., 2007; Luo et al., 2012; Luo et al., 2014; Eastoe, 2016; Luo
et al., 2016; Eggenkamp et al., 2019a; Eggenkamp et al., 2019b).
Salt precipitation from marine brines follows the classic Rayleigh
distillation law (Eggenkamp et al., 1995), inducing a decrease in
the δ37Cl coupled to an increase in the corresponding Br/Cl ratio
(Eggenkamp et al., 2019a). Figure 6 shows that the Bahadurkhel
and Karrak samples are mostly characterized by rather constant
δ37Cl ∼−0.2‰ but varying Br/Cl ratios, whereas the Jatta samples
display somewhat positive δ37Cl values with considerably
constant Br/Cl ratios. This may be explained by frequent and
multiple dissolution and precipitation processes as Br contents
decline with successive recycling processes (Eggenkamp et al.,
2019b; Han et al., 2019). It also indicated that the basin was
disconnected from the main water reservoir (i.e. sea), allowing for
multiple dissolution/precipitation and mixing to occur.
Ultimately, this resulted in the halite showing various origins,
in agreement with the findings of Holland, 1984.

Previous studies have shown that halite is generally enriched
in the heavier 37Cl isotope and that its final δ37Cl is controlled by

FIGURE 5 | Simplifiedmodels explaining the Cl and Br behaviors in halite
from the Kohat Basin. (A) Cl vs Br ratios. Data are compared to those of the
Salt Range (Pakistan) and Tuz Golu (Turkey) Basins. Precipitation data of
variable evaporite minerals are from Matray, 1988, the seawater
evaporation line is from Shouakar-Stash (2008) and Ercan et al. (2019). (B)
Mixingmodel adapted fromGrandia et al. (2003) and Ercan et al. (2019) where
the dashed line represents the addition of highly evaporated brine that
underwent dilution by a factor of seven to a fluid-dissolving halite. (C) Cl/Br
ratio vs. Cl. Trends one and two represent variable evaporation trends.

FIGURE 6 | Br/Cl ratio vs δ37Cl of individual halite samples from the
Kohat Basin.
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the corresponding deposition conditions (e.g. Luo et al., 2016).
The study of Cl stable isotope fractionations during salt
precipitation (e.g. Eggenkamp et al., 1995; Luo et al., 2012;
Luo et al., 2014; Eggenkamp et al., 2015; Luo et al., 2016;
Eggenkamp et al., 2016) showed that the most negative δ37Cl
appear when bischofite (MgCl2•6H2O) starts precipitating
(Eggenkamp et al., 2018). Luo et al. (2014) also showed that
δ37Cl keep decreasing continuously with the precipitation of
K-Mg salts. Thus, Cl isotopes are good proxies for
characterizing the evaporation process: the continuous
impoverishment in 37Cl can be linked to the evaporation
cycles (Luo et al., 2014; Eggenkamp et al., 2019a). Cl− in the
Kohat Basin results of the ancient marine water (Pivnik and
Wells, 1996; Hussain and Zhang, 2018) that may be mixed with
non-marine or meteoric waters, as demonstrated by the δ37Cl
values of its halite centered around 0‰ (Eastoe et al., 2001; Eastoe
et al., 2007). The δ37Cl for the KB Eocene marine halite ranged
from −0.54‰ to 0.83‰, and most of these isotope compositions
are within 0 ± 0.5‰, indicating that variable climatic conditions
prevailed during deposition as well as the alternation of wet and
dry periods climate. Under wetter conditions, dissolution of the
already deposited halite is the main source of Cl. This dissolution
is accompanied by higher δ37Cl (Luo et al., 2016) compared to
lake water. Under dry spell conditions, a limited quantity of Cl
enters the basin and, coupled to the evaporation process, this
continuously decreases δ37Cl in the salt lakes. Consequently, lake
waters during flooding have higher δ37Cl compared to dry
conditions. These higher δ37Cl indicate thus both the state of
the halite precipitation from the saline lake but also reveal a larger
volume of lake water. For the KB, the highest δ37Cl was 0.83‰,
suggesting a sudden high-depth lake and thus important amounts
of water entering the basin. On the other hand, as most of the
δ37Cl values were negative (Figure 6; lowest δ37Cl � −0.54‰),
this suggests that long dry and hot climatic conditions prevailed
during the deposition of the halite.

Origin of the Eocene Halite in the Kohat
Basin
Due to the events associated to the “Eocene thermal maximum
1(ETM1)" (also known as the “Paleocene–Eocene Thermal
Maximum; PTEM”), Eocene was an evolving period. The
PTEM was characterized by an extreme increase (5–8°C) of
the global average temperature (Mcinerney and Wing, 2011).
The ETM1 occurred about 56 Ma ago (Bowen et al., 2015) and
this hot period remained for at least 200,000 years (Mcinerney
and Wing, 2011). The ETM1 effect was recorded worldwide and
the mid-latitude areas saw average temperatures of ∼6°C (Hansen
et al., 2013). Variations in the δ37Cl and ion compositions of the
Kohat Salts may have thus been controlled by the global sea level
fluctuations caused by these climate variations during ETM1. The
effects of the PTEM are more observable in the marine
sedimentary section across the Paleocene/Eocene (P/E) margin
in the adjacent Indus basin (Hanif et al., 2014). In this basin, the
onset of the carbon and oxygen stable isotope excursion has
proved that it’s associated with the PETM (Hanif, 2011). Besides
isotopic evidences, paleontological ones also support that the

PTEM impacted the area neighboring the Salt Range (Afzal et al.,
2011; Hanif et al., 2020) and indicate that the environment
fluctuated (bathyal - shallow carbonate platform; Hanif et al.,
2020). Still, to our knowledge, the studies about the PTEM effects
in this region are still scarce, therefore arising the need for further
investigations based on petrographic (e.g. halite homogenized
temperature) and isotope approaches. Figure 7 presents a
simplified model detailing the successive events that led to the
deposition of the KB Eocene halite. At the end of the Early
Eocene, an extensive but short-time regression period occurred in
the KB, evidenced by the presence of the Jatta gypsum and of the
association of the gypsiferous shale with halite (Qadri, 1995).
During the Middle Eocene, a widespread transgression formed
marshes covering the whole KB. This is evidenced by the Mami
Khel Formation that overlays the Chorgali Formation, that was
deposited in a coastal or tidal saline/brackish water environment
during a transgression event (Paracha, 2004). It comprises red to
brownish fluvial and/or alluvial claystone and shale intervals
which demonstrate the existence of a highly dry environment
for a long period in the KB. The deposition of the Kohat
Formation indicated transitional marine conditions about
50 Ma ago (Paracha, 2004). This ultimately established a
foredeep basin between the Indian and Asian Plates. Later on,
it morphed into a confined evaporite basin, followed by an early
terrestrial foreland basin and an open marine basin. And lastly,
during the Pliocene-Pleistocene times, it developed into an
entirely terrestrial foreland basin (Pivnik and Khan, 1996;
Paracha 2004). All these events were controlled by regional
tectonic, i.e. the overall rise of the NW Indian Craton between
the Eocene and Oligocene periods that formed an evaporite basin
(Figure 7).

CONCLUSION

In this study, we used the mineralogy, geochemistry and isotope
characteristics of Eocene halite samples from the Kohat Basin in
northern Pakistan to discuss the origin and evolution of the
evaporites and associated regional paleoclimate. Our results
suggested that the source of the ancient halites is not only
marine water but also included a combination of solutions
having different compositions (e.g. seawater or saline water
and meteoric water). Ion compositions (Br−; <3 ppm) and
stable high δ37Cl values (+0.83‰) evidenced a non-marine
water entry and/or multiple time dissolution/recrystallization
by different waters. All samples yielded higher SO4

2−

concentrations compared to Ca2+, which confirmed that halite
precipitated from SO4

2−-type waters. The high Mg2+ contents in
the halite samples compared to the Eocene seawater supported a
global decrease in the dolomitization process. The absence of
primary fluid inclusion indicated that highly unstable regional
paleoclimate prevailed during the different stages of the KB
formation: 1) during the initial stages shallow seawater existed,
which favored the establishment of an evaporite basin, 2) later on,
this evaporite basin turned into a terrestrial foreland basin,
followed by 3) an open marine basin, and ultimately 4) settled
as a terrestrial foreland basin. All this basin sequence was
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FIGURE 7 | Simplified conceptual lake model showing the origin and evolution of the Eocene halite in the Kohat Basin. (A) Lake formation during regression of
Tethys sea, (B) marine transgression and halite precipitation, (C) saline and non-marine water input in the lake, and (D) gives recrystallization of halite.
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controlled by an active tectonic system that was linked to the
Himalayan orogeny and to the global sea-level fluctuations that
were triggered by ETM1.
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