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The Salt Range Formation in northern Pakistan is globally well-known for its extremely large evaporite deposits dated to the
upper Ediacaran—lower Cambrian. This huge evaporite belt formed an area covering present-day parts of India, Pakistan,
Iran, Oman, and even South China (~200,000 km?in South China). Sulphate minerals, including anhydrite and gypsum, can
continuously record seawater sulphur isotopic composition. Until now, there was only one dataset reporting the isotopic com-
position of evaporites in Pakistan. This study reports new data, which points to a strongly positive sulphur isotopic shift
(>+30%o, VCDT values) in the Salt Range Formation in Pakistan. Based on the stratigraphic position, similarity in lithology,
age, and sulphur isotope data of the evaporitic sequences, it can be inferred that the Neoproterozoic Indo-Pakistan Plate and
the Yangtze Platform were closely related palaeogeographically during the terminal Neoproterozoic. This interpretation can
improve understanding of the palaeogeographical evolution of the area during the Neoproterozoic, with particular reference
to the origin of biogeochemical cycles and the diagenetic evolution of the evaporitic deposits.
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INTRODUCTION 2020; Petrychenko and Peryt, 2004; Petrychenko et al., 2005;
Satterfield et al., 2005; Meng et al., 2011a, b, 2012, 2014, 2018;

Spear et al., 2014). In particular, the processes of precipitation,

The terminal Neoproterozoic (Ediacaran) to early Cambrian
was a period in Earth’s history when huge evaporite deposits
accumulated in India, Pakistan, Iran, Oman, and South Chinain
rift basins (Knauth, 1998, 2005; Meng et al., 2011a, b; Cui et al.,
2015, 2016; Warren, 2016). Evaporites retain a wealth of infor-
mation about the prevailing temperature, climate, and chemis-
try of ancient seas and saline lakes (e.g., Benison, 1995;
Kovalevich et al., 1998; Shields et al., 1999; Bukowski et al.,
2000, 2007; Losey and Benison, 2000; Lowenstein et al., 2001;
Kovalevych et al., 2002, 2006, 2009; Galamay et al., 2003,
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diagenesis, and weathering do not cause notable fractionation
of the sulphur isotopes in ancient evaporite deposits (Hoefs,
2004; Jaworska and Wilkosz, 2012). This fact has been
well-substantiated through laboratory experiments (e.g., Thode
et al., 1961; Raab and Spiro, 1991) in which it has been found
that sulphur isotope fractionation during the precipitation of
evaporites is negligible (0—2.6%0). Moreover, the sulphur isoto-
pic ratio (8**S/5“S) for present-day marine evaporites conforms
to that of seawater (Claypool et al., 1980).

Therefore, marine sulphur as sulphate (SO;?) associated
with evaporite deposits (sedimentary gypsum or anhydrite) can
be used to reliably determine temporal variations in the 5%s
composition of ancient seawater, including during the terminal
Neoproterozoic (Holser and Kaplan, 1966; Claypool et al.,
1980; Holser, 1984; Holser et al., 1988; Strauss et al., 2001;
Strauss, 2003; Kampschulte and Strauss, 2004; Mazumdar
and Strauss, 2006; Present et al., 2020).
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Evaporites can form in multiple geological settings from ma-
rine and non-marine brines (VWarren, 2016; Li et al., 2018). The
oldest recrystallized halites have been reported from the Bitter
Springs Formation (840-830 Ma) in Australia (Kovalevych et
al., 2006), and the oldest anhydrite from the Paleoproterozoic
(~2.1 Ga) Dashigiao Formation in China (Chen et al., 2003;
Dong et al., 2016). The various evaporite and carbonate depos-
its along Gondwanan supercontinental margins were formed
near the equator during the late Neoproterozoic Ediacaran to
early Cambrian time. They have been recorded in Iran and the
Persian Gulf (Hormuz Salt Formation), from the region of Oman
and Qatar (Ara Salt Formation), as well as Pakistan (Salt
Range Formation). These evaporite-bearing formations consti-
tute part of the evaporite belt reconstructed by Husseini and
Husseini (1990), in which Oman is located to the west of the belt
and India is at its eastern edge. A Late Neoproterozoic to early

Cambrian age has generally been assigned to the Hanseran
Evaporite Group (India) based on halite and lithological similari-
ties to the Salt Range Formation of Pakistan (Jones, 1970;
Strauss et al., 2001).

The Salt Range and Hanseran formations represent the
easternmost evaporite deposits in northwestern Pakistan and
India (Jones, 1970; Husseini and Husseini, 1990; Grelaud et al.,
2002; Jiang et al., 2003; Hussain et al., 2020, 2021). The Salt
Range Formation in Pakistan is well-exposed, and its presence
has been reported from various boreholes drilled on the Potwar
Plateau and Punjab Platform (Fig. 1). This formation is com-
posed of gypsiferous marls, halite, dolomite and oil shales, and
unconformably overlies presumed Precambrian metamorphic
rocks. Its upper contact is with the Cambrian sequence that ter-
minates unconformably at the Permian and is marked by glacial
tillites (Ahmad and Alam, 2007; Khan et al., 2020).
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Fig. 1. Map of the South Potwar Basin (A, B) showing the location and sulphur stable isotopes of the gypsum samples
from the Salt Range Formation (C)

KMF — Khari Murat Fault, MBT — Main Boundary Thrust, RF — Riwat Fault, SB — Soan Back Thrust (after Grelaud et al., 2002)
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The sulphur (6348) isotope composition of the evaporite de-
posits in the Hanseran Formation (India) shifts strongly to
+30%o (Strauss et al., 2001). However, a review of the relevant
literature (Gee, 1945; Asrarullah, 1967; Fatmi, 1973; Shah,
1977, 2009) indicates that no substantial research has been
conducted on the sulphur isotope composition of the Salt
Range Formation. If the sulphur isotope positive anomaly is re-
corded in the evaporite succession in Pakistan, this could be
considered an important correlation event — if it indeed repre-
sents a global geochemical anomaly. In this study, we deter-
mine the sulphur (8**S) isotope composition of the evaporite
deposits dating from the late Ediacaran—early Cambrian in Pa-
kistan and compare them with data from Proterozoic-lower
Cambrian formations from South China and NW India in order
to address this question.

GEOLOGICAL SETTING

Evaporites of the “saline series” of Wynne (1878) and
“Punjab saline series” of Gee (1945) have been referred to the
Salt Range Formation (Asrarullah, 1967; Fatmi, 1973).
Asrarullah (1967) divided the Salt Range Formation into three
members; in chronostratigraphic order (from base to top), are
(1) the Billianwala Salt, (2) Bhandar Kas Gypsum, and (3) the
Sahwal Marl (Fig. 1). The Billianwala Salt Member comprises
red, ferruginous marl with thick seams of salt and a total thick-
ness of ~650 m at the type locality. The Bhandar Kas Gypsum
Member is composed of ~80 m thick massive gypsum, with mi-
nor dolomite beds embedded in shales. The 140 m thick
Sahwal Marl Member consists of dull and bright red marls with
seams of gypsum and salt. Near the apex of Sahwal Marl Mem-
ber, the marls were intruded by the Khewra Trap/Khewrite vol-
canic flow. Moreover, ~20 cm of oil shales appear on top of the
Sahwal marl. At its type locality, the Sahwal Marl Member is
~140 m thick.

The Salt Range Formation is well-exposed from east
(Kussak, Pakistan) to west (Kalabagh) along the southern mar-
gin of the Salt Range (Fig. 1). This formation is also encoun-
tered in various boreholes drilled on the Potwar Plateau and
Punjab Platform (Kadri, 1995; Ahsan et al., 2013). The base of
the Salt Range Formation is only well-known from Karampur,

where it overlies metamorphic rocks, possibly those of the Pre-
cambrian Kirana complex. The evaporites lack fossils through-
out the formation; thus, their age can only be constrained using
radiometric methods (Chaudhuri and Clauer, 1992; Shah,
2009). However, the Salt Range Formation age is still debated,
although it is conformably overlain by the lower Cambrian
Khewra Sandstone (Shah, 2009). The abnormally high seawa-
ter sulphur isotopic data (+30 to +35%o, and sometimes up to
45%o) from the upper Neoproterozoic—Cambrian marine evapo-
rites could be used to constrain the age of the formation
(Strauss et al., 2001; Paytan et al., 2012).

Husseini and Husseini (1990) suggested that the Salt
Range Formation, which is similar to the Hormuz Salt Forma-
tion, was created in evaporite basins along Gondwanan super-
continental margins in late Neoproterozoic to early Cambrian
times (Allen, 2007; Fig. 2). Volcanic rocks accompanying the
evaporites were formed in the Late Ediacaran, as shown by ra-
diometric dating of zircons from an exposure of rhyolites on the
island of Hormuz, indicating an age of 558 +7 Ma (Faramarzi et
al., 2015) and zircon ages of igneous rocks from the Hormuz
Formation in the Jahani salt diapir gave an age of 547 +6 Ma
(Alavi, 2004).

MATERIALS AND METHODS

Samples of pure gypsum were collected from two sections
through an outcrop of the Bhandar Kas Gypsum Member in the
Salt Range Formation from its type locality at Khewra Gorge
(Fig. 1; Tables 1 and 2). Eight samples were collected from the
first section of the Bhandar Kas Gypsum; one sample (9) came
from the gypsum at the top of the oil shales (Table 1). In addi-
tion, 27 samples were collected from the second section, in-
cluding 12 samples from the Bhandar Kas Gypsum (KSR-24 to
KSR-53) and 15 samples (KSR-55 to KSR-102) from the
Sahwal Marl (Table 2 and Fig. 3).

Samples from the first section were processed with the
methods outlined by Strauss et al. (2001), who obtained pure
anhydrite or sulphate-halite mixtures from several boreholes.
The former is analysed directly, and the latter is analysed by
adding barium chloride to precipitate barium sulphate after dis-
solution. The methods employed to analyse sulphur isotopes
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Fig. 2. Positions of the Salt Range Formation in the evaporitic belt, the Indian
Shield, and the Yangtze Block (South China) during the Neoproterozoic
(after Jiang et al., 2003; Allen, 2007; Craig et al., 2009)
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Table 1

Gypsum samples collected from the first section through the Salt Range Formation
(Bhandar Kas Gypsum/Sahwal Marl) and their sulphur isotope data

(fromsgang%ezase) Lithology ?;E Member
Sample-9 pure white gypsum | 37.6 Sahwal Marl
Sample-5 pure white gypsum | 34.3 Bhandar Kas Gypsum
Sample-4* thick gypsum Bhandar Kas Gypsum

Pk-4-6 pure white gypsum | 32.8 Bhandar Kas Gypsum
Pk-4-5 pure white gypsum | 34.1 Bhandar Kas Gypsum
Pk-4-4 pure white gypsum | 32.1 Bhandar Kas Gypsum
Pk-4-3 pure white gypsum | 32.8 Bhandar Kas Gypsum
Pk-4-2 pure white gypsum | 32.9 Bhandar Kas Gypsum
Pk-4-1 pure white gypsum | 32.4 Bhandar Kas Gypsum

S.L.- 120-T63-40 pure white gypsum | 38.2 | Salt Range Fm. (after Sakai, 1972)

Samples Pk-4-1, Pk-4-2, Pk-4-3, Pk-4-4, Pk-4-5, Pk-4-6 come from one level in the thick
gypsum section, sample-9 comes from within the oil shales, the boundary of upper
Neoproterozoic-lower Cambrian; data for sample S.L.-120-T63-40 comes from Sakai
(1972); * — due to the large thickness was divided into Pk-4-1, Pk-4-2, Pk-4-3, Pk-4-4,

Pk-4-5; Pk-4-6

were modified after Hatas and Szaran (1999). Approximately
15 mg of CaSO, was mixed with NaPO; (150 mg) and
combusted in the presence of copper turnings (150 mg). A vac-
uum was created for conversion to sulphur dioxide at 750°C for
15 minutes. These analyses were conducted at the Institute of
Geology and Geophysics, Chinese Academy of Sciences
(IGG-CAS) on a Finnigan Delta-S gas-source mass spectrom-
eter. 8*'S data were calibrated relative to the Vienna-Canyon
Diablo Troilite scale using IAEA standards NBS 127 (+20.3%o)
IAEA-SO-5 (+0.5%o0) and IAEA-SO-6 (—34.1%o), and the sulphur
isotope results were generally reproducible within +0.3%o.

Twenty-seven pure gypsum samples collected from the
second section (Table 2) were processed following the meth-
ods outlined by Meng et al. (2019). Analysis for determining sta-
ble isotopes of sulphur was carried out at the Oxy-Anion Stable
Isotope Consortium (OASIC) at Louisiana State University,
USA. Gypsum samples were powdered and dissolved in 30 mL
1N HCI with continuous shaking. The slurry was decanted and
vacuum filtered through a 0.45 um cellulose membrane filter.
Supernatants were transferred to 50 ml centrifuge tubes and
precipitated as BaSO, by adding 3 mL saturated BaCl, solution.
Sulphur isotope analyses were conducted via an Isoprime 100
(Isoprime 100, UK) gas source mass spectrometer fitted with a
peripheral elemental analyzer (Micro Vario Cube UK). About
0.2—-0.3 mg of powdered samples were placed into tin capsules,
mixed with excess V,0s, and combusted at 1050°C to produce
SO,, which was then measured by the spectrometer. All isotope
measurements are expressed in delta notation relative to Vi-
enna Canyon Diablo Troilite (V-CDT) isotopic standard.

Analytical errors were <0.3%o, calculated from replicate
analyses of samples and laboratory standards. Isotopic stan-
dards were used to construct calibration curves for linear and
two-point corrections. The values were calibrated using stan-
dards of barium sulphate (LSU-BaSQ;": —4.5%0; LSU-BaSO;’:
+38.5%0; Meng et al., 2019).

RESULTS AND DISCUSSION

Ratios of sulphur isotopes are shown in per mil (%o) relative
to the sulphur isotope composition of the standard Vienna-Can-
yon Diablo Troilite (V-CDT) using 8**S notation. Sulphur isotope
data for sulphate-bearing evaporites from the Salt Range For-
mation ranged from +32.1 to +37.6%o0 (mean = +33.6%o, N = 8)
from the first section (Table 1), and ranged from +29.6 to
+34.4%0 (mean = +34.0%o, n = 27) from the second section (Ta-
ble 2).

Sulphur isotope values (8**S) for middle Proterozoic eva-
porite deposits are generally below +20%o (from +10 to +18%o)
(Strauss, 1993) and gradually increase to their maximum within
postglacial Neoproterozoic and Cambrian deposits (Strauss et
al., 2001; Shields et al., 2004; Schroder et al., 2004, 2008;
Halverson and Hurtgen, 2007; Shields and Mills, 2019; Meng et
al., 2019; Present et al., 2020).

Holser (1977) termed this upward increase in strongly posi-
tive §>*S values (+30 to +35%o, and sometimes up to 45%o) as
the “Yudomski Event” (~575 Ma) for the upper Neoproterozoic-
Cambrian evaporites in SE Siberia. The “Yudomski Event” has
been reported from the Neoproterozoic—lower Cambrian eva-
porites of southeastern Siberia in Russia, as well as from the
Hormuz Formation and Desu Series in Iran, the Hanseran For-
mation in India, and the Wusonggeer Formation in the Tarim
Basin, northwestern China (Holser, 1977; Claypool et al., 1980;
Houghton, 1980; Strauss et al., 2001; Peryt et al., 2005; Meng
et al., 2019). Additionally, positive 8%S phosphorite signatures
and those in structurally bound sulphate-bearing carbonates
(by using structurally substituted sulphate present in phospho-
rite and micritic carbonates) in Neoproterozoic—lower Cambrian
deposits have been reported in many studies (Shields et al.,
1999; Mazumdar et al., 2008; Tostevin et al., 2017; He et al.,
2019). For example, Shields et al. (1999) reported large positive
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Table 2

Gyﬁsum samples were collected from the second section through
the Salt Range Formation (Bhandar Kas Gypsum/Sahwal Marl)
and their sulphur isotope data in this study

34
(fromste(])rggclfgase) Lithology ‘?%o? Member
KSR-102 pure white gypsum 29.6 Sahwal Marl
KSR-93 pure white gypsum 30.5 Sahwal Marl
KSR-90 pure white gypsum 30.3 Sahwal Marl
KSR-86 pure white gypsum 30.6 Sahwal Marl
KSR-82 pure white gypsum 30.5 Sahwal Marl
KSR-79 pure white gypsum 30.9 Sahwal Marl
KSR-67 pure white gypsum 31.2 Sahwal Marl
KSR-66 pure white gypsum 31.4 Sahwal Marl
KSR-65 pure white gypsum 34.4 Sahwal Marl
KSR-61 pure white gypsum 36.3 Sahwal Marl
KSR-60 pure white gypsum 36.4 Sahwal Marl
KSR-59 pure white gypsum 36.0 Sahwal Marl
KSR-58 pure white gypsum 36.0 Sahwal Marl
KSR-57 pure white gypsum 35.5 Sahwal Marl
KSR-55 pure white gypsum 36.3 Sahwal Marl
KSR-53 pure white gypsum 35.5 Bhandar Kas Gypsum
KSR-52 pure white gypsum 35.1 Bhandar Kas Gypsum
KSR-51 pure white gypsum 36.4 Bhandar Kas Gypsum
KSR-50 pure white gypsum 34.6 Bhandar Kas Gypsum
KSR-47 pure white gypsum 35.6 Bhandar Kas Gypsum
KSR-45 pure white gypsum 35.6 Bhandar Kas Gypsum
KSR-43 pure white gypsum 35.8 Bhandar Kas Gypsum
KSR-42 pure white gypsum 34.0 Bhandar Kas Gypsum
KSR-33 pure white gypsum 35.6 Bhandar Kas Gypsum
KSR-31 pure white gypsum 34.9 Bhandar Kas Gypsum
KSR-25 pure white gypsum 329 Bhandar Kas Gypsum
KSR-24 pure white gypsum 35.1 Bhandar Kas Gypsum

All data ranged from +29.6 to +37.6%0 (mean = +33.9%o, n = 35; Fig. 4)

5%S values (+29-37%o, avg. = +33 +2%o, n = 40) from forty
phosphorite samples collected from a Precambrian—Cambrian
Meishucun exposure on the Yangtze Platform in China. Simi-
larly, structurally substituted sulphate present in Ediacaran and
Cambrian micritic carbonates on the Yangtze Block have
yielded strongly positive *'S values (Zhang et al., 2003, 2004).
The “Yudomski Event” has been placed in the framework of a
model of a possible “Snowball Earth” and associated oxidation
of the Ediacaran Ocean (Strauss et al., 2001; Fike et al., 2006).
The enrichment signature of 8*'S in chemical deposits
across the Precambrian-Cambrian boundary is well-estab-
lished, but its ultimate cause is still a matter of debate (\Warren,
2016). Holser (1977, 1984) suggested that bacterial sulphides
accumulated in relatively deep parts of rift basins under a re-
ducing environment. Sulphate reduction then resulted in the re-
moval of *2S and enrichment of **S in brines, producing strongly
positive sulphur isotope values. Upwelling currents carried **S-
rich brines toward shallow seas, and they mixed with surface
seawaters at the end of the glacial period. Gorjan et al. (2000),
Hurtgen et al. (2002), and Zhang et al. (2003) also supported
this model for the strongly positive **S values of Neoproterozoic
deposits in Australia, Namibia, and China (Doushantuo Forma-
tion). The onset and termination of the global snowball glacia-
tions can account for the rapid transfer of **S-rich brines toward

shallow seas and enrich sulphate deposits in **S worldwide af-
ter the Neoproterozoic glaciations (Hoffman et al., 1998;
Strauss et al., 2001; Meng et al., 2019).

Previous studies have demonstrated that sulphur isotope
data vary widely within marine evaporites throughout geological
history (Fig. 5). This variability depends upon the influx of river
sulphate, mainly derived from the continental weathering of
sulphates and sulphides. Modern rivers have a globally aver-
age 58S = +8%o (Grinenko and Krouse, 1992) or 4.4 +4.5%o
(Burke et al., 2018) where the sulphur isotopic composition de-
pends on the geology of (and thus yielding dissolved SO; to)
the river basin. Additionally, the presence of sulphate-reducing
bacteria in depositional basins can lead to irregular isotopic val-
ues during the precipitation of sulphate minerals, driven by en-
hanced primary production and sequestration of organic carbon
(e.g., Bottrell and Newton, 2005; Fike and Grotzinger, 2008; Cui
et al., 2015; Och et al., 2016).

A strong positive shift of 33 values within an evaporite se-
quence may result from closed system conditions and/or a lim-
ited sulphate supply (Strauss, 1993; Li et al., 2018). Both effects
become vital in the case of evaporite basins that are partially
separated from the open ocean. Data acquired from such bas-
ins have broad regional importance rather than global implica-
tions. By contrast, huge evaporite basins may have records of
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Fig. 3A — exposure of white to dirty white gypsum in the Bandar Kas Gypsum Member of the Salt
Range Formation, on the right bank of the Khewra Gorge, Eastern Salt Range; dull red marls over-
lie the massively bedded gypsum beds; B — hand specimen of massive white gypsum of the
Bhandar Kas Gypsum Member derived from the exposure shown in the photo (A); C — polished
section of the massive white gypsum (B) indicates that it is devoid of impurities; D — microphoto-
graph of sample (B), under CNL, shows very finely crystalline gypsum with some large elongated
and acicular crystals of gypsum and platy to prismatic anhydrite

Upper Neoproterozoic and lower Cambrian evaporites

Angara, Siberia, Russia

I = 70; Claypool et al.,1980; Peryt et al., 2005)

I Usolye Siberia, Russia
(n =11; Peryt et al., 2005)
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(n = 118; Schroder et al., 2004; Becker et al., 2019)
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Fig. 4. Sulphur isotopic composition of evaporites from
the Salt Range Formation compared to previous data
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1997; Misi and Veizer, 1998; Gorjan et al., 2000; Schroder et al., 2004; Hurtgen et al., 2005; Peryt et al.,
2005; Hough et al., 2006; Tostevin et al., 2017; He et al., 2019; Becker et al., 2019) and this study — Salt
Range Formation, Pakistan, box dimensions range represent entire data, and red circles show mean

values

global importance (Fig. 5; Strauss et al., 2001; Fike et al., 2006;
Tostevin etal., 2017; He et al., 2019; Present et al., 2020). Sim-
ilarly, the sulphate isotopes of modern seawater are very stable
between +20 and +20.5%o (Longinelli, 1989). Yet, this can vary
in some semi-closed basins; for instance, the Black Sea water’s
sulphur isotope values are between +18.20 and +20.17%o due
to riverine influx (Sweeney and Kaplan, 1980).

Suppose a marine evaporite basin is affected by a large
amount of river input. In that case, its sulphur isotope will be sig-
nificantly reduced because the average value of the sulphur
isotope of the modern river is only +8% (Grinenko and Krouse,
1992). On the other hand, if a marine evaporite basin is fre-
quently recharged by seawater, its sulphur isotope composition
tends to be close to that of seawater (Li et al., 2018).

Suppose brine stratification occurs in an evaporite basin. In
that case, the residual sulphate in the lower brine layer will be-
come heavier due to the reduction of sulphate by bacteria, mak-
ing the sulphur isotope value of gypsum reach a very high
value. This has been observed in saline continental basins in
China, such as the continental evaporites in the Qianjiang de-
pression, Jianghan Basin. These evaporites have high 5*S val-
ues from +31 to +40.43%.. The continental evaporites in the
Dongpu Dof Bohai Bay Basin also have high §**S values from
+28 to +33%o (Li et al., 2018). These gypsum deposits are usu-
ally interbedded with black shales, indicating an anoxic sedi-
mentary environment. This kind of environment may be caused
by brine stratification in a deep basin (Gao et al., 2009).


https://gq.pgi.gov.pl/article/view/7382/6032
https://gq.pgi.gov.pl/article/view/7382/6032
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Strongly positive 8**S values can be observed in late Edia-
caran-early Cambrian marine evaporites of India, Iran, Oman
and the Tarim Basin in China (Strauss et al., 2001; Schroder et
al., 2004, 2008; Halverson and Hurtgen, 2007; Shields and
Mills, 2019; Meng et al., 2019). These high §**S values in differ-
ent regions of the same geological age indicate that the ocean
had very high sulphur isotope background levels at that time
(Strauss et al., 2001). The gypsum deposits in the Salt Range
Formation are usually interbedded with red marls (Kadri, 1995;
Ahsan et al., 2013), indicating an oxidized shallow water envi-
ronment. The brine was not stratified, and the original sulphur
isotope information of brine from seawater can be directly re-
corded.

In addition to the Salt Range Formation results of this study,
strongly positive §**S data (+30.2 to +34.8%o; n = 11) have also
been reported for the lower—-middle Cambrian evaporites of the
Tarim Basin (Meng et al., 2019). These data indicate that sea-
water with a strongly positive sulphur isotope ratio within sul-
phate continued to prevail from the Late Neoproterozoic to the
middle Cambrian (Fig. 5).

REGIONAL CORRELATION OF PROTEROZOIC -
LOWER CAMBRIAN FORMATIONS

The Salt Range Formation is lithologically comparable to
rocks of the terminal Neoproterozoic to lower Cambrian of
northwestern India and the Ediacaran of the Yangtze Block in
South China (Jones, 1970). Neoproterozoic stratigraphic com-
parison between India and the Yangtze Block also reveals obvi-
ous similarities (Jiang et al., 2003). Zhang et al. (2003, 2004)
and Meng et al. (2011a) developed useful chronostratigraphic
frameworks (Table 3). However, a comprehensive stratigraphic
and chemostratigraphic correlation between the Neoprotero-
zoic of Indo-Pakistan and China remains lacking. Sparse
palaeomagnetic data and similar sedimentary assemblages in-
dicate that the Yangtze Block of South China was located to the
north-west of India and Pakistan (Jiang et al., 2003; Allen, 2007;
Fig. 2) when the evaporitic belt formed during the terminal
Neoproterozoic (Husseini and Husseini, 1990).

The upper Ediacaran Dengying Formation (551-541 Ma) is
well-exposed in the Three Gorges area near Yichang city in
southern China. From the base to the top, this formation (Table
3) can be divided into three members: the Hamajing, Shiban-
tan, and Baimatuo (Zhao et al., 1980). The Hamajing Member
contains grey intraclastic dolomite with oncolites, chert beds,
and nodules. The Shibantan Member is composed of a thin
black layer of siliceous and asphaltene-rich finely crystalline
limestone with high organic matter content. Abundant macro-
algae, organic-walled microfossils, and trace fossils have been
found in this section. Finally, the Baimatuo Member consists of
grey and greyish-purple layered silico-phosphatic dolomites
and chert (Zhao et al., 1980).

The Hongchunping Formation, located on the Yangtze
Block (Table 3) in South China and represented in the Chan-
gning-2 borehole, is lithologically divisible into two sections
(Meng et al., 2011a). The lower section (2492.5-2992.5 m in
depth) is mainly composed of dolomite, anhydrite, and halite,
while the upper section (1975-2492.5 m in depth) comprises
dolomite and grapestone-bearing dolomite. Moreover, the
Hongchunping Formation is overlain by the Lower Cambrian
Maidiping Formation which contains abundant small shelly fos-
sils and is composed of carbonaceous chert interbedded with

dolomite and black shale (Meng et al., 2011a). Previously,
strongly positive 5**S values (+29 to +37%o; avg. = +33 +2%; n
= 40) were reported from phosphorite samples from an expo-
sure of the lower Cambrian Meishucun section on the Yangtze
Platform in China (Shields et al., 1999).

In northwestern India, the Hanseran Formation (Table 3),
equivalent to the Salt Range Formation, is present within a
subsurface Neoproterozoic-early Cambrian evaporite basin.
This formation records seven halite cycles interbedded with
marls and stromatolitic carbonates (Dey, 1991; Banerjee et al.,
1998). These evaporites are mainly composed of anhydrite and
halite and possess strongly positive 8*'S signatures, ranging
from +27.5 to +35.6%o (Strauss and Banerjee, 1998). Strauss et
al. (2001) also reported strongly positive sulphur isotope data
(+27.5 to +39.7%o) from the Hanseran evaporites.

Both the Dengying and Hanseran formations in China and
India can be correlated with the Salt Range Formation based on
their stratigraphic position, lithology, age, and sulphur isotope
data. For example, gypsum is present in the middle of both the
Dengying (Zhao et al., 1980) and the Salt Range formations
(Bhandar Kas Gypsum Member). Moreover, the Dengying For-
mation in the Three Gorges area near Yichang can be corre-
lated lithologically with the Hongchunping Formation near
Changning in Sichuan Province (Zhang et al., 2004; Meng et
al., 2011a). Similarly, the Lower Billianwala Salt Member of the
Salt Range Formation and the Lower Hongchunping Formation
contain halite deposits. This lithological similarity suggests that
the Billianwala Salt Member can be correlated with the Lower
Hongchunping Formation in South China. Oil shales with highly
altered volcanic rocks (Khewra Trap) outcrop at the top of the
Salt Range Formation, while carbonaceous cherts interbedded
with dolomite and black shale are associated with the lower
Cambrian Maidiping Formation on the Yangtze Block, which
suggests that there is a correlation between the Maidiping For-
mation and the top of the Salt Range Formation (Zhang et al.,
2004; Meng et al., 2011a).

Fan et al. (2013) correlated the presence of cherts on the
Yangtze Block with hydrothermal activity. A layer of volcanic
rock attributed to the Khewra Trap can be found at the top of the
Salt Range Formation (Shah, 2009). Additionally, the evapo-
rites of the Salt Range Formation may be correlated with those
of the Hanseran Formation (Dasgupta and Bulgauda, 1994; Pe-
ters et al., 1995). From their similar stratigraphic details, includ-
ing lithologies, unconformities, and range of intertidal-supra-
tidal-basinal facies architecture in a rifted margin (Husseini and
Husseini, 1990; Peters et al., 1995), it can be inferred that the
Yangtze Block in China and the Salt Range in northwestern In-
dia were closely related palaeogeographically during the Neo-
proterozoic—early Cambrian (Jiang et al., 2003).

Moreover, organic geochemical analyses of hydrocarbons
from the Baghewala-1 oil trapped in the Hanseran Evaporite
Group of India revealed similarities between these oils and the
oil-bearing successions in Hugf, Oman, and Karampura, Paki-
stan (Peters et al., 1995). These organic geochemical similari-
ties of oils originating from terminal Neoproterozoic-early Cam-
brian strata imply close relationships among the evaporite belts
in Oman, Pakistan, and India (Peters et al., 1995). The organic
carbon isotope data for the Baghewala-Il borehole range from
—37.1 to —33.0%o (Table 4). The §'°C,,, data from source rocks
tend to be heavier from lower to upper (Mazumdar and Bhatta-
charya, 2004).

The organic carbon isotopic patterns of the Baghewala-II
well show similar numerical ranges with those of the contempo-
raneous oil and hydrocarbon source rocks in Pakistan, India,
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Table 4

Organic carbon isotope ratios in oil from Pakistan compared to other
oils, source rock extracts, and kerogen from India and Oman

Organic geochemical signatures can provide clear
evidence for correlating stratigraphic units across large
areas. For example, the similarities of oils and source
rocks between basins in West Africa and Brazil (now

~6000 km apart) provide evidence for the opening of
the Atlantic Ocean during the Cretaceous (Mello et al.,

1991). The organic geochemical characteristics of oils

and solid asphalts from Oman, India, Pakistan, and the

Sichuan Basin of South China show strong similarities,
implying that they are related in terms of genesis and

host rocks (Wang et al., 2015).

CONCLUSIONS

The strongly positive sulphur isotopic data from the

gypsum of the Salt Range Formation (+29.6 to +37.6%o;

mean = +33.9%o, n = 35) reported in this study are similar

to those of terminal Neoproterozoic and early Cambrian

evaporites on the Yangtze Platform, China, and NW In-

dia. New data supports the regional distribution of the

event. However, there are limitations when considering
the use of evaporite records for stratigraphy (e.g., re-

cords of 8*'S from evaporites are stratigraphically inter-

mittent, and the spread of 5*S data over each time inter-

val is very large, making direct stratigraphic correlations

difficult; Yao et al., 2019). Despite that, based on their

stratigraphic and organic geochemical similarities, it may

be inferred that the late Neoproterozoic Indo-Pakistan
Plate and Yangtze Platform were geographically adja-
cent. This study also shows that the stratigraphic position

of evaporites in northern Pakistan is similar to that in

South China, during the late Neoproterozoic-early Cam-
brian. This relationship should be accounted for in future

studies on the geological evolution of South China and

Borehole Location 51[?,/2?9 Type of samples
Karampur-1 Pakistan -37.0 tar
Baghewala-1 India -32.4 oil
Baghewala-Il | India (484.42 m in depth) | —33.0 kerogen
Baghewala-Il | India (484.63 m in depth) | —33.6 kerogen
Baghewala-Il | India (513.49 m in depth) | —-36.9 kerogen
Baghewala-Il | India (517.45 m in depth) | -37.1 kerogen
Baghewala-Il | India (518.27 min depth) | -37.0 kerogen
Baghewala-Il | India (519.31 m in depth) | -37.1 kerogen
Baghewala-II India (521.8 m in depth) | -36.5 kerogen
Baghewala-ll | India (622.08 m in depth) | -37.1 kerogen
Baghewala-Il | India (523.35 m in depth) | —36.9 kerogen
Baghewala-II India (548.8 m in depth) | —37.1 kerogen
Baghewala-II India (550.5 min depth) | -35.8 kerogen
Baghewala-ll | India (551.705 m in depth) | —35.5 kerogen
Baghewala-Il | India (552.375 m in depth) | —37.1 kerogen
Baghewala-Il | India (653.26 m in depth) | —36.7 kerogen

Amal S-1 Oman (Hugf oil) -35.9 oil

Nuham-1 Oman (Hugf oil) -37.2 oil

Rima-7 Oman (Hugf oil) -36.2 oil

Runib-1 Oman (Hugf oil) -36.5 oil
Amal-9 rock Oman (Hugf rock) -34.7 source rock
Nimr-4 rock Oman (Hugf rock) -35.4 source rock
Runib-1 rock Oman (Hugf rock) -35.2 source rock

Sayyala-1 Oman (‘Q’ oils) -30.3 oil

Bahja-1 Oman (‘Q’ oils) -30.4 oil

Bahja-1 Oman (‘Q’ oils) -30.9 oil

Zareef-1 Oman (‘Q’ oils) -31.0 oil

Indo-Pakistan.

Oman (Hugf oil) come from Hugf Group, and Oman (‘Q’ oils) come from early
Cambrian source rocks; Pakistan and Oman data from Grantham et al.
(1990), Baghewala-1 data from Peters et al. (1995); Baghewala-II data from

Mazumdar and Bhattacharya (2004)

and Oman, suggesting that they came from similar sedimentary
environments (Peters et al., 1995; Mazumdar and Bhattacha-
rya, 2004). The Oman oils also show that "*C,y values tend to
be heavier from lower to upper. The Hugf oil of Oman comes
from the upper Neoproterozoic-lower Cambrian Hugf Group
and show the heavier organic carbon isotope ratio. Oils come
from younger early Cambrian source rocks (‘Q’ oils) show the
lighter organic carbon isotope signature (Grantham et al., 1990;
Grosjean et al., 2012; Table 4).
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