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The Salt Range For ma tion in north ern Pa ki stan is glob ally well-known for its ex tremely large evaporite de pos its dated to the
up per Ediacaran–lower Cam brian. This huge evaporite belt formed an area cov er ing pres ent-day parts of In dia, Pa ki stan,
Iran, Oman, and even South China (~200,000 km2 in South China). Sul phate min er als, in clud ing anhydrite and gyp sum, can
con tin u ously re cord sea wa ter sul phur iso to pic com po si tion. Un til now, there was only one dataset re port ing the iso to pic com -
po si tion of evaporites in Pa ki stan. This study re ports new data, which points to a strongly pos i tive sul phur iso to pic shift
(>+30‰, VCDT val ues) in the Salt Range For ma tion in Pa ki stan. Based on the strati graphic po si tion, sim i lar ity in li thol ogy,
age, and sul phur iso tope data of the evaporitic se quences, it can be in ferred that the Neoproterozoic Indo-Pa ki stan Plate and 
the Yang tze Plat form were closely re lated palaeogeographically dur ing the ter mi nal Neoproterozoic. This in ter pre ta tion can
im prove un der stand ing of the palaeo geo graphi cal evo lu tion of the area dur ing the Neoproterozoic, with par tic u lar ref er ence
to the or i gin of biogeochemical cy cles and the diagenetic evo lu tion of the evaporitic de pos its.
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INTRODUCTION

The ter mi nal Neoproterozoic (Ediacaran) to early Cam brian 
was a pe riod in Earth’s his tory when huge evaporite de pos its
ac cu mu lated in In dia, Pa ki stan, Iran, Oman, and South China in 
rift bas ins (Knauth, 1998, 2005; Meng et al., 2011a, b; Cui et al., 
2015, 2016; War ren, 2016). Evaporites re tain a wealth of in for -
ma tion about the pre vail ing tem per a ture, cli mate, and chem is -
try of an cient seas and sa line lakes (e.g., Ben i son, 1995;
Kovalevich et al., 1998; Shields et al., 1999; Bukowski et al.,
2000, 2007; Losey and Ben i son, 2000; Lowenstein et al., 2001;
Kovalevych et al., 2002, 2006, 2009; Galamay et al., 2003,

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 par tic u lar, the pro cesses of pre cip i ta tion,
diagenesis, and weath er ing do not cause no ta ble frac tion ation
of the sul phur iso topes in an cient evaporite de pos its (Hoefs,
2004; Jaworska and Wilkosz, 2012). This fact has been
well-sub stan ti ated through lab o ra tory ex per i ments (e.g., Thode
et al., 1961; Raab and Spiro, 1991) in which it has been found
that sul phur iso tope frac tion ation dur ing the pre cip i ta tion of
evaporites is neg li gi ble (0–2.6‰). More over, the sul phur iso to -
pic ra tio (d34S/d32S) for pres ent-day ma rine evaporites con forms 
to that of sea wa ter (Claypool et al., 1980).

There fore, ma rine sul phur as sul phate (SO4
-2) as so ci ated

with evaporite de pos its (sed i men tary gyp sum or anhydrite) can
be used to re li ably de ter mine tem po ral vari a tions in the d34S
com po si tion of an cient sea wa ter, in clud ing dur ing the ter mi nal
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; Pres ent et al., 2020).
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Evaporites can form in mul ti ple geo log i cal set tings from ma -
rine and non-ma rine brines (War ren, 2016; Li et al., 2018). The
old est recrystallized halites have been re ported from the Bit ter
Springs For ma tion (840–830 Ma) in Aus tra lia (Kovalevych et
al., 2006), and the old est anhydrite from the Paleoproterozoic
(~2.1 Ga) Dashiqiao For ma tion in China (Chen et al., 2003;
Dong et al., 2016). The var i ous evaporite and car bon ate de pos -
its along Gondwanan supercontinental mar gins were formed
near the equa tor dur ing the late Neoproterozoic Ediacaran to
early Cam brian time. They have been re corded in Iran and the
Per sian Gulf (Hormuz Salt For ma tion), from the re gion of Oman 
and Qa tar (Ara Salt For ma tion), as well as Pa ki stan (Salt
Range For ma tion). These evaporite-bear ing for ma tions con sti -
tute part of the evaporite belt re con structed by Husseini and
Husseini (1990), in which Oman is lo cated to the west of the belt 
and In dia is at its east ern edge. A Late Neoproterozoic to early

Cam brian age has gen er ally been as signed to the Hanseran
Evaporite Group (In dia) based on ha lite and lithological sim i lar i -
ties to the Salt Range For ma tion of Pa ki stan (Jones, 1970;
Strauss et al., 2001). 

The Salt Range and Hanseran for ma tions rep re sent the
east ern most evaporite de pos its in north west ern Pa ki stan and
In dia (Jones, 1970; Husseini and Husseini, 1990; Grelaud et al., 
2002; Jiang et al., 2003; Hussain et al., 2020, 2021). The Salt
Range For ma tion in Pa ki stan is well-ex posed, and its pres ence
has been re ported from var i ous bore holes drilled on the Potwar
Pla teau and Punjab Plat form (Fig. 1). This for ma tion is com -
posed of gypsiferous marls, ha lite, do lo mite and oil shales, and
un con form ably over lies pre sumed Pre cam brian meta mor phic
rocks. Its up per con tact is with the Cam brian se quence that ter -
mi nates un con form ably at the Perm ian and is marked by gla cial 
tillites (Ahmad and Alam, 2007; Khan et al., 2020). 
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Fig. 1. Map of the South Potwar Ba sin (A, B) show ing the lo ca tion and sul phur sta ble iso topes of the gyp sum sam ples 
from the Salt Range For ma tion (C)

KMF – Khari Murat Fault, MBT – Main Bound ary Thrust, RF – Riwat Fault, SB – Soan Back Thrust (af ter Grelaud et al., 2002)



The sul phur (d34S) iso tope com po si tion of the evaporite de -
pos its in the Hanseran For ma tion (In dia) shifts strongly to
+30‰ (Strauss et al., 2001). How ever, a re view of the rel e vant
lit er a ture (Gee, 1945; Asrarullah, 1967; Fatmi, 1973; Shah,
1977, 2009) in di cates that no sub stan tial re search has been
con ducted on the sul phur iso tope com po si tion of the Salt
Range For ma tion. If the sul phur iso tope pos i tive anom aly is re -
corded in the evaporite suc ces sion in Pa ki stan, this could be
con sid ered an im por tant cor re la tion event – if it in deed rep re -
sents a global geo chem i cal anom aly. In this study, we de ter -
mine the sul phur (d34S) iso tope com po si tion of the evaporite
de pos its dat ing from the late Ediacaran–early Cam brian in Pa -
ki stan and com pare them with data from Pro tero zoic-lower
Cam brian for ma tions from South China and NW In dia in or der
to ad dress this ques tion.

GEOLOGICAL SETTING

Evaporites of the “sa line se ries” of Wynne (1878) and
“Punjab sa line se ries” of Gee (1945) have been re ferred to the
Salt Range For ma tion (Asrarullah, 1967; Fatmi, 1973).
Asrarullah (1967) di vided the Salt Range For ma tion into three
mem bers; in chronostratigraphic or der (from base to top), are
(1) the Billianwala Salt, (2) Bhandar Kas Gyp sum, and (3) the
Sahwal Marl (Fig. 1). The Billianwala Salt Mem ber com prises
red, ferruginous marl with thick seams of salt and a to tal thick -
ness of ~650 m at the type lo cal ity. The Bhandar Kas Gyp sum
Mem ber is com posed of ~80 m thick mas sive gyp sum, with mi -
nor do lo mite beds em bed ded in shales. The 140 m thick
Sahwal Marl Mem ber con sists of dull and bright red marls with
seams of gyp sum and salt. Near the apex of Sahwal Marl Mem -
ber, the marls were in truded by the Khewra Trap/Khewrite vol -
ca nic flow. More over, ~20 cm of oil shales ap pear on top of the
Sahwal marl. At its type lo cal ity, the Sahwal Marl Mem ber is
~140 m thick.

The Salt Range For ma tion is well-ex posed from east
(Kussak, Pa ki stan) to west (Kalabagh) along the south ern mar -
gin of the Salt Range (Fig. 1). This for ma tion is also en coun -
tered in var i ous bore holes drilled on the Potwar Pla teau and
Punjab Plat form (Kadri, 1995; Ahsan et al., 2013). The base of
the Salt Range For ma tion is only well-known from Karampur,

where it over lies meta mor phic rocks, pos si bly those of the Pre -
cam brian Kirana com plex. The evaporites lack fos sils through -
out the for ma tion; thus, their age can only be con strained us ing
ra dio met ric meth ods (Chaudhuri and Clauer, 1992; Shah,
2009). How ever, the Salt Range For ma tion age is still de bated,
al though it is con form ably over lain by the lower Cam brian
Khewra Sand stone (Shah, 2009). The ab nor mally high sea wa -
ter sul phur iso to pic data (+30 to +35‰, and some times up to
45‰) from the up per Neoproterozoic–Cam brian ma rine evapo -
rites could be used to con strain the age of the for ma tion
(Strauss et al., 2001; Paytan et al., 2012). 

Husseini and Husseini (1990) sug gested that the Salt
Range For ma tion, which is sim i lar to the Hormuz Salt For ma -
tion, was cre ated in evaporite bas ins along Gondwanan super -
continental mar gins in late  Neoproterozoic to early Cam brian
times (Allen, 2007; Fig. 2). Vol ca nic rocks ac com pa ny ing the
evaporites were formed in the Late Ediacaran, as shown by ra -
dio met ric dat ing of zir cons from an ex po sure of rhyolites on the
is land of Hormuz, in di cat ing an age of 558 ±7 Ma (Faramarzi et
al., 2015) and zir con ages of ig ne ous rocks from the Hormuz
For ma tion in the Jahani salt diapir gave an age of 547 ±6 Ma
(Alavi, 2004).

MATERIALS AND METHODS

Sam ples of pure gyp sum were col lected from two sec tions
through an out crop of the Bhandar Kas Gyp sum Mem ber in the
Salt Range For ma tion from its type lo cal ity at Khewra Gorge
(Fig. 1; Ta bles 1 and 2). Eight sam ples were col lected from the
first sec tion of the Bhandar Kas Gyp sum; one sam ple (9) came
from the gyp sum at the top of the oil shales (Ta ble 1). In ad di -
tion, 27 sam ples were col lected from the sec ond sec tion, in -
clud ing 12 sam ples from the Bhandar Kas Gyp sum (KSR-24 to
KSR-53) and 15 sam ples (KSR-55 to KSR-102) from the
Sahwal Marl (Ta ble 2 and Fig. 3). 

Sam ples from the first sec tion were pro cessed with the
meth ods out lined by Strauss et al. (2001), who ob tained pure
anhydrite or sul phate-ha lite mix tures from sev eral bore holes.
The for mer is ana lysed di rectly, and the lat ter is ana lysed by
add ing bar ium chlo ride to pre cip i tate bar ium sul phate af ter dis -
so lu tion. The meth ods em ployed to ana lyse sul phur iso topes
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Fig. 2. Po si tions of the Salt Range For ma tion in the evaporitic belt, the In dian
Shield, and the Yang tze Block (South China) dur ing the Neoproterozoic

(af ter Jiang et al., 2003; Allen, 2007; Craig et al., 2009)



were mod i fied af ter Ha³as and Szaran (1999). Ap prox i mately
15 mg of CaSO4 was mixed with NaPO3 (150 mg) and
combusted in the pres ence of cop per turn ings (150 mg). A vac -
uum was cre ated for con ver sion to sul phur di ox ide at 750°C for
15 min utes. These anal y ses were con ducted at the In sti tute of
Ge ol ogy and Geo phys ics, Chi nese Acad emy of Sci ences
(IGG-CAS) on a Finnigan Delta-S gas-source mass spec trom -
e ter. d34S data were cal i brated rel a tive to the Vi enna-Can yon
Diablo Troilite scale us ing IAEA stan dards NBS 127 (+20.3‰)
IAEA-SO-5 (+0.5‰) and IAEA-SO-6 (–34.1‰), and the sul phur 
iso tope re sults were gen er ally re pro duc ible within ±0.3‰. 

Twenty-seven pure gyp sum sam ples col lected from the
sec ond sec tion (Ta ble 2) were pro cessed fol low ing the meth -
ods out lined by Meng et al. (2019). Anal y sis for de ter min ing sta -
ble iso topes of sul phur was car ried out at the Oxy-An ion Sta ble
Iso tope Con sor tium (OASIC) at Lou i si ana State Uni ver sity,
USA. Gyp sum sam ples were pow dered and dis solved in 30 mL
1N HCl with con tin u ous shak ing. The slurry was de canted and
vac uum fil tered through a 0.45 mm cel lu lose mem brane fil ter.
Supernatants were trans ferred to 50 ml cen tri fuge tubes and
pre cip i tated as BaSO4 by add ing 3 mL sat u rated BaCl2 so lu tion. 
Sul phur iso tope anal y ses were con ducted via an Isoprime100
(Isoprime 100, UK) gas source mass spec trom e ter fit ted with a
pe riph eral el e men tal an a lyzer (Mi cro Vario Cube UK). About
0.2–0.3 mg of pow dered sam ples were placed into tin cap sules, 
mixed with ex cess V2O5, and combusted at 1050°C to pro duce
SO2, which was then mea sured by the spec trom e ter. All iso tope 
mea sure ments are ex pressed in delta no ta tion rel a tive to Vi -
enna Can yon Diablo Troilite (V-CDT) iso to pic stan dard.

An a lyt i cal er rors were <0.3‰, cal cu lated from rep li cate
anal y ses of sam ples and lab o ra tory stan dards. Iso to pic stan -
dards were used to con struct cal i bra tion curves for lin ear and
two-point cor rec tions. The val ues were cal i brated us ing stan -
dards of bar ium sul phate (LSU-BaSO4

-1: –4.5‰; LSU-BaSO4
-2 :

+38.5‰; Meng et al., 2019). 

RESULTS AND DISCUSSION 

Ra tios of sul phur iso topes are shown in per mil (‰) rel a tive
to the sul phur iso tope com po si tion of the stan dard Vi enna-Can -
yon Diablo Troilite (V-CDT) us ing d34S no ta tion. Sul phur iso tope 
data for sul phate-bear ing evaporites from the Salt Range For -
ma tion ranged from +32.1 to +37.6‰ (mean = +33.6‰, n = 8)
from the first sec tion (Ta ble 1), and ranged from +29.6 to
+34.4‰ (mean = +34.0‰, n = 27) from the sec ond sec tion (Ta -
ble 2).

Sul phur iso tope val ues (d34S) for mid dle Pro tero zoic eva -
porite de pos its are gen er ally be low +20‰ (from +10 to +18‰)
(Strauss, 1993) and grad u ally in crease to their max i mum within
postglacial Neoproterozoic and Cam brian de pos its (Strauss et
al., 2001; Shields et al., 2004; Schröder et al., 2004, 2008;
Halverson and Hurtgen, 2007; Shields and Mills, 2019; Meng et
al., 2019; Pres ent et al., 2020).

Holser (1977) termed this up ward in crease in strongly pos i -
tive d34S val ues (+30 to +35‰, and some times up to 45‰) as
the “Yudomski Event” (~575 Ma) for the up per Neoproterozoic-
 Cam brian evaporites in SE Si be ria. The “Yudomski Event” has
been re ported from the Neoproterozoic–lower Cam brian eva -
po rites of south east ern Si be ria in Rus sia, as well as from the
Hormuz For ma tion and Desu Se ries in Iran, the Hanseran For -
ma tion in In dia, and the Wusonggeer For ma tion in the Tarim
Ba sin, north west ern China (Holser, 1977; Claypool et al., 1980;
Hought on, 1980; Strauss et al., 2001; Peryt et al., 2005; Meng
et al., 2019). Ad di tion ally, pos i tive d34S phosphorite sig na tures
and those in struc tur ally bound sul phate-bear ing car bon ates
(by us ing struc tur ally sub sti tuted sul phate pres ent in phospho -
rite and micritic car bon ates) in Neoproterozoic–lower Cam brian 
de pos its have been re ported in many stud ies (Shields et al.,
1999; Mazumdar et al., 2008; Tostevin et al., 2017; He et al.,
2019). For ex am ple, Shields et al. (1999) re ported large pos i tive 
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T a  b l e  1

Gyp sum sam ples col lected from the first sec tion through the Salt Range For ma tion
(Bhandar Kas Gyp sum/Sahwal Marl) and their sul phur iso tope data

Sam ples
(from top to base) Li thol ogy d34S

[‰]
Mem ber

Sam ple-9 pure white gyp sum 37.6 Sahwal Marl 

Sam ple-5 pure white gyp sum 34.3 Bhandar Kas Gyp sum 

Sam ple-4* thick gyp sum Bhandar Kas Gyp sum

Pk-4-6 pure white gyp sum 32.8 Bhandar Kas Gyp sum 

Pk-4-5 pure white gyp sum 34.1 Bhandar Kas Gyp sum 

Pk-4-4 pure white gyp sum 32.1 Bhandar Kas Gyp sum 

Pk-4-3 pure white gyp sum 32.8 Bhandar Kas Gyp sum 

Pk-4-2 pure white gyp sum 32.9 Bhandar Kas Gyp sum 

Pk-4-1 pure white gyp sum 32.4 Bhandar Kas Gyp sum 

S.L.- 120-T63-40 pure white gyp sum 38.2 Salt Range Fm. (af ter Sakai, 1972)

Sam ples 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
gyp sum sec tion, sam ple-9 co mes from within the oil shales, the bound ary of up per
Neoproterozoic-lower Cam brian; data for sam ple S.L.-120-T63-40 co mes from Sakai
(1972); * – due to the large thick ness was di vided into Pk-4-1, Pk-4-2, Pk-4-3, Pk-4-4,
Pk-4-5; Pk-4-6

https://gq.pgi.gov.pl/article/view/7382/6032


d34S val ues (+29–37‰, avg. = +33 ±2‰, n = 40) from forty
phosphorite sam ples col lected from a Pre cam brian–Cam brian
Meishucun ex po sure on the Yang tze Plat form in China. Sim i -
larly, struc tur ally sub sti tuted sul phate pres ent in Ediacaran and
Cam brian micritic car bon ates on the Yang tze Block have
yielded strongly pos i tive d34S val ues (Zhang et al., 2003, 2004).
The “Yudomski Event” has been placed in the frame work of a
model of a pos si ble “Snow ball Earth” and as so ci ated ox i da tion
of the Ediacaran Ocean (Strauss et al., 2001; Fike et al., 2006).

The en rich ment sig na ture of d34S in chem i cal de pos its
across the Pre cam brian-Cam brian bound ary is well-es tab -
lished, but its ul ti mate cause is still a mat ter of de bate (War ren,
2016). Holser (1977, 1984) sug gested that bac te rial sulphides
ac cu mu lated in rel a tively deep parts of rift bas ins un der a re -
duc ing en vi ron ment. Sul phate re duc tion then re sulted in the re -
moval of 32S and en rich ment of 34S in brines, pro duc ing strongly 
pos i tive sul phur iso tope val ues. Upwelling cur rents car ried 34S-
 rich brines to ward shal low seas, and they mixed with sur face
seawaters at the end of the gla cial pe riod. Gorjan et al. (2000),
Hurtgen et al. (2002), and Zhang et al. (2003) also sup ported
this model for the strongly pos i tive 34S val ues of Neo proterozoic 
de pos its in Aus tra lia, Namibia, and China (Dous han tuo For ma -
tion). The on set and ter mi na tion of the global snow ball glacia -
tions can ac count for the rapid trans fer of 34S- rich brines to ward

shal low seas and en rich sul phate de pos its in 34S world wide af -
ter the Neoproterozoic glaciations (Hoffman et al., 1998;
Strauss et al., 2001; Meng et al., 2019). 

Pre vi ous stud ies have dem on strated that sul phur iso tope
data vary widely within ma rine evaporites through out geo log i cal 
his tory (Fig. 5). This vari abil ity de pends upon the in flux of river
sul phate, mainly de rived from the con ti nen tal weath er ing of
sulphates and sulphides. Mod ern rivers have a glob ally av er -
age d34S = +8‰ (Grinenko and Krouse, 1992) or 4.4 ±4.5‰
(Burke et al., 2018) where the sul phur iso to pic com po si tion de -
pends on the ge ol ogy of (and thus yield ing dis solved SO4

-2  to)
the river ba sin. Ad di tion ally, the pres ence of sul phate-re duc ing
bac te ria in depositional bas ins can lead to ir reg u lar iso to pic val -
ues dur ing the pre cip i ta tion of sul phate min er als, driven by en -
hanced pri mary pro duc tion and se ques tra tion of or ganic car bon 
(e.g., Bottrell and New ton, 2005; Fike and Grotzinger, 2008; Cui 
et al., 2015; Och et al., 2016). 

A strong pos i tive shift of 34S val ues within an evaporite se -
quence may re sult from closed sys tem con di tions and/or a lim -
ited sul phate sup ply (Strauss, 1993; Li et al., 2018). Both ef fects 
be come vi tal in the case of evaporite bas ins that are par tially
sep a rated from the open ocean. Data ac quired from such bas -
ins have broad re gional im por tance rather than global im pli ca -
tions. By con trast, huge evaporite bas ins may have re cords of
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T a  b l e  2

Gyp sum sam ples were col lected from the sec ond sec tion through 
the Salt Range For ma tion (Bhandar Kas Gyp sum/Sahwal Marl) 

and their sul phur iso tope data in this study

Sam ples
(from top to base) Li thol ogy d34S

[‰]
Mem ber

KSR-102 pure white gyp sum 29.6 Sahwal Marl

KSR-93 pure white gyp sum 30.5 Sahwal Marl

KSR-90 pure white gyp sum 30.3 Sahwal Marl

KSR-86 pure white gyp sum 30.6 Sahwal Marl

KSR-82 pure white gyp sum 30.5 Sahwal Marl

KSR-79 pure white gyp sum 30.9 Sahwal Marl

KSR-67 pure white gyp sum 31.2 Sahwal Marl

KSR-66 pure white gyp sum 31.4 Sahwal Marl

KSR-65 pure white gyp sum 34.4 Sahwal Marl

KSR-61 pure white gyp sum 36.3 Sahwal Marl

KSR-60 pure white gyp sum 36.4 Sahwal Marl

KSR-59 pure white gyp sum 36.0 Sahwal Marl

KSR-58 pure white gyp sum 36.0 Sahwal Marl

KSR-57 pure white gyp sum 35.5 Sahwal Marl

KSR-55 pure white gyp sum 36.3 Sahwal Marl

KSR-53 pure white gyp sum 35.5 Bhandar Kas Gyp sum

KSR-52 pure white gyp sum 35.1 Bhandar Kas Gyp sum

KSR-51 pure white gyp sum 36.4 Bhandar Kas Gyp sum

KSR-50 pure white gyp sum 34.6 Bhandar Kas Gyp sum

KSR-47 pure white gyp sum 35.6 Bhandar Kas Gyp sum

KSR-45 pure white gyp sum 35.6 Bhandar Kas Gyp sum

KSR-43 pure white gyp sum 35.8 Bhandar Kas Gyp sum

KSR-42 pure white gyp sum 34.0 Bhandar Kas Gyp sum

KSR-33 pure white gyp sum 35.6 Bhandar Kas Gyp sum

KSR-31 pure white gyp sum 34.9 Bhandar Kas Gyp sum

KSR-25 pure white gyp sum 32.9 Bhandar Kas Gyp sum

KSR-24 pure white gyp sum 35.1 Bhandar Kas Gyp sum

All data ranged from +29.6 to +37.6‰ (mean = +33.9‰, n = 35; Fig. 4)
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Fig. 3A – ex po sure of white to dirty white gyp sum in the Bandar Kas Gyp sum Mem ber of the Salt
Range For ma tion, on the right bank of the Khewra Gorge, East ern Salt Range; dull red marls over -
lie the mas sively bed ded gyp sum beds; B – hand spec i men of mas sive white gyp sum of the
Bhandar Kas Gyp sum Mem ber de rived from the ex po sure shown in the photo (A); C – pol ished
sec tion of the mas sive white gyp sum (B) in di cates that it is de void of im pu ri ties; D – mi cro pho to -
graph of sam ple (B), un der CNL, shows very finely crys tal line gyp sum with some large elon gated
and acicular crys tals of gyp sum and platy to pris matic anhydrite

Fig. 4. Sul phur iso to pic com po si tion of evaporites from 
the Salt Range For ma tion com pared to pre vi ous data



global im por tance (Fig. 5; Strauss et al., 2001; Fike et al., 2006;
Tostevin et al., 2017; He et al., 2019; Pres ent et al., 2020). Sim -
i larly, the sul phate iso topes of mod ern sea wa ter are very sta ble
be tween +20 and +20.5‰ (Longinelli, 1989). Yet, this can vary
in some semi-closed bas ins; for in stance, the Black Sea wa ter’s 
sul phur iso tope val ues are be tween +18.20 and +20.17‰ due
to riverine in flux (Swee ney and Kaplan, 1980). 

Sup pose a ma rine evaporite ba sin is af fected by a large
amount of river in put. In that case, its sul phur iso tope will be sig -
nif i cantly re duced be cause the av er age value of the sul phur
iso tope of the mod ern river is only +8% (Grinenko and Krouse,
1992). On the other hand, if a ma rine evaporite ba sin is fre -
quently re charged by sea wa ter, its sul phur iso tope com po si tion
tends to be close to that of sea wa ter (Li et al., 2018). 

Sup pose brine strat i fi ca tion oc curs in an eva porite ba sin. In
that case, the re sid ual sul phate in the lower brine layer will be -
come heavier due to the re duc tion of sul phate by bac te ria, mak -
ing the sul phur iso tope value of gyp sum reach a very high
value. This has been ob served in sa line con ti nen tal bas ins in
China, such as the con ti nen tal evaporites in the Qianjiang de -
pres sion, Jianghan Ba sin. These evaporites have high d34S val -
ues from +31 to +40.43‰. The con ti nen tal evaporites in the
Dongpu Dof Bohai Bay Ba sin also have high d34S val ues from
+28 to +33‰ (Li et al., 2018). These gyp sum de pos its are usu -
ally inter bedded with black shales, in di cat ing an anoxic sed i -
men tary en vi ron ment. This kind of en vi ron ment may be caused
by brine strat i fi ca tion in a deep ba sin (Gao et al., 2009). 

Fanwei Meng et al. / Geological Quarterly, 2021, 65: 30 7

Fig. 5. Tem po ral evo lu tion of d34S dur ing end-Neoproterozoic and early Pa leo zoic times (af ter
Strauss and Banerjee, 1998; Hough et al., 2006), us ing evaporite sul phate data from the lit er a ture
(Holser and Kaplan, 1966; Clay pool et al., 1980; Hought on, 1980; Strauss, 1993; Fox and Videtich,
1997; Misi and Veizer, 1998; Gorjan et al., 2000; Schröder 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 For ma tion, Pa ki stan, box di men sions range rep re sent en tire data, and red cir cles show mean
val ues

https://gq.pgi.gov.pl/article/view/7382/6032
https://gq.pgi.gov.pl/article/view/7382/6032


8 Fanwei Meng et al. / Geological Quarterly, 2021, 65: 30

3
 

e
l

 b
a

T

 f
o 

n
oi t

a l
e rr

o
C l

a
n

oi
 g

e
R

ci
o

z
or

et
or

p
o

e
N

n
at

 si
 k

a
P 

ni 
n

oit
a

mr
o

F 
e

g
n

a
R tl

a
S 

d
n

a 
ai

 d
nI .

W.
N ,

a
ni

h
C 

ni 
mr

o ft
al

P 
e

z t
g

n
a

Y f
o 

e
c

n
e

u
 q

e
S 

n
air

 b
m

a
C r

e
w

ol
–



Strongly pos i tive d34S val ues can be ob served in late Edia -
caran- early Cam brian ma rine evaporites of In dia, Iran, Oman
and the Tarim Ba sin in China (Strauss et al., 2001; Schröder et
al., 2004, 2008; Halverson and Hurtgen, 2007; Shields and
Mills, 2019; Meng et al., 2019). These high d34S val ues in dif fer -
ent re gions of the same geo log i cal age in di cate that the ocean
had very high sul phur iso tope back ground lev els at that time
(Strauss et al., 2001). The gyp sum de pos its in the Salt Range
For ma tion are usu ally inter bedded with red marls (Kadri, 1995;
Ahsan et al., 2013), in di cat ing an ox i dized shal low wa ter en vi -
ron ment. The brine was not strat i fied, and the orig i nal sul phur
iso tope in for ma tion of brine from sea wa ter can be di rectly re -
corded.

In ad di tion to the Salt Range For ma tion re sults of this study, 
strongly pos i tive d34S data (+30.2 to +34.8‰; n = 11) have also
been re ported for the lower–mid dle Cam brian evaporites of the
Tarim Ba sin (Meng et al., 2019). These data in di cate that sea -
wa ter with a strongly pos i tive sul phur iso tope ra tio within sul -
phate con tin ued to pre vail from the Late Neo proterozoic to the
mid dle Cam brian (Fig. 5).

REGIONAL CORRELATION OF PROTEROZOIC –
LOWER CAMBRIAN FORMATIONS

The Salt Range For ma tion is lithologically com pa ra ble to
rocks of the ter mi nal Neoproterozoic to lower Cam brian of
north west ern In dia and the Ediacaran of the Yang tze Block in
South China (Jones, 1970). Neoproterozoic strati graphic com -
par i son be tween In dia and the Yang tze Block also re veals ob vi -
ous sim i lar i ties (Jiang et al., 2003). Zhang et al. (2003, 2004)
and Meng et al. (2011a) de vel oped use ful chronostratigraphic
frame works (Ta ble 3). How ever, a com pre hen sive strati graphic 
and chemostratigraphic cor re la tion be tween the Neoprotero -
zoic of Indo-Pa ki stan and China re mains lack ing. Sparse
palaeo magnetic data and sim i lar sed i men tary as sem blages in -
di cate that the Yang tze Block of South China was lo cated to the 
north-west of In dia and Pa ki stan (Jiang et al., 2003; Allen, 2007; 
Fig. 2) when the evaporitic belt formed dur ing the ter mi nal
Neoproterozoic (Husseini and Husseini, 1990).

The up per Ediacaran Dengying For ma tion (551–541 Ma) is
well-ex posed in the Three Gorges area near Yichang city in
south ern China. From the base to the top, this for ma tion (Ta ble
3) can be di vided into three mem bers: the Hamajing, Shiban -
tan, and Baimatuo (Zhao et al., 1980). The Hamajing Mem ber
con tains grey intraclastic do lo mite with oncolites, chert beds,
and nod ules. The Shibantan Mem ber is com posed of a thin
black layer of si li ceous and asphaltene-rich finely crys tal line
lime stone with high or ganic mat ter con tent. Abun dant macro -
algae, or ganic-walled microfossils, and trace fos sils have been
found in this sec tion. Fi nally, the Baimatuo Mem ber con sists of
grey and grey ish-pur ple lay ered silico-phos phatic dolomites
and chert (Zhao et al., 1980).

The Hongchunping For ma tion, lo cated on the Yang tze
Block (Ta ble 3) in South China and rep re sented in the Chan -
gning-2 bore hole, is lithologically di vis i ble into two sec tions
(Meng et al., 2011a). The lower sec tion (2492.5–2992.5 m in
depth) is mainly com posed of do lo mite, anhydrite, and ha lite,
while the up per sec tion (1975–2492.5 m in depth) com prises
do lo mite and grapestone - bear ing do lo mite. More over, the
Hong chun ping For ma tion is over lain by the Lower Cam brian
Maidiping For ma tion which con tains abun dant small shelly fos -
sils and is com posed of car bo na ceous chert interbedded with

do lo mite and black shale (Meng et al., 2011a). Pre vi ously,
strongly pos i tive d34S val ues (+29 to +37‰; avg. = +33 ±2‰; n
= 40) were re ported from phosphorite sam ples from an ex po -
sure of the lower Cam brian Meishucun sec tion on the Yang tze
Plat form in China (Shields et al., 1999). 

In north west ern In dia, the Hanseran For ma tion (Ta ble 3),
equiv a lent to the Salt Range For ma tion, is pres ent within a
subsurface Neoproterozoic-early Cam brian evaporite ba sin.
This for ma tion re cords seven ha lite cy cles interbedded with
marls and stromatolitic car bon ates (Dey, 1991; Banerjee et al.,
1998). These evaporites are mainly com posed of anhydrite and 
ha lite and pos sess strongly pos i tive d34S sig na tures, rang ing
from +27.5 to +35.6‰ (Strauss and Banerjee, 1998). Strauss et 
al. (2001) also re ported strongly pos i tive sul phur iso tope data
(+27.5 to +39.7‰) from the Hanseran evaporites.

Both the Dengying and Hanseran for ma tions in China and
In dia can be cor re lated with the Salt Range For ma tion based on 
their strati graphic po si tion, li thol ogy, age, and sul phur iso tope
data. For ex am ple, gyp sum is pres ent in the mid dle of both the
Dengying (Zhao et al., 1980) and the Salt Range for ma tions
(Bhandar Kas Gyp sum Mem ber). More over, the Dengying For -
ma tion in the Three Gorges area near Yichang can be cor re -
lated lithologically with the Hongchunping For ma tion near
Changning in Sichuan Prov ince (Zhang et al., 2004; Meng et
al., 2011a). Sim i larly, the Lower Billianwala Salt Mem ber of the
Salt Range For ma tion and the Lower Hongchunping For ma tion
con tain ha lite de pos its. This lithological sim i lar ity sug gests that
the Billianwala Salt Mem ber can be cor re lated with the Lower
Hongchunping For ma tion in South China. Oil shales with highly
al tered vol ca nic rocks (Khewra Trap) out crop at the top of the
Salt Range For ma tion, while car bo na ceous cherts interbedded
with do lo mite and black shale are as so ci ated with the lower
Cam brian Maidiping For ma tion on the Yang tze Block, which
sug gests that there is a cor re la tion be tween the Maidiping For -
ma tion and the top of the Salt Range For ma tion (Zhang et al.,
2004; Meng et al., 2011a).

Fan et al. (2013) cor re lated the pres ence of cherts on the
Yang tze Block with hy dro ther mal ac tiv ity. A layer of vol ca nic
rock at trib uted to the Khewra Trap can be found at the top of the 
Salt Range For ma tion (Shah, 2009). Ad di tion ally, the evapo -
rites of the Salt Range For ma tion may be cor re lated with those
of the Hanseran For ma tion (Dasgupta and Bulgauda, 1994; Pe -
ters et al., 1995). From their sim i lar strati graphic de tails, in clud -
ing lithologies, un con formi ties, and range of intertidal- supra -
tidal - basinal fa cies ar chi tec ture in a rifted mar gin (Husseini and
Husseini, 1990; Pe ters et al., 1995), it can be in ferred that the
Yang tze Block in China and the Salt Range in north west ern In -
dia were closely re lated palaeogeographically dur ing the Neo -
proterozoic–early Cam brian (Jiang et al., 2003). 

More over, or ganic geo chem i cal anal y ses of hy dro car bons
from the Baghewala-1 oil trapped in the Hanseran Evaporite
Group of In dia re vealed sim i lar i ties be tween these oils and the
oil-bear ing suc ces sions in Huqf, Oman, and Karampura, Pa ki -
stan (Pe ters et al., 1995). These or ganic geo chem i cal sim i lar i -
ties of oils orig i nat ing from ter mi nal Neoproterozoic-early Cam -
brian strata im ply close re la tion ships among the evaporite belts
in Oman, Pa ki stan, and In dia (Pe ters et al., 1995). The or ganic
car bon iso tope data for the Baghewala-II bore hole range from
–37.1 to –33.0‰ (Ta ble 4). The d13Corg data from source rocks
tend to be heavier from lower to up per (Mazumdar and Bhatta -
cha rya, 2004).

The or ganic car bon iso to pic pat terns of the Baghewala-II
well show sim i lar nu mer i cal ranges with those of the con tem po -
ra ne ous oil and hy dro car bon source rocks in Pa ki stan, In dia,
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and Oman, sug gest ing that they came from sim i lar sed i men tary 
en vi ron ments (Pe ters et al., 1995; Mazumdar and Bhatta cha -
rya, 2004). The Oman oils also show that 13Corg val ues tend to
be heavier from lower to up per. The Huqf oil of Oman co mes
from the up per Neoproterozoic-lower Cam brian Huqf Group
and show the heavier or ganic car bon iso tope ra tio. Oils come
from youn ger early Cam brian source rocks (‘Q’ oils) show the
lighter or ganic car bon iso tope sig na ture (Grant ham et al., 1990; 
Grosjean et al., 2012; Ta ble 4). 

Or ganic geo chem i cal sig na tures can pro vide clear
ev i dence for cor re lat ing strati graphic units across large 
ar eas. For ex am ple, the sim i lar i ties of oils and source
rocks be tween bas ins in West Af rica and Brazil (now
~6000 km apart) pro vide ev i dence for the open ing of
the At lan tic Ocean dur ing the Cre ta ceous (Mello et al.,
1991). The or ganic geo chem i cal char ac ter is tics of oils
and solid asphalts from Oman, In dia, Pa ki stan, and the 
Sichuan Ba sin of South China show strong sim i lar i ties,
im ply ing that they are re lated in terms of gen e sis and
host rocks (Wang et al., 2015).

CONCLUSIONS

The strongly pos i tive sul phur iso to pic data from the
gyp sum of the Salt Range For ma tion (+29.6 to +37.6‰;
mean = +33.9‰, n = 35) re ported in this study are sim i lar
to those of ter mi nal Neoproterozoic and early Cam brian
evaporites on the Yang tze Plat form, China, and NW In -
dia. New data sup ports the re gional dis tri bu tion of the
event. How ever, there are lim i ta tions when con sid er ing
the use of evaporite re cords for stra tig ra phy (e.g., re -
cords of d34S from evaporites are  stratigraphically in ter -
mit tent, and the spread of d34S data over each time in ter -
val is very large, mak ing di rect strati graphic cor re la tions
dif fi cult; Yao et al., 2019). De spite that, based on their
strati graphic and or ganic geo chem i cal sim i lar i ties, it may
be in ferred that the late Neoproterozoic Indo-Pa ki stan
Plate and Yang tze Plat form were geo graph i cally ad ja -
cent. This study also shows that the strati graphic po si tion 
of evaporites in north ern Pa ki stan is sim i lar to that in
South China, dur ing the late Neoproterozoic-early Cam -
brian. This re la tion ship should be ac counted for in fu ture
stud ies on the geo log i cal evo lu tion of South China and
Indo-Pa ki stan.
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