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Abstract

Data on chemical composition of brines in primary inclusions of marine halites and on mineralogy of marine evaporites and
carbonates lead to the conclusion that during the Phanerozoic two long-term cycles of chemical composition of seawater existed
During each of those cycles, seawater dominantly a Na-K-Mg-Ca-Cl (Ca-rich) type changed to a Na-K-Mg{SIez@ch) type.
Recrystallised halite from the uppermost Neoproterozoic Salt Range Formation (ca. 545 Ma) in Pakistan, contains solitary inclusions
indicating SQ-rich brines. This supports the concept derived from the study on primary fluid inclusions from the Neoproterozoic Ara
Formation of Oman; S@rich seawater existed during latest Neoproterozoic time (ca. 545 Ma). In contrast, samples of recrystallised
halite from the Bitter Springs Formation (840-830 Ma) in Australia contain inclusion brines that are entirely Ca-rich, indicating
that basin brines and seawater were Ca-rich during deposition of central Australian evaporites. These combined data supported &
the timing of aragonite and calcite seas suggest that during the Proterozoic, significant oscillations of the chemical composition of
marine brines, and seawater, occurred, which are similar to those known to exist during the Phanerozoic. It is suggested that Ca-ric
seawater dominated for a substantial period of time (more than 200 Ma), at 650 Ma, this was replacedibly S&awater, finally
returning to Ca-rich seawater at 530 Ma.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (Kovalevich, 1988; Kovalevich et al., 1998; Lowenstein
et al., 2001, 2003; Horita et al., 2002Previous stud-
The most important quantitative characteristics of ies have shown that during the Cambrian-Carboniferous
changes in chemical composition of ancient seawater, and Jurassic-Palaeogene times, seawater was a Na-K-
are measured by analysis of primary inclusions within Mg-Ca-Cl (Ca-rich) type (e.gkovalevich et al., 1998;
sedimentary halite from marine evaporite formations Brennan and Lowenstein, 2002; Brennan et al., 2004,
Petrychenko and Peryt, 2004; Petrychenko et al., 005
while during the Permian-Triassic (and Neogene times),

* Corresponding author. Tel.: +48 22 8495351; fax: +48 22 8495342, Seawater was a Na-K-Mg-Cl-S@SOy-rich) type (e.g.
E-mail address: Tadeusz.Peryt@pgi.gov.pl (T.M. Peryt). Kovalevych et al., 2002a,b; Lowenstein et al., 2005;
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Zimmermann, 2000 The timing of those chemical 3. evaporite basins of the same age and located on var-
phases of seawater coincides with changes in seafloor ious continents show the same or similar chemical
spreading rates, global sea level, and the primary min-  composition; and the varied intensity of sulfate deple-

eralogies of marine limestones and evaporigsencer
and Hardie, 1990; Hardie, 19980n the basis of stud-
ies of marine carbonatellardie (2003)concluded that
similar changes occurred during the Precambrian.

Although primary inclusions are undoubtedly pre- 4.
ferred to reconstruct the chemical composition of ancient

seawater, it is possible to extract some information from
secondary fluid inclusions. Previous studiBsif et al.,

tion in coeval basins (as recorded Byora et al.,
2001 can be explained by the influence of local fac-
tors (such as water—rock interactions and inflow of
non-marine water;

apparent lack of extensive contemporaneous
dolomite in many evaporite basins casts doubt on
the importance of dolomitization in parent brine
composition.

1991; Roedder et al., 1987; Kovalevich et al., 1p98
showed that recrystallised halite originally precipitated 2. Geological setting
from SQy-rich brines could contain inclusions of two
chemical assemblages—%@ch and Ca-rich. There-
fore, the occurrence of secondary Sfh inclusions
also indicates that basin brines and seawater were SO  The Salt Range is considered to be the youngest
rich. In turn, entirely Ca-rich secondary inclusions sug- and southernmost compressional structure within the
gest that basin brines and seawater were Ca-rich. It Himalayan foreland and represents an emergent thrust
should be stressed that the study of secondary inclusionsfront along which, the Potwar Plateau has been trans-
does not allow for estimation the ion ratios of contem- lated southwardKig. 1, Grelaud et al., 2002 The Salt
poraneous brines and seawater. Range and Potwar Plateau have a surface extent of
The study of fluid inclusions in chevron halite crys- approximately 27,000 kfa The Salt Range is a complex
tals from the Neoproterozoic Ara Formation of Oman salt anticlinorium Gee, 1989 with well-expressed salt
(544-543 Ma) indicated that Latest Neoproterozoic sea- diapirism. In the substrate of the Salt Range, Precam-
water was S@rich (Lowenstein et al., 2001; Horita et brian metamorphic and magmatic rocks occur (outcrop-
al., 2003. In this study we present the results of anal- ping 80 km south of Salt Range). A borehole 280 km
yses of fluid inclusions and Br content in six samples south of Salt Range contains a 900 m thick section of
of uppermost Neoproterozoic Salt Range Formation of metamorphic/magmatic rocks, belowthe Salt Range For-
Pakistan (coeval with the Ara Formation of Oman) and mation Gee, 198%
in four samples from the older (840—-830 Ma), evapor- The Upper Neoproterozoic Salt Range Formation
ites of the Amadeus Basin, Australia. The aim of this consists of salt, gypsum, dolomite, claystones and sand-
study is to ascertain the original chemical characteris- stones that were deposited in a sedimentary cycle begin-
tics of parent brines of evaporite basins and thus of the ning with an evaporite facies, through an alternating
contemporaneous, Neoproterozoic seawater. nonmarine—marine deposition and then finally into a sec-
It should be mentioned that an alternative method- ond evaporitic faciettaullah and Javed, 1979; Ghauri,
ological approach and interpretation of fluid inclusions 1979. Such restricted marine-deposits occur in south-
in marine halite exists; advocating that recorded sulfate ern Oman, Iran and northwest India and are regarded
depletion in the brines of particular evaporite basins can as coeval $tocklin, 1989, being formed under similar
be due to dolomitization or to the addition of a Ca&Cl  tectono-depositional conditionBéters et al., 1995
rich solution (e.gAyora et al., 2001 The concept of Samples from the Khewra salt mine in the Salt Range
secular variation in the composition of the ocean applied (Fig. 1), where a total thickness of salt beds is about
by usinthis paperis based on the following evidence pre- 150 m were examined as part of this study. Halokinetic
sented elsewheré&¢valevich et al., 1998; Lowenstein  salt movement has made it impossible to place the sam-
et al., 2001, 2003; Horita et al., 2002; Holland, 203 ples on a stratigraphic column, as they no longer sit
in correct stratigraphic position. The salt is transparent,
1. the compositional changes of brines in primary fluid white, pink, reddish to beef-colour red.
inclusions in marine halite show clear stratigraphic
control;
2. brines of all Neogene marine evaporite basins that
were characterized by S0ich parent seawater, are
of the SQ-rich type;

2.1. Salt Range

2.2. Amadeus Basin

The Amadeus Basin in the southern Northern Ter-
ritory is approximately 170,000 kiin areal extent
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The Bitter Springs Formation contains variable vol-
"B umes of basal evaporites and salt that form the foun-
dation for halotectonic structures observed throughout
the Amadeus BasirKprsch and Kennard, 1991The

" Rawaipind? 1, main evaporitic unitis the Gillen member, which, where
Y the best outcrops occur, can be subdivided into at least
—33°30° five shallowing-upward units. Two of these units show
signs of having had halite beds that have been removed
by solution. These individual cycles may relate to the
regular occurrence of salt units and the repetition of
anhydrite/gypsum, halite, and anhydrite dolomite units
as identified in petroleum welld.indsay, 1987; Wells
and Kenewell, 1972 Halite intersected in petroleum
wells is generally very coarsely crystalline and usually
gray or pink in colour. The unit invariably includes sus-
“»4-33°00° pended fragments of laminated anhydrite and organic
rich dolomite, suggesting that it has been considerably
modified by salt tectonicddyson and Marshall, 2005

A basin-wide hiatus at the top of the formation coin-
cided with structural evolution in the basin. This hiatus
was followed by deposition of a succession of glacial
and interglacial deposits including representatives of the
Sturtian (Areyonga Formation) and Marinoan (Olympic
Formation) glaciations.

73°00"
Il

T2
ISLAMABAD

SOUTH POTWAR BASIN .

| 30030 Deposition through the latest Neoproterozoic is dom-
PENDJAB PLAIN inated by marine-influenced clastics and carbonates of
) the Pertatataka, Winnall and Julie FormatioRgy( 3).
L. Neogene Paleozoic Movement associated with the Petermann Orogeny
I} paleogene /] Pre - Cambrian (520-580 Ma) rearranged basin palaeogeography and

further localised sedimentation, introducing foreland
Fig. 1. Geological map of eastern Salt Range and Potwar Plateau basin-style deposition to the southwest and extensive flu-
(after Greland et al.,, 2002) showing the location of the Khevra .
Mine. MBT =Main Boundary Thrust, KMF=Khari Murat Fault, vial tongges of A.rumbere} Sandstone to the_nort_h and
DT =Domeli Thrust, SRT=Salt Range Thrust, RF=Riwat Fault, €ast. While clastics continued to be deposited in the
SB = Soan Backthrust. south and west, the overlying Cambrian succession of
the Chandler and Giles Creek Formations in the north
(Fig. 2. Itis atthe heart of a series of intracratonic basins and east is dominated by marine and marginal marine
on the Australian continent that share their origins in the deposits of dolomite and evaporitic mudstone that incor-
break up of the supercontinent Rodinia at about 1 Ga. porate organic-rich facies.
Strong stratigraphic ties have been made between these
basins, which include the Officer, Ngalia and Georgina 3. Materials
Basins, leading to them being referred to collectively
as the Central Australian Rift System (Dyson, |.A., per- In total, 10 samples of Neoproterozoic rock salt from
sonal comm., 2008/\Valter et al., 199b the Salt Range Formation and Bitter Springs Forma-
Mapping by NTGS geologists in the Petermann tion were studied (sample locations shownFig. 4).
Ranges area on the southwestern margin of the AmadeusShort petrographic characteristics of samples are shown
Basin, has confirmed the presence of bimodal volcanics in Tables 1 and ZTextures of all studied samples of rock
and sediments that represent the onset of rifting and salt vary from medium-grained (grain sizes 3—10 mm) to
basin formation. The Amadeus Basin succession beginsvery coarse-grained (up to 5cm in size). Most samples
with sheet-like, tidally influenced deposits of the Heavit- are rose in colour, or show rose spots due to the admixture
ree Quartzite. A subsequent increase in accommodationof clay material. Elongated halite grains in some sam-
space led to the deposition of thick, shallow marine, and ples, indicate strong influence that halokinetic processes
in parts, anoxic rocks of the Bitter Springs Formation. have had in the halite minerals internal structure.
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Fig. 2. Location of the Amadeus Basin.

In samples 4-P and 9-P from the Salt Range For-  Primary sedimentary structures with fluid inclusions
mation, admixtures of K-Mg sulfate minerals: kieserite, are not present in all samples studied.
polyhalite, kainite, leonite occur. In several samples the  Four halite samples (of six studied), from the
Bitter Springs Formation contains anhydrite nodules and Salt Range Formation, contained solitary fluid inclu-
dolomite clasts. sions. The inclusions are commonly irregular in shape

Table 1
List of salt samples from the Khewra mine penetrated the Upper Neoproterozoic Salt Range Formation in the east-central part of the Salt Rang

Pakistan

Sample Characteristics Br (ppm)
2-P Light coarse-grained (up to 2 cm) rock salt with rose spots 54
4-P Rose medium-grained rock salt with elongated grains, ocelli (up to 2 cm cross) of 52

transparent halite and admixture of K-Mg minerals
5-P Light medium-grained (up to 1 cm) rock salt with rosy spots 35
7-P Rosy medium-grained (3—10 mm) rock salt 62
9-P Light medium-grained (up to 10 mm) rock salt with rosy spots, elongated grains and 79

admixture of K-Mg minerals
10-P Clear, transparent, coarse-grained rock salt showing massive texture 34
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Table 2
List of salt samples from the boreholes penetrated the Upper Proterozoic Bitter Springs Formation, Amadeus Basin, Australia
Sample  Borehole Depth (m)  Characteristics Br (ppm)
1/04 Ooramina 1 1595.3 Light rosy very coarse-grained rock salt with admixture of anhydrite 18
and clasts (up to 3 cm) of brown dolomite
3/04 Mount Charlotte 1 1871.5 Rosy medium-grained rock salt with elongated grains (up to 1cm), 99
anhydrite nodule and dolomite clasts (up to 2 cm)
4/04 Mount Charlotte 1 1946.5 Similar medium-grained rock salt 102
5/04 Mount Liebing 1 (Well 1261), 95.6-95.7  Yellow-rosy medium-grained (3—8 mm) rock salt with anhydrite nodul32

No. Core 31

and dolomite fragments (up to 1 cm)

and 20-80@um in size. In one instance, a fluid

inclusion 1.5mm in size was found. Generally, the
number of recorded inclusions is small: in every
sample (about 500g) approximately 3-30 inclusions

were identifiable. The inclusions are variable: single-
phase (fluid; Fig. 5A), and two-phase (fluid with
sylvite daughter crystalskig. 5B). Some inclusions
contain gas bubbles, or elongated anisotropic crys-
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Fig. 3. Upper Proterozoic stratigraphy of the Amadeus Basin.
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Fig. 4. Location of studied boreholes.

tals (of anhydrite?), possibly related to healed frac- midal apex and contain individual two-phase (gas-fluid)
tures. inclusions 10-2um in size.

In all samples, single-phase gas inclusions are
present. Sample 10-P contains abundant gas inclusionsd. Methods
which relate to healed fractures diagonal to the crystal
face Fig. 5C). There are two groups of inclusions in Multiple techniques were utilised for this study,
terms of size: small (<2@m), and large (from 20 to  including petrographic, fluidinclusion and bromine anal-
150pm, and rarely up to 30@m). Small inclusions are  ysis. As part of the attempt to record fluid inclusions in
usually cubic or close to cubic, and large are irregular in halite (pattern of distribution, size, and phase composi-
shape (although include elements of a cubic habit). tion), thin plates (1-5 mm, depending on degree of trans-

Geometrically similar solitary fluid inclusions were parency of crystal) were taken along the halite cleavage
found in two samples (of four examined) from the Bitter with a knife. These plates were put in a glycerine-filled
Springs Formation. Two-phase gas-fluid inclusions pre- flat glass cuvette under the microscope for photomicro-
dominate Fig. 5D) within these samples. In some inclu-  graphing.
sions, small anisotropic crystals (anhydrite?) were iden-  All brine inclusions in the samples were analysed
tified. In one sample (5/04) several three-phase inclu- by the ultra microchemical analysis technique (UMCA),
sions, containing brine, gas bubbles and sylvite daughterintroduced byPetrichenko (1973)This method allows
crystals, were observedrifg. 5E). In the same sample  the major ions in brine inclusions to be determined: K,
(5/04) large (up to 20Q.m), single-phase gas inclusions Mg, Caand SQ@ions, except Na and Cl. Although several
were found, which have a cubic shape. After dissolving other techniques have become available for the anal-
in water, insoluble residue such as authigenic anhydrite ysis of individual fluid inclusions in haliteLgzar and
crystals, dolomite and quartz were found. Quartz crystals Holland, 1988; Ayora et al., 1994; Shepherd et al., 1998;
(approximately 1 mm long) have one well-faced pyra- Timofeeff et al., 200)) the UMCA method is the only
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(D) (F)

200 um 80 um

Fig. 5. Photographs of characteristic fluid inclusions in recrystallized halite; (A) Single-phase fluid inclusion of irregular shape; (B) Two-phase
(brine + sylvite daughter crystal, arrowed) inclusion of irregular shape. (C) Small and large gas inclusions along healed fractures, orieated diago

to cleavage face of halite crystals; small inclusions are cubic and big ones are irregular; (D) Two-phase (brine +gas bubble, arrowed) inclusion of
irregular shape; (E) Three-phase (1: brine, 2: gas, 3: sylvite daughter crystal) inclusion. (A—C) Upper Neoproterozoic Salt Range Formadion, Khewr
salt mine, Pakistan; (D—E) Upper Proterozoic Bitter Springs Formation of the Amadeus Basin, Australia. (D) Borehole Ooramina 1, depth 1595.3 m;
(E) Borehole Mount Liebing 1, depth 109.2 m).

technique that allows observation of the behaviour of brines. These features of brine inclusions are very impor-
inclusions &40m), in sedimentary halite, during their  tant for the genetic characterization of inclusion types
opening by a needle under the microscope. This estab-(Kovalevych et al., 2009aRecent comparative studies

lishes the approximate pressure in inclusions (high or of the same samples by UMCA and Cryogenic Scan-
low), and approximate degree of gas concentration in the ning Electron Microscopy and Energy Dispersive Spec-
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troscopy (Cryo-SEM-EDS), showed that the results of
both methods are consistent and equivalknvélevych
et al., 200%. A study on primary fluid inclusions in the
Middle Miocene Badenian of Poland, utilised both these
methods, and gave similar resul@glamay et al., 1997;
Garda-Veigas et al., 1997; Kovalevich and Petrichenko,
1997; Cendn et al., 2004

In the UMCA method, halite is dissolved with a thin
jet of water to within a few tens of micrometers of the
inclusion walls. After the halite crystalis dried, the inclu-
sion is opened. Inclusion fluid is then extracted with
a conical capillary tube (34bm in diameter), and a

reagentis added to determine the solutes within the inclu-

sion fluid (sedPetrychenko and Peryt, 200ér details).
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(Kaluzhnyy et al., 1974 A mass spectrometer MKh-
1303, containing a special electromagnetic vacuum mor-
tar jointed to the spectrometer, made it possible to anal-
yse gas contained in the inclusions. The attached ion
counter SI-01 increased the sensitivity of the method by
two orders of magnitude. The weight of each analysed
sampleisideally 0.5-3.0 g. The absolute error was found
to vary between 0.1 and 3.3%, and the relative error var-
ied between 1.2 and 36.5%dluzhnyy et al., 1974

A determination of bromine values in halite is done
with the sequence fluorescence spectrometer XRF (using
a Philips PW 2400 spectrometer), with calibration curves
based on natural halite standards. The clearest halite
crystals (i.e. devoid of visible admixture of clay material)

The capillary is then sealed and centrifuged. The volume are chosen for analyses. The error of bromine determi-
of precipitate formed during this process is measured and nation is approximately 3%. During sample preparation,
compared to that formed from a standard solution. The 6 g of sample and 1.5g of wax is pressed into a pellet

analytical error of the applied method is 15-23% (for
Mg and K) and 37-43% (for S£and Ca), as differing
density of the precipitates in capillaries is related to the

speed (and temperature) of the reactive-solution, as well

(40 mm in diameter).

5. Results

as the size of the precipitating crystals. To reduce errors, 5.1. Salt Range Formation, Pakistan

a number of analyses of each component in inclusion
brines need to be (and were) carried out; two to three

Measured bromine contents in halite are within a

repeated analyses of the same type (same phase comvery narrow range—from 34 to 79 ppm (s&able J).

position; typically one to three inclusions) significantly
decrease the error to 16—-17®Retrichenko, 19731t is

The maximum value (79 ppm) is in sample 9-P. This
sample contained an admixture of K-Mg minerals. The

impossible to reconstruct the quantitative composition of minimum value (34 ppm, sample 10-P) is in transparent
contemporaneous seawater from inclusions occurring in coarse-grained salt.

recrystallized halite and therefore the object of the study

During opening of inclusions for the analysis, a sharp

is to determine the basic chemical type of brines in each increase in the size of gas bubbles was observed in some

respective formation. The analytical error and number
(repetition) of analyses were thus not critical, and the

inclusions. This clearly indicates the increased pressure
and gas saturation of brines.

content of each element was measured 1-2 times. The With respect to chemical composition, brines of all

minimum quantity of ions needed (in g/L): 0.8 g/L for
K, 1.0 g/L for Mg, 0.9 g/L for Ca, and 0.5 g/L for sulfate
ions (the lower values are semi-quantitative). Generally,
the inclusions >4@Q.m are used for chemical analyses.
The homogenisation temperature of inclusions with

studied inclusions are a Na-K-Mg-Cl-2@SOy-rich)

type (Table 3. In some samples, groups of inclusions
(depending on phase composition) showed considerable
variation with respectto relative ion concentrations. Usu-
ally single-phase inclusions show lower contents of K,

gas phase and/or sylvite daughter crystals is measuredvig and SQ ions compared to three-phase inclusions.

under the microscope in a special thermochamber. For

this purpose, halite plates 1-2 mm thick and approxi-
mately 5mmx 5mm in area, are cut; those plates con-

tained as many inclusions as possible for simultane-

ous homogenisation. Fluid inclusions (20-df), from

For three-phase inclusions (samples 4-P and 9-P),
homogenisation temperatures measured (10 measure-
ments for each sample), show a considerable variation
(from 55 to 100°C).

Gas inclusions in all halite samples showed high-

each ‘salt plate’ are heated in a stepwise fashion until pressure values. During dissolution in water, gas inclu-
homogenisation was reached. Heating runs near thesions in halite crystals exploded with a loud crack. A
homogenisation temperature were performed at the ratesample containing many of these ‘explosive’ inclusions

of 0.2°C/min. The error of determination of homogeni-
sation temperature is approximatelyQ.

The chemical composition of inclusion gases is estab-

was further analysed by a chemical mass-spectrometric

analysis of gasTable 4. The result showed that nitrogen
clearly predominates, with carbon dioxide only repre-

lished with the use of a mass spectrometric method senting a few percent.



Table 3

Chemical composition (in g/l) of inclusion brines in recrystallised halite from the Neoproterozoic marine evaporites; number of analysesté)) Bratkverage chemical composition

Ca

Mg

Inclusion type

Sample

Khewra salt mine of the Salt Range Formation, Pakistan

7.0;8.2;9.7;9.9 (4) 8.7

39.2; 40.3; 41.7; 42.0; 56.6 (5)

44.0

24.2;30.1; 31.4; 34.7 (4) 30.1

6.7:7.5;9.3; 10.7 (4) 8.5

(a) Single-phase (brine)
(b) Three-phase (gas + brine + sylvite)

4-p

25.7; 26.4; 36.0; 36.3; 39.0 (94.1; 77.3; 86.8; 89.2; 108.1 (5) —

32.7

87.1

11.3; 14.8 (2) 13.1

25.0; 31.2; 32.8; 34.4 (4) 30.9

14.1; 16.3 (2) 15.2

Single-phase (brine)

7-P

20.2;26.7;28.5(3) 25.1

82.6; 88.8; 94.0; 100.5 (4) 91.5
100.0; 104.0; 104.4 (3) 102.8

69.9: 71.8: 89.9 (3) 77.2

32.1;32.3; 40.4; 46.2 (4) 37.7
30.0; 33.7; 37.3(3) 33.6
18.7; 21.2; 26.7 (3) 22.2

(a) Single-phase (brine)
(b) Three-phase (gas + brine + sylvite)

59.7; 69.0; 76.2; 76.8 (4) 70.4
17.2;18.4;22.8(3)19.4

Single-phase (brine)

10-P
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The Bitter Springs Formation of the Amadeus Basin, Australia

52.1; 52.7; 57.2 (3) 54.0

(1)128.7

7.6;8.6(2)8.1

(1) 70.7

6.8:8.3(2)7.5

(1)12.7

two-phase (gas + brine)

1/04
5/04

(a) Two-phase (gas + brine)
b) Three-phase (gas + brine + sylvite)

(1) 65.5

(1)17.5

(1) 30.0

Concentrated modern seawater (affxCaffrey et al., 198y

17.6

0.22

12.6

3.92

At the beginning of halite precipitation

115.0

65.9

26.10

At the beginning of magnesium sulphate precipitation

Table 4

Gas composition (in vol.%) in Neoproterozoic salts from the Salt Range
Formation (sample 10-P) and the Bitter Springs Formation (sample
5/04)

Sample N CO Hz

10-P 95.5 3.5 1.0
5/04 88.9 9.7 14

5.2. Bitter Springs Formation

Bromine contents in all samples of halite show a wide
range of values—from 18 to 132 ppm (s&able 2.
There is a clear relationship between bromine content
and petrographic characteristics of the samples. Low
bromine contents were recorded in halite from the very
coarse-grained rock salt, and high bromine contents from
the medium-grained rock salt. The highest value was
found in sample 5/04 (which contains fluid inclusions
with sylvite daughter crystals).

Inside fluid inclusions, elevated gas pressures (and
saturations) were measured. The highest pressure was
observed in inclusions from very coarse-grained halite
(sample 1/04). During the opening of inclusions with a
needle, the brine was “boiled” by a strong gas expulsion.

The chemical composition of brine inclusions (see
Table 3, showed a Na-K-Mg-Ca-Cl (Ca-rich) affinity.
Considerable differences were recorded in ion concen-
trations (and ratios), of inclusions having varying phase
compositions in the sample 5/04. Similar differences
occur between two-phase inclusions in samples 1/04 and
5/04.

Homogenisation temperatures were measured in
three-phase inclusions within halite, and in three-phase
inclusions in authigenic quartz from sample 5/04. Dur-
ing the heating of halite slides with three-phase inclu-
sions (10 measurements), sylvite crystals dissolved (at
60-62°C) and subsequently the gas phase disappeared
(at 108-112C). The homogenisation of inclusions in
authigenic quartz (three measurements) was in the tem-
perature range 140-158Q.

Gas inclusions with high pressure were found in only
one sample. The chemical composition of those inclu-
sions is quite similar to the gas composition in Salt Ridge
Formation salts (cfTable 4.

6. Interpretation and discussion
6.1. Salt Range Formation

The reconstruction of palaeogeographic conditions
for salt accumulation in a large number of Middle Asia
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basins (including the Salt Range Formation), support temporaneous seawater. However, the chemical type of
their marine origin $tcklin, 1986; Horita et al., 2002 inclusion brines (S@rich) without any doubt is inher-
Inthe Salt Range, evaporites characterizing precipitation ited from basin brines. Only salts crystallized froms0
from continental brinesHardie, 1984 are lacking. The rich parent brines have secondary inclusions of the same
Br concentration in halite (34—79 ppm) is lower than the chemical type Kovalevich et al., 1998 whereas salts
values characteristic of halite precipitated from seawater formed from Ca-rich brines, do not have secondary-SO
(65—270 ppm—Holser, 197%. This decrease in concen- rich inclusions.
tration can result from the reworking of older evaporites, The recorded variation of K, Mg and 30ons in
influx of dilute seawater, the mixing of meteoric and sea- inclusion brines clearly record results of brine—rock
water, and from the influence of gypsum-dehydration interaction during various post-depositional stages of
water (cf.Schibder et al., 2008 Taken together, miner-  salt recrystallisation. Comparing our results with data
alogy and bromine geochemistry of evaporites indicate on modern seawater chemistry (Seble 3, it can be
a seawater source for the evaporitic brines. inferred that brines concentrated during the initial and

A lack of zoned sedimentary structures in halite, final stages of halite precipitation are represented. How-
formed by primary fluid inclusions, and the increased ever, inall cases the contentof $i0On was either slightly
pressure, plus the high gas saturation of brines of soli- or considerably lower than its equivalent concentration
tary inclusions, are interpreted to represent completely in modern seawater.
recrystallised rock salt under conditions of increased
temperature, pressure and, evidently, halokinesis. 6.2. Bitter Springs Formation, Australia

The high pressure inside inclusions has made it
impossible to interpret homogenisation temperatures Palaeogeographic reconstruction models of the
(as some inclusions could be dehermetized any time Amadeus Basin indicate a marine genesis of the salts
during the history). By considering experimental data in the Bitter Springs Formation. Conditions suitable for
(Kovalevich, 1978, it is possible to approximate evaporite deposition appear to have occurred after rela-
a homogenisation temperature from inclusions with tive seal level reached its maximum in the lower half of
sylvite daughter crystals. It can be inferred that the stud- the Gillen Member and began to fall again. It was noted
ied salt series was heated to temperaturesinthe 58575 by Lindsay (1987)that eustatic sea-level changes con-
range, and possibly higher. The gas saturation of buried trolled the flow of seawater across the barrier formed by

brines, given relative gas compositions (mostly anhd the peripheral bulge, causing cyclical deposition of evap-
COp; seeTable 4, was due to the decay of dispersed orites. Data on bromine contentin halite of three samples
organic matter. (99-132 ppm) can be regarded as support for its marine

The bromine contents of halite in general are much origin. In one sample of very coarse-grained halite, very
lower (37—79 ppm), than the theoretical content within low Br values (18 ppm) were found, and such coarse
halite of marine origin. First halite crystals, precipitated crystals could possibly have been formed as a result of
from concentrated marine water, contain around 75 ppm multiple recrystallisation events.

Br. Atthe beginning of potassic saltdepositionitscontent ~ Data from inclusion openings indicates complete
increases to 270 ppmVéliashko, 1956; Holser, 1966, recrystallisation of salts occurred in conditions of high
1979. Asinclusions with sylvite daughter crystals occur pressure and high gas saturation brines. There is no
in most studied halite samples it could be suggested thatdoubt that salt recrystallisation occurred in conditions
they precipitated from very concentrated brines, close to of increased temperature, evidenced by a gas phase in
the onset of potassic salt deposition. Therefore, it could fluid inclusions examined.

be expected that the Br content in studied samples was The homogenisation temperature within three-
originally about 200 ppm. The cause of low Br contents phase inclusions in the sample 5/04 (60=62and
could be syndepositional remobilization of salt. Itisalso 108-112C) should be regarded as very approximate
possible that fluid inclusions with high brine concentra- (given presence of high pressure in inclusions). The
tion, and sylvite daughter crystals, do not characterize homogenisation temperature of inclusions in authigenic
the phase of salt deposition but instead infer subsequentquartz from sample 5/04 (140-150) is more reliable
processes of salt recrystallisation and interaction with as the inclusions are hermetic.

burial brines that have elevated K, Mg and/@n con- Brines of all studied inclusions are characterized by
tents. high Ca contents and an absence o S&n important

Our results make itimpossible to reconstruct the ratios variation in ion content was controlled by brine—rock
of those ions, neither in basin brines nor in the con- interaction in burial conditions during salt recrystalli-
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sation (as in salts from Pakistan). Sample 5/04 had the 2005. There is no doubt that this $ich phase lasted

highest concentrations of all ions (K, Mg, Ca) within
inclusion brines, with high bromine contents and sylvite
daughter crystals.

Considering measured data and the lack of-®ch
brines in any inclusion in recrystallised halite of the Bit-
ter Springs Formation we can hypothesise that during

salt deposition, brines (and thus seawater) were Ca-rich.

7. Evolution of chemical composition of seawater
in Late Proterozoic

When attempting to evaluate the composition of sea-
water during the Late Proterozoic, it is important to take
into consideration the presence of Mgg&alts within

for a long time, presumably comparable for the length
of the next, younger phase of @ch seawater that
was spanning the Late Carboniferous to the beginning
of Jurassic Kovalevich et al., 1998 The Neoprotero-
zoic SGy-rich phase was initiated about 650 Ma. It was
probably preceded by a longer phase of Ca-rich sea-
water. This conclusion is supported by data from the
Bitter Springs Formation (about 830-840 Ma). It should
be mentioned that the next, younger phase of Ca-rich
seawater lasted about 230 Ma (from Early Cambrian till
the Late Carboniferous) and the youngest Ca-rich phase
was even shorter (about 175 Ma—from Jurassic till
Palaeogene).

the uppermost Neoproterozoic evaporites from the Salt 8. Conclusions

Range, Hanseran Evaporite Groudpiies, 1970
The presence of sulfate potash salts within marine
evaporites supports the @@ich parent seawater as indi-

Fluid inclusions in samples of recrystallised halite
from the uppermost Neoproterozoic Salt Range Forma-

cated by a clear stratigraphic co-occurrence of sulfate tion in Pakistan were found to contain $@ch brines.

potash salts, and S@ich inclusion brines during the
entire PhanerozoicHardie, 1996; Kovalevich et al.,
1998. The inclusion brines reported in this paper that
reach the level of sylvite saturation level, do not allow

As secondary inclusions of the same chemical type only
occur in salts crystallized from S@ich brines, this
demonstrates the presence of.8@h seawater during
deposition. Samples of recrystallised halite from the con-

for the quantitative estimation of the contemporaneous siderably older Bitter Springs Formation (840-830 Ma)

seawater (segimmermann, 200 for discussion). How-
ever, it is inferred that the chemical type of inclusion
brines in primary marine halite is the same as in par-
ent seawate{ovalevich et al., 1998; Lowenstein et al.,
2001; Horita et al., 2002 In the case of recrystallised
halite the interpretation is still possible, therefore we
conclude that during the deposition of the Salt Range
Formation the seawater was $@ich and during the
deposition of the Bitter Springs Formation it was Ca-
rich.

New data on fluid inclusions allows reconstruction
of seawater type, in two very short time intervals of

in Australia, contain inclusion brines entirely Ca-rich. In
salts formed from Ca-rich brines, secondary inclusions
with SOy-rich brines do not occur. Thus, Ca-rich type
of inclusion brines in the halite from the Bitter Springs
Formation suggests that basin brines and seawater were
Ca-rich. The Ca-rich seawater present during deposition
of the Bitter Springs Formation was replaced by;SO
rich seawater at approximately 650 Ma. It is estimated
that the next change in seawater chemistry took place
at 530 Ma, where seawater changed fromy8ioh to
Ca-rich. The timing of those changes is in agreement
with the duration suggested during the Phanerozoic, and

Late Neoproterozoic history that are separated by a long supported by the timing of aragonite and calcite seas

(almost 300 Ma) time interval from which datais lacking.
Taking into consideration the mineralogy of carbonates
(Hardie, 2003and changes of seawater composition dur-
ing PhanerozoicKovalevich, 1988; Kovalevich et al.,
1998; Lowenstein et al., 2001, 2003; Horita et al., 2002

it is possible to estimate the lengths of time that charac-

terized the Ca-rich and S@ich seawater phases during
the Neoproterozoic.

SOy-rich seawater, recorded by studies of inclusions
in uppermost Neoproterozoic of the Ara Formation in
Oman (owenstein et al., 2001; Horita et al., 200and
in coeval recrystallised halite of the Salt Range Forma-
tion, lasted until Nemakit-Daldynian time, 543—-530 Ma,
when it changed to become Ca-ridPefrychenko et al.,

established byHardie (2003)for the Late Neoprotero-
Zoic.
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