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The Dawenkou Basin in China is a significant Cenozoic evaporite basin containing a diverse range of salt minerals, including
halite, anhydrite, glauberite, polyhalite, and various Na-Mg and K-Mg salts. This study investigates the origins of brines that
contributed to salt formation in the basin, as well as the sedimentary and post-sedimentary mineralization processes,
through fluid inclusion analysis in halite and sulphur-oxygen isotopic studies in anhydrite. Analysis of fluid inclusions in halite
from well XZK 101 revealed both primary and secondary inclusions, with evidence of tectonic activity, recrystallization, and
fluid migration. Brine compositions vary widely, with K*, Mg®, and SOZ concentrations indicating multiple stages of mineral
formation and alteration. The presence of hydrocarbons and algal remnants in inclusions suggests interactions with organic
material during or after salt deposition. Isotopic data (5**S and §'®0) from anhydrite show values suggesting the primary sul-
phate source was leached from Cambrian and Ordovician evaporites in the surrounding Yi-Meng Mountains, rather than
solely from marine sources. The chemical and isotopic composition of the brines does not exclude the influence of marine
transgressions during the Eocene, although the dominant input of sulphate appears to come from continental sources. The
complex interplay between marine influx, tectonic processes, and continental sulphate leaching shaped the unique salt min-
eral assemblage observed in the basin today.
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INTRODUCTION lenging. Sedimentological, micropalaeontological, mineralogi-
cal, and geochemical criteria (Hardie, 1984; Sonnenfeld and
Hardie, 1985; Lowenstein and Hardie, 1985; Babel and Schrei-
ber, 2014) do not always allow for a clear distinction between
the two types.

Salt minerals in evaporite basins can be broadly catego-

One of the principal challenges in the geochemical study of
evaporites is distinguishing between marine evaporites (de-
rived from seawater) and continental evaporites, which origi-

nate from land-derived waters in which the relative proportions
of major ions may or may not differ from those in seawater. A
notable example is the Great Salt Lake in Utah, USA, where
continental brines closely resemble seawater brines (Drever,
1997). Despite several differences, distinguishing ancient ma-
rine evaporites from those of continental origin is often chal-
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rized as either marine or continental, depending on the brine’s
source. However, many minerals are found in both environ-
ments, commonly making such classification ambiguous or
complex. The mineral assemblage of marine evaporites reflects
systematic variations in seawater chemistry throughout the
Phanerozoic, ranging from Na-K-Mg-CI-SO,4 (SO4-rich) to Na-
K-Mg-Ca-Cl (Ca-rich) types (Zimmermann, 2000; Lowenstein
et al., 2001, 2003; Bgbel and Schreiber, 2014).

In SO,-rich seawater, evaporation results in the sequential
precipitation of minerals as the brine becomes increasingly con-
centrated: calcite and gypsum are followed by halite; halite with
epsomite and sylvite; halite with hexahydrite and sylvite; halite
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with hexahydrite and carnallite; and eventually halite with car-
nallite and bischofite (Lowenstein et al., 2003). At elevated tem-
peratures (e.g., 55°C), additional minerals, such as langbeinite,
kieserite, and kainite, may also crystallize (Horita et al., 2002).

During diagenesis, interactions with sedimentary brines al-
ter the primary mineral assemblages. These changes lead to
the formation of new, more stable minerals that are in equilib-
rium with the evolved intercrystalline brines. Processes such as
the dehydration of crystalline hydrates and the transformation
of metastable minerals result in sylvite, langbeinite, kainite,
polyhalite and kieserite becoming dominant rock-forming min-
erals in sulphate-type potash deposits. In Ca-rich seawater, the
crystallization sequence differs and typically includes halite,
sylvite, carnallite, tachyhydrite and bischofite (Valyashko,
1962).

Continental evaporite assemblages are typically more min-
eralogically diverse than their marine counterparts and com-
monly include heterogeneous layers with unique salt composi-
tions (Kovalevich, 1990; Horita et al., 2002). Nevertheless, dis-
tinctions between marine and continental halogenesis can be
subtle. Minerals such as langbeinite, kieserite and carnallite —
commonly associated with marine evaporites — can also form in
continental settings if sufficient K and Mg are leached from the
watershed of an interior basin (Strakhov, 1962; Petrichenko,
1988). The genesis of mineral assemblages containing salts
from advanced stages of brine concentration remains a subject
of active debate in salt geology. Beyond reconstructing
palaeoclimatic and palaeotectonic conditions, this problem re-
quires information on the sources of the salt and the nature and
mechanisms of secondary processes that affect salt-bearing
strata. A key approach involves comparing the chemical com-
position of sedimentary brines with that of seawater from the
corresponding geological period, often through diagrammatic
methods (Stankevich et al., 1991; Horita et al., 2002). Analyses
of primary fluid inclusions in halite (formed prior to potash depo-
sition in marine settings) and in bloedite (characteristic of conti-
nental evaporites) are especially valuable, as ionic ratios in sed-
imentary brines remain stable throughout the halite precipita-
tion stage (Horita et al., 2002; Kovalevych et al., 2009).

Particular emphasis is placed on the study of halite-hosted
fluid inclusions, which serve as critical indicators of evaporite
origin. Primary inclusions form during halite crystallization at the
brine-air interface, on the basin floor, or in mixing zones of
brines with different densities. Secondary inclusions result from
post-sedimentary processes or the refilling of earlier inclusions
(McCaffrey et al., 1987). These inclusions preserve information
on the physicochemical conditions that prevailed during sedi-
mentation or subsequent recrystallization. As such, they pro-
vide some of the most reliable data for determining the origin of
salts in a basin and the characteristics of halogenesis. Numer-
ous studies have demonstrated the high informational value of
these inclusions (Benison and Goldstein, 1999; Zimmermann,
2000; Lowenstein et al., 2001, 2003; Petrychenko et al., 2006;
Kovalevych et al., 2012; Vovnyuk et al., 2017; Galamay et al.,
2020, 2021a).

The Dawenkou Basin, the largest salt-bearing basin in
western Shandong Province, is a Cenozoic terrestrial fault ba-
sin (Wang et al., 2021). It contains beds of rock salt interbedded
with layers of anhydrite and silty dolomite, along with se-
quences containing glauberite, thenardite, aphthitalite, poly-
halite, Na-Mg salt minerals (leonite, vanthoffite, bloedite), and
K-Mg salt minerals (kieserite, langbeinite). This study aims to
identify the sources of brines that fed the Dawenkou Basin and
to examine the characteristics of sedimentary and post-sedi-
mentary mineral formation, utilizing thermobarogeochemical

analysis of fluid inclusions in halite and isotopic data from
anhydrite.

GEOLOGICAL SETTING

The Dawenkou Basin is an evaporite basin located in
Shandong Province. Although it covers only 320 km? and is
small compared to other sedimentary basins in eastern China, it
contains 15 billion tons of gypsum over an area of 135 km?, 1.5
billion tons of halite in an area of 36 km?, 9 million tons of potas-
sium-magnesium salts in an area of 5 km?, and 0.25 billion tons
of native sulphur in an area of 40 km? (Wang et al., 2003). The
Dawenkou Formation exceeds 3000 m in thickness. Several
distinct sedimentary facies are present, including clastic, car-
bonate, sulphate, halite, and potassium-magnesium (Song,
2010). Rock salt members are up to 345 m thick.

The formation is divided into three parts:

— lower part, represented by conglomerates (ranging from
boulder-bearing to sandy) in a greyish-green and purple-red
muddy matrix with a thickness of ~500 m;

— middle part (which is evaporite), with a thickness of 1500 m;

— upper part, represented by marls interbedded with sand-
stones and occasionally with anhydrite, with a thickness of
930 m.

The middle part of the formation is further divided into three
layers: lower anhydrite, middle halite and upper anhydrite
(Song, 2010; Zhu, 2015). The salt mass consists of rock salt de-
posits intercalated with layers of anhydrite and silty dolomite, as
well as layers containing glauberite, thenardite, aphthitalite,
polyhalite, Na-Mg salt minerals (leweite, vanthofite, bloedite),
and K-Mg salt minerals (kieserite, langbeinite). The sources of
salt in the Dawenkou Basin remain a matter of controversy.

The basin is adjacent to the larger Bohai Gulf Basin, which
may have accumulated sediment during marine transgression
into North China during the Cretaceous and Eocene. Therefore,
a marine origin for the Dawenkou evaporites is possible (Fig. 1).
Recent studies of the chemical composition of brine inclusions
in halite from the Jintan Basin, located south of the Dawenkou
Basin, have demonstrated the marine origin of the lower salt
layer (Meng et al., 2020). Meanwhile, marine fossils within the
salt component of the Dawenkou Formation are rare, including
radiolarians (found in the Wenkou Depression), bryozoans, and
foraminifera (found in wells ZK-5 and ZK-14 of the Wenkou De-
pression; Li, 1986; Ren et al., 2000; Wu and Ren, 2004). In the
sandstones of the middle part of the Dawenkou Formation in
well ZK-9, minerals of the glauconite group were discovered
(Zhu, 2015). The location of these wells in the Dawenkou Basin
is shown in Figure 2. However, the issue of marine transgres-
sions during the Cretaceous-Eocene time interval remains hotly
debated, primarily due to the fragmentary and ambiguous inter-
pretation of the micropalaeontological data and the lack of data
on the chemical composition of the sedimentary brines in the
basins.

MATERIALS AND METHODS

The XZK 101 borehole, from which halite and anhydrite
samples for this research were obtained, was drilled in 2018 by
the Geological Survey of Southern Shandong (China) near the
city of Manzhuang in the Wenkou Depression (see Fig. 2). Ha-
lite sample DWK-07 was taken from a depth of 935.3 m (from
the bottom of the lowest rock salt layer). Halite sample DWK-09
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Fig. 1. Location of evaporite basins in China (simplified scheme after Meng et al., 2014)

was taken from a depth of 924.1 m (from the bottom of the sec-
ond rock salt layer). Anhydrite samples were taken from three
anhydrite layers of the salt member to determine the isotopic
composition (Fig. 3).

To analyse fluid inclusions, tens of halite plates (1-5 mm
thick) were prepared by cleaving crystals along natural planes.
Polished sections were examined under a Polam MPSU-1 bin-
ocular microscope, an Optica 293 B optical microscope, and a
LEO 1530 VP scanning electron microscope. The inclusions
were classified based on morphology, size, phase composition,
and position within the crystal. Additionally, fracture networks
and the composition and spatial distribution of solid inclusions
were analysed. Primary fluid inclusions were identified using di-
agnostic criteria, including shape, internal location, phase con-
tent, and presence of gas bubbles.

The determination of the ion content in the inclusion brines
was carried out using the ultramicrochemical (“glass capillary”)
method. This method involves the removal of certain ions from
the brine into the precipitate with appropriate reagents. Fluids
were extracted with glass capillaries (200—250 pm in diameter)
with conical tips (4—9 pum), then analysed via selective ion pre-
cipitation. In a 30-40 um fluid inclusion, only one ion can be de-
termined using this method. Therefore, 3-6 inclusions of the
same type and size are required to characterize the brine’s
chemical composition fully. Due to the high concentration of
ions in most of the brines studied, 2—4 determinations of the
content of individual ions could be conducted in 70-100 um
fluid inclusions. For this, small volumes of brine were collected
into several capillaries, followed by dilution (after measure-
ment) in capillaries containing distilled water. The sequence of
methodological operations of the ultramicrochemical method

has been described in detail (Petrychenko, 1973; Galamay et
al., 2020). The minimum concentrations required for the deter-
mination of K*, Mg®* and SO?"are 0.8, 1.0, and 0.5 g/L, respec-
tively. The analzytical precision varies for each ion: for K*, it is
1-24%; for Mg™" — 1-6%; and SO?" — 2-8% (Galamay et al.,
2020).

To determine the pressure inside fluid inclusions, halite was
dissolved in a 50% aqueous glycerin solution, which allows for
observing the slow process of mineral dissolution. According to
Boyle’s law, the pressure in the inclusion approximately corre-
sponds to the ratio of the gas volume after opening the inclusion
to its initial volume.

The method for analysing sulphur isotopes was modified af-
ter Halas and Szaran (1999). Approximately 15 mg of CaSO,
was mixed with 150 mg of NaPO3; and combusted in the pres-
ence of 150 mg of copper turnings at 750°C for 15 minutes. The
resulting SO, was purified in a vacuum line. The analyses were
conducted at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS), using a Finnigan Delta S gas
source mass spectrometer. Sulphur isotope results are gener-
ally reproducible within +0.3%.. The 80 values were calcu-
lated by normalizing the '®0/'°0 ratio in the sample to the Vi-
enna Standard Mean Ocean Water (VSMOW) value. All ob-
tained values were reproducible to within 0.2%o.

RESULTS

Halite samples from the basin exhibit well-developed chev-
ron (bottom-growth) textures. Chevron halite has been identi-
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Fig. 2. Schematic facies map of evaporites in the Dawenkou Basin

fied in several samples, showing distinct variations in the distri-
bution and size of fluid inclusions.

In the chevrons of sample DWK-09, large (40—150 um) fluid
inclusions are evenly distributed within inclusion-rich sedimen-
tary zones. In contrast, in sample DWK-07, large fluid inclu-
sions are mainly located at a certain distance from the chevron
axis. In some parts of the chevrons, sedimentary zones com-
posed of small (<4 um) inclusions alternate with zones contain-
ing large inclusions (Fig. 4). Single-, two-, and multiphase fluid
inclusions have been identified in halite. The multiphase inclu-
sions in brine may contain several components: gas, algae,
terrigenous material, small anisotropic crystals, and liquid hy-
drocarbons. Fluid inclusions filled with liquid hydrocarbons
have been identified (Fig. 5). The fluid inclusions in halite are
cubic, nearly cubic, or irregular in shape. They occur within the
zones of sedimentary textures, randomly distributed in wa-

ter-clear halite, along the cleavage planes of the mineral, and
along a system of numerous cross-cutting fractures (Fig. 6).

Sample DWK-07 is characterized by the presence of a gas
phase in most inclusions; however, single-phase inclusions are
found along the cleavage planes of the mineral and along frac-
ture planes (Fig. 5). In sample DWK-09, the inclusions do not
contain a gas phase, except in some large inclusions. The pres-
sure within the inclusions ranges from close to one atmosphere
in sedimentary halite to tens of atmospheres in recrystallized
halite.

The range of homogenization temperatures of gas-liquid in-
clusions in samples DWK-09 and DWK-07 is 33.3—45.2°C and
34.0-63.4°C, respectively (Table 1).

The chemical composition of the brines of primary and sec-
ondary inclusions is shown in Table 2.
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Values of §*S of the Wenkou Depression anhydrite range
from +10.9 to +35.7%0 (CDT), and values of §'°0 of the
anhydrite range from +14.7 to +19.4%. (VSMOW) (Table 3).

INTERPRETATION AND DISCUSSION

HOMOGENIZATION TEMPERATURE OF GAS-LIQUID
INCLUSIONS IN SEDIMENTARY HALITE

Single-phase fluid inclusions observed in halite at room
temperature indicate crystal growth at temperatures <34—-45°C
(Kovalevich, 1978; Galamay et al., 2023). Such inclusions are
characteristic of both modern salt lakes and many ancient
evaporite sequences (Roberts and Spencer, 1995; Galamay et
al., 2021a). A gas phase within these inclusions can be induced
by cooling halite to —1 to —30°C.

Thermometric studies typically consider only the maximum
homogenization temperatures within each growth zone (Acros
and Ayora, 1997; Lowenstein et al., 1998). In halite crystallized
from brines at temperatures >42—45°C, inclusions are gas-lig-
uid at room temperature (Kovalevich, 1978; Galamay et al.,

< DWK-46

N DWK-31

| ¥ DWK-09
<

2023). Experimental data show that homogeniza-
tion occurs at temperatures lower than crystalliza-
tion, with AT increasing at higher crystallization
temperatures (Fig. 8).

Accordingly, the crystallization temperature of
DWK-09 halite is estimated at ~45°C, whereas that
of WK-07 is ~64°C. The limited presence of a gas
phase in inclusions from DWK-09 reflects its rela-
tively low crystallization temperature, a feature also
observed in halite from the Tuz Géli Basin (Gala-
may et al., 2023).

INFLUENCE OF TECTONIC AND P-T FACTORS
ON SALT DEPOSITS

Due to the overprinting of sedimentary chevron
textures by numerous multidirectional fractures, it
is often impossible to visually distinguish different
genetic types of inclusion when they exhibit compa-
rable phase ratios as well as similar shapes and
sizes. Some cracks remain open, whereas others
are sealed; therefore, the chemical composition of
the inclusions represents the only reliable criterion
for their differentiation (Fig. 9). These fracture sys-
tems formed in response to tectonic activity and
acted as pathways for fluid migration (including hy-
drocarbons) into halite crystals, during which the in-
tersected inclusions underwent modifications of
their original chemical composition. A characteris-
tic feature of primary inclusions within each growth
zone of sedimentary halite is their uniform ionic
composition (Galamay et al., 2020). At later stages,
halite recrystallization proceeded under elevated
pressures, several tens of times higher than atmo-
spheric pressure.

The combined influence of tectonic and P-T
factors on salt deposits is also reflected in the mi-
gration traces of large fluid inclusions, as well as in
the fragmentation of solid anhydrite inclusions
within halite (Fig. 10).

DWK-32

DWK-07

CHEMICAL COMPOSITION
OF FLUID INCLUSIONS

The contents of K*, Mg®*, and SO?" in the brines range be-
tween 27.6-32.9 g/L, 32.7-41.5 g/L, and 30.7-66.6 g/L, re-
spectively. The chemical composition of post-sedimentary
brines (non-primary inclusions in Table 2) is characterized by
large differences in the concentrations of the main ions, indicat-
ing a repeated process of recrystallization of the deposits.
Within the salt stratum, post-depositional brines of the following
compositions circulated:

— with a sharply increased (relative to evaporite brine) content
of K*, Mg, and SO};
- W|tr21 an increased content of K" and Mg alongside reduced

SO;;

— with a reduced content of K* and increased contents of Mg?*
and SO7';
— with a significantly reduced concentration of K, Mg and

SO?-ions.

In the composition of brines of individual inclusions, the
Mg?* content is exceptionally high (see Table 2).

The brines of inclusions in which a liquid hydrocarbon phase
has been identified differ in ionic ratios from the brines of pri-
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Fig. 4. Chevron textures in sample DWK-07

A — large fluid inclusions are mainly located at a certain distance from the axis of the sedimentary structure;
B — zones composed of small inclusions alternate with zones containing large inclusions

Fig. 5. Liquid hydrocarbons in secondary fluid inclusions in halite, sample DWK-07

A — yellow colorued; B — brown-colorued

Fig. 6. Cracks in the halite of sample DWK-07

A — multidirectional cracks in the sedimentary texture; B — cracks along the perimeter of the crystal and recrystallized halite
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Table 1
Homogenization temperatures of gas-liquid inclusions
in halite of the Wenkou Depression
Sample Homogenization Otgr]'nperature (Thom) Ma)égw#‘grg?mg%$:zitlon

[°C]

DWK-09 33.3, 35.3,39.3,40.4,40.4, 44.1, 44.8, 45.2 45.2

DWK-07 | 34.0,38.7,47.1,51.2,56.3, 57.5, 58.9, 63.1, 63.4 63.4
Table 2

Chemical composition of fluid inclusion solutions in halite of the Wenkou Depression of the Dawenkou Basin

Content, g/L

Inclusion )
No size (average value in brackets) Characteristics of the fluid inclusions
(um] K* Mg | S0*
Sample DWK-09, depth 924.1 m
1 100 —* - 120.0, 118.1 (119.1) single-phase liquid inclusion
2 120 56.2 80.5 124.6 ditto
3 80** 33.6, 27.4, 31.2 (30.5) 40.0 - ditto
4 125** 25.6 - 58.4, 59.1 (58.8) two-phase (brine + spherical algal cells; Fig. 7)
5 130** 241 42.5 68.3, 79.2 (73.8) ditto
6 105** - 38.2 71.0 ditto
7 70** - - 61.3, 59.4 (60.4) single-phase liquid inclusion
8 120** 30.1 45.3 67.3,70.9 (69.1) two-phase (brine + small xenogenic crystals)
9 100 - 21.0, 16.0 (18.5) 2.5 two-phase (brine+gas) fluid inclusion
10 70 - 106.0 - single-phase liquid inclusion
11 80 - 107.8, 104.1 (106.0) - ditto
12| 175 52.1 55.7,58.3 (57.0) | 31.4,35.2(33.3) fluid inclusion Wg;‘d’%“c'gpggﬁs'°b“'es of liquid
Sample DWK-07, depth 935.3 m
13 220 _ 45.1, 43.6 (44.4) _ multiphase (brine+giansC+Iszgri1§rl1l xenogenic crystals)
14 110** 32.8, 34.6 (33.7) 30.3 25.6, 30.1 (27.9) two-phase (brine+gas) fluid inclusion
15 125** 32.1 35.1 32.8, 34.2 (33.5) ditto
16 200 24.1,26.0 (25.1) 74.8 125.3, 116.2 (120.8) multiphase (brine+gas+liquid hydrocarbons+small

xenogenic crystals) fluid inclusion

* — not measured,

** — primary fluid inclusions

30 um

Fig. 7. Primary fluid inclusions in the DWK-09 sample used for chemical analysis of brines

A — general view of the chevron texture; B — fragment of the lower right part of the crystal shown in Figure 7A,
where large inclusions containing spherical algal cells occur
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Table 3

Sulphur isotopic composition of anhydrite
from the salt-bearing stratum of the Wenkou Depression

Sample | Lithology | Depth [m] |  §%*S [%0] 8"80 [%o]
DWK-31 anhydrite 820.0 29.4 19.4
DWK-32 —/- 816.8 28.9 16.5
DWK-46 —/- 770.7 35.7 17.9
DWK-56 —l/— 743.06 10.9 14.7
TC .
0d " 100

experimental line (Th < Teryst)

80

i 7
60 - \

| theoretical line (Th = Teryst)
40 A

Tcryst C
T Ll T T T T T T T T
0 20 40 60 80 100

Fig. 8. Graph showing the relationship between the homogeni-
zation temperature (Th) of fluid inclusions in synthetic halite
crystals and the crystallization temperature (Tcs:) (Kovalevich,
1978)

Fig. 9. Fractures in halite (parallel lines) intersect primary (?)
fluid inclusions, sample DWK-07

mary inclusions, particularly from those primary inclusions that
contain algal cells (see Table 2). This observation is important
because similar phenomena in fluid inclusions in halite are in-
terpreted either exclusively as oil or as algal cells (Benison,

2019; Galamay et al., 2021b; Gibson and Benison, 2023). Vi-
sual differentiation of hydrocarbon phases from algal cells is dif-
ficult because the sizes of hydrocarbon droplets and algal cells
are commonly similar, and both lack internal structural organi-
zation (Fig. 11).

SALT MINERALOGENESIS

Of the salt minerals, in addition to halite, those found in the
Dawenkou Basin include the following: glauberite, thenardite,
polyhalite, loewite, vanthoffite, picrimerite, kieserite, aphthitalit
and langbeinite.

Considering the mineral composition of the salts of the
Dawenkou Basin and the data on the chemical composition of
fluid inclusions in the halite, the brines of the basin can be char-
acterized as Na-Mg-K-CI-SO, brines of the sulphate-magne-
sium subtype of continental or continental-marine halogenation
(Stankevich et al., 1991). Sedimentation of potassium-magne-
sium salts did not take place in the area investigated. For
epsomite to precipitate, the Mg®* concentration in brines must
exceed 73 g/L, and the SO?" content must be over 90 g/L; for
sylvite to precipitate, the K* content must exceed 33 g/L
(Valyashko, 1962; McCaffrey et al., 1987). As a result of the in-
flow of Ca(HCO3),-enriched waters into the basin, the precipita-
tion of either gypsum or glauberite occurred, depending on the
Cal/Na ratio of the basin’s sedimentary brines. In the lithological
column of the area studied, anhydrite and glauberite are found
at different depths, indicating fluctuations in the Ca/Na ratio of
the sedimentary brines. Evidently, the more than twofold de-
crease in SO content in sample DWK-7 (compared to its con-
centration in sample DWK-9) is primarily related to the precipi-
tation of calcium sulphate, crystals of which are present in the
halite studied. The precipitation processes of gypsum and glau-
berite are characteristic of salt-forming basins (Galamay et al.,
2023).

In the lithological column of the area studied, the evaporite
minerals identified include halite, anhydrite, mirabilite and glau-
berite. However, the sedimentary brines in this zone are char-
acterized by elevated concentrations of K*, Mg?* and SOZ", typi-
cal of the final stages of halite precipitation. This suggests that,
in addition to halite and sodium/calcium sulphates (mirabilite,
glauberite, and gypsum), magnesium sulphates (e.g., hexa-
hydrite) and potassium chlorides (e.g., sylvite) may have pre-
cipitated in adjacent areas of the basin where sedimentation
conditions were favourable for their formation. Gypsum precipi-
tated under bottom conditions of the basin, where brines had
reached the stage of sylvite precipitation, was transformed into
polyhalite (Petrichenko, 1988).

The distribution of data points representing the chemical
composition of certain post-sedimentary brines (with fully deter-
mined ionic compositions in individual large inclusions) indi-
cates that their chemistry is both inherited from sedimentary
brines and significantly modified by post-sedimentary pro-
cesses (Fig. 12). Brines with anomalously high magnesium
contents (up to 106 g/L), identified in inclusions, are likely resid-
ual brines (reaction products) formed during the transformation
of unstable sedimentary hexahydrite and sylvite into langbeinite
(Khodkova, 1968). These brines migrated into lower-pressure
zones and left the potassium-bearing layers of areas adjacent
to the site studied via fracture systems. The formation of lang-
beinite and kieserite in the basin was promoted by elevated
temperatures and high pressures during the post-sedimentary
stage of deposit evolution.
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Fig. 10. The effect of post-sedimentation factors on salt-bearing deposits

A — movement of a large inclusion due to the action of a thermal gradient, DWK-09 sample; B — elongate anhydrite solid
inclusions in halite, showing fracturing caused by brittle deformation, sample DWK-07

9] A"
7 P
() 3 \° ’ o
-
e 150 um

, ¥ 4 ~
150 um " (,

Fig. 11. Small spherical structures in fluid inclusions in halite

A —liquid hydrocarbons ranging from 3 to 35 um in size, brown in numerous inclusions along a healed fracture, sample DWK-07;
B — brown spherical structures measuring 3—12 um in size (liquid hydrocarbons or algal cells?) in the sedimentary halite zone,
sample DWK-09; C, D — algal cells measuring 2—-20 um in size, brown and light yellow (the larger ones are elliptical and more in-
tensely coloured) in a large refilled inclusion within the sedimentary halite texture, sample DWK-09
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Mg

Bischofite
Kieserite
Hexahydrite

value of this indicator ranges from +10.9 to +22.4%o
(Yaoetal., 2019). In Paleocene sulphates of marine
origin of the Tarim Basin, western China, §*S is
+16.5—+17.9%0 (Xu et al., 2020).

2. The minimum values of 3'®0 (+10%o) are re-
corded in Permian anhydrite, while the maximum
values (+17%o) are found in Devonian and Carbonif-
erous strata. In Cambrian and Paleogene/Neogene
anhydrite, this indicator ranged from +10.7 to
+15.7%0 and from +10.8 to +14.1%o, respectively
(Claypool et al., 1980).

3. The isotopic composition of dissolved sul-
phate in the modern Yellow River in North China is
as follows: 8**S(S0O4) ranges from +7.9 to +12.5%o,
and §'®0(S0,) ranges from +4.8 to +8.4%o (Zhang
et al.,, 2013).

The 8*S and §'®0 values of Eocene marine
anhydrite (+10.9 to +22.4%0 and +10.8 to +14.1%o,
respectively) only partially fall within the range of
these parameters for anhydrite in the basin studied

sedimentary brines

concentrations compared to sedimentary brines

@
® post-sedimentary brine with decreased K* and elevated Mg?* and SO%
@

post-sedimentary brine with increased K* and Mg**and decreased SO

concentrations compared to sedimentary brines

¢ post-sedimentary brine with significantly elevated concentrations

of K*, Mg?* and SO% compared to sedimentary brines

Fig. 12. Brine compositions of fluid inclusions in sedimentary halite of the
Dawenkou Basin on a Janecke diagram (reference) of the Na-K-Mg-SO,-
CI-H,0 system (Eugster et al., 1980, relative to Eocene evaporite brine (Eoc)
under conditions just before halite deposition (Ayora et al., 1994)

Considering the presence of halite in the lithological column
of the XZK 101 well and according to the data obtained on the
chemical composition of the brines of the inclusions in the ha-
lite, the boundaries of both the halite and potash facies on the
existing facies maps (see Fig. 2) should be revised.

SOURCES OF SALTS

Micropalaeontological and sedimentological data from pre-
vious studies (Li, 1986; Ren et al., 2000; Wu and Ren, 2004;
Zhu et al., 2015), along with our data on the chemical composi-
tion of sedimentary brines, do not exclude the influence of ma-
rine transgressions on salt formation in the Dawenkou Basin. In
typical Eocene marine brines with a K* content of 16.4 g/L, the
Mg*" content is 36.3 g/L, and SO? is 12.5 g/L (Ayora et al.,
1994). The brines. studied differ from marine ones in having a
slightly lower Mg2+ content and a significantly higher SO?™ con-
tent. Therefore, the brine composition points are below Eocene
seawater’s composition point on the K-Mg-SO, ternary diagram
(Fig. 12).

The analysis of 8*S and §'®0 of anhydrite from Phanero-
zoic marine strata, alongside the isotopic composition of dis-
solved sulphate from modern river waters of the study area, re-
veals the following:

1. In Cambrian anhydrite, §*S is highest, reaching +35.5%o,
while in the Permian it decreases to 8.4%. (Claypool et al.,
1980; Galamay et al., 2016). In Eocene marine evaporites, the

(+10.9 to +35.7%0 and +14.7 to +19.4%., respec-
tively). The characteristic values of the anhydrite
isotope composition parameters described above
are shown in Figure 13.

Based on the results of the isotopic and thermo-
barogeochemical study, the main source of sul-
phate in the basin was Cambrian (gypsum and ha-
lite) and Ordovician (gypsum) salt-bearing deposits,
which were eroded by surface waters. These an-
cient evaporites are abundant in the surrounding
area of the Yi-Meng Mountains (Liu et al., 2003;
Xiao et al., 2010).

This leaching process did not cause sulphur iso-
tope fractionation; however, the §**S value of the
solvent water was significantly influenced by the
3S of the rocks and minerals being leached. Thus,
the increase in the §**S of basin anhydrite of up to
+35.7%o resulted from the redeposition of Cambrian
sulphate rocks. When mixed with lighter marine or
river water sulphate, the leached sulphate exhibited an isotopi-
cally heavier sulphur composition that was intermediate com-
pared to that of seawater or river water.

The isotopic analysis described, of sulphates and the chem-
ical composition data of sedimentary brine, do not exclude the

50 [%o]

Dawenkou Basin i
Cambrian e—
Ordovician
Paleocene m=m
Eocene T e——
Yellow River

1 1 1 1
7 1 26 35

5%S [%o]

m—5"°0 [%] —5™'S [%o]

Fig. 13. The sulphur and oxygen isotopic composition of anhy-
drite from the Dawenkou Basin by comparison with the corre-
sponding values for the Cambrian (Claypool et al., 1980),
Ordovician (Claypool et al., 1980), Paleocene (Xu et al., 2020),
Eocene (Yao et al., 2019), and Yellow River water (Zhang et al.,
2013)
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possibility of marine transgressions influencing halogenesis in
the basin. Positioning the chemical composition points of pri-
mary fluid inclusions in halite, located below the Eos point in
Figure 12, is primarily due to the influx of a significant amount of
sulphate ions into the basin from the leaching of gypsum on
land.

CONCLUSIONS

Study of primary and secondary inclusions in halite from the
Dawenkou Basin made it possible to determine the genesis of
the basin brines and specific features of mineral formation:

1. The chemical composition of sedimentary brines reveals
concentrations of potassium, magnesium, and sulphate rang-
ing from 27.6 t0 32.9 g/L, 32.7 to 41.5 g/L, and 30.7 to 66.6 g/L,
respectively.

2. The chemical composition of the post-sedimentary brine
exhibits wide variations in the concentrations of major ions, indi-
cating repeated recrystallization processes of the deposits.
Within the salt-bearing strata, the following types of brine com-
positions were identified:

— with significantly elevated concentrations of K, Mg2+ and

SO?” compared to sedimentary brines;

— with increased concentrations of K* and Mg®* and de-
creased SO ;

— with decreased K* and elevated Mg®* and SO?* concentra-
tions;

— with significantly reduced concentrations of all major ions.

3. Potassium-magnesium salts did not crystallize in the area
of the basin studied. Although the brine reached the stage of
sylvite precipitation, the inflow of calcium-rich continental wa-
ters promoted gypsum dissolution, followed by the transforma-
tion of gypsum into polyhalite under bottom conditions.

4. Recrystallization of halite occurred under elevated pres-
sure, which exceeded atmospheric pressure by several tens of
times. Brines with anomalously high magnesium contents are
interpreted as residual brines (reaction products) resulting from
the formation of langbeinite through the transformation of un-
stable sedimentary hexahydrite and sylvite. These brines likely
migrated from the potash-bearing layers of adjacent parts of the
basin toward the studied area (a zone of lower pressure)
through fracture systems.

5. The data obtained on the chemical composition of sedi-
mentary brines and the §**S and §'0 values of anhydrite do not
rule out the influence of marine transgressions on halogenesis
in the basin studied. However, the main source of sulphate in its
brines was the gypsum of the surrounding land.
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