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The Dawenkou Ba sin in China is a sig nif i cant Ce no zoic evaporite ba sin con tain ing a di verse range of salt min er als, in clud ing
ha lite, anhydrite, glau ber ite, polyhalite, and var i ous Na-Mg and K-Mg salts. This study in ves ti gates the or i gins of brines that
con trib uted to salt for ma tion in the ba sin, as well as the sed i men tary and post-sed i men tary min er al iza tion pro cesses,
through fluid in clu sion anal y sis in ha lite and sul phur-ox y gen iso to pic stud ies in anhydrite. Anal y sis of fluid in clu sions in ha lite
from well XZK 101 re vealed both pri mary and sec ond ary in clu sions, with ev i dence of tec tonic ac tiv ity, recrystallization, and
fluid mi gra tion. Brine com po si tions vary widely, with K+, Mg+, and SO4

2-  con cen tra tions in di cat ing mul ti ple stages of min eral
for ma tion and al ter ation. The pres ence of hy dro car bons and al gal rem nants in in clu sions sug gests in ter ac tions with or ganic
ma te rial dur ing or af ter salt de po si tion. Iso to pic data (d34S and d18O) from anhydrite show val ues sug gest ing the pri mary sul -
phate source was leached from Cam brian and Or do vi cian evaporites in the sur round ing Yi-Meng Moun tains, rather than
solely from ma rine sources. The chem i cal and iso to pic com po si tion of the brines does not ex clude the in flu ence of ma rine
trans gres sions dur ing the Eocene, al though the dom i nant in put of sul phate ap pears to come from con ti nen tal sources. The
com plex in ter play be tween ma rine in flux, tec tonic pro cesses, and con ti nen tal sul phate leach ing shaped the unique salt min -
eral as sem blage ob served in the ba sin to day.
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INTRODUCTION

One of the prin ci pal chal lenges in the geo chem i cal study of
evaporites is dis tin guish ing be tween ma rine evaporites (de -
rived from sea wa ter) and con ti nen tal evaporites, which orig i -
nate from land-de rived wa ters in which the rel a tive pro por tions
of ma jor ions may or may not dif fer from those in sea wa ter. A
no ta ble ex am ple is the Great Salt Lake in Utah, USA, where
con ti nen tal brines closely re sem ble sea wa ter brines (Drever,
1997). De spite sev eral dif fer ences, dis tin guish ing an cient ma -
rine evaporites from those of con ti nen tal or i gin is of ten chal -

leng ing. Sedimentological, micropalaeontological, min er al og i -
cal, and geo chem i cal cri te ria (Hardie, 1984; Sonnenfeld and
Hardie, 1985; Lowenstein and Hardie, 1985; B¹bel and Schrei -
ber, 2014) do not al ways al low for a clear dis tinc tion be tween
the two types.

Salt min er als in evaporite bas ins can be broadly cat e go -
rized as ei ther ma rine or con ti nen tal, de pend ing on the brine’s
source. How ever, many min er als are found in both en vi ron -
ments, com monly mak ing such clas si fi ca tion am big u ous or
com plex. The min eral as sem blage of ma rine evaporites re flects 
sys tem atic vari a tions in sea wa ter chem is try through out the
Phanerozoic, rang ing from Na-K-Mg-Cl-SO4 (SO4-rich) to Na-
 K- Mg-Ca-Cl (Ca-rich) types (Zim mer mann, 2000; Lowenstein
et al., 2001, 2003; B¹bel and Schreiber, 2014).

In SO4-rich sea wa ter, evap o ra tion re sults in the se quen tial
pre cip i ta tion of min er als as the brine be comes in creas ingly con -
cen trated: cal cite and gyp sum are fol lowed by ha lite; ha lite with
epsomite and sylvite; ha lite with hexahydrite and sylvite; ha lite
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with hexahydrite and car nal lite; and even tu ally ha lite with car -
nal lite and bischofite (Lowenstein et al., 2003). At el e vated tem -
per a tures (e.g., 55°C), ad di tional min er als, such as langbeinite,
kieserite, and kainite, may also crys tal lize (Horita et al., 2002).

Dur ing diagenesis, in ter ac tions with sed i men tary brines al -
ter the pri mary min eral as sem blages. These changes lead to
the for ma tion of new, more sta ble min er als that are in equi lib -
rium with the evolved intercrystalline brines. Pro cesses such as 
the de hy dra tion of crys tal line hy drates and the trans for ma tion
of metastable min er als re sult in sylvite, langbeinite, kainite,
polyhalite and kieserite be com ing dom i nant rock-form ing min -
er als in sul phate-type pot ash de pos its. In Ca-rich sea wa ter, the
crys tal li za tion se quence dif fers and typ i cally in cludes ha lite,
sylvite, car nal lite, tachyhydrite and bischofite (Valyashko,
1962).

Con ti nen tal evaporite as sem blages are typ i cally more min -
er al og i cally di verse than their ma rine coun ter parts and com -
monly in clude het er o ge neous lay ers with unique salt com po si -
tions (Kovalevich, 1990; Horita et al., 2002). Nev er the less, dis -
tinc tions be tween ma rine and con ti nen tal halogenesis can be
sub tle. Min er als such as langbeinite, kieserite and car nal lite –
com monly as so ci ated with ma rine evap o rites – can also form in 
con ti nen tal set tings if suf fi cient K and Mg are leached from the
wa ter shed of an in te rior ba sin (Strakhov, 1962; Petrichen ko,
1988). The gen e sis of min eral as sem blages con tain ing salts
from ad vanced stages of brine con cen tra tion re mains a sub ject
of ac tive de bate in salt ge ol ogy. Be yond re con struct ing
palaeoclimatic and palaeotectonic con di tions, this prob lem re -
quires in for ma tion on the sources of the salt and the na ture and
mech a nisms of sec ond ary pro cesses that af fect salt-bear ing
strata. A key ap proach in volves com par ing the chem i cal com -
po si tion of sed i men tary brines with that of sea wa ter from the
cor re spond ing geo log i cal pe riod, of ten through di a gram matic
meth ods (Stankevich et al., 1991; Horita et al., 2002). Anal y ses
of pri mary fluid in clu sions in ha lite (formed prior to pot ash de po -
si tion in ma rine set tings) and in bloedite (char ac ter is tic of con ti -
nen tal evaporites) are es pe cially valu able, as ionic ra tios in sed -
i men tary brines re main sta ble through out the ha lite pre cip i ta -
tion stage (Horita et al., 2002; Kovalevych et al., 2009).

Par tic u lar em pha sis is placed on the study of ha lite-hosted
fluid in clu sions, which serve as crit i cal in di ca tors of evaporite
or i gin. Pri mary in clu sions form dur ing ha lite crys tal li za tion at the 
brine-air in ter face, on the ba sin floor, or in mix ing zones of
brines with dif fer ent den si ties. Sec ond ary in clu sions re sult from
post-sed i men tary pro cesses or the re fill ing of ear lier in clu sions
(McCaffrey et al., 1987). These in clu sions pre serve in for ma tion
on the physicochemical con di tions that pre vailed dur ing sed i -
men ta tion or sub se quent recrystallization. As such, they pro -
vide some of the most re li able data for de ter min ing the or i gin of
salts in a ba sin and the char ac ter is tics of halogenesis. Nu mer -
ous stud ies have dem on strated the high in for ma tional value of
these in clu sions (Ben i son and Goldstein, 1999; Zim mer mann,
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 Ba sin, the larg est salt-bear ing ba sin in
west ern Shandong Prov ince, is a Ce no zoic ter res trial fault ba -
sin (Wang et al., 2021). It con tains beds of rock salt inter bedded 
with lay ers of anhydrite and silty do lo mite, along with se -
quences con tain ing glau ber ite, thenardite, aphthitalite, poly -
halite, Na-Mg salt min er als (leonite, vanthoffite, bloedite), and
K-Mg salt min er als (kieserite, langbeinite). This study aims to
iden tify the sources of brines that fed the Dawenkou Ba sin and
to ex am ine the char ac ter is tics of sed i men tary and post-sed i -
men tary min eral for ma tion, uti liz ing thermobarogeochemical

anal y sis of fluid in clu sions in ha lite and iso to pic data from
anhydrite.

GEOLOGICAL SETTING 

The Dawenkou Ba sin is an evaporite ba sin lo cated in
Shandong Prov ince. Al though it cov ers only 320 km2 and is
small com pared to other sed i men tary bas ins in east ern China, it 
con tains 15 bil lion tons of gyp sum over an area of 135 km2, 1.5
bil lion tons of ha lite in an area of 36 km2, 9 mil lion tons of po tas -
sium-mag ne sium salts in an area of 5 km2, and 0.25 bil lion tons
of na tive sul phur in an area of 40 km2 (Wang et al., 2003). The
Dawenkou For ma tion ex ceeds 3000 m in thick ness. Sev eral
dis tinct sed i men tary fa cies are pres ent, in clud ing clastic, car -
bon ate, sul phate, ha lite, and po tas sium-mag ne sium (Song,
2010). Rock salt mem bers are up to 345 m thick.

The for ma tion is di vided into three parts: 
– lower part, rep re sented by con glom er ates (rang ing from

boul der-bear ing to sandy) in a grey ish-green and pur ple-red 
muddy ma trix with a thick ness of ~500 m; 

– mid dle part (which is evaporite), with a thick ness of 1500 m; 
– up per part, rep re sented by marls interbedded with sand -

stones and oc ca sion ally with anhydrite, with a thick ness of
930 m. 
The mid dle part of the for ma tion is fur ther di vided into three

lay ers: lower anhydrite, mid dle ha lite  and up per anhydrite
(Song, 2010; Zhu, 2015). The salt mass con sists of rock salt de -
pos its in ter ca lated with lay ers of anhydrite and silty do lo mite, as
well as lay ers con tain ing glau ber ite, thenardite, aphthitalite,
polyhalite, Na-Mg salt min er als (leweite, vanthofite, bloedite),
and K-Mg salt min er als (kieserite, langbeinite). The sources of
salt in the Dawenkou Ba sin re main a mat ter of con tro versy.

The ba sin is ad ja cent to the larger Bohai Gulf Ba sin, which
may have ac cu mu lated sed i ment dur ing ma rine trans gres sion
into North China dur ing the Cre ta ceous and Eocene. There fore, 
a ma rine or i gin for the Dawenkou evaporites is pos si ble (Fig. 1). 
Re cent stud ies of the chem i cal com po si tion of brine in clu sions
in ha lite from the Jintan Ba sin, lo cated south of the Dawenkou
Ba sin, have dem on strated the ma rine or i gin of the lower salt
layer (Meng et al., 2020). Mean while, ma rine fos sils within the
salt com po nent of the Dawenkou For ma tion are rare, in clud ing
radio lar ians (found in the Wenkou De pres sion), bryo zoans, and 
foraminifera (found in wells ZK-5 and ZK-14 of the Wenkou De -
pres sion; Li, 1986; Ren et al., 2000; Wu and Ren, 2004). In the
sand stones of the mid dle part of the Dawenkou For ma tion in
well ZK-9, min er als of the glauconite group were dis cov ered
(Zhu, 2015). The lo ca tion of these wells in the Dawenkou Ba sin
is shown in Fig ure 2. How ever, the is sue of ma rine trans gres -
sions dur ing the Cre ta ceous-Eocene time in ter val re mains hotly 
de bated, pri mar ily due to the frag men tary and am big u ous in ter -
pre ta tion of the micropalaeontological data and the lack of data
on the chem i cal com po si tion of the sed i men tary brines in the
bas ins.

MATERIALS AND METHODS 

The XZK 101 bore hole, from which ha lite and anhydrite
sam ples for this re search were ob tained, was drilled in 2018 by
the Geo log i cal Sur vey of South ern Shandong (China) near the
city of Manzhuang in the Wenkou De pres sion (see Fig. 2). Ha -
lite sam ple DWK-07 was taken from a depth of 935.3 m (from
the bot tom of the low est rock salt layer). Ha lite sam ple DWK-09
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was taken from a depth of 924.1 m (from the bot tom of the sec -
ond rock salt layer). Anhydrite sam ples were taken from three
anhydrite lay ers of the salt mem ber to de ter mine the iso to pic
com po si tion (Fig. 3).

To ana lyse fluid in clu sions, tens of ha lite plates (1–5 mm
thick) were pre pared by cleav ing crys tals along nat u ral planes.
Pol ished sec tions were ex am ined un der a Polam MPSU-1 bin -
oc u lar mi cro scope, an Optica 293 B op ti cal mi cro scope, and a
LEO 1530 VP scan ning elec tron mi cro scope. The in clu sions
were clas si fied based on mor phol ogy, size, phase com po si tion, 
and po si tion within the crys tal. Ad di tion ally, frac ture net works
and the com po si tion and spa tial dis tri bu tion of solid in clu sions
were ana lysed. Pri mary fluid in clu sions were iden ti fied us ing di -
ag nos tic cri te ria, in clud ing shape, in ter nal lo ca tion, phase con -
tent, and pres ence of gas bub bles. 

The de ter mi na tion of the ion con tent in the in clu sion brines
was car ried out us ing the ultramicrochemical (“glass cap il lary”)
method. This method in volves the re moval of cer tain ions from
the brine into the pre cip i tate  with ap pro pri ate re agents. Flu ids
were ex tracted with glass cap il lar ies (200–250 µm in di am e ter)
with con i cal tips (4–9 µm), then ana lysed via se lec tive ion pre -
cip i ta tion. In a 30–40 µm fluid in clu sion, only one ion can be de -
ter mined us ing this method. There fore, 3–6 in clu sions of the
same type and size are re quired to char ac ter ize the brine’s
chem i cal com po si tion fully. Due to the high con cen tra tion of
ions in most of the brines stud ied, 2–4 de ter mi na tions of the
con tent of in di vid ual ions could be con ducted in 70–100 µm
fluid in clu sions. For this, small vol umes of brine were col lected
into sev eral cap il lar ies, fol lowed by di lu tion (af ter mea sure -
ment) in cap il lar ies con tain ing dis tilled wa ter. The se quence of
meth od olog i cal op er a tions of the ultramicrochemical method

has been de scribed in de tail (Petrychenko, 1973; Galamay et
al., 2020). The min i mum con cen tra tions re quired for the de ter -
mi na tion of K+, Mg2+ and SO4

2 -are 0.8, 1.0, and 0.5 g/L, re spec -
tively. The an a lyt i cal pre ci sion var ies for each ion: for K+, it is
1–24%; for Mg2+ – 1–6%; and SO4

2 - – 2–8% (Galamay et al.,
2020).

To de ter mine the pres sure in side fluid in clu sions, ha lite was
dis solved in a 50% aque ous glyc erin so lu tion, which al lows for
ob serv ing the slow pro cess of min eral dis so lu tion. Ac cord ing to
Boyle’s law, the pres sure in the in clu sion ap prox i mately cor re -
sponds to the ra tio of the gas vol ume af ter open ing the in clu sion 
to its ini tial vol ume.

The method for analysing sul phur iso topes was mod i fied af -
ter Halas and Szaran (1999). Ap prox i mately 15 mg of CaSO4

was mixed with 150 mg of NaPO3 and combusted in the pres -
ence of 150 mg of cop per turn ings at 750°C for 15 min utes. The
re sult ing SO2 was pu ri fied in a vac uum line. The 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 (IGGCAS), us ing a Finnigan Delta S gas
source mass spec trom e ter. Sul phur iso tope re sults are gen er -
ally re pro duc ible within ±0.3‰. The d18O val ues were cal cu -
lated by nor mal iz ing the 18O/16O ra tio in the sam ple to the Vi -
enna Stan dard Mean Ocean Wa ter (VSMOW) value. All ob -
tained val ues were re pro duc ible to within 0.2‰.

RESULTS 

Ha lite sam ples from the ba sin ex hibit well-de vel oped chev -
ron (bot tom-growth) tex tures. Chev ron ha lite has been iden ti -
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fied in sev eral sam ples, show ing dis tinct vari a tions in the dis tri -
bu tion and size of fluid in clu sions.

In the chev rons of sam ple DWK-09, large (40–150 mm) fluid
in clu sions are evenly dis trib uted within in clu sion-rich sed i men -
tary zones. In con trast, in sam ple DWK-07, large fluid in clu -
sions are mainly lo cated at a cer tain dis tance from the chev ron
axis. In some parts of the chev rons, sed i men tary zones com -
posed of small (<4 mm) in clu sions al ter nate with zones con tain -
ing large in clu sions (Fig. 4). Sin gle-, two-, and multiphase fluid
in clu sions have been iden ti fied in ha lite. The multiphase in clu -
sions in brine may con tain sev eral com po nents: gas, al gae,
terrigenous ma te rial, small anisotropic crys tals, and liq uid hy -
dro car bons. Fluid in clu sions filled with liq uid hy dro car bons
have been iden ti fied (Fig. 5). The fluid in clu sions in ha lite are
cu bic, nearly cu bic, or ir reg u lar in shape. They oc cur within the
zones of sed i men tary tex tures, ran domly dis trib uted in wa -

ter-clear ha lite, along the cleav age planes of the min eral, and
along a sys tem of nu mer ous cross-cut ting frac tures (Fig. 6).

Sam ple DWK-07 is char ac ter ized by the pres ence of a gas
phase in most in clu sions; how ever, sin gle-phase in clu sions are
found along the cleav age planes of the min eral and along frac -
ture planes (Fig. 5). In sam ple DWK-09, the in clu sions do not
con tain a gas phase, ex cept in some large in clu sions. The pres -
sure within the in clu sions ranges from close to one at mo sphere
in sed i men tary ha lite to tens of at mo spheres in recrystallized
ha lite. 

The range of ho mog e ni za tion tem per a tures of gas-liq uid in -
clu sions in sam ples DWK-09 and DWK-07 is 33.3–45.2°C and
34.0–63.4°C, re spec tively (Ta ble 1).

The chem i cal com po si tion of the brines of pri mary and sec -
ond ary in clu sions is shown in Ta ble 2. 
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Fig. 2. Sche matic fa cies map of evaporites in the Dawenkou Ba sin 



Val ues of d34S of the Wenkou De pres sion anhydrite range
from +10.9 to +35.7‰ (CDT), and val ues of d18O of the
anhydrite range from +14.7 to +19.4‰ (VSMOW) (Ta ble 3).

INTERPRETATION AND DISCUSSION 

HOMOGENIZATION TEMPERATURE OF GAS-LIQUID
INCLUSIONS IN SEDIMENTARY HALITE

Sin gle-phase fluid in clu sions ob served in ha lite at room
tem per a ture in di cate crys tal growth at tem per a tures <34–45°C
(Kovalevich, 1978; Galamay et al., 2023). Such in clu sions are
char ac ter is tic of both mod ern salt lakes and many an cient
evaporite se quences (Rob erts and Spencer, 1995; Galamay et
al., 2021a). A gas phase within these in clu sions can be in duced
by cool ing ha lite to –1 to –30°C.

Ther mo met ric stud ies typ i cally con sider only the max i mum
ho mog e ni za tion tem per a tures within each growth zone (Acros
and Ayora, 1997; Lowenstein et al., 1998). In ha lite crys tal lized
from brines at tem per a tures >42–45°C, in clu sions are gas-liq -
uid at room tem per a ture (Kovalevich, 1978; Galamay et al.,

2023). Ex per i men tal data show that ho mog e ni za -
tion oc curs at tem per a tures lower than crys tal li za -
tion, with DT in creas ing at higher crys tal li za tion
tem per a tures (Fig. 8).

Ac cord ingly, the crys tal li za tion tem per a ture of
DWK-09 ha lite is es ti mated at ~45°C, whereas that
of WK-07 is ~64°C. The lim ited pres ence of a gas
phase in in clu sions from DWK-09 re flects its rel a -
tively low crys tal li za tion tem per a ture, a fea ture also 
ob served in ha lite from the Tuz Gölü Ba sin (Gala -
may et al., 2023).

INFLUENCE OF TECTONIC AND P–T FACTORS 
ON SALT DEPOSITS

Due to the over print ing of sed i men tary chev ron
tex tures by nu mer ous mul ti di rec tional frac tures, it
is of ten im pos si ble to vi su ally dis tin guish dif fer ent
ge netic types of in clu sion when they ex hibit com pa -
ra ble phase ra tios as well as sim i lar shapes and
sizes. Some cracks re main open, whereas oth ers
are sealed; there fore, the chem i cal com po si tion of
the in clu sions rep re sents the only re li able cri te rion
for their dif fer en ti a tion (Fig. 9). These frac ture sys -
tems formed in re sponse to tec tonic ac tiv ity and
acted as path ways for fluid mi gra tion (in clud ing hy -
dro car bons) into ha lite crys tals, dur ing which the in -
ter sected in clu sions un der went mod i fi ca tions of
their orig i nal chem i cal com po si tion. A char ac ter is -
tic fea ture of pri mary in clu sions within each growth
zone of sed i men tary ha lite is their uni form ionic
com po si tion (Galamay et al., 2020). At later stages, 
ha lite recrystallization pro ceeded un der el e vated
pres sures, sev eral tens of times higher than at mo -
spheric pres sure.

The com bined in flu ence of tec tonic and P–T
fac tors on salt de pos its is also re flected in the mi -
gra tion traces of large fluid in clu sions, as well as in
the frag men ta tion of solid anhydrite in clu sions
within ha lite (Fig. 10).

CHEMICAL COMPOSITION 
OF FLUID INCLUSIONS

The con tents of K+, Mg2+, and SO4
2 - 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 -
spec tively. The chem i cal com po si tion of post-sed i men tary
brines (non-pri mary in clu sions in Ta ble 2) is char ac ter ized by
large dif fer ences in the con cen tra tions of the main ions, in di cat -
ing a re peated pro cess of recrystallization of the de pos its.
Within the salt stra tum, post-depositional brines of the fol low ing
com po si tions cir cu lated: 

– with a sharply in creased (rel a tive to evaporite brine) con tent
of K+, Mg2+, and SO4

2 -; 
– with an in creased con tent of K+ and Mg2+ along side re duced 

SO4
2 -; 

– with a re duced con tent of K+ and in creased con tents of Mg2+

and SO4
2 -; 

– with a sig nif i cantly re duced con cen tra tion of K, Mg and
SO4

2 --ions. 
In the com po si tion of brines of in di vid ual in clu sions, the

Mg2+ con tent is ex cep tion ally high (see Ta ble 2).
The brines of in clu sions in which a liq uid hy dro car bon phase 

has been iden ti fied dif fer in ionic ra tios from the brines of pri -
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Fig. 3. Lithological col umn of bore hole XZK 101 
with sam pling lo ca tions
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A B

250 mm 150 mm

Fig. 4. Chev ron tex tures in sam ple DWK-07

A – large fluid in clu sions are mainly lo cated at a cer tain dis tance from the axis of the sed i men tary struc ture; 
B – zones com posed of small in clu sions al ter nate with zones con tain ing large in clu sions

Fig. 5. Liq uid hy dro car bons in sec ond ary fluid in clu sions in ha lite, sam ple DWK-07

A – yel low colorued; B – brown-colorued

A B

250 mm
250 mm

Fig. 6. Cracks in the ha lite of sam ple DWK-07

A – mul ti di rec tional cracks in the sed i men tary tex ture; B – cracks along the per im e ter of the crys tal and recrystallized ha lite
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T a  b l e  1

Ho mog e ni za tion tem per a tures of gas-liq uid in clu sions 
in ha lite of the Wenkou De pres sion

Sam ple
Ho mog e ni za tion tem per a ture (Thom)

[°C]

Max i mum ho mog e ni za tion
tem per a ture (Tmax),

[°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

T a  b l e  2

Chem i cal com po si tion of fluid in clu sion so lu tions in ha lite of the Wenkou De pres sion of the Dawenkou Ba sin

No
In clu sion 

size
[mm]

Con tent, g/L 
(av er age value in brack ets) Char ac ter is tics of the fluid in clu sions

K+ Mg2+ SO4
2-

Sam ple DWK-09, depth 924.1 m

1 100    –* – 120.0, 118.1 (119.1) sin gle-phase liq uid in clu sion

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 + spher i cal al gal cells; Fig. 7)

5 130** 24.1 42.5 68.3, 79.2 (73.8) ditto

6 105** – 38.2 71.0 ditto

7 70** – – 61.3, 59.4 (60.4) sin gle-phase liq uid in clu sion

8 120** 30.1 45.3 67.3, 70.9 (69.1) two-phase (brine + small xenogenic crys tals)

9 100   – 21.0, 16.0 (18.5) 2.5 two-phase (brine+gas) fluid in clu sion

10 70  – 106.0 – sin gle-phase liq uid in clu sion

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 in clu sion with mul ti ple glob ules of liq uid 
hy dro car bons

Sam ple DWK-07, depth 935.3 m

13 220  – 45.1, 43.6 (44.4) – multiphase (brine+gas+small xenogenic crys tals)
in clu sion

14 110** 32.8, 34.6 (33.7) 30.3 25.6, 30.1 (27.9) two-phase (brine+gas) fluid in clu sion

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+liq uid hy dro car bons+small 
xenogenic crys tals) fluid in clu sion

* – not mea sured,  ** – pri mary fluid in clu sions

Fig. 7. Pri mary fluid in clu sions in the DWK-09 sam ple used for chem i cal anal y sis of brines

A – gen eral view of the chev ron tex ture; B – frag ment of the lower right part of the crys tal shown in Fig ure 7A, 
where large in clu sions con tain ing spher i cal al gal cells oc cur



mary in clu sions, par tic u larly from those pri mary in clu sions that
con tain al gal cells (see Ta ble 2). This ob ser va tion is im por tant
be cause sim i lar phe nom ena in fluid in clu sions in ha lite are in -
ter preted ei ther ex clu sively as oil or as al gal cells (Ben i son,

2019; Galamay et al., 2021b; Gib son and Ben i son, 2023). Vi -
sual dif fer en ti a tion of hy dro car bon phases from al gal cells is dif -
fi cult be cause the sizes of hy dro car bon drop lets and al gal cells
are com monly sim i lar, and both lack in ter nal struc tural or ga ni -
za tion (Fig. 11).

SALT MINERALOGENESIS

Of the salt min er als, in ad di tion to ha lite, those found in the
Dawenkou Ba sin in clude the fol low ing: glau ber ite, thenardite,
polyhalite, loewite, vanthoffite, picrimerite, kieserite, aphthitalit
and langbeinite. 

Con sid er ing the min eral com po si tion of the salts of the
Dawenkou Ba sin and the data on the chem i cal com po si tion of
fluid in clu sions in the ha lite, the brines of the ba sin can be char -
ac ter ized as Na-Mg-K-Cl-SO4 brines of the sul phate-mag ne -
sium sub type of con ti nen tal or con ti nen tal-ma rine halogenation
(Stankevich et al., 1991). Sed i men ta tion of po tas sium-mag ne -
sium salts did not take place in the area in ves ti gated. For
epsomite to pre cip i tate, the Mg2+ con cen tra tion in brines must
ex ceed 73 g/L, and the  SO4

2 - con tent must be over 90 g/L; for
sylvite to pre cip i tate, the K+ con tent must ex ceed 33 g/L
(Valyashko, 1962; McCaffrey et al., 1987). As a re sult of the in -
flow of Ca(HCO3)2-en riched wa ters into the ba sin, the pre cip i ta -
tion of ei ther gyp sum or glau ber ite oc curred, de pend ing on the
Ca/Na ra tio of the ba sin’s sed i men tary brines. In the lithological
col umn of the area stud ied, anhydrite and glau ber ite are found
at dif fer ent depths, in di cat ing fluc tu a tions in the Ca/Na ra tio of
the sed i men tary brines. Ev i dently, the more than two fold de -
crease in  SO4

2 - con tent in sam ple DWK-7 (com pared to its con -
cen tra tion in sam ple DWK-9) is pri mar ily re lated to the pre cip i -
ta tion of cal cium sul phate, crys tals of which are pres ent in the
ha lite stud ied. The pre cip i ta tion pro cesses of gyp sum and glau -
ber ite are char ac ter is tic of salt-form ing bas ins (Galamay et al.,
2023).

In the lithological col umn of the area stud ied, the evaporite
min er als iden ti fied in clude ha lite, anhydrite, mirabilite and glau -
ber ite. How ever, the sed i men tary brines in this zone are char -
ac ter ized by el e vated con cen tra tions of K+, Mg2+ and  SO4

2 -, typ i -
cal of the fi nal stages of ha lite pre cip i ta tion. This sug gests that,
in ad di tion to ha lite and so dium/cal cium sulphates (mirabilite,
glau ber ite, and gyp sum), mag ne sium sulphates (e.g., hexa -
hydrite) and po tas sium chlo rides (e.g., sylvite) may have pre -
cip i tated in ad ja cent ar eas of the ba sin where sed i men ta tion
con di tions were fa vour able for their for ma tion. Gyp sum pre cip i -
tated un der bot tom con di tions of the ba sin, where brines had
reached the stage of sylvite pre cip i ta tion, was trans formed into
polyhalite (Petrichenko, 1988). 

The dis tri bu tion of data points rep re sent ing the chem i cal
com po si tion of cer tain post-sed i men tary brines (with fully de ter -
mined ionic com po si tions in in di vid ual large in clu sions) in di -
cates that their chem is try is both in her ited from sed i men tary
brines and sig nif i cantly mod i fied by post-sed i men tary pro -
cesses (Fig. 12). Brines with an oma lously high mag ne sium
con tents (up to 106 g/L), iden ti fied in in clu sions, are likely re sid -
ual brines (re ac tion prod ucts) formed dur ing the trans for ma tion
of un sta ble sed i men tary hexahydrite and sylvite into langbeinite 
(Khodkova, 1968). These brines mi grated into lower-pres sure
zones and left the po tas sium-bear ing lay ers of ar eas ad ja cent
to the site stud ied via frac ture sys tems. The for ma tion of lang -
beinite and kieserite in the ba sin was pro moted by el e vated
tem per a tures and high pres sures dur ing the post-sed i men tary
stage of de posit evo lu tion. 
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T a  b l e  3

Sul phur iso to pic com po si tion of anhydrite
from the salt-bear ing stra tum of the Wenkou De pres sion

Sam ple Li thol ogy Depth [m] d34S [‰] d18O [‰]

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 –//– 743.06 10.9 14.7

Fig. 8. Graph show ing the re la tion ship be tween the ho mog e ni -
za tion tem per a ture (Th) of fluid in clu sions in syn thetic ha lite
crys tals and the crys tal li za tion tem per a ture (Tcryst) (Kova levich,
1978)

250 mm

Fig. 9. Frac tures in ha lite (par al lel lines) in ter sect pri mary (?)
fluid in clu sions, sam ple DWK-07

https://doi.org/10.1306/212F8CAB-2B24-11D7-8648000102C1865D
https://doi.org/10.3390/min13020171
https://doi.org/10.2110/jsr.2022.110
https://doi.org/10.3389/fenvs.2019.00108
https://doi.org/10.3389/fenvs.2019.00108


Anatoliy R. Galamay et al. / Geological Quarterly, 2025, 69, 37 9

Fig. 10. The ef fect of post-sed i men ta tion fac tors on salt-bear ing de pos its

A – move ment of a large in clu sion due to the ac tion of a ther mal gra di ent, DWK-09 sam ple; B – elon gate anhydrite solid
 in clu sions in ha lite, show ing frac tur ing caused by brit tle de for ma tion, sam ple DWK-07

Fig. 11. Small spher i cal struc tures in fluid in clu sions in ha lite

A – liq uid hy dro car bons rang ing from 3 to 35 mm in size, brown in nu mer ous in clu sions along a healed frac ture, sam ple DWK-07;

B – brown spher i cal struc tures mea sur ing 3–12 mm in size (liq uid hy dro car bons or al gal cells?) in the sed i men tary ha lite zone,

sam ple DWK-09; C, D – al gal cells mea sur ing 2–20 mm in size, brown and light yel low (the larger ones are el lip ti cal and more in -
tensely col oured) in a large re filled in clu sion within the sed i men tary ha lite tex ture, sam ple DWK-09



Con sid er ing the pres ence of ha lite in the lithological col umn
of the XZK 101 well and ac cord ing to the data ob tained on the
chem i cal com po si tion of the brines of the in clu sions in the ha -
lite, the bound aries of both the ha lite and pot ash fa cies on the
ex ist ing fa cies maps (see Fig. 2) should be re vised.

SOURCES OF SALTS

Micropalaeontological and sedimentological data from pre -
vi ous stud ies (Li, 1986; Ren et al., 2000; Wu and Ren, 2004;
Zhu et al., 2015), along with our data on the chem i cal com po si -
tion of sed i men tary brines, do not ex clude the in flu ence of ma -
rine trans gres sions on salt for ma tion in the Dawenkou Ba sin. In
typ i cal Eocene ma rine brines with a K+ con tent of 16.4 g/L, the
Mg2+ con tent is 36.3 g/L, and  SO4

2 - is 12.5 g/L (Ayora et al.,
1994). The brines. stud ied dif fer from ma rine ones in hav ing a
slightly lower Mg2+ con tent and a sig nif i cantly higher  SO4

2 - con -
tent. There fore, the brine com po si tion points are be low Eocene
sea wa ter’s com po si tion point on the K-Mg-SO4 ter nary di a gram 
(Fig. 12).

The anal y sis of d34S and d18O of anhydrite from Phanero -
zoic ma rine strata, along side the iso to pic com po si tion of dis -
solved sul phate from mod ern river wa ters of the study area, re -
veals the fol low ing:

1. In Cam brian anhydrite, d34S is high est, reach ing +35.5‰, 
while in the Perm ian it de creases to 8.4‰ (Claypool et al.,
1980; Galamay et al., 2016). In Eocene ma rine evaporites, the

value of this in di ca tor ranges from +10.9 to +22.4‰
(Yao et al., 2019). In Paleocene sulphates of ma rine 
or i gin of the Tarim Ba sin, west ern China, d34S is
+16.5–+17.9‰ (Xu et al., 2020).

2. The min i mum val ues of d18O (+10‰) are re -
corded in Perm ian anhydrite, while the max i mum
val ues (+17‰) are found in De vo nian and Car bon if -
er ous strata. In Cam brian and Paleogene/Neo gene
anhydrite, this in di ca tor ranged from +10.7 to
+15.7‰ and from +10.8 to +14.1‰, re spec tively
(Claypool et al., 1980).

3. The iso to pic com po si tion of dis solved sul -
phate in the mod ern Yel low River in North China is
as fol lows: d34S(SO4) ranges from +7.9 to +12.5‰,
and  d18O(SO4) ranges from +4.8 to +8.4‰ (Zhang
et al., 2013).

The d34S and d18O val ues of Eocene ma rine
anhydrite (+10.9 to +22.4‰ and +10.8 to +14.1‰,
re spec tively) only par tially fall within the range of
these pa ram e ters for anhydrite in the ba sin stud ied 
(+10.9 to +35.7‰ and +14.7 to +19.4‰, re spec -
tively). The char ac ter is tic val ues of the anhydrite
iso tope com po si tion pa ram e ters de scribed above
are shown in Fig ure 13.

Based on the re sults of the iso to pic and thermo -
barogeo chemical study, the main source of sul -
phate in the ba sin was Cam brian (gyp sum and ha -
lite) and Or do vi cian (gyp sum) salt- bear ing de pos its, 
which were eroded by sur face wa ters. These an -
cient evaporites are abun dant in the sur round ing
area of the Yi-Meng Moun tains (Liu et al., 2003;
Xiao et al., 2010). 

This leach ing pro cess did not cause sul phur iso -
tope frac tion ation; how ever, the d34S value of the
sol vent wa ter was sig nif i cantly in flu enced by the
d34S of the rocks and min er als be ing leached. Thus, 
the in crease in the d34S of ba sin anhydrite of up to
+35.7‰ re sulted from the rede position of Cam brian 
sul phate rocks. When mixed with lighter ma rine or

river wa ter sul phate, the leached sul phate ex hib ited an iso to pi -
cally heavier sul phur com po si tion that was in ter me di ate com -
pared to that of sea wa ter or river wa ter.

The iso to pic anal y sis de scribed, of sulphates and the chem -
i cal com po si tion data of sed i men tary brine, do not ex clude the
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Fig. 12. Brine com po si tions of fluid in clu sions in sed i men tary ha lite of the
Dawenkou Ba sin on a Jänecke di a gram (ref er ence) of the Na-K- Mg-SO4-
 Cl-H2O sys tem (Eugster et al., 1980, rel a tive to Eocene eva porite brine (Eoc) 
un der con di tions just be fore ha lite de po si tion (Ayora et al., 1994)

Fig. 13. The sul phur and ox y gen iso to pic com po si tion of anhy -
drite from the Dawenkou Ba sin by com par i son with the cor re -
spond ing val ues for the Cam brian (Claypool et al., 1980),
Or do vi cian (Claypool et al., 1980), Paleocene (Xu et al., 2020),
Eocene (Yao et al., 2019), and Yel low River wa ter (Zhang et al.,
2013) 
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https://doi.org/10.7306/gq.1309
https://doi.org/10.1016/0016-7037(80)90093-9
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https://doi.org/10.1016/0016-7037(94)90093-0


pos si bil ity of ma rine trans gres sions in flu enc ing halogenesis in
the ba sin. Po si tion ing the chem i cal com po si tion points of pri -
mary fluid in clu sions in ha lite, lo cated be low the Eos point in
Fig ure 12, is pri mar ily due to the in flux of a sig nif i cant amount of
sul phate ions into the ba sin from the leach ing of gyp sum on
land.

CONCLUSIONS

Study of pri mary and sec ond ary in clu sions in ha lite from the 
Dawenkou Ba sin made it pos si ble to de ter mine the gen e sis of
the ba sin brines and spe cific fea tures of min eral for ma tion:

1. The chem i cal com po si tion of sed i men tary brines re veals
con cen tra tions of po tas sium, mag ne sium, and sul phate rang -
ing from 27.6 to 32.9 g/L, 32.7 to 41.5 g/L, and 30.7 to 66.6 g/L,
re spec tively.

2. The chem i cal com po si tion of the post-sed i men tary brine
ex hib its wide vari a tions in the con cen tra tions of ma jor ions, in di -
cat ing re peated recrystallization pro cesses of the de pos its.
Within the salt-bear ing strata, the fol low ing types of brine com -
po si tions were iden ti fied:

– with sig nif i cantly el e vated con cen tra tions of K+, Mg2+ and 
SO4

2 - com pared to sed i men tary brines;
– with in creased con cen tra tions of K+ and Mg2+ and de -

creased SO4
2 -;

– with de creased K+ and el e vated Mg2+ and SO4
2 - con cen tra -

tions;

– with sig nif i cantly re duced con cen tra tions of all ma jor ions.

3. Po tas sium-mag ne sium salts did not crys tal lize in the area 
of the ba sin stud ied. Al though the brine reached the stage of
sylvite pre cip i ta tion, the in flow of cal cium-rich con ti nen tal wa -
ters pro moted gyp sum dis so lu tion, fol lowed by the trans for ma -
tion of gyp sum into polyhalite un der bot tom con di tions.

4. Recrystallization of ha lite oc curred un der el e vated pres -
sure, which ex ceeded at mo spheric pres sure by sev eral tens of
times. Brines with an oma lously high mag ne sium con tents are
in ter preted as re sid ual brines (re ac tion prod ucts) re sult ing from
the for ma tion of langbeinite through the trans for ma tion of un -
sta ble sed i men tary hexahydrite and sylvite. These brines likely
mi grated from the pot ash-bear ing lay ers of ad ja cent parts of the 
ba sin to ward the stud ied area (a zone of lower pres sure)
through frac ture sys tems.

5. The data ob tained on the chem i cal com po si tion of sed i -
men tary brines and the d34S and d18O val ues of anhydrite do not 
rule out the in flu ence of ma rine trans gres sions on halo genesis
in the ba sin stud ied. How ever, the main source of sul phate in its 
brines was the gyp sum of the sur round ing land.

Ac knowl edge ments. The au thors sin cerely thank C. Eas -
toe for his help in im prov ing the Eng lish lan guage and for the
valu able com ments that en hanced the qual ity of the ar ti cle. This 
re search was sup ported by the Na tional Key Re search and De -
vel op ment Pro gram of China (no. 2023YFE0104000). The ar ti -
cle was also pre pared for the AGH Uni ver sity pro ject num ber
16.16.140.315 (KB).

REFERENCES

Acros, D., Ayora, C., 1997. The use of fluid in clu sions in ha lite as
en vi ron men tal ther mom e ter: an ex per i men tal study. Pro ceed -
ings of the XIVth Eu ro pean Cur rent Re search on Fluid In clu -
sions (XIV ECROFI) (eds. M.C. Boiron and J. Pironon): 10–11.
Université de Lorraine – CNRS: Nancy, France, 1–4 July 1997.

Ayora, C., Gar cia-Veigas, J., Pueyo, J.J., 1994. The chem i cal and
hy dro log i cal evo lu tion of an an cient pot ash-form ing evaporite
ba sin as con strained by min eral se quence, fluid in clu sion com -
po si tion, and nu mer i cal sim u la tion. Geochimica et Cosmo -
chimica Acta, 58: 3379–3394;
 https://doi.org/10.1016/0016-7037(94)90093-0

B¹bel, M., Schreiber, B.C., 2014. Geo chem is try of evaporites and
evo lu tion of sea wa ter. Trea tise on Geo chem is try, 9: 483–560;
https://doi.org/10.1016/B978-0-08-095975-7.00718-X

Ben i son, K.C., 2019. How to search for life in Mar tian chem i cal sed -
i ments and their fluid and solid in clu sions us ing petrographic
and spec tro scopic meth ods. Fron tiers in En vi ron men tal Sci -
ence, 7, 108; https://doi.org/10.3389/fenvs.2019.00108

Ben i son, K.C., Goldstein, R.H., 1999. Perm ian paleoclimate data
from fluid in clu sions in ha lite. Chem i cal Ge ol ogy, 154: 113–132;
https://doi.org/10.1016/S0009-2541(98)00127-2

Claypool, G.E., Holser, W.T., Kaplan, I.R., Sakai, H., Zak, I., 1980.
The age curves of sul fur and ox y gen iso topes in ma rine sul fate
and their mu tual in ter pre ta tion. Chem i cal Ge ol ogy, 28:
199–260; https://doi.org/10.1016/0009-2541(80)90047-9

Drever, J.I., 1997. The Geo chem is try of Nat u ral Wa ter: Sur face and
Ground wa ter En vi ron ments. 3rd Edi tion. Prentice Hall, New Jer -
sey.

Eugster, H.P., Harvie, C.E., Weare, J.H., 1980. Min eral equi lib ria in 
a six-com po nent sea wa ter sys tem, Na-K-Mg-Ca-SO4-Cl-H2O,
at 25°C. Geochimica et Cosmochimica Acta, 44: 1335–1347;
https://doi.org/10.1016/0016-7037(80)90093-9

Galamay, A.R., Meng, F., Bukowski, K., Ni, P., Shanina, S.N.,
Ignatovich, O.O., 2016. The sul phur and ox y gen iso to pic com -
po si tion of anhydrite from the Up per Pechora Ba sin (Rus sia):
new data in the con text of the evo lu tion of the sul phur iso to pic
re cord of Perm ian evaporites. Geo log i cal Quar terly, 60:
990–999; https://doi.org/10.7306/gq.1309

Galamay, A.R., Bukowski, K., Sydor, D. V., Meng, F., 2020. The
Ultramicrochemical Anal y ses (UMCA) of Fluid In clu sions in Ha -
lite and Ex per i men tal Re search to Im prove the Ac cu racy of
Mea sure ment. Min er als, 10, 823;
 https://doi.org/10.3390/min10090823

Galamay, A.R., Poberezhsky, A.V., Hryniv, S.P., Sydor, D.,
Iaremchuk, J., Maksymuk, S., Oliyovych-Hladka, O., Bilyk,
L., 2021a. Geo chem i cal fea tures of Eur asian evaporite for ma -
tions in the con text of the evo lu tion of the chem i cal com po si tion
of sea wa ter dur ing the Phanerozoic. Ge ol ogy and Geo chem is try 
of Com bus ti ble Min er als, (183–184): 110–129;
 https://doi.org/10.15407/ggcm2021.01-02.110

Galamay, A.R., Maksymuk, S.V., Sydor, D.V., 2021b. Geo chem i cal 
fea tures of the in flu ence of oil and gas de pos its on the cov er ing
salts of the Carpathian oil and gas prov ince (in Ukrai nian with
Eng lish sum mary). In: VII In ter na tional Sci en tific and Prac ti cal
Con fer ence “Sub soil Use in Ukraine. In vest ment Pros pects”, 2:
100–105. Lviv, Ukraine.

Galamay, A.R., Karakaya, M.Ç., Bukowski, K., Karakaya, N.,
Yaremchuk, Y., 2023. Geo chem is try of brine and paleoclimate
re con struc tion dur ing sed i men ta tion of Messinian salt in the Tuz
Gölü Ba sin (Türkiye): in sights from the study of fluid in clu sions.
Min er als, 13, 171; https://doi.org/10.3390/min13020171

Gib son, M.E., Ben i son, K.C., 2023. It’s a trap!: mod ern and an cient
ha lite as Lagerstätten. Jour nal of Sed i men tary Re search, 93:
642–655; https://doi.org/10.2110/jsr.2022.110

Anatoliy R. Galamay et al. / Geological Quarterly, 2025, 69, 37 11

https://doi.org/10.15407/ggcm2021.01-02.110
https://doi.org/10.3390/min13020171
https://doi.org/10.2110/jsr.2022.110
https://doi.org/10.3390/min10090823
https://doi.org/10.7306/gq.1309
https://doi.org/10.1016/0016-7037(80)90093-9
https://doi.org/10.1016/0009-2541(80)90047-9
https://doi.org/10.1016/S0009-2541(98)00127-2
https://doi.org/10.1016/B978-0-08-095975-7.00718-X
https://doi.org/10.1016/0016-7037(94)90093-0


Halas, S., Szaran, J., 1999. Low-tem per a ture ther mal de com po si -
tion of sul fate to SO2 for on-line 34S/32S Anal y sis. An a lyt i cal
Chem is try, 71: 3254–3257; https://doi.org/10.1021/ac9900174

Hardie, L.A., 1984. Evaporites, ma rine or non-ma rine? Amer i can
Jour nal of Sci ence, 284: 193–240;
 https://doi.org/10.2475/ajs.284.3.193

Horita, J., Zim mer mann, H., Hol land, H.D., 2002. Chem i cal Evo lu -
tion of Sea wa ter dur ing the Phanerozoic: Im pli ca tions from the
Re cord of Ma rine Evaporites. Geochimica et Cosmochimica
Acta, 66: 3733–3756;
 https://doi.org/10.1016/S0016-7037(01)00884-5

Khod’kova, S.V., 1968. Langbeinite of the Pre-Carpathian re gion
and its parageneses (in Rus sian). Li thol ogy and Min eral Re -
sources, 6: 73–85. 

Kovalevich, V.M., 1978. Phys i cal and Chem i cal Con di tions of Salts
For ma tion in the Stebnyk Pot ash De posit (in Rus sian). Naukova 
Dumka, Kyiv.

Kovalevich, V.M., 1990. Halogenesis and Chem i cal Evo lu tion of the
Ocean in the Phanerozoic (in Rus sian). Naukova Dumka, Kyiv.

Kovalevych, V.M., Paul, J., Peryt, T.M., 2009. Fluid in clu sions in
ha lite from the Röt (Lower Tri as sic) salt de posit in Cen tral Ger -
many: Ev i dence for sea wa ter chem is try and con di tions of salt
de po si tion and recrystallization. Car bon ates and Evaporites,
24: 45–57; https://doi.org/10.1007/BF03228056

Kovalevych, V.M., Dudok, I.V., Poberezhsky, A.V., Vovniuk, S.,
Halamai, A., Hryniv, S., Lytvyniuk, S., Sydor, D., Yaremchuk,
Y., 2012. Chem i cal paleoceanographic in di ca tors for hy dro car -
bon de posit pre dic tion. Ge ol ogy and Geo chem is try of Com bus -
ti ble Min er als, (3–4): 66–81.

Li, M.H., 1986. Paleoecological anal y sis of the Early Ter tiary oil-
 bear ing sed i men tary for ma tion in the Dongpu De pres sion,
North China Diwa Re gion (in Chi nese with Eng lish sum mary).
Geotectonics and Metallogeny, 10: 159–168. 

Liu, M.W., Song, W.Q., Xu, J.Q., Zhang, Y.J., Xu, L.J., 2003. Geo -
log i cal char ac ter is tics of Cam brian gyp sum de posit in Longquan 
of Yiyuan County (in Chi nese with Eng lish sum mary). Geo log i -
cal Jour nal of Shandong, 19: 39–42. 

Lowenstein, T.K., Hardie, L.A., 1985. Cri te ria for the rec og ni tion of
salt-pan evaporites. Sedimentology, 32: 627–644;
 https://doi.org/10.1111/j.1365-3091.1985.tb00478.x

Lowenstein, T.K., Li, J., Brown, C.B., 1998. Paleotemperatures
from fluid in clu sions in ha lite: method ver i fi ca tion and a 100,000
year paleotemperature re cord, Death Val ley, CA. Chem i cal Ge -
ol ogy, 150: 223–245;
https://doi.org/10.1016/S0009-2541(98)00061-8.

Lowenstein, T.K., Timofeeff, M.N., Brenman, S.T., Hardie, L.A.,
Demiccio, R.V., 2001. Os cil la tions in Phanerozoic sea wa ter
chem is try: ev i dence from fluid in clu sions. Sci ence, 294:
1086–1088; https://doi.org/10.1126/science.1064280

Lowenstein, T.K., Hardie, L.A., Timofeeff, M.N., Demicco, R.V.,
2003. Sec u lar vari a tion in sea wa ter chem is try and the or i gin of
cal cium chlo ride basinal brines. Ge ol ogy, 31: 857–860;
https://doi.org/10.1130/G19728R.1

McCaffrey, M.A., La zar, B., Hol land, H.D., 1987. The evap o ra tion
path of sea wa ter and the coprecipitation of Br and K with ha lite.
Jour nal of Sed i men tary Pe trol ogy, 57: 928–937;
https://doi.org/10.1306/212F8CAB-2B24-11D7-8648000102C1
865D

Meng, F., Galamay, A.R., Ni, P., Yang, C.-H., Li, Y.P., Zhuo, Q.G.,
2014. The ma jor com po si tion of a Mid dle-Late Eocene Salt Lake 
in the Yunying De pres sion of Jianghan Ba sin of Mid dle China
based on anal y ses of fluid in clu sions in ha lite. Jour nal of Asian
Earth Sci ences, 85: 97–105;
 https://doi.org/10.1016/j.jseaes.2014.01.024

Meng, F., Galamay, A.R., Ni, P., Ahsan, N., Rehman, S.U., 2020.
Com po si tion of Mid dle-Late Eocene salt lakes in the Jintan Ba -
sin of East ern China: ev i dence of ma rine trans gres sions. Ma -
rine and Pe tro leum Ge ol ogy, 122, 104644;
 https://doi.org/10.1016/j.marpetgeo.2020.104644.

Petrichenko, O.Y., 1988. Physicochemical Con di tions of Sed i men -
ta tion in An cient Salt Bas ins (in Rus sian). Naukova Dumka,
Kyiv.

Petrychenko, O.Y., 1973. Meth ods of Study ing In clu sions in Halo -
gen Rocks Min er als (in Ukrai nian). Naukova Dumka, Kyiv.

Petrychenko, O.Y., Kovalevich, V.M., Poberezhskyi, A.V.,
Vovniuk, S.V., Galamay, A.R., Dudok, I.V., Hryniv, S.P.,
Khmelevska, O.V., Sydor, D.V., Yaremchuk, Y.V., Oliiovych,
O.V., Lytvyniuk, S., 2006. Age-re lated changes in the chem i cal
com po si tion of oce anic wa ter and their in flu ence on the for ma -
tion of halo gen and bi tu mi nous de pos its. Ge ol ogy and Geo -
chem is try of Com bus ti ble Min er als, (3–4): 97–118.

Ren, L.Y., Lin, G.F., Zhao, Z.Q., Wang, X.W., 2000. Early Ter tiary
ma rine trans gres sion in Dongpu De pres sion (in Chi nese with
Eng lish sum mary). Acta Palaeontologica Sinica, 39: 553–557.

Rob erts, S.M., Spencer, R.J., 1995. Paleotemperatures pre served
in fluid in clu sions in ha lite, Geochimica et Cosmochimica Acta,
59: 3929–3942;
https://doi.org/10.1016/0016-7037(95)00253-V

Song, S.W., 2010. Rock salt min ing and se cu rity study of Tai’an
Dawenkou Ba sin (in Chi nese with Eng lish sum mary). Geo log i -
cal Chem is try and Min er al ogy, 32: 177–185. 

Sonnenfeld, P., Hardie, L.A., 1985. Evaporites, ma rine or non-ma -
rine; dis cus sion and re ply. Amer i can Jour nal of Sci ence, 285:
661–672; https://doi.org/10.2475/ajs.285.7.661

Stankevich, E.F., Batalin, Y.V., Chaikin, V.G., 1991. On the dif fer -
ences be tween ma rine and con ti nen tal halogenic de pos its (in
Rus sian). In: Prob lems of Ma rine and Con ti nen tal Halogenesis:
23–30. Nauka, Novosibirsk.

Strakhov, N.M., 1962. Fun da men tals of lithogenesis the ory (in Rus -
sian). Acad emy of Sci ences of the USSR, Mos cow. 

Valyashko, M.G., 1962. Pat terns of de posit salts for ma tion (in Rus -
sian). Mos cow State Uni ver sity Pub lish ing House, Mos cow. 

Vovnyuk, S.V., Galamay, A.R., Hryniv, S.P., Dudok, I., Maksymuk, 
S., Poberezhskyi, A., Sydor, D., Yaremchuk, Y., 2017. Geo -
chem i cal cri te ria link ing Phanerozoic evaporite and sed i men tary 
for ma tions with hy dro car bon de pos its. Ge ol ogy and Geo chem -
is try of Com bus ti ble Min er als, (3–4): 56–75. 

Wang, Z.J., Li, Q., Li, Z.C., 2003. Po ten ti al ity eval u a tion of gyp sum
re source in Dawenkou Ba sin in Tai’an City and sug ges tion on
ore need pre dic tion and ex plo ra tion (in Chi nese with Eng lish
sum mary). Land Re sources of Shandong Prov ince, 19: 23–25. 

Wang, H., Han, W.-C., Zhang, G.-Q., Zhang, Y.-M., Wang, M.-Z.,
Li, S., Cao, M.-Z., Zhang, H.-C., 2022. Paleogene ostracodes
from the Dawenkou Ba sin, East China and their biostratigraphic
sig nif i cance for the age of min eral re sources. Palaeoworld, 31:
131–139; https://doi.org/10.1016/j.palwor.2021.01.007

Wu, T., Ren, L.Y., 2004. The Ter tiary sea way and new res er voir
probe in Dongpu De pres sion as well as its sur rounded bas ins (in 
Chi nese with Eng lish sum mary). Acta Palaeontologia Sinica,
43: 147–154.

Xiao, B.J., Liu, A.T., Zhang, Y.Y., Dong, W.H., 2010. Geo log i cal
char ac ter is tics of Xiaotun gyp sum de pos its in Zhangfanxiang of
Zaozhuang City in Shandong Prov ince (in Chi nese with Eng lish
sum mary). Land Re sources of Shandong Prov ince, 26: 12–15. 

Xu, Y., Cao, Y., Liu, C., Zhang, H., Nie, X., 2020. The his tory of
trans gres sions dur ing the Late Paleocene–Early Eocene in the
Kuqa De pres sion, Tarim Ba sin: con straints from C-O-S-Sr iso to -
pic geo chem is try. Min er als, 10, 834;
 https://doi.org/10.3390/min10090834

Yao, W., Wortmann, U.G., Paytan, A., 2019. Sul fur iso topes – use
for stra tig ra phy dur ing times of rapid per tur ba tions. In: Stra tig ra -
phy and Timescales, 4 (ed. M. Montenari): 1–33. Elsevier.
https://doi.org/10.1016/bs.sats.2019.08.003

Zhang, D., Huang, X.Y., Li, C.J., 2013. Sources of riverine sul fate in 
Yel low River and its trib u tar ies de ter mined by sul fur and ox y gen
iso topes (in Chi nese with Eng lish sum mary). Ad vances in Wa ter 
Sci ence, 24: 418–426. 

Zhu, M., 2015. Study on the Or i gin of Salt De posit in Dawenkou Ba -
sin in Shandong Prov ince (in Chi nese with Eng lish sum mary).
Land Re sources of Shandong Prov ince, 31: 27–30. 

Zim mer mann, H., 2000. Ter tiary sea wa ter chem is try – im pli ca tions
from pri mary fluid in clu sions in ma rine ha lite. Amer i can Jour nal
of Sci ence, 300: 3–45; https://doi.org/10.2475/ajs.300.10.723

12 Anatoliy R. Galamay et al. / Geological Quarterly, 2025, 69, 37

https://doi.org/10.2475/ajs.300.10.723
https://doi.org/10.1016/bs.sats.2019.08.003
https://doi.org/10.3390/min10090834
https://doi.org/10.1016/j.palwor.2021.01.007
https://doi.org/10.2475/ajs.285.7.661
https://doi.org/10.1016/j.marpetgeo.2020.104644
https://doi.org/10.1306/212F8CAB-2B24-11D7-8648000102C1865D
https://doi.org/10.1130/G19728R.1
https://doi.org/10.1126/science.1064280
https://doi.org/10.1016/S0009-2541(98)00061-8
https://doi.org/10.1111/j.1365-3091.1985.tb00478.x
https://doi.org/10.1007/BF03228056
https://doi.org/10.1016/S0016-7037(01)00884-5
https://doi.org/10.2475/ajs.284.3.193
https://doi.org/10.1021/ac9900174
https://doi.org/10.1016/j.marpetgeo.2020.104644

