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Sta ble iso tope anal y ses on car bon ates from lake evaporites col lected from the non-ma rine west ern Qaidam ba sin yield a pos i tive ex cur -
sion from Plio cene to Qua ter nary times. At Dafeng Shan, the Qua ter nary se quences are com posed of al ter nat ing lay ers of
celestine/do lo mite and ar agon ite/cal cite/bar ite with dis tinct iso to pic com po si tions. The se quence de scribed at Dafeng Shan formed in a
low en ergy, hypersaline lac us trine en vi ron ment as in di cated by the micro struc tures and evaporitic min er als as well as by the ab sence of
lithoclasts. The peloids, ooids and oncoids de scribed are re lated to mi cro bial ac tiv i ties in sa line lake. The ox y gen iso to pic com po si tion of 
the car bon ates vary be tween +34.4 and +39.8‰ (SMOW), rep re sent ing the heavi est val ues mea sured un til now. The d18O and the d34S
iso to pic com po si tion of the celestine range be tween 20.1 to 22.3‰ (SMOW) and +19 to +22‰ (CDT) re spec tively, sug gest ing sul fur re -
cy cling via sul fide ox i da tion. The car bon iso to pic com po si tions of the car bon ates show a large neg a tive ex cur sion of up to –30‰. The
micro struc tures, min er al ogy and iso to pic com po si tions as well as the geo log i cal con text sug gest ox i da tion of meth ane from a deep
source.
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INTRODUCTION

The Hi ma la yas, the Ti betan pla teau and the ad ja cent moun -
tains to the north, are the larg est pres ent-day top o graphic fea -
tures re sult ing from con ti nent–con ti nent col li sion (e.g., Molnar 
and Tapponnier, 1975; Allégre et al., 1984; Yin and Nie, 1996;
Hodges, 2000). The av er age el e va tion of the re gion reaches
4000–5000 metres. The pro gres sive north-south short en ing,
due to col li sion, achieves ca. 1400 km (e.g., Zhou and Gra ham,
1996; Replumaz and Tapponnier, 2003). The Neohimalayan
tec tonic phase started dur ing the early Mio cene (e.g., Hodges,
2000) and has been fol lowed by ac cel er ated de nu da tion dur ing
the past few mil lion years. Ac cel er ated de nu da tion may have
been trig gered by ei ther tec tonic ac tiv ity, as sug gested by re -
cent seis mic move ments within the Hi ma la yan Meta mor phic
Belt, or by en hanced ero sion, pos si bly re lated to global cli mate

changes (An et al., 2001; Kayal, 2001; Peizhen et al., 2001;
Bojar et al., 2005). 

The on set of the In dian and East Asian mon soon, as well as
en hanced arid ity in the Cen tral Asia, oc curred about 8 Ma ago,
con com i tant with a pe riod of sig nif i cant in crease in the al ti tude
of the Ti betan pla teau and with North ern Hemi sphere gla ci -
ation (Har ri son et al., 1992; Prell and Kutzbach, 1992; Molnar
et al., 1993; Ramstein et al., 1997; Lehmkuhl and Haselein,
2000; Peizhen et al., 2001; Zhisheng et al., 2001; Guo et al.,
2002). Later in ten si fi ca tions of the East Asian mon soon at 3.6
and 2.6 Ma are also re lated to pe ri ods of rapid up lift of the
north west ern part of the Ti betan pla teau (Qiang et al., 2001;
Spicer et al., 2003). 

The Qaidam ba sin is lo cated at the north ern edge of the Ti -
betan pla teau. The thick Plio cene-Qua ter nary de pos its were in -
flu enced by tec tonic pro cesses re lated to up lift of the Ti betan
pla teau, as well as by cli ma tic changes re lated to pla teau
growth (Har ri son et al., 1992; Murphy et al., 1997; Meyer et



al., 1998). Dif fer ent ap proaches have been used in or der to re -
con struct Ce no zoic en vi ron men tal changes from the sed i men -
tary re cord of the ba sin. These in clude pol len anal y sis, stra tig -
ra phy, dat ing of evaporite de pos its, sta ble iso topes of fluid in -
clu sions in evaporites, and the ar eal ex tent of salt lakes (Chen
and Bowler, 1986; Phillips et al., 1993; Yang et al., 1995; Liu
et al., 1998; Wang et al., 1999).

In this study we have re con structed Plio cene and Qua ter -
nary lac us trine palaeoenvironment by ex am in ing the min er al -
ogy, fab rics and geo chem is try of cli mate-sen si tive rocks, in
this case the car bon ates and sulphates from the west ern part of
the Qaidam ba sin (Fig. 1). 

GEOLOGICAL FRAMEWORK AND PLIOCENE
TO QUATERNARY CLIMATE CHANGES

IN THE QAIDAM BASIN

The ca. 120 000 km2 large, rhomb-shaped Qaidam ba sin,
con tain ing un usu ally thick (3–17 km) Me so zoic to Ce no zoic
sed i men tary se quences, is sur rounded by the Kunlun/Qiman -
tagh, Qilian and Altyn moun tain ranges. The mean sur face el -
e va tion of the ba sin floor is ~2700 m, whereas the sur round -
ing moun tains reach el e va tions of over 5000 m. The lat est in -
ter pre ta tions con sider the for ma tion of the Qaidam ba sin as a
re sponse to oblique com pres sion be tween the left lat eral
Altyn and Cen tral Kunlun faults (Métivier et al., 1998; Meyer
et al., 1998). The ba sin stra tig ra phy is well con strained by
ostracods, spores, pol len, magnetostratigraphy and seis mic
stra tig ra phy (Sun et al., 1999; Wang et al., 1999; Xia et al.,
2001 and ref er ences therein). 

The Qaidam ba sin has been char ac ter -
ized by endorheic drain age through most
of its ex is tence (Paleogene to re cent),
which re sulted in the for ma tion of a large
con ti nen tal lake (Chen and Bowler, 1986;
Liu et al., 1998; Shi et al., 2001). The Plio -
cene and Qua ter nary fill of the Qaidam is
ex clu sively ter res trial and com prises al lu -
vial fan de pos its, such as con glom er ate and 
brec cia dis posed along ba sin mar gins. In
con trast, the cen tral sec tors of the ba sin can 
be di vided into:

— near-shore with mainly sand and
siltstone, 

— deep-wa ter de pos its, with many
thin car bon ate in ter ca la tions. 

Var i ous evaporitic min er als, for ex am -
ples, sulphates and chlo rides, formed dur -
ing Plio cene to Qua ter nary re gres sive
phases of lake de vel op ment (Chen and
Bowler, 1986; Lowenstein et al., 1989).

Dur ing the Plio cene to Qua ter nary,
there has been a strong tec tonic as well as
cli ma tic con trol of sed i men ta tion. Gen er ally 
the Plio cene to Qua ter nary are char ac ter ized 
by the dri est cli mate of the Qaidam ba sin
dur ing Ce no zoic time. The cli ma tic shift to -

wards arid con di tion has been re lated to up lift of the Ti betan Pla -
teau which led to to strength en ing of the mon soonal cir cu la tion
(Wang et al., 1999 and ref er ence therein). We will briefly dis -
cuss the main stages of ba sin his tory dur ing these pe ri ods.

Dur ing the late Mio cene to early Plio cene, the lake ex -
panded to 200 km from north-west to ward south-east. To wards 
the late Plio cene some of the lakes evolved to an evaporite for -
ma tion stage. The 1000 m salt-bear ing lay ers con tain sul phate
and chlo ride se quences around 200 m thick (Chen and Bowler,
1986), the to tal thick ness of the Plio cene de pos its reach ing up
to 6000 m. The en hanced arid ity was due to up lift of the ba sin
in the west ern re gion, as so ci ated with sub si dence in the east, as
well as re gional cool ing (Zhisheng et al., 2001).

From the late Plio cene to the Qua ter nary, dur ing pe ri ods of
tec tonic de for ma tion, an ti cli nal and synclinal struc tures were
formed, re sult ing in seg men ta tion of depositional en vi ron -
ments (Song and Wang, 1993; Meyer et al., 1998). Within the
syn clines, sed i men ta tion con tin ued and pro duced  thick lac us -
trine se quences 3000 to 4000 m (Liu et al., 1998; Shi et al.,
2001; Yan et al., 2002). Dur ing the Qua ter nary, the Qaidam ba -
sin evolved as an intramontane ba sin con trolled by west ern and
north ern winds, away from the in flu ence of the mon soon. The
arid pe ri ods al ter nated with short semi-arid con di tions re sult ing 
in the for ma tion of large shal low lakes and evaporites
(Lowenstein et al., 1989; Phillips et al., 1993; Liu et al., 1998;
Duan and Hu, 2001; Shi et al., 2001).

Be tween the be gin ning of the Qua ter nary and ca. 300 ka,
there is no de tailed in for ma tion about the cli ma tic evo lu tion
of the ba sin. In con trast much work has been done on de pos its
youn ger than 300 ka. At 302±56, 138±6 and 16.3±2.2 ka,
U/Th ages in di cate tran si tions from high to low lake level at
the end of con ti nen tal gla cial max ima, the ages be ing mea -
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Fig. 1. Sim pli fied map of the west ern part of the Qaidam ba sin and lo ca tion
of in ves ti gated sam ples



sured on salt lay ers de pos ited in the west ern Qaidam ba sin.
(Phillips et al., 1993). Sta ble iso tope data on fluid in clu sions
trapped in evaporites from the cen tral part of the ba sin in di -
cate cold and wet pe ri ods at be tween 50 to 45, 42 to 34 and 28
to 19 ka. Lake level low er ing and evaporite for ma tion con tin -
ued be tween 19 and 11 ka dur ing a gen er ally dry pe riod. Lake
lev els rose again dur ing late-gla cial and post-gla cial times,
be tween 19 and 14 ka, but the age of this event may dif fer
from site to site (Phillips et al., 1993; Yang et al., 1995). Gen -
er ally, the Ho lo cene is char ac ter ised by arid rel a tively warm
cli ma tic con di tions. 

Sul fate-rich brines oc cur in the west ern re gion of the ba -
sin, in con trast with those from the cen tral part which are tran -
si tional be tween sul fate and chlo ride, with chlo ride brines
pre dom i nat ing in the east ern sec tor (Chen and Bowler, 1986;
Lowenstein et al., 1986). The thick ness of the Plio cene to
Qua ter nary evaporite-bear ing strata de creases from west to
east, be cause the evaporites started form ing ear lier in the
west ern part. 

The pres ent cli mate rep re sents the dri est pe riod dur ing the
last 40 ka, with mean an nual pre cip i ta tion of 25 mm in the cen -
tre of the ba sin and 100 mm along the bor der. Mean an nual
evap o ra tion is ~3000 mm, while av er age tem per a ture vari a -

tions are from –10 to 20°C. The land scape is char ac ter ised by
salt lakes, playas and ae olian land forms. Playas and salt lakes,
as for ex am ple Yiliping and Quarhan, cover about one quar ter
of the to tal ba sin area. 

METHODS

Min er al og i cal com po si tions were de ter mined us ing a
Siemens D500 pow der diffractometer at the De part ment of
Min er al ogy at the Landesmuseum Joanneum, Graz, Aus tria.
The sam ples were pre pared with a den tal mi cro-drill and
mounted on a glass plate. Microbeam anal y ses were per -
formed at the In sti tute of Earth Sci ences, us ing a Jeol
JSM-6310 scan ning elec tron mi cro scope equipped with ED-
and WD-spec trom e ters. 

Or ganic car bon con tent (TOC) was ana lysed by LECO
CS 300 com bus tion in stru men ta tion and in fra red de tec tion
at the In sti tute of Earth Sci ence, Uni ver sity of Graz, Aus tria.
The sam ples were weighed, treated with 2N HCL so lu tion in
or der to dis solve car bon ates, weighed again and than ana -
lysed for TOC. 

Car bon ate iso to pic anal y ses were per formed on whole-rock 
sam ples us ing an au to matic Kiel II prep a ra tion line and a
Finnigan MAT Delta Plus Mass Spec trom e ter at the In sti tute of 
Earth Sci ences at the Uni ver sity of Graz, Aus tria. Re ac tion of
cal cite and do lo mite with H3PO4 was done at 70EC. NBS-19
and an in ter nal lab o ra tory stan dard were ana lysed con tin u ously 
for ac cu racy con trol (Bojar et al., 2001). An a lyt i cal pre ci sion is 

0.1‰ for d18O and 0.06‰ for d13C. All iso to pic re sults are re -
ported in permil units relativ to SMOW and PDB, re spec tively. 

Sulphate iso to pic anal y ses were done at the In sti tute of
Geo log i cal Sci ences, Uni ver sity of Wroc³aw. Sulphates were
dis solved in an 18% HCl so lu tion. The so lu tion was fil tered
and BaSO4 was pre cip i tated, due to ad di tion of 10% BaCl2 so -

lu tion. The pre cip i tated BaSO4 was rinsed with redistilled wa -
ter, dried, weighed, pow dered in an ag ate mor tar, pre heated at

550°C (2 min utes) and weighed again in or der to cal cu late the
con cen tra tion of sul phate (see Jêdrysek, 2000).

For sul phur iso tope anal y sis, 10 mg of BaSO4 were mixed
with 100 mg of V2O5 and 100 mg of pure quartz (Yanagisawa
and Sakai, 1983). The mix ture was placed at the bot tom of quartz 
glass tubes to gether with pre heated pure cop per wire. The tube
was at tached to the vac uum prep a ra tion line and heated at 450°C
for approx. 10 min utes to re move any vol a tile con tam i nants. Af -
ter wards, the tem per a ture was raised to 950°C and main tained
for 25 min utes to com plete the re ac tion. The ob tained  was
frozen in a liq uid ni tro gen trap and then cryo gen i cally cleaned
us ing dry ice-eth a nol mix ture (Jêdrysek et al., 2002). Al ter na -
tively, the SO2 was ob tained us ing NaPO3 re agent (V2O5 yields
the same re sults and both tech niques have been used al ter na -
tively for cal i bra tion) as de scribed by Ha³as and Wo³¹cewicz
(1981). The sul phate was re acted un der vac uum at 850°C with
dry NaPO3 and SO3 were the gas eous prod ucts of this re ac tion.
SO3 was re duced to  by pass ing the SO3 over hot (approx.
700°C) pure cop per. 

For ox y gen iso tope anal y sis, it was nec es sary to ob tain ox y -
gen quan ti ta tively as  from BaSO4. The CO2 was pre pared ac -
cord ing to Mizutani and Raf ter's (1973) tech nique; the sul phate 

was re acted with pure graph ite at 1400°C un der vac uum. 
Sul phur and ox y gen iso tope anal y ses were car ried out us -

ing a Varian MAT CH7 mass spec trom e ter with a mod i fied
de tec tion sys tem. The d18O and d34S val ues are given in
permil units with ref er ence to SMOW and CDT in ter na tional
stan dards, re spec tively. The pre ci sion (1s), ob tained for com -
plete anal y sis of rep li cate aliquots of stan dards and sam ples,
was gen er ally better than 0.1‰ for both sul phur and ox y gen
iso tope anal y sis. 

MICROFACIES, MINERALOGY 
AND STABLE ISOTOPIC COMPOSITION 

Car bon ate sam ples for sta ble iso tope anal y sis from Qua -
ter nary strata are gen er ally scarce and have mainly been col -
lected from out crops of the over Youshashan Anticline,
Dafeng Shan, and Xiaoliangshan (Fig. 1). All sta ble iso tope
data from late Plio cene and Qua ter nary de pos its are sum ma -
rised in Ta ble 1.

The Plio cene sam ples were col lected from the south west ern
side of the Youshashan Moun tains and Ahati. In di vid ual marl
lay ers are 0.1 to 0.5 m thick. Their min er al ogy con sists of quartz, 
feld spar, cal cite, ±mus co vite, ±clinochlore, ±do lo mite. The main 

car bon ate is cal cite. The d18O com po si tion of car bon ates vary

be tween 22 to 26.1‰, the d13C be tween –3.8 to –1.1‰. 
Gen er ally the Qua ter nary sam ples show much higher val -

ues of the ox y gen iso to pic com po si tion. Sam ples QA 297A-03, 
QA 298A-03 and QA 297A-01 were col lected from shore line
de pos its, near the ba sin bor der. The min er al ogy con sists of
quartz, cal cite, ar agon ite, ±mus co vite, ±clinochlore, plagio -
clase. They show d18O val ues be tween 26.5 and 33.6‰ and
d13C val ues be tween 0.1 and 4.6‰.
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T a  b l e  1

Sta ble iso tope re sults [‰] from Plio cene and Quarternary car bon ates and sulphates from the Qaidam ba sin

Sam ple d13C
 (car bon ate

PDB)

d18 O
 (SMOW)

d34S
 (sul phate. CDT)

d18 O 
(sul phate.
SMOW)

For ma tion To tal or ganic
car bon con tent

[TOC %]

Age De scrip tion

1 2 3 4 5 6 7 8 9

Dafeng Shan 0.06

QA 260 A-03/

1

–0.5 38.4 21.9 22.2 Qigequan Qua ter nary white crust, 
do lo mite

2 –1.0 38.4 Qigequan white crust, 
do lo mite

3 –1.1 39.8 Qigequan ma trix, 
do lo mite

4 –1.0 38.4 Qigequan ma trix, 
do lo mite

QA 141C

1

–3.6 39.2 19.4 20.1 Qigequan 0.05 Qua ter nary white oncoid,
do lo mite 

2 –4.4 39.3 Qigequan white oncoid,
do lo mite 

3 –3.7 39.3 Qigequan white oncoid,
do lo mite

4 –2.0 38.6 Qigequan ma trix, 
do lo mite 

5 –0.9 38.2 Qigequan ma trix, 
do lo mite 

6 –1.6 38.5 Qigequan ma trix, 
do lo mite

7 –1.1 38.5 Qigequan ma trix, 
do lo mite

8 –1.0 38.4 Qigequan ma trix, 
do lo mite 

QA 260B-03 –21.0 38.4 21.7 21.5 Qigequan 0.04 Qua ter nary ma trix, cal -
cite/ar agon ite

QA 260C-03/1 –29.2 34.4 Qigequan 0.03 Qua ter nary ma trix, cal -
cite/ar agon ite

–30.3 35.7 Qigequan ma trix, cal -
cite/ar agon ite

–26.3 35.6 Qigequan ma trix, cal -
cite/ar agon ite

–26.3 35.6 Qigequan ma trix, cal -
cite/ar agon ite

–25.9 35.4 Qigequan ma trix, cal -
cite/ar agon ite

–30.5 35.5 Qigequan ma trix, cal -
cite/ar agon ite

–20.6 36.1 Qigequan ma trix, cal -
cite/ar agon ite

–23.9 36.0 Qigequan ma trix, cal -
cite/ar agon ite

–20.7 36.1 Qigequan ma trix, cal -
cite/ar agon ite

QA 261B-03 –2.3 38.2 22.0 22.3 Qigequan Qua ter nary ma trix, 
do lo mite

–2.4 38.3 Qigequan 0.04 ma trix, 
do lo mite



The approx. 25 m high ex po sure at Dafeng Shan con tains,
from the base to top, a suc ces sion of do lo mite/celestine and cal -
cite/ar agon ite lay ers, al ter nat ing with siltstones and fine sand -
stones (Fig. 2 A, B, C). The lower sec tion is partly cut by me -
ter-thick, dis cor dant, NE-trending celestine veins. In Ta ble 1
the sam ples are in strati graphi cal or der, from the bot tom to the
top. We de scribed the microfacies ac cord ing to Flügel (2004).
For de scrib ing the car bon ate rocks the clas si fi ca tion of Folk
(1959, 1962) mod i fied af ter Strohmenger and Wirsing (1991)
has been used. 

Sam ple QA261B-03 con tains do lo mite, celestine, a few per -
cent of ha lite and de tri tal quartz. The ce ment is com posed of
micritic do lo mite and dolomitic ooids tens of mi crons across
(Fig. 3A, B). The do lo mite con tains ~0.8 wt% iron. The celestine 
crys tals are dis persed into the dolomitic ma trix. The sam ple can

be clas si fied as a packed oomicrite (>50% ooids). The d18O and

d13C of the do lo mite is 38.2‰ and –2.3‰, re spec tively. For
sam ple QA260C-03 (Fig. 4 A) the min er al ogy con sists of cal -
cite, ar agon ite, ±bar ite, ±ha lite, and de tri tal quartz. The micritic
ce ment con sists of cal cite, ar agon ite and bar ite (Fig. 4 B, C). The
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Fig. 2. Lithological sec tion at Dafeng Shan mine show ing the po si tion of the Qua ter nary sam ples

 A  — over view from NNE, B — sit u a tion at mine en trance, C — lithological sec tion (height — ap prox i mately 25 metres)

1 2 3 4 5 6 7 8 9

Xiaoliangshan

QA 298A-03 4.6 33.3 Qigequan Qua ter nary ma trix, cal -
cite/ar agon ite

4.4 32.9 Qigequan ma trix, cal -
cite/ar agon ite

QA 297A-03 0.1 31.2 Qigequan Qua ter nary ma trix, cal -
cite/ar agon ite

3.4 33.6 Qigequan ma trix, cal -
cite/ar agon ite

Qigequan Hills Qigequan Qua ter nary ma trix, cal -
cite/ar agon ite

QA-297A-01 2.3 26.5

Ahati

QA-295B-03 0.7 26.1 Shizigou Plio cene ma trix, cal cite

E Youshashan

QA-289A-03 –1.1 22.0 Shizigou Plio cene ma trix, cal cite

QA-294A-03 –2.4 22.2 Shizigou Plio cene ma trix, cal cite

QA-293A-03 –2.7 23.1 Shizigou Plio cene ma trix, cal cite

Tab.1 con tin ued 



bar ite lo cally con tains up to 20% Sr (Fig. 4 D). Py rite is con cen -
trated within some lay ers. Char ac ter is tic of these lay ers is the
pres ence of peloids tens of mi crons across, with a clot ted struc -
ture. The peloids con sist of cal cite, ar agon ite, bar ite and py rite
(Fig. 4E–G). The sam ple can be char ac ter ized as a peloid-bear -
ing micrite (be tween 1 to 10% peloids). An iso to pic pro file
across the strat i fi ca tion of a hand spec i men 15 cm across shows

d18O val ues be tween 34.4 and 36.1‰ and a large vari a tion in

d13C val ues of be tween –20.7 and –30.5‰.
Sam ple QA260B-03 con tains do lo mite and
celestine, voids with celestine crys tals be ing
oc ca sion ally pres ent (Fig. 5A, B). The do lo -

mite shows d18O val ues of around +38.4‰

(SMOW), and d13C val ues around –21‰.
Sam ple QA141C-01 con tains mainly
celestine and do lo mite, subordinately ha lite
and de tri tal quartz (a few per cent). The sam -
ple con tains also white, con cen tri cally grown,
el lip soi dal micrite oncoids filled with
celestine, and dolomitic peloids show ing a
clot ted struc ture (Fig. 6A–C). The sam ple can
be clas si fied as an oncomicrite. Voids filled
with celestine crys tals up to 2 mm across are

also pres ent. The micritic do lo mite show d18O val ues around

38.4‰, and d13C val ues around –1.1‰. The oncoids have higher 

d18O val ues of +39.3‰ and lower d13C val ues of around –4‰.
Sam ple QA260A-03 is char ac ter ised by a micritic ma trix sur -
round ing white crusts ca. 2 cm thick (Fig. 7 A). The ce ment is
com posed of do lo mite, celestine and ±gyp sum and clot ted
dolomitic peloids, the sam ple can be de scribed as a sparse
pelmicrite (Fig. 7 B, C). Thin ha lite lay ers are as so ci ated with the 
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Fig. 4. QA 260C-03: A — sam pling points the shown ar rows are per pen dic u -
lar to strat i fi ca tion, B — BSE im ages: bar ite and ar agon ite/cal cite (dark
grey), C — the car bon ates show sec ond ary growth within cav i ties, D —
zonation from bar ite to Sr-rich bar ite, E–G — peloids com posed of ar agon -
ite/cal cite, py rite, bar ite

Fig. 3. QA 261B-03: A — BSE im ages: dis persed celestine crys tals (white) within
 a dolomitic ma trix; B — dolomitic oo lites

De tri tal clasts are spo rad i cally found



white crusts. Celestine crys tals grow also in small voids. Both

crusts and ma trix show sim i lar iso to pic com po si tions, with d18O

val ues rang ing from 38.4‰ to 39.8 and d13C around –1‰. 
For the se quence de scribed at Dafeng Shan there is ev i -

dence that most of the ob served micro struc tures are syn -
sedimentary; for ex am ple, the pres er va tion of in situ formed
grains such as ooids, peloids and on coids, the pres ence of
celestine-halite crusts, the pres ence of open space pore show -
ing lo cal crys tal growth, and the pres ence of ar agon ite. There is
no ev i dence of de for ma tion, re-crystallisation, pres sure so lu -
tion or sec ond ary vein-fill within the thin sec tions. 

For the Dafeng Shan ex po sure (Ta ble 1), the d18O and d34S
iso to pic com po si tion of celestine var ies be tween –20.1 to
22.3‰ (SMOW) re spec tively from 19.4 to 22‰ (CDT).  For
all the sam ples from Dafeng Shan, TOC mea sure ments have
been made. The TOC shows lit tle vari a tion,  with low val ues
for all sam ples (Ta ble 1).

The d18O val ues of Qua ter nary car bon ates from the Dafeng
Shan sec tion vary be tween 34.4 and +39.8‰ (SMOW). These

val ues are even higher than
the ones re ported for the cal -
cites and dolomites as so ci ated 
with the sa line de pos its of the
Pripyat Trough, Belarus
(Maknach et al., 1994). In

these the re ported d18O val ues 
are up to +36.6‰, and have
been con sid ered the high est
mea sured in con ti nen tal car -
bon ates. For ma rine car bon -
ates de vel oped un der nor mal
sa lin ity con di tions, the high -
est val ues re ported un til now
are for siderites from Black
Outer Ridge, for which val ues 

up to 39‰ (SMOW) are re ported (Matsumoto, 1989). The d13C
val ues show a large neg a tive ex cur sion from val ues of –2.3‰ in
the lower part of the sec tion (QA 261B-03) to val ues be tween
–21 to –30‰ for QA 260C-03. In the up per part of the sec tion,
the ma trix do lo mite show val ues from –2 to –1‰ (QA 141C,
QA 260A-03/1). 

DISCUSSION AND CONCLUSIONS

The d18O val ues of lac us trine cal cite ce ments that formed in
near-sur face me te oric phreatic con di tions are de pend ent on wa -

ter tem per a ture and the d18O of the lake wa ter. Since the late
Plio cene as the lakes evolved as a closed sys tem, with evap o ra -
tion ex ceed ing pre cip i ta tion rates, we can con sider the allogenic
car bon ate in put neg li gi ble. For large shal low closed lakes it is
usu ally as sumed that wa ter tem per a ture re flects air tem per a ture
(Benson et al., 2002; Leng and Mar shall, 2004). In con trast to
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Fig. 6. QA 141C-03: A— white celestine-rich
oo lites, cir cles in di cate the sam pling points,
B — BSE im ages: oo lites filled with celestine,
C — dolomitic peloid

Fig. 5. QA 260B-03: A — BSE im ages: do lo mite-celestine micrite, B — voids with celestine crys tals



the re gions sit u ated within a mon soon in flu ence, the Qaidam ba -
sin dur ing the Qua ter nary has shown low lo cal air tem per a tures
as so ci ated with  high val ues of ox y gen iso to pic com po si tions of
car bon ates (Tian et al., 2003; He et al., 2004). 

Iso to pic data from the micritic cabonatic ma trix in di cate
two dif fer ent trends over the Plio cene and Qua ter nary (Ta ble 1

and Fig. 8): a — a large pos i tive d18O and a slight pos i tive d13C
shift be tween the Plio cene and Qua ter nary; b — dur ing the
Qua ter nary, for the Dafeng Shan out crop, a large neg a tive shift

in the d13C val ues. 

The large pos i tive shift in d18O val ues be tween the Plio cene 
and Qua ter nary is in ter preted as a cli ma tic change from rel a -
tively hu mid con di tions to cool, arid con di tions. Such high
arid ity con di tions and a closed lake en vi ron ment were de duced
for Qua ter nary strata of this re gion from other prox ies such as,
for in stance the wide spread salt-de pos its and the pol len dis tri -
bu tion (Chen and Bowler, 1986; Lowenstein et al., 1989;
Xingzhen and Hongshun, 1993; Liu et al., 1998; Wang et al.,
1999; Lehmkuhl and Haselein, 2000). 

The pres ence of celestine and bar ite also in di cates hyper -
saline con di tions. Ba is less sol u ble than  Sr by  three and a half
or der of mag ni tude and, ad di tion ally, dur ing pre cip i ta tion from
aque ous so lu tion Ba is pref er en tially in cor po rated into the solid 

phase (Hanor, 2004). In or der to
leach Sr and pre cip i tate celestine,
highly sa line flu ids, with a sig nif i -
cant con cen tra tion of dis solved sul -
fate and a high Sr/Ba ra tio of the
leached ma te rial should be avail -
able (Hanor, 2000). These flu ids
could pen e trate into un der ly ing sed -
i ments, leach ing pre-ex is tent car -
bon ates or evaporites. Sr sol u bil ity
de creases with tem per a ture, there -
fore low-tem per a ture flu ids were
re quired for trans port. The ex -

tremely high d18O com po si tions of
do lo mite also sup port a strongly
evap o ra tive, closed lake, where
such high sa lin ity flu ids could de -
velop. Micro struc tures, the pres -
ence of evaporitic min er als as well
as the ab sence of lithoclasts sup port
a low en ergy, hypersaline lac us trine 
en vi ron ment for the for ma tion of
the se quence de scribed at Dafeng
Shan. There is in creas ing ev i dence
about the in situ for ma tion of par ti -
cles as peloids, ooids and oncoids
due to mi cro bial ac tiv i ties in sa line
lakes (Flügel, 2004). The clot ted
struc ture of the peloids de scribed
points also to wards a mi cro bial or i -
gin for these grains

In the Qaidam ba sin, the av er -
age monthly tem per a tures vary be -

tween –10 and +20°C (Tian et al.,
2003). As the lake was shal low, we
can as sume that the wa ter tem per a -

ture re flects the av er age monthly tem per a ture, and that car bon -

ates pre cip i tated at tem per a tures be tween 0 and 20°C. For the
as sumed tem per a ture range we can test if the mea sured iso to pic 
com po si tion of dolomites and ar agon ite/cal cite in di cate pre cip -
i ta tion from a fluid with sim i lar ox y gen iso to pic com po si tion or 
not. We used for the cal cu la tions the frac tion ation fac tors of
O`Neil et al. (1969) for cal cite-wa ter, Grossman and Ku (1986) 
for ar agon ite-wa ter, and Matlhews and Kaltz (1977) for do lo -
mite-wa ter. The cal cu la tions show that for the as sumed tem per -
a ture range, the ox y gen iso to pic com po si tion of do lo mite is en -
riched by 3.2 to 4‰ with re spect to pure cal cite and en riched by 
2.8 to 3.6‰ with  re spect to a mix ture com posed of 70% cal cite 
and 30% ar agon ite. This mix ture rep re sents the min er al ogy de -
ter mined for sam ple QA260C-03. The mean value of the mea -
sured ox y gen iso to pic com po si tions for do lo mite is 38.5‰ and
that of cal cite-ar agon ite mix ture is 35.6‰. The dif fer ence be -
tween these val ues is 2.9‰, and in the range of cal cu lated iso -
to pic en rich ment of do lo mite with re spect to a cal cite-ar agon ite 
mix ture. The mea sured iso to pic com po si tions of ma trix do lo -
mite is quite con stant and vary with 0.6‰ from 38.2 to 38.6‰
(see Ta ble 1) and the iso to pic com po si tions of cal cite-ar agon ite 
vary with 0.7‰ from 35.4 to 36.1 (ex cept one value). The iso -
to pic en rich ment of do lo mite with re spect to the cal cite-ar agon -
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Fig. 7. QA 240A-03; BSE im ages: A — 
celestine rich, ha lite crusts, B — gyp sum,
 do lo mite, celestine, C — dolomitic peloids



ite var ies be tween 2.1 to 3.8‰ and it is in the range of cal cu -
lated val ues. This fact sug gests that the do lo mite and cal cite-ar -
agon ite pre cip i tated from a fluid with sim i lar ox y gen iso to pic
com po si tion. Thus the change in min er al ogy from the Dafeng
Shan, from do lo mite-celestine to cal cite-ar agon ite-bar ite, is
more likely re lated to a change in wa ter chem is try, for ex am ple, 
a drop in the sul phate con cen tra tion and in crease in the car bon -
ate con cen tra tion and/or change in re dox con di tion as in di cated 
by the pres ence of py rite in the cal cite-ar agon ite-bar ite sam ple
QA260C-03. 

The d13C iso to pic com po si tion of authigenic cal cite is usu -
ally sim i lar to that of am bi ent dis solved in or ganic car bon
(DIC). For a pH of be tween 6.4 and 10.3, HCO

3
-  is the main

DIC spe cies (Clark and Fritz, 1997). We can ex pect, for such a
hypersaline en vi ron ment, rather al ka line con di tions and the
con tri bu tion of CO

3
2-  spe cies to the DIC. In this case the

authigenic car bon ates will re flect the d13C com po si tion of dis -
solved HCO

3
-  and CO

3
2-  spe cies. The cal cite-bi car bon ate frac -

tion ation is not tem per a ture-de pend ent for car bon (Romanek et 
al., 1992), with the d13C iso to pic value of cal cite around 1‰
more pos i tive. The frac tion ation fac tor be tween HCO

3
2-  and 

HCO
3
-  can be ob tained by com bin ing the equa tions of Mook et

al. (1974) and Deines et al. (1974). The frac tion ation fac tor be -
tween these spe cies is 0.4‰ and shows prac ti cally no vari a tion
with the tem per a ture. By chang ing the dis tri bu tion of the CO

3
2-

and HCO
3
-  spe cies, the car bon iso to pic com po si tion of the car -

bon ates will show a small vari a tion of up to 0.4‰. 
Usu ally the iso to pic com po si tion of DIC is con trolled by:

the iso to pic com po si tion of wa ters feed ing the lake, pho to syn -
the sis/res pi ra tion of the aquatic plants and CO2 ex change be -

tween at mo sphere and lake wa ter, ox i da tion of large amounts
of or ganic materialerial. The Qua ter nary ma trix car bon ates

show d13C val ues be tween –2 and 4.6‰, val ues which are
higher than those of the Plio cene car bon ates. As the lake
evolved as a hy dro log i cal closed lake sys tem dur ing the Qua -

ter nary, the d13C val ues are in ter preted to in di cate dif fer ent de -
grees of equil i bra tion of the DIC with the at mo spheric CO2

(Tal bot, 1990). For ex am ple, for at mo spheric CO2, which nor -

mally has val ues of –8‰, the d13C iso to pic com po si tion of DIC 
would have val ues around 2‰, sim i lar to those mea sured for
the Qua ter nary car bon ates.

The large neg a tive car bon iso to pic ex cur sion from the
Dafeng Shan can not be ex plained by the vari a tion of one of the
fac tors which usu ally con trol the DIC. Usu ally light ground wa -
ters in equi lib rium with CO2 gas at 20°C with d13CCO2gas of
–23‰, have a d13CDIC of –15‰, which is fur ther in iso to pic
equi lib rium with a cal cite char ac ter ized by a d13Ccal cite value of
around –14.5‰ (Fritz and Fontes, 1997). More over as the TOC
con tents of the sam ples from Dafeng Shan are very low the pres -
ence of light CO2 de rived from ox i da tion of large amount of or -
ganic mat ter can be ex cluded. Only in highly or ganic shal low
lakes, or ganic mat ter ox i da tion can lead to very low d13Ccal cite

drop ping to –19‰ (East wood et al., in press). Us ing the frac -
tion ation fac tor for car bon be tween: CaCO3-CO2 gas (Bottinga,
1968) and HCO

3
- -CO2 gas (Mook et al., 1974), we can cal cu late, 

from the light est d13Ccal cite we mea sured, the d13CCO2gas and the
d13CDIC in iso to pic equi lib rium with this cal cite. For tem per a -
tures be tween 0 and 20°C the cal cu lated d13CCO2gas val ues are
be tween –45‰ and –41‰ and the d13CDIC are be tween –36 and
–31‰, so far be low the typ i cal d13CDIC val ues of groundwaters. 

There are also other mech a nisms which may con trol the
com po si tion of lac us trine in or ganic car bon DIC, such as the
pres ence of CO2 re sult ing from mi cro bial, aer o bic or an aer o bic
ox i da tion of meth ane. Bac te rial ox i da tion of meth ane takes
place ei ther in the anoxic en vi ron ment by sul fate-re duc ing bac -
te ria when sul fate is avail able, or in anoxic en vi ron ment
through the ac tiv i ties of meth ane-ox i diz ing bac te ria (Barker
and Fritz, 1981; Swee ney, 1988; Whiticar, 1999). An ex cess of
meth ane from deeper sources may reach the sed i ment-wa ter in -
ter face, so in this case a com bi na tion of both ox i da tion pro -
cesses may be pos si ble. Bac te ri ally pro duced meth ane is

strongly de pleted in 13C, and shows d13C val ues in the range of
–50 to –110‰ (Whiticar, 1999). Thermogenically pro duced
meth ane has a heavier com po si tions in the range of –20 to
–50‰ (Sackett, 1978; Whiticar, 1999). In the re gion from

where the sam ples come, the d13C of known meth ane de pos its
range be tween –35 to –45‰ (Zhang et al., 2003), in di cat ing a
thermogenic or i gin. The iso to pic com po si tion of the car bon ates 
with a meth ane-de rived car bon source will be gen er ally heavier 
than those of the meth ane it self be cause: a) dur ing meth ane ox i -
da tion pro cesses, the frac tion ation fac tor for car bon be tween
CO2 and CH4 is pos i tive and ac cord ing to Whiticar (1999) be -
tween 30 and 5‰; b) car bon sources, other than meth ane, con -
tain rel a tively more 13C (Camp bell et al., 2002; Peckmann and

Thiel, 2004). For ex am ple, for a d13Cmeth ane of –45‰ there will

re sult a CO2 gas with d13C of be tween –40‰ and –15‰ . The
cal cu lated car bon iso to pic com po si tions of DIC and cal cite in
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Fig. 8. Plot of d18O and d13C trends for Plio cene 
and Qua ter nary car bon ates

The ar rows in di cate the rel a tive strati graphic po si tion of the sam ples
from Dafeng Shan from the bot tom to the top of the out crop



equi lib rium with this CO2 gas at 20°C are: a d13CDIC be tween

–31‰ and –6‰ and a d13Ccal cite  be tween –30.5 and –5.5‰. At
Dafeng Shan, the large neg a tive shift in the car bon iso to pic
com po si tion of car bon ates, with vari able val ues be tween –20
and –30‰, may be ex plained by par tic i pa tion of a light CO2 re -
sult ing from meth ane ox i da tion. The iso to pic com po si tion of
car bon from Dafeng Shan car bon ates matches the iso to pic
com po si tion of meth ane mea sured in the re gion, in di cat ing
rather bac te rial ox i da tion of the thermogenically de rived meth -
ane. Ac cord ing to our cal cu la tions, the ox i da tion of a meth ane
with lighter com po si tions than these mea sured un til now, and
the pres ence of bac te rial meth ane can not be ex cluded, al though 
no pub lished data on the iso to pic com po si tion of such a meth -
ane are avail able. Py rite, a com mon min eral in meth ane car -
bon ates (Peckmann and Thiel, 2004) is also pres ent in sam ple
QA260A-03. It oc curs as small pyritiferous car bon ate nod ules
or as films within cav i ties with sec ond ary car bon ates. The pres -
ence of py rite sug gests an aer o bic meth ane ox i da tion and sul -
fate re duc tion. If meth ane reached the sed i ment-wa ter in ter -
face, we can also not ex clude aer o bic ox i da tion and lib er a tion
of a light CO2 into the pool. The light CO2 will also shift the
car bon iso to pic sig na ture of pri mary car bon ates to lower val -
ues. The microfabrics of QA260-03 show pri mary car bon ates
with up wardly-di rected ag gre ga tion and sec ond ary car bon ates
grown be low car bon ate crusts and within cav i ties. This fab ric
may be in ter preted as sup port ing the pres ence of both aer o bic
and an aer o bic meth ane ox i da tion. In this case, ag gre ga tion is
as so ci ated with pre cip i ta tion of car bon ates from the lake wa ter
and the sec ond ary car bon ates formed dur ing an aer o bic ox i da -
tion of meth ane (Fig. 4C).

In non-ma rine evaporites, the sta ble iso tope com po si tion of
sulphates re flects lo cal sources and pro cesses. As the ba sin is
sit u ated in the con ti nen tal in te rior, in the rain shadow of the Hi -
ma la yas, we can ex clude the pres ence of ma rine aero sols as a
po ten tial source for sulphates. The ba sin has also a thick (av er -
ag ing 8 km) con ti nen tal se quence, so dis so lu tion of pre-ex ist -
ing ma rine evaporites is not prob a ble. There fore we con sid ered 
that for the Qaidam ba sin, the sul fates could be de rived from
dis so lu tion of pre-ex ist ing con ti nen tal evaporites and/or ox i da -
tion of sul fides from area sur round ing the ba sin. The tem per a -
ture de pend ence of sul fur iso tope frac tion ation is low and sim i -
lar among sul phate min er als. At low tem per a tures, iso to pic ex -
change be tween dis solved sul phate and wa ter has slow ex -
change rates (Chiba and Sakai, 1985). Ac cord ingly, the sul fur
and ox y gen iso to pic com po si tion of celestine should re flect the
com po si tion of the dis solved sulphates, and not that of wa ter. 

The sul fur frac tion ation be tween sul fate min er als and
aque ous sul fates is small (Holser and Kaplan, 1966; Sakai,
1968), there fore the sul fur iso to pic com po si tion will ap prox i -

mate to the iso to pic com po si tion of the par ent fluid. The d34S
of the sea wa ter sul fate is 1.65 less than that of the min eral
(Thode and Mon ster, 1965), sea wa ter sul fate hav ing approx.

21‰ (CDT) (Rees et al., 1978; Longinelli, 1983). The d34S
iso to pic com po si tion of celestine from the Dafeng Shan var ies 
be tween 19.4 to 21.9‰ (CDT) and it is by 3.3 to 0.7‰ lighter

than the com po si tion of the sul fates pre cip i tated from sea wa -
ter. The ox y gen iso to pic com po si tion of celestine from
Dafeng Shan var ies be tween 20.1 to 22.3‰ (SMOW). The

d18O of the as so ci ated dis solved sul fate is 3.5‰ less than that
of the min eral (Gonfiantini and Fontes, 1963; Lloyd, 1968),
thus the iso to pic com po si tion of wa ter sul fate var ied be tween
16.6 and 18.8‰ (SMOW). These val ues are heavier than the
pres ent-day dis solved ma rine sul fate, which is approx. ~9.5‰ 
(Longinelli and Craig, 1967; Raf ter and Mizutani, 1967;
Longinelli, 1983) but they are in the range of iso to pic com po -
si tions of sul fate ions from con ti nen tal sa line lakes and brines
(Longinelli and Craig, 1967). The ox y gen iso to pic com po si -
tion of sulphates mea sured at Dafeng Shan ap proach the value 
of dis solved at mo spheric O2 which is 24.2‰ (Dole et al.,
1954; Kroopnick and Craig, 1972) and sug gests sul fur re cy -
cling via sul fide ox i da tion. One pos si ble ex pla na tion for the
sta ble iso tope com po si tion of sul fates from Dafeng Shan,
char ac ter ized by slightly de pleted sul phur and en riched ox y -
gen iso to pic com po si tion in com par i son to ma rine sul phate,
would be ox i da tion of ma rine sul fides. It is known that sul fide 
ox i da tion mech a nisms in volve small sul fur iso tope
fractionations, while ox y gen iso tope fractionations range
from 0 to –8.7‰ (Van Stempvoort and Krouse, 1994; Machel
et al., 1995).

In con clu sion, both d13C and d18O data, as well as the pres -
ence of evaporitic min er als, show a clear trend to wards a dry cli -
mate dur ing Qua ter nary times. In ac cor dance with pre vi ous
lithological and other en vi ron men tal data, the ox y gen iso to pic
com po si tions and min er al ogy in di cate that the cool est and dri est 
con di tions of the whole life time of the Qaidam ba sin oc curred
dur ing the Qua ter nary. This may be cor re lated with a strong
phase of sur face up lift of both Hi ma la yan and north ern Ti bet,
and syn chro nously fold ing-in duced seg men ta tion of the ba sin.
The lith o logical se quence from Dafeng Shan is in ter preted to
rep re sent de po si tion of carbonate and evaporitic min er als dur -
ing a dryer pe riod al ter nat ing with wet ter pe ri ods when fine
siliciclastic minerals, as found at the bot tom and top of the se -
quence, were de pos ited. A plau si ble ex pla na tion for the large
neg a tive shift of car bon iso to pic com po si tion found at Dafeng
Shan is meth ane leak age from un der ly ing nat u ral gas and oil
de pos its. The ox y gen iso to pic com po si tion of celestine min er -
als is heavier than that of the ma rine-de rived sul fates, while the
sul fur iso to pic com po si tion is slightly lighter than the com po si -
tion of ma rine sul fates sug gest ing sul fur re cy cling via sul fide
ox i da tion. The sul fides could be, for ex am ple, eroded from
areas surrounding the basin
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