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Abstract

The Qaidam basin in W China is an immense hyperarid intramontane basin with flat vast playas and salt lakes on

the Qinghai-Tibet Plateau. The central basin is about 2800-2900 m a.s.l. elevation and enclosed by mountain ranges
reaching > 5800 m in the Qilian Mountains and > 6200 m in the eastern Kunlun Mountains. The extensive playas of
the basin are covered by gypsum or halite with very subordinate additional solids. In this contribution we report on
the chemical composition of salt lakes and inflows to the Qaidam basin (analysis of 30 water samples collected in the
summer of 2008 and 2009) together with the composition of 22 salt samples. Salt lakes and small salt ponds formed
at topographic depressions. Some of the lakes cover > 300 km? surface but are very shallow (1-2 m deep). Most salt
lakes and salt ponds are NaCl dominated and contain typically 250-300 g kg™ total dissolved solids (TDS). Some lakes
are industrially used and produce KCl fertilizer, LiCl, and boron or are strongly modified by deep water produced in oil
fields. Lakes along the borders to the high mountains are typically not fully saturated with halite. However, also these
lakes lost most Ca and are drastically enriched in Mg and some lakes also in B and Li. The chemical development of
the most natural salt lakes follows a path producing Ca-deficient water that ultimately precipitate Mg-bearing carbon-
ates and chlorites in addition to halite upon evaporation. The salt lakes form by continuous and drastic evaporation
of the waters supplied by the inflows to the lakes in the basin. All inflows carry considerable amounts of Cl and are
characterized by very high CI/Br ratios. These chemical characteristics suggest that the salt load of the inflows origi-
nates mostly from re-dissolved windblown halite deposited together with sand up to high altitudes in the bordering
mountain ranges. Also, thermal waters ascending along deep faults along the Qilian Mountains carry considerable
amounts of chloride. Their low CI/Br ratio however suggests that most of the dissolved Na is derived from minerals

of the basement rocks by fluid-rock interaction at T> 130 °C. The thermal fluids also carry considerable amounts of
boron, indicating that co-precipitated borax in the salt lakes ultimately also derives from minerals in the basement
rocks (tourmaline). Consequently, the presented data improve the understanding how the brines and salt lake waters
develop from a wide range of chemically distinct low-TDS inflows and how the sequences of minerals precipitated
upon evaporation in the Qaidam basin formed.

Keywords Salt lakes, Evaporites, Qaidam Basin, Brines, Water—rock interaction

1 Introduction
Evaporating seawater produces a predictable set of pri-
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from the residual brine. Dominant bittern salts are car-
nallite (MgCl,KCl-6H,0) and epsomite (MgSO,-7H,0)
(McCaffrey et al., 1987; Warren, 2006).

Unlike marine brines, a more diverse and difficult to
predict set of evaporate minerals precipitates during
evaporation of continental waters. Evaporation of con-
tinental water occurs typically in hydrologically closed
basins surrounded by mountains such as the Qaidam
Basin in W China. The composition of non-marine
brines depends on the rock types exposed in the moun-
tains surrounding the closed basin. The rocks are leached
by precipitation water and then evaporate in the drain-
age basin (Eugster & Hardie, 1978; Warren, 2006; Ye
et al,, 2018). The consistent general trend is an increase
of sodium relative to the other cations. Once halite (HI)
precipitates from the basin brine cations including Mg,
Li, and K may increase in salt lakes (all abbreviations of
mineral names after Whitney & Evans, 2010). The inflow-
ing dilute waters are the precursors of brines. In non-
marine settings such as the studied Qaidam Basin, rivers
and groundwater are the major source of many solutes
that are ultimately forming the evaporate salts. Addition-
ally, upwelling waters from deeper strata or springs in the
basin can be relevant in the formation of evaporate min-
erals (Lowenstein & Risacher, 2008; Ye et al., 2015, 2018).

Eugster and Hardie (1978) distinguished five major
water types in so-called ‘hydrologically closed’ continen-
tal evaporite basins and developed characteristic suites
of evaporite minerals for each water type. Alkaline earth
carbonates are the first precipitates forming in evaporat-
ing waters due to their low solubility. Thus, in the early
stages of the evaporative evolution of saline waters the
initial (Ca+Mg)/CO; mol ratio is the most important
parameter (Eugster & Hardie, 1978). Precipitation of e.g.
calcite causes loss of Ca and CO4 from solution in equal
proportion. Unequal proportions in the initial solution
will determine, which solute dominates on further con-
centration, i.e. if the remaining solution becomes carbon-
ate-rich or carbonate-poor. Eventually, evaporation will
produce further new minerals and thus change the com-
position of the brine again (Deocampo & Jones, 2014;
Drever, 1997; Spencer et al., 1990).

However, saline lakes often occur in basins that con-
tain evaporites from previous saline lakes. Recycling of
these older salt deposits can be a major control on water
chemistry, typically resulting in a chloride-rich brine.
Generally, saline waters show a wide range of chemi-
cal composition, as result of many different chemical
processes including mixing, degassing (particularly of
CO,), and temperature changes (e.g. Drever, 1997; War-
ren, 2006). In basins with very low temperature during
wintertime, like in the Qaidam Basin, cryogenic effects
can be important. This may potentially result in the
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deposition of mirabilite (NaSO,-10H,0O) instead of the-
nardite (NaSO,) (Steiger & Asmussen 2008).

Previous hydrochemical research on salt lakes in the
Qaidam Basin concentrated mainly on the individual salt
lakes (e.g. Zhang et al., 2019; Ye et al., 2015, 2018; Lowen-
stein & Risacher, 2009; Spencer et al., 1990; Yu, 1986),
often with a focus on distinct brine components such as
lithium or potassium (e.g. Yu et al., 2012; Zhang et al,,
2019) or stable isotopes (e.g. Vengosh et al., 1994; Lowen-
stein et al., 1994; Fan et al., 2015; Du et al., 2019). Few
studies considered the catchment hydrology of particular
salt lakes, i.e. inflow of rivers or brooks (e.g. Ye et al. 2018;
Spencer et al., 1990; Vengosh et al., 1995). Some stud-
ies investigated (particular) evaporative minerals in cer-
tain areas of the basin (e.g. Kong et al., 2014; Wang et al.,
2016; Duan & Hu, 2001; Kezao & Bowler, 1986; Garret,
1996).

In this article hydrochemical data from 14 salt lakes
in the Qaidam Basin are presented and water composi-
tion data from 16 rivers, brooks, and springs flowing into
the basin from the surrounding mountains. Additionally,
mineral data on 30 collected evaporate mineral samples,
within or nearby the salt lakes, are given and compared
with the chemical composition and saturation state of the
salt lakes. The extensive data set offers a snapshot over-
view on the salt lakes and the inflows into the Qaidam
Basin, and on the nature of evaporative minerals in or in
close vicinity of the lakes. The further objective of this
investigation was to provide insight into the chemical
connection between inflows and salt lakes, to understand
the brine development from chemically distinct inflows,
and to deduce the origin of the different evaporate min-
eral deposits from the hydrochemical properties of the
salt lakes.

2 Geology and climate

The Qaidam Basin is a large closed basin located on
the northeastern margin of the Tibetan plateau, sur-
rounded by mainly Precambrian basement rocks of
the Qilian Mountains to the north, the Kunlun Moun-
tains to the south, and the Altun Mountains in the west
(Fig. 1, Xiao et al., 2018). The mountains surrounding the
Qaidam Basin reach an elevation of over 5000 m a.s.l. in
the northern and southern part and more than 4000 m
a.s.l. in the northwest (Zhang, 1987), which results in a
basin-and-range type topography of the study area. The
Basin covers an area of about 120,000 km?. The present
day central basin area, located at a minimum altitude of
2800 m a.s.l, is predominantly covered by dry salt flats
and many shallow saline lakes. ‘Qaidam’ means salt flat,
referring to the widespread occurrence of salt deposits
(Chen & Bowler, 1986; Stober et al., 2016; Ye et al., 2018).
The salt flats with densely packed white halite deposits
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(after Xiong et al. 2014)

are underlain by stratified salt sequences. Vast desert
areas are also covered with gypsum deposits, with gyp-
sum crystals up to several cm in size.

Perennial and ephemeral rivers and brooks flow into
the Qaidam Basin (Fig. 2). The larger rivers include in
southern direction Togrisay He (south of Mangnai),
Narin Gol (Fig. 3A), Golmud He (at Golmud) and from
northern direction Tatalin Gol (E of Da Qaidam city), Ige
He (NW of Da Qaidam city).

The Qaidam Basin is the largest intramontane endor-
heic, nonmarine basin on the northern Tibet Plateau with
no outlet to the sea. There are several playas in the basin,
shown in Fig. 2. These playas and saline lakes occupy over
one-fourth of the basin (Miao et al., 2016). The basin
contains about 27 salt lakes (Fig. 3B), many of which
were linked via thick salt beds and brines (Fig. 3C), and a
very thick (>3000 m) sequence of Quaternary sediments
deposited in the central Qaidam Basin (Chen & Bowler,
1986; Zhang, 1987; Liu et al., 1998; Fan et al., 2010a;
Miao et al.,, 2016; Guo et al., 2018). The young sediments
of the Qaidam Basin are underlain by further Cenozoic
sediments, which are overlying unconformably a variety
of rock units including Paleozoic granites, Proterozoic—
Paleozoic metamorphic rocks, and Jurassic and Creta-
ceous sedimentary strata (Yin et al., 2002).

The Qaidam basin is located within a complex system
of compressive structures in northeast Tibet and is the
largest topographic depression inside the Tibetan plateau.
Specifically, four thrust belts control the evolution of the

basin squeezing it to a narrow irregular shaped structure:
the Kunlun fault to the south, the Altyn Tagh fault to
the northwest, the Kunlun Mountains thrust belt on the
southern margin, and the Qilian Mountain thrust belt to
the northeast of the basin (Fig. 2). The Altyn Tagh fault
is the major boundary fault, leading to stronger deforma-
tion in the north (Guo et al. 2017; Zheng et al., 2013; Yin
et al.,, 2008; Wang et al., 2006; Yang et al., 2001; Zhang
et al., 2001; Cowgill, 2001). The left slip on the Altyn Tagh
fault zone is related to and absorbed by crustal shorten-
ing within the Qilian Mountains, the Qaidam basin, and
other convergent structures south of the fault zone. The
deformation history of the Qaidam basin shows that the
basin experienced continuous compression with a total
shortening of over 25 km since the beginning of Ceno-
zoic (Guo et al, 2017; Meng & Fang, 2008; Zhou et al.,
2006; Wang et al., 2006). In later Eocene and Quaternary,
the basin had two relatively fast shortening phases. The
Cenozoic sedimentary center is located in the central
basin with about 15 km deposition (Guo, et al. 2017).
Generally, the salt lakes lie within the main areas of late
Pleistocene subsidence (Chen & Bowler, 1986).

The Qaidam Basin is one of the largest hyper-arid
intramontane basins in the northern hemisphere. It is
located at a triple junction of influences from the South-
east Asian monsoon, the westerlies, and the Southwest
Indian monsoon (Bryson, 1986) and made it sensitive
to past climatic variability (Fan et al., 2010a). The ongo-
ing uplift of the high mountains around Qaidam Basin
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Fig. 2 Schematic geological map showing the locations of water- and evaporite mineral samples in the Qaidam Basin

created conditions for the formation of vast halite depos-
its combined with clastic sediments (Yuan et al., 1983).
Under extremely dry climatic conditions during late Neo-
gene, expansive and thick salt beds were accumulated in
the basin (Zhang, 1987). However, there is also evidence
for recent climatically controlled water-level fluctuations
in shallow-water environments during evaporite deposi-
tion (Chen & Bowler, 1986).

Today, an arid continental climate with long cold win-
ters, short warm summers and very low precipitation
prevails in the Qaidam Basin. The region receives only
55 mm of rainfall on average while evaporation rates are
approximately 3000 mm year ' (Fan et al., 2014; Miao
et al,, 2016; Yang et al., 1993). The mean annual air tem-
perature is 3 °C. Temperature may exceed 30 °C in sum-
mer (July) and fall below — 20 °C in winter (January).
In winter there are often strong storms and with wind
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Fig. 3 Typical landscapes in the Qaidam Basin. A Meandering river Nasin Gol on its way into the salt lake Dong Taijnar Hu. Width of the main
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channel 25 m. B Lake Dabusun in the background; in front solid rugged crust of halite, in places shattered. Lake Dabusun and the salt flats are part
of the central Qarhan playa. Distance to the small island c. 500 m. C Salt lake Da Qaidam Hu with rugged salt structures in the foreground. Width of
the polygonal shapes 20-30 cm. D Aeolian salt-rich sand deposits in the Qilian mountains, which originally came from the Qaidam Basin. High of

the mountains 5827 m a.s.l. and c. 2600 m above earth surface

speeds of up to 40 m s, transporting sand and salts
from the basin high up into the mountains (Fig. 3D). Due
to the dry climate and lack of outlets, lake waters gradu-
ally evaporate driving an increase in salinity that leads to
salt formation (Ye et al., 2018). During the cold winter
season, borax and mirabilite (sodium sulfate hexahydrate;
hydrated thenardite) precipitate directly from certain salt
lake water (Sun Bryson, 1986, Li, 1993, cited in Garrett,
1998).

Even though some of the salt lakes have an exten-
sive surface area, they are generally very shallow, mak-
ing their hydrochemical composition very sensitive to
climatic, temperature, and seasonal changes and their
surface areas extremely variable (Zhou, et al. 2016;
Gao et al,, 2019). Since the evaporitic environments

and controlling geochemistry have always differed
between local sub-basins of the Qaidam Basin, min-
eral assemblages in the different playas or hydro-
chemistry of salt lakes of the Qaidam Basin are highly
variable. Borates and halite predominate along the
northern margin (Chen & Bowler, 1986), while sulfates
together with halite prevail in the western region. The
Dalangtan playa in the northwestern Qaidam Basin
contains halite (NaCl), carnallite (KCl-MgCl,-6H,0),
gypsum (CaSO,-2H,0), anhydrite (CaSO,), mirabilite
(Na,SO,-10H,0), glauberite (Na,SO,-CaSO,), and large
quantities of MgSO, salts (meridianiite, epsomite, hex-
ahydrite, pentahydrate, starkeyite, sanderite, kieserite)
have been reported (Kong et al., 2014; Ye et al., 2018).
In contrast, the Qarhan salt lake in the eastern Qaidam
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Basin (Fig. 2) does not contain MgSO, salts. However,
it is the largest potassium brine occurrence and the lake
also contains a large amount of deposited calcite (with
smaller amounts of dolomite, aragonite and magne-
site) together with some gypsum, anhydrite, halite, car-
nallite, and some sylvite (KCl) (Fan et al., 2015; Wang
et al,, 2014; Warren, 2016; Ye et al., 2018).

As one of the largest basins in China, the Qaidam
Basin accumulated commercially interesting amounts
of different salt deposits and brine resources. These
reserves have been exploited and utilized. Potassium,
borax, lithium, strontium, and other commodities
are extracted from the salt lakes. Oilfield brines with
a great quantity of oil reserves exist in the Cenozoic
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strata in the western Qaidam Basin originating from
Paleogene saline lacustrine carbonate source rocks
(Fan et al., 2010b; Xing et al., 2022).

3 Sampling and analytical methods

An extensive and broad collection of waters (fresh and
slightly brackish waters, brines) and a variety of evapor-
itic minerals from the Qaidam Basin was gathered during
fieldwork in the summers of 2008 and 2009. The collec-
tion includes 30 water- and 22 evaporite samples. The
sample locations are given in Fig. 2. Description of water
samples are presented in Table 1 and of evaporite min-
eral samples in Table 2. The water samples include fresh
water and slightly brackish water from rivers, brooks,

Table 1 Location, coordinates, altitude, and description of the water samples taken in the Qaidam Basin (see Fig. 2)

Sample Northing Easting Altitude Name of location

Description

(ma.s.l.)

QD1 385,301.72 93544475 2801 Lake: Sulhai Hu Salt lake, sample taken from boat

QD2 375,705.35 914,737.84 2920 Huanggua Liang Small salt ‘puddle’

QD3 37544187 91495197 2892 Spring nearby QD 2 Spring, slight bituminous smell, gas bubbles

QD4 375430.52 914,955.72 2925 Spring nearby QD 3 Spring, with white border

QD5 383,624.10 91141676 2713 Pool in Dalangtan playa Small pool in ‘gypsum desert’

QD6 383,007.90 913,414.85 2746 Lake in Dalangtan playa Salt lake in oilfield

QD9 38142522 901,953.08 2997 Brook from Karawatag Shan Mountains Small brook N of Tomorlog

QD10  381,454.19 902,057.50 2986 Small lake near QD 9

QD11 38241379 903,039.84 3379 Brook: Seven Springs Brook with reed in steep valley

QD12  380,756.05 90560346 2859 Small lake near lake Gas Hure Hu Very small lake with greenish water in white salt pool

QD13 381,314.82 904,943.53 2901 Small pool near QD 12 Hole at the rim of seismic blasting with mud-dom

QD15 36562499 930,008.10 2951 River: Nasin Gol Very large, red-brown river, meander, from Kunlun Moun-
tains

QD17  373,207.23 93562489 2689 Lake: Dong Taijnar Hu

QD 18  372,72749 940,331.84 2694 Deep, broad trench near lake Dong Taijnar Hu  Water light-greenish

QD19  372,02445 94441216 2707 Trench, NW of lake Dabusun Hu Water dark-green-black, salt production

QD20  360,023.64 944,827.08 3326 Spring south of Golmud, near QD 21

QD21 360,048.66 944,848.76 3276 River: Golmud He, S of Golmud Water turbid

QD22 36584286 95152826 2685 Lake: Dabusun Hu Dabusan Hu Potassium firm, water light-green, salt crystals at rim and
below water

QD23 37293661 952,745.12 3177 Lake: Xiao Qaidam Hu At shore some vegetation and fly larvae

QD24 37321549 960,049.56 3513 Brook in Jun Ui Mountains Canyon in red sanstone (Paleocene)

QD25 37274488 953,633.52 3186 Brook flowing in Xiao Qaidam Hu lake

QD26 37560513 952,250.14 3653 Thermal spring in Qaidam Shan mountains Nearby white sinter

QD27  375604.06 95224967 3644 Thermal spring in Qaidam Shan Mountains

QD28 37560565 952,251.18 3662 Brook uphill of QD 27 Sign. lower temperature

QD29 37515465 951,531.68 3153 Lake: Da Qaidam Hu Bizarre salt structures 'vulcanos’

QD30 37474215 95232942 3282 River into lake Da Qaidam Hu Much vegetation

QD 31 380,017.28 950,245.26 3243 River: Ige He

QD32  371,540.86 953,923.97 3003 River: Quaniji Xitieshan Mountains, Quanji terrane, old water catch-
ment

QD33 40051523 944,00996 1148 Dunhuang, crescent lake Water-posture artificial

QD34  371,545.72 953921.19 3015 Spring in Xitieshan Mountains, near QD 32
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Table 2 Location, coordinates, altitude, and description of salt samples taken in the Qaidam Basin (see Fig. 2)

Sample Northing Easting Altitude Name of location (see Table 1) Description
(ma.s.l)

QD 2a 375,70535 914,737.84 2920 Within QD 2 Fine-grained, white crystals

QD 4a 37543052 914,955.72 2925 Within QD 4 Coarse-grained, white, cubic crystals

QD 5a 383,624.10 91141676 2713 Within QD 5 Very fine-grained, clumpy, white material

QD5b  383449.02 911,749.74 2711 2nd pool, close to QD 5 Coarse-grained, white, transparent, cubic crystals

QD5c  383449.02 911,749.74 2711 2nd pool, close to QD 5 Rigid, firm, dense, fine-grained material with white and light-brown
layers

QD5d 38362410 911416.76 2713 Within QD 5 Coarse-grained, clumpy, white material

QD6a 38300790 91341485 2746 Within QD 6 Fine-grained, light-orange crystals with larger, transparent, cubic
crystals

QD6b  383,007.90 91341485 2746 Within QD 6 Fine-grained, light-orange crystals with larger, transparent, cubic
crystals

QD 7a 382,845.26 913,719.17 2761 Atedge of QD 6 Very fine-grained, white, transparent material

QD7b 38290054 913,718.72 2764 Near QD 6, in Dalangtan playa Rigid, firm, dense, coarse-grained material. Crystals: white, transparent

Qb8 37513532 914,422.60 2920 Near mine in Mangnai Crystals light-yellow, transparent, thick-flaky gypsum crystals

QD 12a 380,756.05 905,603.46 2859 Within QD 12 Fine-grained, white cubic crystals

QD 13a 381,314.82 904,943.53 2901 Rim of QD 13 Ochre material at mud-dome, on top small transparent, ochre flakes

QD14  381,40862 90514547 2949 Near lake Gas Hure Hu Heaped up salt;, clumpy, hard, white partly yellowish coarse-grained

QD16  373,21039 935824.85 2696 Near lake Dong Taijnar Hu Lithiumcarbonat production firm, sample stalky, clear

QD 17a 373,207.23 93562489 2689 Rimof QD 17 White, clumpy, hard porous material

QD 17b 373,207.23 935,624.89 2689 Rim of QD 17 Yellow-brownish hard material

QD 18a 372,72749 940,331.84 2694 Within QD 18 Coarse-grained, white, cubic crystals

QD 19a 372,02445 94441216 2707 Within QD 19 Large, cubic, clear crystals

QD 26a 37560641 95224991 3661 Near QD 26 White powder sinter

QD29%a 375,154.65 951,531.68 3153 Within lake QD 29 At bottom of QD 29 coarse-grained, white crystals, few yellowish
crystals

QD29b 375,210.99 951,553.93 3157 Near QD 29, 'salt for sale’ Agglutinated, former coarse-grained, white material, porous like

sponge

springs, or small lakes (16 samples) and salt lake brines
(14 samples). Care was taken, to collect the samples pref-
erably in the center of the rivers or brooks, while brine
samples had to be taken in most cases near the shore of
the salt lakes. The evaporate samples were mainly taken
within (below water table) or directly at the shore of the
salt lakes; however, some had to be taken in close vicinity
of the salt lakes, when subsoil was not passable. At some
localities several evaporite samples were collected if they
differed in color or in macroscopic crystal shape.

Water samples for chemical analyses were collected in
500 ml acid-cleaned polyethylene bottles. Care was taken
to fill the bottles completely to avoid gas exchange. Tem-
perature, pH-value, EH-value, and electrical conductiv-
ity (EC) were measured in the field with the following
devices: HANNA HI 98150, WTW Multi 340i, WTW
TetraCon 325. Alkalinity was determined by titration
with 0.1 N HCL

The chemical composition of the water was determined
in the laboratory of the IMPG (Institute of Mineralogy,
Petrology, and Geochemistry, University of Freiburg)

after filtration through cellulose acetate membrane filters
with a 0.45 pm pore size, using ion chromatography for
the anions (Dionex 120), atomic absorption spectroscopy
for cations (AJ Vario 6), and photometry for Si and B.
Detection limits for Ca, Sr, F, Br, NO, are 50 pg/l, for Na,
K, Li, Mg 20 pg/l, for CI 500 pg/l, and for SO, 800 pg/l
The total of dissolved solids (TDS) has been calculated
from the analyzed concentrations.

Evaporite mineral samples were ground carefully. To
obtain a homogeneous powder. 1 g of the resulting pow-
der was mixed with 100 ml bi-distilled water and stirred
until entire dissolution. The chemical composition of
the solution was analytically determined using the same
methods as for the water samples and is described above.

The evaporite minerals have been identified by powder
X-ray diffraction (XRD) measurements with a Bruker D8
Discover at IMPG. System parameters were a Cu anode
at 40 kV and 40 mA and a silicon strip detector (lynxeye
XE-T). The scanning range was 2—82°, with a step size of
0.01°2 p.
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The saturation state (SI) of the waters with respect
to selected minerals was calculated with the computer
program PHREEQC (Parkhurst & Appelo, 1999) using
the Pitzer thermodynamic data set at 25 °C for brines
(Pitzer, 1991) and for low TDS waters the LLNL thermo-
dynamic data set (Lawrence Livermore National Labo-
ratory, 2020) was used. The PHREEQC code was as well
used to determine activities and to carry out theoretical
calculations of SI of gypsum and anhydrite as a func-
tion of NaCl concentration. Additionally, the online ver-
sion of SUPCRTBL (Zimmer et al., 2016) of the software
package SUPCRT (Johnson et al., 1992) combined with
data of Holland and Powell (2011) was used to calculate
thermodynamic properties of reactions, like equilibrium
constants, in dependence of T, p. The computer program
SNORM (Bodine & Jones, 1986) was used to determine
an equilibrium assemblage of salts persisting with evapo-
ration to dryness from waters.

4 Results

4.1 Water composition data

Water composition data can be found in Table 3 for
brines and in Table 4 for fresh and slightly brackish water

Table 3 Composition of salt lake waters (brines)
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(termed low TDS waters throughout the text). The con-
centration data refer to amount of solute per kg solu-
tion. The overall charge error of the analyses expressed
as electroneutrality (EN) was calculated from (meq L™):
EN =100 * (sum of cations — sum of anions)/(sum of cati-
ons+ sum of anions), concentrations in meq L™, EN for
all 30 samples was significantly <4%. In one sample the
EN was 5%. This sample had a very low TDS and thus,
small analytical errors may lead to high EN values.

The brine samples show TDS between 33 g/kg and
351 g/kg and the low TDS water samples between 0.3 g/
kg and 5.2 g/kg. The pH varies from 5.6 to 9.3, with the
exception of QD 6 (pool in western oilfields of Dalang-
tan playa) with a pH=2.7. The corresponding sample of
this brine pool showed also the highest TDS (351 g/kg)
of all samples. Generally, pH of the brines (median 7.20)
is lower than that of the low TDS waters (median 8.25).
Temperature of the water samples was generally surpris-
ingly high (10-30 °C), especially in shallow lakes and was
probably caused by the high air temperature of 30 °C and
higher, around noon time. Very high water temperatures
of c. 70 °C were measured in the thermal springs of Da
Qaidam (Stober et al., 2016).

QD1 QD2 QD3 QD4 QD5 QD6 QD12 QD13 QD17 QD18 QD19 QD22 QD23 QD29
Temp (°C) 161 264 213 155 315 211 272 29 21 215 184 175
pH 896 708 632 642 741 27 638 7.2 828 731 681 563 836 788
Density (g/ml) 10272 11086 12108 12068 12480 13167 12147 11098 12176 12025 12912 1.1030 1.1255
Ca 725 3638 4179 6211 172 66,580 145 211 298 412 1577 151 354 177
Mg 1958 1617 696 2170 11570 16070 29090 25130 2173 9912 36380 73320 2249 8109
Na 8313 95810 96210 93760 83980 9792 58880 51,680 51020 84940 36840 4686 41,700 57920
K 461 690 969 626 2929 19170 4003 3460 1419 3976 3571 5532 623 2753
Sr 2084 824 1153 1323 1597 4611 347 306 834 215 364 821 68 963
Li 107 1005 1922 1342 118 1055 2203 239 543 8058 7179 1783 557  67.33
HCO, 6102 12204 9153 9153 9153 6102 12204 12204 6102 42714 3051 6102 6102  6.102
S0, 11,895 1414 1224 1053 37237 73 40465 47440 6076 13276 2710 5787 22559 15621
al 10398 157,086 154,144 155407 132375 220944 141302 112846 78535 152221 168879 225620 55356 103,954
F 9.79 9.19 131
Br 439 692 654 145 183 244 307 257 49 836 17 246 161 442
J 238 237 407 337
NO, 16 103 676 227 369 502
Sio, 103 66 13 87
HBO, 101 1125 1388 2139 851 12,788 432 327 312 519 396 692 781 1500
DS 33241 262,797 268,187 270850 278436 351367 286577 253351 146016 269,661 253566 316055 123,658 190,183
Cl/Br(mass) 2369 2270 2357 1072 7234 906 4603 4391 15834 18208 9934 9172 3438 2352
Na/Cl(mol) 123 094 096 093 098 007 064 07 100 086 034 003 116 086
Ca/SO, (mol) 00146 61658 81822 141355 00111 2186 00086 00107 01175 00744 13946 00625 00376 00272
log Mg, -377 -39 —466 —384

Sampling localities given on Table 1 and Fig. 2

Blank values indicate concentration below detection limit after dilution of the sample for analysis. Solute concentrations in mg/kg



5

Page 9 of 30

Qaidam Salt Lakes

6%/6W Ul SUOIIRIIUSIUOD SIN|OS “JWI| UOIIIDISP MO[Sg 'SaNjeA yue|g

| 9|qe[ pue g ‘614 uo uanlb sanijedo| buydwes

6/TE—  TS6T—  I¥6T— OB Bo
LV0 850 v€0 Le €90 701 650 z€0 97 090 €€T 907 o'l v10 [10 v60  (ow)’0s/ed
60 orl 44! 080 990 651 6t 611 8.0 Sl 601 €l 90l 9,0 €l (jow) [D/eN
9€801 16T 6797 8// €/9 655 065 8vS1 0817 09z¢€ zzog 08€S 0857 (ssew) 1g/1D
Logl €9 ¥Sze €7 190 1£8 6151 ovs1 667 887¢C 60¥ 86v €79 50zS 1oLl 08 saL
90°€ vTT 0l €97 Jad| 989 591 591 1¥'Z 66 LL0 80'1 69 55T vl ‘ogH
LS50l LS 618 9/6€ 10°S8 9/€8 ‘ols
89°¢ 197 959 oL'e 0L 66 0L0 950 ON
¥1'0 €00 LE0 €€T 970 190 650 ¥0'0 90 S00 890 S00 500 1g
o€ 110 697 z€0 698 ISY €68 888 LE0 o'l 970 9€0 950 8.0 691 R 4
015! 88 0518 g¥y  0€l8l 05/1 0l¥e 0'8re 619  0€00l 1'zS 559 0€9l 0'550C 0697 0671 [B)
ol6ll 051 0'sel 1'8z 08y 0/LL 006l 016l 9z¢ ol6l oSk €S 018 0659 0607 0611 oS
e vElT sl el 9°96¢ 6041 §'L0T 6907 991l €957 ¥I0Z  SOhT 1ol 856 g/67 433 f0OH
€0 LE0 €60 Y00 e 17l 4K €Te 700 900 €00 Y00 170 w70 900 500 n
eaA 001 671 vZ0 91T 90 €€0 ¥€0 670 veT 6v0 190 L£0 l9'€ K0 690 1S
oSl 16 98 sT'1 0405 '/ 0Ll 05°€l vl IS [9% L0°€ 08l1 ov'/L 16/ 'S N
00126 0£7L  009¥9  0T€C  009.L 00851 00°0€€ 00/6€  OSlE  000S.  00ZE 008y  00CLL  00°Z00L  OO'LEC  0O°ZLL eN
00681 068 ov'Sy [£8  06VlE 898 670 510 1L Y061 s6'81 0647 1981 00861 0599 00 BIA
00'L€C 089¢ 0¥79 059 00°8LL 0L6 0097 0857 09/€ 0S/y  Obby 09 0£6€ 08'9¢ 0LvL 0L9% D)
6L 158 98 558 '8 5e'g 16, 6LL 97’8 808 57’8 v7'8 s 4: vE6 ve'g Hd
56 8l 44 9 g1/ vzl 7l (4] STl (Do) dwiay

¥€QD €60 Z€AD LsdD  0£AD E:Tda (o] £zdD 9zad SzdD ¥zAD LzdD 0zdD  SLAD LL@d  0Lad 600

uiseg wepiep ay1 01 SMOJUI ‘si91em S| MO| JO COEmOQ(COU ¥ 9|qelL



5 Page 10 of 30 I. Stober et al.
A Lakes Gas-Hure Hu Small lakes NE Mangnai Zhen - Ca ‘:I Li
Qb 13 QD 12 QD 5 QD 6
Bl Ve  [[]wco,
W~ [so
W« [lo
253.4 g/kg 286.6 g/kg 278.4 g/kg 351.4 g/kg
s [OF
Small lakes between Shulzhan and Mangnai Dong Taijnar Hu
QD 2 QD 3 QD 4 QD 17 QD 18
262.8 g/kg 268.2 g/kg 270.9 g/kg 146.0 g/kg 269.7 g/kg
Lake E Dabsan Hu Dabsan Hu Xiao Qaidam Hu Da Qaidam Hu Suhai Hu
Qb 19 QD 22 QD 23 Qb 29 QD 1
253.6 g/kg 316.1 g/kg 123.7 g/kg 190.2 g/kg 33.2 g/kg
B
Small lake near
Crescent lake Dunhuang Seven Springs Togrisay He Togrisay He
QD 11 QD 10 QD 9
0.6 g/kg 5.2 g/kg 1.1 g/kg 0.8 g/kg
Small Spring Thermal springs Thermal brook
Narin Gol into Golmud He Golmud He NW of Da Qaidam NW of Da Qaidam
QD 15 QD 20 QD 21 QD 26 QD 27 QD 28
0.62 g/kg 0.5 g/kg 0.4 g/kg 1.5 g/kg 1.5 g/kg 0.9 g/kg
River Spring Small brook Brook into Brook into
near Xitieshan near Xitieshan from N Xiao Qaidam Hu Da Qaidam Hu Ige He
QD 32 QD 34 QD 24 QD 25 Qb 30 QD 31
2.5 g/kg 4.3 g/kg 2.3 g/kg 0.3 g/kg 4.1 g/kg 0.3 g/kg

Fig. 4 Main composition of the salt lakes (brines) (A) as well as fresh waters an

d slightly brackish waters (low TDS waters) (B), presented as pie

charts in eq.%. TDS of each sample is given at the bottom of the corresponding pie chart. Location of the samples is presented in Fig. 2
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4.1.1 Main water components

Both groups, the brines and the low TDS waters have a
remarkable variability in hydrochemical composition
(Fig. 4, Tables 3, 4).

Most brines contain more alkalis than alkaline earths.
Also, the majority of the brines show higher Mg than Ca
concentrations (mg/kg). Generally, CI is the main anion
in all brines (Table 3). SO, showed second highest values
(up to 47,440 mg/kg). HCO; was usually extremely low
and in several salt lakes at detection limit.

The normalized main brine components (eq.%) of the
salt lakes (Fig. 4A) are arranged roughly from W to E.
The distinct composition patterns show that characteris-
tic water types are present in the lakes. The key pattern
is that of Na-Cl brine. Some lakes contain a significant
portion of Mg, whilst other lakes contain a consider-
able quantity of SO,. In more detail, the data (Fig. 4A)
show that salt lakes in the west QD 13, QD 12, and QD 1
(Gas-Hure Hu, Suhai Hu) are dominated by sodium (Na),
magnesium (Mg), and chloride (Cl), whereas QD 1 has a
significantly higher sulfate content (SO,) and generally
the highest SO, content of all investigated salt lakes. Fur-
ther to the east and in the central areas of the Qaidam
Basin water composition in the salt lakes QD 2, QD 3,
QD 4, QD 17, and QD 18 (lakes between Shulzhan and
Mangnai, Dong Taijnar Hu) changes to Na-Cl brines. In
contrast, the eastern lakes QD 19 and QD 22 (Dabusun
Hu area) are dominated by Mg and Cl. Farther to the
north the lakes QD 23 and QD 29 (Xiao Qaidam Hu, Da
Qaidam Hu) show a Na-(Mg)-Cl water-signature, quite
similar to that of the salt lake QD 5 (NE Mangnai Zhen).
Remarkably different is the chemical composition of the
salt lake QD 6 (western oilfields), dominated by Ca, Mg,
and Cl with extraordinarily low Na and enhanced potas-
sium (K) and lithium (Li).

The low TDS water samples from rivers, brooks, cold
and hot springs, and from lakes with outflows to the
Qaidam Basin differ drastically from the patterns of the
brines (Table 4). Figure 4B shows the main water compo-
nents (eq.%) of the inflows into the basin, approximately
arranged from SW to NE. The inflows in the west con-
tain relatively high Na and Mg with varying amounts of
Cl, HCO,, and SO,. Inflows from the southern Kunlun
Mountains QD 15, QD 20, and QD 21 (Narin Gol, spring
into Golmud He, Golmud He) are typically Ca-Na-Mg-
HCO,-Cl rich waters. In contrast, the water composition
of the influx from eastern and northeastern direction
QD 32, QD 34, and QD 24 (near Xitieshan) shows, that
Na and Cl dominate with variable amounts of SO,, but
generally low HCO,. The major components of the brook
water (QD 25) flowing into Xiao Qaidam Hu and of
the river water Ige He (QD 31) are similar. Both waters
are characterized by high Ca and HCOj; contents. The
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thermal springs in the NW of Da Qaidam (QD 26, QD
27) are rich in Na and Cl with significant amounts of SO,
and HCO; and extremely low Mg contents. Chemical
composition of the nearby thermal brook (QD 28) shows
additionally enhanced Ca and Mg contents. However,
all three thermal waters contain a significant amount of
fluoride (F) and lithium (Li) in contrast to the other low
TDS waters.

The general composition patterns (Fig. 4) of the two
groups of water (brines and low TDS water) are distinctly
group specific despite the large group internal variabil-
ity. Brines are generally dominated by chloride with a
few localities, where also substantial sulphate is present.
Low TDS water has typically comparable amounts of the
anions Cl, SO, and HCOj. Brines contain very little Ca
(with one exception) and the absolutely leading cation
is Na. However, in a few brines the Mg concentration is
significant or even dominant. In contrast, many low TDS
waters contain a significant amount of Ca, but Na is also
the prime cation and several contain also a high propor-
tion of Mg.

4.1.2 Trace components in water

Strontium (Sr), Rubidium (Rb), Lithium (Li), Fluoride (F),
Bromide (Br), Iodine (J), Nitrate (NO,), and Boron (B)
were analyzed in all water samples (Tables 3, 4). However,
not all elements could always be measured in the sam-
ples, either because TDS in the salt lakes was too high
with respect to the relatively low concentration of trace
elements or because TDS was too low (rivers, brooks,
thermal springs) and thus the trace elements were below
detection limit. Generally, Rb was below detection limit
in all samples.

Sr in brines varies between 3.1 and 132.3 mg/kg.
Exceptionally high Sr was found in QD 6 (4,611 mg/kg).
Li ranges from 1.1 mg/kg in QD 1 to 178.3 mg/kg in QD
22. However, the highest Li concentration was observed
in QD 6 with 1,055 mg/kg. F could be determined only in
three salt lakes (QD 1, QD 5, QD 29) with concentrations
around 10 mg/kg and ] only in four salt lakes (QD 2, QD
3, QD 4, QD 6) varying between 23.7 and 40.7 mg/kg.
NO; could be analyzed in 6 salt lakes with concentrations
up to 103 mg/kg. Br and B was detected in all salt lakes
with Br-values between 4.4 mg/kg (QD 1) and 244.0 mg/
kg (QD 6), resp. B-values between 25 mg/kg (QD 1) and
3,155 mg/kg (QD 6) (Table 3).

In low TDS waters Sr varies generally between
0.24 mg/kg (QD 24) and 7.44 mg/kg (QD 34) and Li
between 0.02 mg/kg (QD 25) and 3.47 mg/kg (QD 30). In
most samples Li is far below 0.50 mg/kg, only the ther-
mal waters (QD 26, QD 27, QD 30) showed significantly
higher Li concentrations (3.1-3.5 mg/kg). F could be
analyzed in all waters reaching concentrations between
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0.26 mg/kg (QD 21) and 8.93 mg/kg (QD 27). However, |
was below detection limit in all samples. NO; was found
in 7 waters with 0.1 mg/kg (QD 10) up to 6.56 mg/kg (QD
24). Nearly all water samples contained Br and B. Br var-
ied between 0.03 mg/kg (QD 33) and 2.33 mg/kg (QD 30)
and B between 0.19 mg/kg (QD 21) and 40.7 mg/kg in the
two thermal springs QD 26 and QD 27 (Table 4).

4.2 Evaporate minerals
Evaporite mineral samples differ in shape, grain size, and
color. First, they were investigated macroscopically and
the main findings are summarized in Table 2. The first
inspection showed that the samples are very different in
composition (Fig. 5) and motivated further examinations.
Water compositions gained from dissolved powders of
the evaporite samples have been converted into molar
equivalents of the components in each solution. These
data were used to determine the percentage of pure
evaporative minerals in each sample, ignoring carbon-
ates. Only simple pure evaporite minerals, e.g. halite
(NaCl), bischofite (MgCl,-6H,0), or sylvite (KCl), were
considered and the variation of hydration H,O ignored.

I. Stober et al.

Thus, the possible presence of more complex salts, e.g.
carnallite (KMgCl;-6H,0) or kainite (KMgCISO,-3H,0),
is disregarded. This effect of the computational proce-
dure should be kept in mind when examining the data in
Table 5. However, the data in Table 5 can easily be con-
verted to more complex salts if there is evidence for their
presence. The data show a widely varying range of salt
mineral composition. The X-ray analysis of the salt sam-
ples confirmed these results and often showed a domi-
nating halite pattern. Dolomite, gypsum and celestine
have been identified in QD 8 (Fig. 5D), gypsum is present
in QD 13 together with halite. QD 2, QD 4, and QD 6b
contain a borate mineral, probably ulexite.

The halite salt crusts in the Qaidam Basin typically
contain admixed clay minerals, iron oxides, gypsum,
and other evaporite minerals. These impurities occur as
separate minerals between halite crystals or as inclusions
in the crystals together with fluid inclusions. Detailed
analyses of halite often show small amounts of Ca, K, Mg,
SO,, or Br (Chang et al., 1998; Golding & Phaup, 1936;
Johnson, 1970; Johnstone, 1954; Junner & James, 1947;

Fig. 5 Examples of evaporite mineral samples taken within, at the shore, or nearby salt lakes in the Qaidam Basin. A QD 13a small ochre gypsum
flakes covering the total sample, B QD 18a large halite crystal cubes, C QD 16 fibrous form of halite in soil environment, D QD 8 large gypsum
crystals partly covered with a white powder of dolomite (and celestite)
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Table 5 Minerals in salt samples recalculated from leached salts

Salt minerals Formula® QD2a  QD4a QD5a QD56  QD5c  QD5d QD6a’  QD6b>  QD7a QD7b
Halite NaCl 98.8 994 79.2 98.1 61.1 94.9 889 90.5 79.7 95.0
Anhydrite, Gypsumn  CaSO, 0.2 - 0.7 0.5 34.7 0.2 - - 0.1 24
Kieserite, Epsomite MgSO, 0.2 - 4.1 0.8 0.1 35 - - 0.1 0.2
Bischofite MgCl, - 0.2 - - 1.7 - 20 1.5 - -
Sylvite KCl - 0.0 - - 25 - 44 38 - -
Thenardite Na,SO, - - 15.8 0.5 - 1.0 - - 200 23
Arcantite K,SO, - - 0.2 0.1 - 04 - - 0.1 0.1
Sellaite MgF, - - - - - - - - - -
Antarcticite CaCl, 0.9 04 - - - - 46 4.2 - -
Nitromagnesite Mg(NO5), - - - - - - - - - -
Total 100.1 100.0 100.0 100.0 100.1 100.0 99.9 100.0 100.0 100.0
Salt minerals Formula® QD83 QD12a QD13a QD14 QD16 QD17a QD18a QD19a QD29a QD29b
Halite NacCl 6.8 95.0 315 36.1 99.2 97.7 98.8 99.4 98.1 99.5
Anhydrite, Gypsum Caso, 66.7 0.5 411 0.1 - 1.8 - 0.1 0.8 0.2
Kieserite, Epsomite MgSO, - 0.8 6.6 19.6 - - - - - -
Bischofite MgCl, 2.1 36 193 30.0 03 0.1 0.9 03 0.9 0.1
Sylvite KCl 0.2 0.2 1.1 14.2 0.1 0.1 0.2 0.1 0.1 0.1
Thenardite Na,SO, - - - - - - - - -
Arcantite K,SO, - - - - - - - - -
Sellaite MgF, - - 0.1 - - - - - -
Antarcticite CacCl, 242 - - 05 03 0.1 0.1 0.1 0.1
Nitromagnesite Mg(NOs), - - 03 - - - - - -
Total 100.0 100.1 100.0 100.0 100.1 100.0 100.0 100.0 100.0 100.0

Carbonate minerals not considered
2 Anhydrous composition

b Small amounts of insoluble residues present

€ QD8 contains dolomite and calcite. Sample lable in italics: analyzed samples were close to pure halite with very low impurities

Wells, 1937). Fluid inclusions in halite contain brines
often enriched in K, SO,, Ca, and Mg (Galamay et al.,
2020). In celestite, Ba is the principal substituent. Gyp-
sum shows generally only minor compositional varia-
tions. Small amounts of Sr and Ba may occur replacing
Ca (Chang et al., 1998). Consequently, minor, pure evap-
orite mineral components of samples in Table 5 may be
caused by impurities in the main minerals, mainly from
fluid and solid inclusions in halite.

5 Discussion

5.1 Saturation states of the collected water samples
Mineral precipitation also depends on the degree of satu-
ration of the water. If water is supersaturated with respect
to a certain mineral, it has the potential that this mineral
precipitates. To better understand the possible origin and
genesis of the different evaporite minerals in the Qaidam
Basin, the degree of saturation (SI=saturation index)
of all waters was determined with the code PHREEQC
(Parkhurst & Appelo, 1999).

5.1.1 Salt lakes

All salt lakes are nearly saturated or supersaturated
with respect to celestine (SrSO,) (Fig. 6). Generally,
the saturation state with respect to minerals increases
with rising TDS of the brines. However, supersatura-
tion (SI>0) in high TDS salt lakes is only achieved with
respect to celestine (SrSO,), anhydrite (CaSO,), and
gypsum (CaSO,-2H,0) (Fig. 6). In contrast, when satu-
ration (SI=0) with respect to halite (NaCl) is reached,
the brines will not develop halite supersaturation, even
though TDS or Cl concentration continues to increase.
In a pure NaCl-solution saturation with respect to hal-
ite is achieved with 263 g/kg NaCl (Fig. 6). In salt lakes
with higher Cl-concentrations the saturation indices
of sylvite (KCl), kainite (KMgCISO,-3H,0), bischofite
(MgCl,-6H,0), and/or carnallite (KMgCl;-6H,0) con-
tinue to increase if the relevant components are available,
but saturation (SI=0) with respect to these minerals is
not reached, solely in QD 22 for carnallite. In the two salt
lakes QD 22 and QD 6 the saturation state with respect
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Fig. 6 Saturation state with respect to selected minerals for the different salt lakes in dependence of TDS. Saturation condition (SI=0) is shown by

thelight red’line

to glauberite [Na,Ca(SO,),] is very low in contrast to
saturation in the brines of QD 5 and QD 12. This circum-
stance is caused by comparatively low SO, and Na or Ca
concentrations in these salt lakes (Fig. 6).

The salt lakes in the TDS range 250-285 g/kg are satu-
rated with respect to both anhydrite and gypsum (Fig. 6).
For brines with TDS<250 g/kg the saturation index of
anhydrite is lower than that of gypsum and for brines
with TDS >285 g/kg it is reversed.

A PHREEQC model (Fig. 7A) shows the SI of gypsum
(Slgp) and anhydrite (SI,,,) as a function of the NaCl
concentration expressed as Sl The simulation begins
with a solution saturated with respect to gypsum (red
curve on Fig. 7A). If NaCl in the brine is low (SI;;<-1.0)
Slg, exceeds Sl,,,. For high NaCl in the brine (Sl >0.0),
SIpnn (blue curve Fig. 7A) exceeds Slg,. At Sly~— 0.25
the solution is approximately saturated with respect
to both, anhydrite and gypsum (Fig. 7A). The ‘black
dashed’ curve (Fig. 7A) shows the activity of water (a;,0)
as a function of Sly. In diluted, low TDS water a;;,q
approaches 1. In concentrated brines a;;,q is significantly
below 1. At about a;;;o~0.8 and lower the saturation
index of gypsum (Slg,) decreases drastically. Even if the
activity of water is only slightly below a;;,=1.0 the satu-
ration index of anhydrite (SI,,;) increases (‘blue curve’
in Fig. 7A). Thus, at very high salinities not gypsum but
anhydrite will be the stable phase precipitating from the
brine. In more complex systems, common in nature,

further solutes may also influence the solubility of gyp-
sum/anhydrite considerably.

Most salt lakes in the Qaidam Basin are saturated or
supersaturated with respect to both gypsum and anhy-
drite (Fig. 6). The salt lakes with Slg, and Sl,,,>1
(Fig. 7B) follow a trend line with a negative slope
(m=-1). Along this trend line brines with low Ca con-
centration are rich in SO, and brines rich in Ca have
a low SO, content, whereas the supersaturated brine
QD 6 (Fig. 7B) has the lowest SO, and highest Ca con-
tent. The intersection of the ‘red’ trend line with the
‘blue’ gypsum/anhydrite dissolution line (Fig. 7B) cor-
responds to a saline solution containing about 5.1 g/
kg calcium sulfate (~75 meq/kg). This is close to the
computed model composition of 4.9 g/kg CaSO, for a
brine with SI, ;, =0 and SI;=— 0.13. Higher gypsum/
anhydrite solubility (5.9-6.3 g/kg) has been reported in
brines containing also high concentrations of MgSO,
(Mel'nikova & Moshkina, 1973, in: Klimchouk, 2015).

In Fig. 7C the activity coefficients of calcium (ac,)
are plotted versus the activity coefficients of sulphate
(agps), which are calculated for all salt lake brines with
the code PHREEQC (Parkhurst & Appelo, 1999). Brines
saturated (or slightly under- or supersaturated) with
respect to anhydrite follow a trend line with a negative
slope (m=— 1) (‘red line’ in Fig. 7C). The related solu-
bility reaction of anhydrite is given in Eq. (1), where K
is the equilibrium constant of this chemical reaction at
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constant p—T conditions, i.e. K is the value of its reac-
tion quotient at chemical equilibrium (e.g. Drever,
1997).

log K = logac, + logago,— logay ;. 1)
Equation 2 translates to the straight line in Fig. 7C:
logagn, = —1llogac, + (logK + logas).  (2)

For pure anhydrite log a,,,=0 (using an appropri-
ate standard state). The intersection with the trend
line at log ac, =0 results from Eq. (2) in log K=— 4.3
(Fig. 7C). Impure anhydrite would result in lower K val-
ues, whereas supersaturation with respect to anhydrite
indicates higher K values. The computed field derived

anhydrite saturation conditions were verified by using
the code suUPCRTBL (Johnson et al., 1992; Zimmer et al.,
2016) and the anhydrite data of Holland and Powell
(2011). At atmospheric pressure and T =22 °C the log
equilibrium constant is equal to log K= — 4.30, con-
firming the field derived value.

5.1.2 Low TDS waters

Inflows into the Qaidam Basin are supersaturated
with respect to calcite (CaCO,), aragonite (CaCOs),
and dolomite (CaMg(COj,),). The saturation index of
dolomite (SIy,) is generally higher than that of calcite
(SI¢,), with the exception of the thermal spring QD 26.
All low TDS waters are saturated or supersaturated
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with respect to strontianite (SrCO;). The western
inflows (QD 9, QD 10, QD 11), the NE inflow QD 30,
and QD 33 (Dunhuang crescent lake) are supersatu-
rated with respect to magnesite (MgCQOs;), as well as
QD 20 (Golmud spring) in the south and QD 32, QD 34
(Xitieshan river and spring). Some of these inflows into
the Qaidam Basin (QD 9, QD 10, QD 11, QD 30, QD
33) are also saturated or supersaturated with respect to
huntite [CaMg;(CO3),].

Despite Sl >SIc-,, dolomite may not precipitate
from the inflow waters due to kinetic causes, including
very high activation energy for nucleating crystals of
dolomite (Blatt & Tracy, 1996). Although, some of the
low TDS waters are saturated or supersaturated with
respect to magnesite, magnesite also may not precipi-
tate, because the ‘dehydration barrier’ of aqueous Mg
hampers the low-temperature formation of anhydrous
magnesium carbonate (Deelman, 1999; Lippmann,
1973). However, low-temperature formation of mag-
nesite, dolomite, and huntite may occur, but it requires
fluctuations in pH and in other parameters (Deelman,
1999). Such fluctuations can be related to seasonal
changes in water composition, daily variations caused
by the photosynthesis of e.g. algae. Thus, the internal
parts of the Qaidam Basin are potentially appropriate
for Mg-carbonate formation from low TDS waters.

Some of the NE inflows, like the thermal waters (QD
26, QD 27, QD 28) and QD 34, are only slightly under-
saturated with respect to fluorite (CaF,) and one sam-
ple (QD 30) is fluorite saturated. All other low TDS
waters are considerably undersaturated with respect to
fluorite. QD 30 is the only water sample saturated with
respect to sellaite (MgF,).

In all thermal waters (QD 26, QD 27, QD 28) and
some cold water samples (QD 32, QD 33, QD 34) dis-
solved silica concentration was measured (Table 3).
These waters are all supersaturated with respect to
quartz (SiO,) and undersaturated with respect to amor-
phous silica. Thus, these waters have no tendency to
form silica sinter and all silica remains in solution.

All inflows are undersaturated with respect to gypsum
(CaSO,-2H,0) and anhydrite (CaSO,). Calcium and sul-
fate in low TDS waters are positively correlated, i.e. with
increasing calcium concentration sulfate increases as well
(Fig. 7B).

5.2 Halogens in water samples

Halogens in waters and distinct halogen ratios can give
an important contribution to the origin of the waters
and they can help to get closer to a potential connection
between the inflows into the Qaidam Basin (low TDS
waters) and the salt lakes. The fact that certain elements
in the salt lakes showed elevated concentrations, which
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usually occur only in traces, was also a reason to take a
closer look at halogen ratios.

5.2.1 Chloride and sodium

Seawater (SMOW) has a Na/Cl mol ratio of about 0.86,
whereas halite’s mol ratio is 1.0. In most salt lakes the
mol ratio of Na/Cl varies between 0.64 and 1.23 (median
Na/Cl=0.89). However, in two brines the Na/Cl ratio is
extremely low (QD 22: Na/Cl=0.03, QD 6: Na/Cl=0.07)
(Fig. 8). The two salt lakes have also the highest TDS
(>300 g/kg). Brines, saturated with respect to halite (QD
2, QD 3, QD 4, QD 12, QD 18), are close to halite satu-
ration in a pure NaCl-solution (Na=Cl=4,497 mmol/
kg solution, or 263 g/kg NaCl), despite additional other
ingredients (Fig. 8). Also, the two salt lakes QD 6 and QD
22 with very low Na/Cl ratios are saturated with respect
to halite. Their position on the Na vs Cl diagram (Fig. 8)
relates to the presence of large amounts of other cations
balanced with chloride (Ca in QD 6 and Mg in QD 22:
Fig. 4A). None of the salt lakes is supersaturated with
respect to halite.

The mol ratio of Na/Cl in low TDS waters is generally
slightly higher than in brines and varies between 0.66
and 1.49 (median Na/Cl=1.14). The thermal springs of
Da Qaidam (QD 26, QD 27) have with Na/Cl=1.49 the
highest Na/Cl ratio of all water samples (Fig. 8). The rela-
tively high Na/Cl ratio in the thermal springs is caused
by plagioclase alteration along the deep circulation flow
path in the granitic rocks of the Qilian mountains (Stober
etal, 2016) leading i.a. to an enrichment of Na over Cl.

5.2.2 Chloride and bromide

Both, chlorine and bromine are important trace elements
of magmatic and metamorphic rocks. They can be found
in the crystal lattice of hydroxyl minerals like apatite,
biotite, or amphibole, along grain boundaries of miner-
als and in fluid inclusions. Magmatic rocks typically have
chlorine-bromine-ratio far below Cl/Br=100 (e.g. Behne
1953, Correns 1956). Cl/Br ratios reported from waters
in fractured granitic rocks are typically 50-100 (Frape
& Fritz, 1987; Gascoyne et al.,, 1987; Savoye et al., 1998;
Davis et al., 2001; Stober & Bucher, 2005; Driippel et al.,
2020). In contrast, the Cl/Br ratio of water derived from
dissolved halite deposits is on the order of some 1000
(Davis et al., 1998; Stober & Bucher, 1999) and Cl/Br of
seawater is 288 (Stumm & Morgan, 1975).

The Cl/Br ratio (mass ratio) in all water samples
is much higher than that of seawater and water that
has solely interacted with crystalline basement rocks
(Fig. 9A).

Most brines are saturated with respect to halite (Fig. 9),
i.e. halite precipitates from solution upon further evapo-
ration. Since halite does not incorporate Br in its lattice,
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Br concentration in these brines will increase and the Cl/
Br ratio will decrease. Figure 9A shows the ‘halite-satu-
ration-line’ for a pure NaCl-solution. This boundary will
be followed towards lower Cl/Br as a result of expected
increasing residual bromide concentration in the brines
during prolonged evaporation.

The brines and most low TDS waters show a clear-
cut ‘halite-signature; with the exception of the thermal
waters (QD 26, QD 27, QD 28) and the nearby inflow
(QD 30) to the salt lake Da Qaidam Hu. The Cl/Br ratio
of these inflows into the Qaidam Basin is relatively low
(560-780), but higher than waters originating from base-
ment rocks (Cl/Br < 100) (Fig. 9A).

Stober and Bucher (2016) explained the unusual high
Cl/Br ratio of waters originating from crystalline base-
ment of the Qilian mountains with the circumstance
that these waters contain a significant amount of dis-
solved halite due to aeolian deposits from the basin up to
steep slopes of surrounding mountains (Fig. 3D). These
deposits are rich in halite and other evaporate minerals.
For this reason, also the Cl/Br ratio of the hot springs
(QD 26, QD 27) is lower compared to the thermal brook
water (QD 28) and other low TDS waters with origin in
the mountains. Figure 9A clearly shows, that all low TDS
waters have a much higher CI/Br ratio than waters typi-
cally found in crystalline basement. They are affected by

salt-rich deposits in the surrounding area of the Qaidam
Basin, which belongs to the catchment of these rivers,
brooks, and springs.

5.2.3 Lithium in brines and low TDS waters

Most inflows to the Qaidam Basin showed lithium (Li)
concentrations considerably below 0.50 mg/kg; only in
the thermal springs (QD 26, QD 27) and in the nearby
river QD 30 Li was higher (3.1-3.5 mg/kg). In the large
river Nasin Gol (QD 15) a Li concentration of 0.41 mg/
kg was measured. Yu et al. (2013) associated the source of
lithium in the Nasin Gol River with hydrothermal fields
and two active faults in the upper catchment area of the
river.

Due to Driippel et al. (2020) the main Li-sources are
phyllosilicates (mainly muscovite, biotite) in granitic
rocks. The chemical reactivity of Li is generally very low
and the sorption of Li is extremely low, much lower than
that of all other cations. For this reason, Li remains pref-
erentially in solution once released from the primary
minerals.

During hydrothermal alteration of the granitic rocks
in the Qaidam Shan and Kunlun Mountains Li will
be released from granitic phyllosilicates leading to an
increase in the Li concentration of the subsurface flu-
ids over time (hydrothermal origin). Therefore, the Li
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Fig. 9 Chloride versus bromide (A) and chloride versus lithium (B) concentration (mg/kg) in salt lakes (red dots) and low mineralized waters

(blue dots).'Red’numbers indicate salt lake samples (Table 1). The red line’ shows saturation with respect to halite for a pure NaCl-solution. A The
‘green dotted line'is the seawater dilution/evaporation line (Cl/Br=288). Seawater data from Stumm and Morgan (1975).'Red dots'with ‘violet
edges’indicate brines saturated with respect to halite. Brines with extremely high TDS have as well very high Br contents. B Lithium is enriched

in evaporating halite-saturated brines. ‘Green arrow’ marks overall Li-Cl evolution path. Low TDS water from a hydrothermal environment with
crystalline basement alteration show high Li/Cl ratios. The ‘violet dotted lineis the trend line as observed in deep thermal waters from the crystalline

basement of Central Europe (Black Forest and Upper Rhine Graben)
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concentrations in the Da Qaidam thermal springs (QD
26, QD 27) and also in the Nasin Gol river (QD 15) are
enhanced. Thus, the observed high Li in certain salt lakes
is ultimately derived from crystalline basement rocks in
the north (Qaidam Shan Mountains) and south (Kun-
lun Mountains). Long-term input of Li into the basin
via rivers and brooks and high evaporation results in the
observed accumulation of lithium in some brines (e.g.
QD 29, QD 19).

The Li/Cl-ratio (mass ratio) is in most low TDS waters
below Li/Cl=0.01. However, there are some exceptions:
the thermal waters (QD 26, QD 27, QD 28) with Li/
Cl>0.04, QD 15 (river Nasin Gol), and QD 33 (crescent
lake Dunhuang). All inflows, which are not associated
with a significant hydrothermal water component from
deep crystalline basement rocks, follow a trend line in a
Li vs. Cl diagram (Fig. 9B). However, the thermal waters
of Da Qaidam with higher Li/Cl ratios follow the same
trend line as observed in deep thermal waters from the
crystalline basement of Central Europe (Black Forest and
Upper Rhine Graben) (Driippel et al., 2020) (‘violet dot-
ted’ trend line in Fig. 9B).

During extended water-loss from the inflows during
evaporation both Li and Cl increase in concentration
(Stober & Bucher, 1999, 2004). In the downstream salt
lakes, during ongoing evaporation the increase of the Cl
concentration is drastically slowed down, when halite
saturation is reached and halite precipitates. In contrast,
Li concentration continues to increase resulting in a
characteristic overall Li-Cl evolution path (‘green arrow’
in Fig. 9B).

A similar development can be observed for potassium
(K). The concentration of K increases in halite satu-
rated salt lakes with continued evaporation, while total
Cl (NaCl-KCl) experiences only small relative increases
(Table 3).

5.3 Salt norm calculations of the collected water samples
Generally, water composition data can be converted into
an equilibrium solid salt assemblage or ‘salt norm’ using
the code sNOrRM (Bodine & Jones, 1986). The ‘salt norm’
can be considered as the equilibrium assemblage of salts
persisting with evaporation to dryness (all free water
removed) under atmospheric conditions at 25 °C. How-
ever, the ’salt norm’ is not directly comparable with the
saturation state of the solutions (Sect. 5.1), because the
code SNORM considers evaporation of the solution, i.e.
removing all H,O from the sample, but certain similari-
ties can be expected.

The water composition data (Tables 3, 4) were used
to calculate the ’salt norm’ and results are presented for
brines in Fig. 10A and for low TDS waters in Fig. 10B.
The computed ’salt norm’ minerals can be grouped into 5
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classes: Chlorites, (bi)carbonates, sulphates, borates, and
fluorides.

In all salt lakes chlorides outweigh the other salt
classes and halite (NaCl) is by far the dominating equi-
librium salt mineral (Fig. 10A). However, there are
three exceptions: the salt lakes QD 6 (western oilfields),
QD 22 (Dabusun Hu), and QD 19 (E of Dabusun Hu).
Due to the high Ca content in salt lake QD 6 antarctic-
ite (CaCl,.6H,0) predominates in the norm followed by
carnalite (KMgCl;.6H,0), as a result of the high Mg and
K content in the brine, and halite (Fig. 10A). QD 22 and
QD 19 contain both abundant Mg, resulting in a consid-
erable amount of bischofite (MgCl,.6H,0O) (Fig. 10A).
From enhanced Mg and SO, contents in the salt lakes
QD 13 and QD 12 (Gas-Hure Hu) bischofite and the sul-
phate kieserite (MgSO,.H,0O) appear in the ’salt norm’
Significant quantities of other sulphates like bloedite
(Na,Mg(S0,),.4H,0) appear in the ’salt norm’ of the salt
lakes QD 23 (Xiao Qaidam Hu) and QD 1 (Suhai Hu),
for the latter brine additionally the sulphate epsomite
(MgSO,-7H,0) is a member of the ’salt norm’ assem-
blage. QD 1 is the only salt lake with a resulting consider-
able amount of epsomite. Due to the comparatively high
Li content in salt lake QD 6, almost 6 mol% lithium-chlo-
ride-monohydrate (LiCl.H,0O) were modeled by sNorM
(Fig. 10A; Table 3).

‘Salt norm’ results of the low TDS waters show as well
a dominating impact of halite (Fig. 10B). Water from E
of Mangnai (QD 9, QD 10, QD 11) is highest in norma-
tive magnesite (MgCO,). Comparatively high normative
dolomite [CaMg(COs;),] resulted for the southern inflows
into the Qaidam Basin (QD 9, QD 15, QD 20, QD 21) and
for two NE inflows (QD 25, QD 31). Enhanced calcite
(CaCO,) was modeled for the river Ige He (QD 31) and
the thermal brook (QD 28). For the NE inflows (QD 25,
QD 30, QD 31) anhydrite (CaSO,) is the prime salt mod-
eled by snorm. QD 11 and QD 30 are the only inflows
into the Qaidam Basin, which are expected to produce
a considerable amount of bischofite (MgCl,-6H,0)
(Fig. 10B).

Thenardite (Na,SO,) (8.1-9.7 mol%) has been pre-
dicted for QD 9, QD 10, and the thermal waters (QD 26,
QD 27, QD 28) (Fig. 10B). The sNorM models are sup-
ported by the occurrence of white sinter material, col-
lected close the thermal spring QD 26, which has been
identified as halite (NaCl) and thenardite (Na,SO,) using
XRD (Stober et al,, 2016). The collected and analyzed
white sinter material formed by evaporation of thermal
spring water fits ideally the results of the SNORM code.

The  minerals  pirsonite [Na,Ca(COs),-2H,0]
(5.5 mol%), borax (Na,B,0,.10H,0) (c. 7.0 mol%), and
lithium-fluorite (LiF) (c. 3.5 mol%) were predicted to
precipitate from the thermal springs of Da Qaidam (QD



5 Page 20 of 30 I. Stober et al.

Lakes Gas-Hure Hu Small lakes NE Mangnai Zhen Il Atarcticie
QD 13 QD 12 QD 5 QD 6 -Bischoﬁte
. Tachyhydrite
- Carnallite
[ Hatite
[Juicthzo
[] srci2.2H20
Small lakes between Shulzhan and Mangnai Dong Taijnar Hu il et
Qp 2 QD 3 Qb 4 Qb 17 Qb 18 [l cacteo
- Magnesite
[ ootomite
D Pirsonite
- Anhydrite
. Kieserite
I:I Epsomite
Lake E Dabsan Hu Dabsan Hu Xiao Qaidam Hu Da Qaidam Hu Suhai Hu ] thenardite
QD 19 QD 22 QD 23 QD 29 QD 1 [] clauberits
|:| Syngenite
[ sroedite
|:| Leonite
- Aphthitalite
] Li2so4 H20
- Burkeite
B D Inyoite
Small lake near
Seven Springs Togrisay He Togrisay He Narin Gol M airee
QD 11 QD 10 Qb9 QD 15 I 5o
|:| Ulexite
[] Frourite
[ sereite
- LiF
Small Spring Thermal springs Thermal brook
into Golmud He Golmud He NW of Da Qaidam NW of Da Qaidam
QD 20 QD 21 QD 26 QD 27 QD 28
Small brook Brook into Brook into
from N Xiao Qaidam Hu Da Qaidam Hu Ige He
QD 24 QD 25 QD 30 QD 31

Fig: 10 ‘Salt norm'model of the waters computed using sNorv (Bodine & Jones, 1986) and presented as pie-charts, in mol%. A Salt lake brines. B
Low TDS waters, inflows into the Qaidam Basin.




Qaidam Salt Lakes

26, QD 27). These thermal waters contain comparatively
high B (40.7 mg/kg), Li (c. 3.2 mg/kg), and F (8.9 mg/
kg) concentrations. However, for the thermal book (QD
28), containing significantly lower B, Li, and F concen-
trations (Table 3), smaller amounts of borax were pre-
dicted. Surprisingly, the river flowing into Da Qaidam
Hu (QD 30) contains similar B, Li, and F concentrations
as the thermal springs (Table 3), but sSNOorRM models for
QD 30 indirite (Mg,B;0,;,.15H,0) instead of borax and
lithium-sulfate-monohydrate (Li,SO,.H,O) instead of
lithium-fluorite.

The results gained using the PHREEQC code are con-
sistent with results of the ‘salt norm’ calculations. Waters
more or less saturated or supersaturated with respect to
certain evaporite minerals show when converted by the
code SNORM into an equilibrium solid salt assemblage
these minerals as well. However, there are some few
exceptions, which are most probably caused by different
minerals in the data bases of the two computer programs.
The collected and analyzed salt minerals (Table 5) sup-
port the results as well.

5.4 Alteration of low TDS waters by evaporative
concentration and precipitation

Hydrochemistry of the low TDS waters will alter by evap-
orative concentration and precipitation of solids from
supersaturated waters. Thus, these waters change con-
siderably along their flow path into and in the Qaidam
Basin, both in TDS and water type. Therefore, a hydro-
chemical connection between low TDS waters and brines
might be possible and the goal hereby was to find out, if
low TDS waters are potential precursors of the salt lakes.
The investigation thereby is based exclusively on the
main water components.

Generally, the first minerals precipitating from evapo-
rating low TDS waters are alkaline-earth carbonates,
specifically calcite (CaCOj). The initial molar (Ca+ Mg)/
HCO; ratio is the key value in the early stages of the evo-
lution of waters (Eugster & Hardie, 1978). Most low TDS
waters show (Ca+ Mg) > HCO; and all are supersaturated
with respect to calcite (CaCO,), aragonite (CaCO,), and
dolomite [CaMg(COs;),] (Sect. 5.1). The effect of evapo-
ration can best be shown on ternary phase diagrams.
Sodium and chloride (and if relevant also potassium) are
present in excess.

The ternary Ca-SO,-(HCO;+ CO,) diagram shows all
collected low TDS waters (Fig. 11A). Chemical divides
(‘red lines’ from calcite to SO, [calcite divide] and calcite
to gypsum/anhydrite [gypsum divide]) separate waters
into three types, based on their compositions as equiv-
alents of Ca, HCO;+ CO3, and SO, (Eugster & Hardie,
1978; Spencer et al., 1990; Lowenstein & Risacher, 2008;
Deocampo & Jones, 2014):
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+ Na-(HCO3;+ CO;)-SO, brines form from waters with
equivalents of (HCO3;4 CO;) + SO, > Ca during pre-
cipitation of calcite.

+ Waters with (HCO;+4CO3)+SO,<Ca evolve into
Ca—Cl brines lacking SO, and (HCO;+4CO;) fol-
lowing precipitation of calcite and gypsum and ulti-
mately produce an antarcticite (CaCl,6H,0) evapo-
rite assemblage.

+ Waters in the CI-SO, field form Ca-poor, Na-Cl-SO,-
rich brines following precipitation of calcite and gyp-
sum.

All low TDS waters plot with one exception (QD
34) into the Na-(HCO;-CO,)-SO, field (Fig. 11A).
HCO;+CO3;>Ca of these waters causes precipita-
tion of calcite (CaCO;) upon evaporative concentration.
Because Ca and CO; are removed in equal molar pro-
portions, these waters evolve to a brine lacking Ca ('blue
dotted lines’ in Fig. 11A). Evaporation and precipitation
of calcite produces alkaline, Ca-poor brines enriched in
Na-K-(HCO;+ CO,3)-SO,-Cl. Thus, NaSO,, Na-HCO;-
CO,, and NaCl salts can be expected to precipitate from
these inflows.

However, some of the low TDS waters (QD 31, QD
25, QD 28, QD 30, QD 32) are close to or on the ‘chemi-
cal divide: calcite-SO,” and will thus evolve into a brine
extremely poor or even lacking (HCO5;+ CO,) (Fig. 11A).
These waters originate from the mountains (Qaidam
Shan and Xitieshan Mountains) surrounding the Qaidam
Basin in the NE (Fig. 2). From these inflows NaSO, and
NaCl salts are expected to precipitate during further
evaporation, but Na-HCO;-COj salts will not be formed.
Precipitation of larger amounts of calcite can be expected
in waters with relatively equal and high Ca and high
HCO, contents like in QD 31 or QD 28 (Fig. 11A). These
results are in line with the predicted significant precipita-
tion of calcite from QD 31 and QD 28, using the sNOrRM
code (Fig. 10B). Contrarily, the thermal springs (QD 26,
QD 27) do not precipitate calcite as a result of evapora-
tion, using both methods (Figs. 10B, 11A). QD 31 and
QD 25 are comparably rich in Ca and lie close to or on
the ‘chemical divide: calcite-SO,’ (Fig. 11A). Therefore, a
significant amount of anhydrite (or gypsum) precipita-
tion is expected from these waters during further evapo-
ration, fitting with the results of the sNorRM calculation
(Fig. 10B).

The thermal springs (QD 26, QD 27), the brook orig-
inating in the Jun Ui Mountains (QD 24), and the river
Nasin Gol from the Kunlun Mountains (QD 15) are
expected to evolve into brines enriched in Na-K-SO,-Cl
with low (HCO4+ COj3), while in the evolving waters QD
20, QD 21 (Kunlun Mountains S of Golmud), and in QD
9, QD 10, QD 11(west of Mangnai) the (HCO;+ CO,)
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content in the evolving brines is expected to be higher
(Fig. 11A). Thus, these waters should produce more
Na-HCO;-COj salts than those from the other source
regions.

QD 34 (spring SE of Xitieshan) is the only water plot-
ting into the CI-SO, field (Fig. 11A). Most probably this
water will form a Ca-poor, Na-Cl-SO,-rich brine follow-
ing precipitation of calcite and gypsum and then will shift
toward the sulfate corner (‘green dotted line’ in Fig. 11A).
Thus, NaSO, and NacCl salts may be produced from this
inflow in addition to calcite (carbonate).

After calcite (CaCO;) and gypsum/anhydrite
(CaSO,-H,0/CaS0O,) deposition the solutions become
progressively more concentrated and the Mg/Ca ratio
increases. Ultimately, Mg-bearing carbonates (e.g. dolo-
mite, magnesite) will be produced. However, as stated
above reliable predictions for the precipitation of Mg-
rich carbonates are problematic, because precipitation
kinetics and metastable conditions are normally not
quantifiable.

The interaction of Mg and Ca can be explored using the
ternary Mg-SO,-(HCO3;+ CO;) diagram (Fig. 11B). The 4
arrows on this diagram represent 4 conditions of varying
Ca/Mg rations, which produce Ca-Mg- and Mg-carbon-
ates at different stages (Deocampo & Jones, 2014):

+ Low-Ca waters will produce Mg-rich carbonates ear-
lier than high-Ca waters.

« The more calcite can be produced, the farther toward
the ‘upper left’ of the triangle the water will evolve.

+ Once calcium has been exhausted, if COj; still
remains present, magnesite precipitation will drive
the fluid away from the Mg—CO; axis and determine
the Mg/SO, or SO,/CO; ratio in the residual fluid.

Generally, most surface waters have relatively high
HCO, and low Mg contents, i.e. they plot somewhere
in the ‘lower right area’ of the triangle and will develop
during prolonged evaporation towards waters with rel-
atively more SO, and/or Mg content, i.e. they evolve
along a pathway towards the ‘left side’ of the trian-
gle, moving away from the calcite or Mg-calcite point
(Fig. 11B).

The Mg/Ca ratio (in equivalents) of the low TDS
waters is in most samples < 1.0. However, Mg/Ca>2.0
is measured in 4 probes (QD 10, QD 11, QD 30, QD
33), whereas QD 11 has with Mg/Ca=22.3 by far the
highest ratio. All waters (exception QD 34) show lower
Ca than (HCO4+ COj) contents (Fig. 11A). QD 11 and
QD 30 plot in the uppermost part of Fig. 11B. Thus,
during continued evaporation and precipitation of cal-
cite the remaining fluids are expected to get extremely
enriched in Mg with marginal SO, content, in addition
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to high Na, K, and Cl contents (Fig. 11B) and will thus
potentially precipitate magnesite (MgCOj;), bischofite
(MgCl,-6H,0), and they may produce MgSO,-bearing
salts such as kieserite (MgSO,-H,0). These anticipated
developments are in agreement with the sSNorM calcu-
lations (Fig. 10B). However, MgSO,-bearing salts pre-
cipitate at progressively later stages of evaporation and
the evolved brines will finally not form MgSO,-bearing
salts. These brines produce ‘MgSO, deficient’ min-
eral sequences and can precipitate CaCl,-bearing salts
upon extreme evaporation (Deocampo & Jones, 2014).
Also, highly soluble potash salts like sylvite (KCI) or
carnallite (KMgCl;-6H,0), lacking MgSO,, can be
produced.

In contrast, the spring-water QD 34 (SE of Xitie-
shan) is expected to evolve during prolonged evapora-
tion into a fluid with high SO,, low Ca and high Na,
K, and ClI contents. Ultimately, additionally to calcite
and gypsum precipitation of bloedite (MgSO,-H,0)
and potentially polyhalite (K,SO,-MgSO,4H,0) may
occur (Fig. 11B). For the low TDS waters QD 10, QD
32, and QD 33 precipitation of magnesite and prob-
ably a mineral like thenardite (Na,SO,) is predictable,
due to their position in the ternary phase diagram.
After prolonged evaporation, precipitation of dolomite
[CaMg(CO,),] and magnesite could be expected from
the waters QD 9 and QD 20 and from QD 31, QD 21,
QD 25, and QD 15 rather dolomite (Fig. 11B). Precipi-
tation of carnallite (KMgCl;-6H,0) is predicted for the
inflows QD 30, QD 31, and QD 25 in the northeast-
ern part of the Qaidam Basin by the SNorRM modeling
(Fig. 10B).

For all waters precipitation of halite and other highly
soluble salt minerals follows in late steps of the evapo-
ration process due to their significantly higher solubil-
ity. The precipitation of the chlorides cannot be derived
from the composition relations shown on the ternary
diagrams (Fig. 11A, B) but follows from sNorRM models
(Fig. 10B).

6 Analysis and conclusions: from evaporating
inflow to salt lakes, regional differences

The composition of inflow (low TDS water) has three
different components: (1) Composition of precipitation,
mainly rainwater. (2) Rock-derived components from
rainwater-rock reactions. (3) Redissolution of eolian salt
deposits at the mountain slopes (Stober et al., 2016; Zhu,
2016). Mainly during winter time heavy storms transport
salts from the Qaidam Basin to the mountains (Fig. 3D).
As a consequence, all inflow becomes enriched in TDS
along its flow-path into the basin due to re-dissolution of
salt minerals. Rivers and brooks rapidly reduce their flow
velocity and ultimately become stagnant when entering
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the basin. Simultaneously, and due to the desert climate
conditions, water (H,O) evaporates and the least soluble
minerals start precipitating.

In the basin, processes including mixing, degassing,
temperature changes, local dissolution of salts, cyclic
wetting and drying, ion exchange and adsorption further
modify the inflows. In addition, interaction of present-
day water in the generally shallow salt lakes containing
oscillating H,O-content with older salt deposits further
adds to the complexity of lake water composition with
time. Reports from upwelling deep(er) waters into salt
lakes suggest significant additional effects on salt lake
water composition (e.g. Lowenstein & Risacher, 2009;
Spencer et al., 1990; Xiao et al., 2018).

In the following, the impact of inflows (low TDS
waters) on the chemical composition of the salt lakes
(brines) is shown. For this purpose, areas had to be
selected, where investigated inflows and salt lakes occur
in close proximity.

6.1 Gas Hure Hu area: inflows QD 9, QD 10, QD 11 and salt
lakes QD 12, QD 13 (Fig. 2)

Gas Hure Hu salt lake is large in terms of its surface area
(about 117.5 km?) but with a maximum depth of 1.3 m
very shallow (Ye et al,, 2015) making the hydrochemi-
cal composition very sensitive to for instance climatic
or temperature variations. The samples QD 12 and QD
13 originate from two small salt lakes in close vicinity,
north of Gas Hure Hu, where additionally two evapo-
rate mineral samples (QD 12a, QD 13a) were collected.
A third mineral sample was taken a bit farther north (QD
14). The inflow QD 9 comes from the Karawatag Shan
Mountains in the west, and QD 10 was taken in a small
fresh water lake nearby. QD 11 originates in the northern
Altun Shan Mountains (Fig. 2; Tables 1, 2).

The inflows (low TDS waters) are characterized by
relatively high Mg (especially QD 11), moderate SO,,
and high Na and CI contents. K contents are low and Sr
is enhanced, especially in QD 11. TDS of the inflows are
increasing from SW to NE, ie. from QD 9, to QD 10,
and to QD 11 (Table 4). All low TDS waters show higher
(HCO3+COj,) than Ca contents (Fig. 4B), i.e. after cal-
cite (CaCOs) precipitation there will still be carbonate in
solution. Calcite precipitation (Fig. 11A) causes a rela-
tive increase of the SO, content in the remaining fluid,
which will be for the most part still in the remaining solu-
tion after anhydrite/gypsum precipitation, controlled by
low limiting Ca. Consequently, total anhydrite/gypsum
precipitated is predicted to be low. Precipitation of cal-
cite and anhydrite/gypsum in the first evaporation steps
gradually develops high Mg residual water forming the
salt lakes (QD 12, QD 13) (Table 3; Fig. 4A).
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Precipitation of other carbonates, i.e. Mg-bearing car-
bonates, like dolomite or magnesite, or Mg-sulphates is
possible after the first evaporation steps, because of still
high Mg, high SO, and moderate (HCO;+ CO,) contents
in the remaining solution (Fig. 11B). Precipitation of
magnesite (QD 9-QD 11) and partly dolomite (QD 9) is
also predicted by the sNorM models (Fig. 10B). The next
major ‘chemical divide’ is created by the low-solubility
Ca-sulphates: gypsum/anhydrite. The evaporating resid-
ual waters are dominated by Cl, Na, Mg, and SO,. Fig-
ure 11B shows, that prolonged evaporation of the water
QD 9 is expected to lead to a solution with very low Mg
and high SO, contents, favoring precipitation of sodium
sulfate, e.g. thenardite (Na,SO,). QD 10 will probably
include precipitation of bloedite (Na,Mg(SO,),-4H,0)
and QD 11 is expected to precipitate a magnesium chlo-
ride, like bischofite (MgCl,-6H,0) (Fig. 11B). The occur-
rence of magnesium salt deposits, including bloedite
(Na,Mg(SO,),-4H,0), and other sulfates such as mirabi-
lite (Na,SO,-10H,0O) were reported by Chen and Bowler
(1986) and Ye et al. (2015), confirming the findings in this
investigation. Further, SNorRM models predict precipita-
tion of magnesite (MgCOj), kieserite (MgSO,-H,0), bis-
chofite (MgCl,-6H,0) during prolonged evaporation of
the salt lakes (Fig. 10A). Due to enhanced Sr input (par-
ticularly QD 11) and the still high remaining SO, con-
tents in the salt lakes saturation with respect to celestite
(SrSO,) is reached (Fig. 6) and its precipitation can be
expected.

During prolonged evaporation, Na and Cl increase
until saturation with respect to halite is reached (Fig. 6)
and halite (NaCl) precipitates, leading to a relative
enrichment of remaining ions in solution, e.g. K or Li
(Fig. 9B). The modeling shows, that in the present salt
lakes saturation with respect to potassium salts (sylvite,
carnallite) or lithium salts is not yet reached (Fig. 6).
However, the occurrence of potassium salt deposit is
described in Chen and Bowler (1986), but it is not clear if
the potassium deposit results from earlier, perhaps dryer
conditions, or from salt lake waters artificially concen-
trated. Sylvite was found during field work exclusively as
artificially generated evaporative salt mineral (QD 14).

The evaporative mineral samples (QD 12a, QD 13a, QD
14), taken in or nearby the salt lakes (Fig. 2; Tables 2, 5),
are of different chemical composition:

+ Sample QD 12a is nearly pure halite (95%), with a
small proportion of bischofite (MgCl,-6H,0) and
traces of a MgSO, mineral, anhydrite (CaSO,) resp.
gypsum, and sylvite (KCI).

+ Sample QD 13a (Fig. 5A) was taken from a salt lake
at the rim of a seismic blasting. It mainly consists of
anhydrite/gypsum (41%), halite (32%), and bischofite
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(19%). Additionally, in the sample a small amount of
magnesium sulphates (7%), and traces of sylvite, sell-
aite (MgF,) and magnesium nitrate [Mg(NOs;),] are
present. Magnesium nitrate is used in pyrotechnics.
The sample was taken at the rim of a hole, resulting
from former seismic blasting.

+ Sample QD 14 was taken from a heaped-up pile of
evaporative minerals, an interim step in the produc-
tion chain from artificially up-concentrated water of
the Gas Hure Hu salt lake. The investigation indicates
that the main components are halite (36%), bischofite
(30%), a magnesium sulphate (20%), and additionally
sylvite (14%) as well as traces of anhydrite.

The evaporative minerals in the individual samples
confirm the investigation of the waters, when concen-
trated. The results of this study shows as well that the
inflows (low TDS waters) are precursors of the salt lakes.
Additionally, these findings are consistent and in line
with reported evaporite deposits in the western region
of the Qaidam Basin (Chen & Bowler, 1986; Decampo &
Jones, 2014; Zhang et al., 2019; Ye et al., 2015, 2018).

6.2 Lake Dong Taijnar Hu area with the inflow QD 15
and brines QD 17 and QD 18 (Fig. 2)

The big river Narin Gol (QD 15) flows from the Kunlun
Mountains into the Qaidam Basin disemboguing into the
salt lake Dong Taijnar Hu (QD 17) (Figs. 2, 3). The river
water shows high Na, enhanced Ca and Mg, significant
K concentrations and is rich in Cl and (HCO;+ CO,)
with lower SO, (Table 4; Fig. 4B). When Narin Gol finally
reaches the area of the salt lake Dong Taijnar a significant
amount of water (H,0) must already have been evapo-
rated due to its long flow-path within the basin and first
minerals already precipitated, particularly carbonates.

QD 15 contains higher (HCO3;+ COj3) than Ca (Fig. 4B).
Thus, after calcite precipitation excess carbonate remains
in solution (Fig. 11A) and SO, slightly increases passively.
Low Ca of the remaining fluid results in very minor anhy-
drite/gypsum precipitation. After the first evaporation
steps in the basin Mg drastically increases and as a result,
characterizes the salt lake Dong Taijnar Hu (QD 17) and
the nearby trench (QD 18) (Table 3; Fig. 4A). During pro-
longed evaporation, precipitation of Mg-bearing carbon-
ates, e.g. dolomite, are possible and expected (Fig. 11B)
und supported by sNorM models (Fig. 10B).

Prolonged evaporation leads to increasing Na and Cl
until finally precipitation of halite occurs. This process
causes a relative enrichment of remaining ions in solu-
tion, such as K and Li (Fig. 9B). The computations show
that in the actual salt lake water Dong Taijnar Hu (QD
17) saturation with respect to halite was not yet reached
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in contrast to the nearby trench (QD 18), in which water
is passively concentrated by the man-made trench design.
Li concentration is high in both brines, firstly because
river-water of Narin Gol (QD 15) contains considerable
amounts of primary Li (Table 4) and the river has a high
discharge rate and secondly because extensive evapora-
tion increases Li in the residual fluids, i.e. in the brines
and thus especially in QD 18 (Table 3). K is enriched
correspondingly.

Both brines (QD 17, QD 18) are not saturated with
respect to potassium salts (sylvite, carnallite) or lithium
salts (Fig. 6). However, the sNorRM model predicts for
QD 18 precipitation of kieserite (MgSO,-H,0), bischofite
(MgCl,-6H,0), and carnallite (KMgCl;-6H,0) (Fig. 10A)
in addition to the dominant halite. This is mainly caused
by increasing Mg contents during the evaporation and
first precipitation processes, additionally enhanced SO,
contents, the low Na/Cl ratio (0.86) of the brine (Fig. 4A),
and because the river water Narin Gol (QD 15) contains
a significant amount of K (Table 4; Fig. 4B), which will be
passively enriched during the evaporation and precipita-
tion processes.

The salt sample QD 16 collected near salt lake Dong
Taijnor Hu consists mainly of halite (99%), likewise the
sample QD 18a (Fig. 5B) collected within the nearby
trench (QD 18). The fibrous form of sample QD 16 is
most probably caused by capillary rise of halite-sat-
urated water in soil environment (Fig. 5C). The salt
analysis of QD 16 produced very small amounts of ant-
arcticite (CaCl,-6H,0, 0.5%), bischofite (MgCl,-6H,0,
0.3%) and traces of sylvite (KCl), similar to sample QD
18a (Table 5). The modeled trace minerals probably rep-
resent ‘halite-impurities’

Yu et al. (2012) describe halite-dominated strata with
carnallite, being the most common potassium mineral
either disseminated in thin-layers on the lowermost loca-
tions of the playa surface, occasionally coexisting with
bischofite. Halite with some sulfate impurities has been
reported by Chen and Bowler (1986). The observations of
these authors fit the findings of this study.

6.3 Lake Dabusun Hu area (QD 22, QD 19) with southern
QD 20, QD 21 (Golmud He) and northern inflows QD
32,QD 34 (Fig. 2).

River water from Golmud He (QD 21) and the nearby

spring water (QD 20), that flows downstream into Gol-

mud He, originate from the Kunlun Mountains. Golmud

He flows in northern direction into lake Dabusun Hu

(QD 22) (Fig. 3B). The river- and spring water QD 32 and

QD 34 derive from the Xitieshan Mountains northeast of

Dabusun Hu. Most of this water seeps into the soil before

eventually reaching the salt lake in the subsurface. The
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river Golmud He (QD 21) is the main inflow, having by
far the highest discharge rate. QD 21 and QD 20 are com-
positionally quite similar and rich in Ca, Mg and HCO,,
in contrast to the NE-inflows (Table 4; Fig. 4B).

Lake Dabusun Hu (QD 22) lies within the central
Qarhan playa. With a maximum depth of only 1.72 m
and a varying surface area of around 250 km? (Lowen-
stein et al.,, 1994; Casas et al., 1992). Its hydrochemical
composition is very sensitive to climatic or temperature
changes. The surface of Qarhan playa is predominantly
dry and consists of a solid rugged crust of halite (Fig. 3B).

QD 21 and QD 20 are saturated with respect to cal-
cite, aragonite, and dolomite, and (HCO;+ CO,) exceeds
Ca in both waters (Fig. 4B). After calcite precipitation
there will still be a relatively high amount residual car-
bonate in solution (Fig. 11A). In the remaining fluid a
passive increase of SO, can be expected. Anhydrite/
gypsum precipitation is predicted to be very low, due to
low Ca contents in the remaining fluid. The results are
supported by sNorM models (Fig. 10B). After the first
evaporation steps in the basin, high Mg contents in the
remaining fluid will develop and are as well found in the
salt lake Dabusun Hu (QD 22) and in the trench east of
Dabusun Hu (QD 19) (Table 3; Fig. 4A). During further
evaporation precipitation of Mg-bearing carbonates, e.g.
dolomite (QD 20, QD 21) or even magnesite (QD 20) is
anticipated (Fig. 11B) and supported by sNorM models
(Fig. 10B). The spring-water QD 20 was already saturated
with respect to magnesite before it flows into Golmud He
(QD 21). Due to elevated Sr content and residual alkalin-
ity QD 21 and QD 20 are saturated with respect to stron-
tianite (SrCO,). The high discharge rate of Golmud He
transports considerable amounts of ‘trace’ elements like
K, B, and Li into the basin, which will be enriched during
prolonged evaporation in the remaining solution.

In contrast, the northern inflows (QD 32, QD 34) have
very low (HCO3+4COjy) in the remaining solution after
calcite precipitation (Fig. 11A). Prolonged evaporation
of spring-water QD 34 results in predicted precipitation
of gypsum/anhydrite and bloedite (Na,Mg(SO,),-4H,0)
(Fig. 10A, 11B). However, the influence of QD 32 and QD
34 on the bulk hydrochemistry of lake Dabusun Hu is
expected to be small, due to low discharge rate.

The brine of lake Dabusun Hu (QD 22) is a highly con-
centrated solution (TDS=316.1 g/kg) and extremely rich
in Mg and Cl. The trench northwest of Dabusun Hu (QD
19) has lower TDS with Mg, Na and Cl as main constitu-
ents (Fig. 4A). The highly concentrated brine in Dabusun
Hu also contains high loads of Li (Fig. 9B) and K (in QD
22: Li=178.3 mg/kg and K=5532 mg/kg). Lake water
(QD 22) is supersaturated with respect to anhydrite and
celestite (SrSO,) and saturated with respect to carnal-
lite (KMgCl,;-6H,0) and halite (Fig. 6). The trench-water
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(QD 19) is also supersaturated with respect to celestite
and saturated with respect to anhydrite and gypsum.
In contrast, Dabusun Hu (QD 22) is undersaturated
with respect to gypsum but supersaturated concerning
anhydrite because of reduced H,O activity in the brine
(Fig. 7A). The sNorM model predicts precipitation of
bischofite (MgCl,-6H,0), carnallite (KMgCl,;-6H,0) and
halite from the salt lake (Fig. 10A) and a similar develop-
ment for the nearby trench (QD 19).

The evaporite sample (QD 19a) from the trench shows
large, clear, cubic crystals, consisting mainly of halite
(99.4%), some magnesium chloride (0.3%), and traces of
anhydrite, antarcticite, and sylvite (Table 5), probably
‘halite-impurities’

Kong et al. (2018) reported the occurrence of halite,
bischofite and carnallite in the Qarhan playa, but give no
precise information on the sampling location. However,
accumulated halite and carnallite have been identified
along restricted margins of the lake Dabusun Hu (Chen
& Bowler, 1986; Zhang, 1987; Spencer et al., 1990; Ven-
gosh et al, 1995; Zheng, 1997; Yu et al., 2013). Casas
et al. (1992) mapped the precipitated evaporation miner-
als along the flow path in the delta of the branching river
Golmud He and found the following succession: arago-
nite — carnallite + halite — salt plain (playa). Xiao et al.
(2018) suggest that groundwater also evolves from fresh-
water to brine water along the flow path based on hydro-
chemical and isotopic data. Zhang et al. (2019) traced
the high K concentration in the salt lake to accumulated
input of the southern inflows, in agreement with the here
reported findings.

6.4 Lake Da Qaidam Hu (QD 29) with northeastern thermal
water inflows (QD 26, QD 27, QD 28) and southeastern
inflow (QD 30) (Fig. 2)

Hot water from two springs (QD 26, QD 27) and warm

water from a brook (QD 28), uphill of QD 27, represent

northern inflows into the salt lake Da Qaidam Hu (QD

29) (Fig. 3C). The hot water originates from fractured

granite at about 5 km depth in the Qilian Mountains

(Stober et al., 2016). Also from the Qilian Mountains, but

from southeastern direction another river (QD 30) runs

to the salt lake.

The thermal spring waters (QD 26, QD 27) are charac-
terized by high Na, low Ca, and lower Cl than Na con-
centrations (Fig. 4B; Table 4). Chloride equals about SO,
plus HCO;. The waters contain considerable amounts
of K (13.7 mg/kg), Li (3.2 mg/kg), B (40.7 mg/kg), and F
(8.9 mg/kg). Like lithium, boron (B) also originates from
granitic rocks, where B occurs in minerals like tourma-
line; furthermore, B can be present in rock-forming
minerals, like muscovite, biotite, plagioclase (e.g. Sau-
rer & Troll, 1990; Barth, 2000). Thus, the origin of B in
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thermal waters might be related to crystalline base-
ment. The composition of the relatively low TDS thermal
brook water (QD 28) is similar. In contrast, TDS of the
southeastern inflow (QD 30) is significantly higher and
the river has a relatively high Mg concentration. QD 30
is also rich in the ‘trace’ elements (K, Li, B, F) (Fig. 4B;
Table 4). However, all inflows into the salt lake are super-
saturated with respect to aragonite, calcite, dolomite, and
strontianite (SrCOs). Inflow QD 30 is additionally super-
saturated with respect to magnesite (MgCOs), monohy-
drocalcite (CaCO4-H,0), and sellaite (MgF,).

The salt lake Da Qaidam Hu (QD 29) has a mean sur-
face area of 30 km? (Fig. 3C). The lake is very shallow
with a maximum depth less than 1 m during the summer
flood season (Gao et al., 2019). Thus, its hydrochemical
composition is very sensitive to climatic, seasonal, hydro-
logical, and temperature changes, causing a continuous
interplay between formation and solution of different
minerals. During the study period, TDS of the salt lake
Da Qaidam Hu was with 190 g/kg lower than in most
other salt lakes of the Qaidam Basin at that time. How-
ever, TDS of the salt lake changes dramatically in short
time intervals (Gin 2013). The lake water is a Na-Mg-Cl-
(SO,) solution (Fig. 4A; Table 3) with comparably high
concentrations of K (2753 mg/kg), Li (67,3 mg/kg), and B
(370 mg/kg). The brine is saturated with respect to celes-
tite, but not saturated with respect to gypsum/anhydrite
or halite (Fig. 6).

After calcite precipitation from thermal spring waters
(QD 26, QD 27) there will still be a relatively high amount
of carbonate in solution. In contrast, the inflows QD 28
and QD 30 contain low carbonate after calcite precipi-
tation (Fig. 11A). The higher Ca and Mg in the thermal
brook water (QD 28) compared to the thermal spring
waters (QD 26, QD 27) (Fig. 10A) may form calcite (or
dolomite) in the thermal brook. This is also supported by
sNORM models. The thermal spring waters are expected
to precipitate the remaining carbonate, e.g. as strontian-
ite (SrCOs;) or pirsonite (Na,Ca(COs),-2H,0) (Fig. 10B).
Figure 11B shows, that the inflow QD 30 with its high
Mg concentration favors precipitation of magnesium-
carbonates and -sulphates, such as magnesite (MgCO,)
and kieserite (MgSO,-H,0), which is also supported by
sNORM modeling (Fig. 10B). After precipitation of car-
bonates a slight passive increase of SO, can be predicted
and is as well observed. In contrast to inflow QD 30,
anhydrite/gypsum precipitation from the thermal waters
is expected to be very low (Fig. 11A) also supported by
the sNorM model (Fig. 10B). High Mg and increasing
SO, in the residual water (QD 30) are finally reflected in
the salt lake Da Qaidam Hu (QD 29) (Table 3; Fig. 4A).

Extensive evaporation from the thermal waters may
produce thenardite (Na,SO,) and other sulphates
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predicted by sNorRM modeling (Fig. 10B). The occurrence
of thenardite is described in Stober et al. (2016). From the
southeastern inflow QD 30 ultimately precipitation of
bischofite (MgCl,-6H,0) and carnallite (KMgCl;-6H,0)
is predicted (sNorM model) (Fig. 10B). Consequently,
brine water of Da Qaidam Hu (QD 29) predominantly
forms halite after prolonged evaporation and potentially
bischofite, carnallite, and kieserite in addition (Fig. 3C,
10A).

Input of K, B, Li and F from the inflows into the salt
lake Da Qaidam Hu (QD 29) is comparatively high. Fig-
ure 9B shows, that Li/Cl ratios of all inflow-waters and
the water of the salt lake are equally high. During pro-
longed evaporation and precipitation of the first evapo-
rative minerals, these solutes will get enriched in the
brine (see Table 3). Gin (2013) reports high fluctuations
of brine concentration within short time intervals. Thus,
under appropriate conditions saturation with respect to
borates or Li-sulphate may develop. This also holds for
evaporating smaller basins and pools in close vicinity to
the salt lake.

The two salt samples from the bottom of lake Da
Qaidam Hu (QD 29a) and the nearby salt flat (QD 29b)
(Table 2) consist of nearly pure halite. QD 29a are coarse-
grained white cubic crystals with a few yellowish crystals.
The salt consists of 98.1% halite, 0.9% bischofite, 0.8%
anhydrite, and some trace minerals probably caused by
‘halite-impurities. Sample QD 29b is an agglutinated,
white, porous material with halite (99.5%) and some ‘hal-
ite-impurities’ (Table 5).

Previous studies found that halite and borates are
the predominate salts in Da Qaidam Hu salt lake area
(Chen & Bowler, 1986; Gao et al., 2019). Zhen (1997)
reports of Ca-, Mg-, and Mg-Ca-carbonates and borates.
In addition, Gao, et al. (2019) describe the occurrence
of halite, carbonate minerals (calcite, aragonite, dolo-
mite, hydromagnesite), and gypsum in two wells, drilled
within the lake. Furthermore, they reported pinnoite
(MgB,0,-3H,0) deposits in the lakebed and borate earth
in the northeastern lakesite and farther to the south
ulexite (NaCaB;O4(OH)4-5H,0) and hydroboracite
(CaMgB4O4(OH)4-3H,0). The latter possibly caused by
the relatively Ca-rich southern inflow QD 30. Thus, the
observations of these authors fit the findings of this study.

7 Conclusions

The intramontane Qaidam basin is a~500 km long
and ~ 250 km wide high altitude drain-off free hydrologic
basin located at the northern rim of the Tibet plateau in
western China. Playas, vast gypsum and salt flats and salt
lakes shape the plane basin.
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The basin has numerous inflows derived from the sur-
rounding mountain chains. Two major rivers originate
in the Kunlun Mountains in the south and one in the
Qaidam mountains in the north of the basin. The major
rivers contain an unusually large amount of chloride
when they enter the basin from the mountains. The Cl/Br
ratio of the river water indicates that the carried chloride
originates from dissolved windblown halite. The large
rivers also contain a high amount of Mg and boron and
a high TDS for the same reason. Thus, a large amount of
the yielded solutes represents recycled solids from the
salt flat playas of the basin. Only about 20-50% of the
solutes have been contributed by weathering of basement
rocks in the surrounding mountains.

The original relatively pristine deep water contributed
by fluid-rock interaction is exemplified by the thermal
springs produced by the Qaidam Mountains near the
town Da Qaidam. These waters contain very low Mg and
the TDS is twice to three times that of the major rivers.
The high SiO, content suggests that the water reacted
with basement rock at temperatures in excess of 130 °C.
The thermal water contains high Li and B indicating that
these valuable trace elements ultimately originate from
the basement rocks. The relatively low Cl/Br ratio of the
thermal water suggests that dissolved windblown halite
contributes some however small amount to the composi-
tion of the water.

All other inflows, small rivers and brooks, show high
to very high Cl/Br ratios typical of recycled halite. TDS
varies considerably in these waters. The most pristine
spring water has been collected in the Kunlun Moun-
tains south of Golmud. The similarity with the main
Golmud river suggests that also the main river has little
recycled solutes. A special group of smaller inflows is
represented by some high-TDS brooks in narrow small
valleys rich in vegetation in the rugged topography bor-
dering the flat land. The brooks contain up to 5.2 g/
kg TDS and the Cl/Br ratio is high. Most likely wind-
blown halite causes the observed water composition.
The rich vegetation in the small valleys may retain this
halite. The observation also shows that recycling of hal-
ite is also possible in areas where the exposed basement
rocks are free of salt minerals.

All salt lakes and salt pools contain high TDS water
with a high to very high Cl/Br ratio. Typically, most salt
lakes and small salt ponds are saturated with respect
to halite and contain about 263 g NaCl per kg solution.
The majority of the salt lakes contain massive halite
crystals covering the floor and the rims of the lakes and
ponds. The halite lakes dissolve and precipitate the salt
deposits depending on the seasonal temperature and
precipitation variations. There are several departures
from the simple halite lake.

I. Stober et al.

Some lakes close to the margins of the basin touching
the enclosing mountains are undersaturated with halite
and contain less than 200 g/kg TDS. These lakes have
very low Ca and Mg> > Ca. The lakes are in a state of
evolving towards Na-Mg-Cl-SO, dominated lakes.

The central lakes of the basin surrounded by vast salt
playas are massively influenced by salt mining activities
and/or mineral oil production. The Dabusun Lake con-
tains very high MgCl, and KCl in solution. Its salt load
is used for fertilizer production. One small salt lake in
the west of the basin consists of CaCl,, KCl and LiCl
and only minor NaCl. Its unusual composition results
from mixing with deep fluids produced by the nearby
oil field.

Within this article it could be shown, that there is a
direct chemical connection between the salt lakes and
the inflows into the Qaidam Basin, i.e. the inflows are
indeed precursors of the brines.
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