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Published online: 27 November 2017 The homogenization temperature (Th) of primary fluid inclusions in halite can be used for paleoclimate
interpretations. Lop Nur, in Central Asia, is an extremely arid zone where large amounts of glauberite
were deposited from the late Middle to Late Pleistocene. This deposition was accompanied by
formation of large-scale potash-bearing brines. However, quantitative paleotemperature data

are still lacking, hindering reconstruction of Quaternary climate conditions and their control over
potash formation. We measured the Th of inclusions in halite from the salt field and the top of Upper
Pleistocene strata in Lop Nur. The maximum homogenization temperature (Thy,x) of inclusions in halite
from the salt field was 41.1°C, consistent with the maximum ambient temperature (43.4°C) in the same
period. The Thyx of inclusions in halite from the Upper Pleistocene strata ranged from 35.6 °C to 43 °C,
where maximum air temperatures may have reached 37.9°C to 45.3 °C. The results show that a hot and
arid climate prevailed in Lop Nur at the end of the Late Pleistocene. Furthermore, changes of the brine
chemical composition due to supply variations instead of climate change, may have caused glauberite
deposition to cease at the end of the Late Pleistocene.

The environmental evolution of lake sedimentary records is an important field in the study of past global changes
(PAGES)'. Saline lakes, as the final product of lake evolution, are a key aspect of research into paleoclimates,
paleoenvironments, and future global changes?®. The Lop Nur saline lake, located in northwestern China, is
one of the largest playa lakes in the world. It was once China’s largest inland lake, around which the renowned
civilization of the ancient Loulan Kingdom emerged. It has been studied by scientists and explorers around the
world since the end of the nineteenth century”®. In addition, the Lop Nur saline lake is the second largest potash
mineralization area in China’, and has been the largest source of high-quality potassium sulfate fertilizer in the
world. Potash deposits are formed as a result of coupling among particular provenances, tectonics, and climatic
conditions'’. Among these factors, high temperature may have served as a catalyst for the precipitation of potas-
sium from the saline lake water!!.

The climate is extremely arid in the Lop Nur area. The region has an average annual rainfall of approximately
20 mm and average annual evaporation of approximately 3,000 mm’. Over the past 20 years, many studies have
investigated sedimentary characteristics'?!4, salt lake evolutionary history®!®, the formation mechanism of
potassium-rich brine'®*-!°, and paleoclimate and environmental evolution®*-*! in Lop Nur. However, minimal
research has been conducted on quantitative reconstructions of paleotemperature and its effect on potassium
formation in Lop Nur. Understanding paleoclimate change in Lop Nur, a microcosm of arid environments, is vital
for a range of topics, including the environmental evolution of Central Asia, the demise of the ancient Loulan
kingdom, and the genesis of potassium-rich brine.

Quantitative paleoclimatic information has been indirectly obtained from biological and geochemical meth-
ods, including palynological assemblages®>*, organic biomarkers**-¥’, chironomids**-*!, and hydrogen iso-
topes*?~**. However, it is difficult to obtain accurate paleotemperature data from evaporite sediments in a salt lake
using these methods. Theoretically, fluid inclusions are excellent geothermometers. Homogenization tempera-
tures (Th) obtained from primary single-phase (liquid) fluid inclusions in halite through the so-called cooling
nucleation method can reflect paleobrine temperatures during salt-forming periods**~*. Additionally, the paleo-
brine temperature is generally close to the environmental paleotemperature in shallow water?.
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Figure 1. Schematic geological map of Lop Nur in Xinjiang, China, and the location of core ZKCL1 (modified
after Liu et al.'?).

The cooling nucleation method has been widely used for paleotemperature reconstruction in geological peri-
ods, including the Precambrian®, Silurian®*®!, Permian®>*, Cretaceous®**°, Paleogene®®’, and Quaternary>*. In
this study, following detailed petrographic observations of halite samples from the salt field and a drill core in Lop
Nur, the cooling nucleation method was used to obtain the homogenization temperature of fluid inclusions. We
then considered the implications of these homogenization temperatures for paleoclimatic conditions in Lop Nur
at the end of the Late Pleistocene.

Results

Site descriptions and material. Lop Nur (39°40’ - 41°20'N, 90°00’ - 91°30’E), covering an area of
approximately 20,000 km?, lies in the eastern part of the Tarim Basin. It is bordered to the north by the Tianshan
Mountains, to the west by the Taklamakan Desert, and to the southeast by the Altun Mountains (Fig. 1). The
Quaternary Himalayan movement caused the western Tarim Basin to uplift and the eastern part to subside. As
a result, Lop Nur is situated at the convergence of sediments and salts throughout the Tarim Basin®®, and is the
lowest part of the basin (780 to 795 m above sea level). Tectonically, Lop Nur is a sub-basin of the Tarim Basin. It
is situated at the junction of the Tianshan Orogenic Belt and Kunlun Orogenic Belt”!?. Faults inside and around
the Lop Nur depression primarily include the Kuruk Tag Fault, Altyn Tagh Fault, Kongqi River Fracture, Saisike
Fracture, Shule River Fault, and southern and eastern Lop Nur Faults.

Lop Nur was a unified lake from the Early Pleistocene to the earliest stage of the Middle Pleistocene®. The lake
environment changed into brackish water, in which thin-layered and dispersed gypsum were deposited. Strong
uplift occurred in the northern part of Lop Nur from the end of the Middle Pleistocene to the Later Pleistocene,
resulting in formation of a series of sub-depressions, such as Luobei Sag, partitioning the previously integrated
Lop Nur. Luobei Sag is one of the largest sub-depressions. It is characterized by large amounts of glauberite with
relatively decreased gypsum. The brackish lake environment then changed into a saline lake environment. Thinly
layered halite, polyhalite, and bloedite were deposited at the end of the Later Pleistocene. By the Holocene, the
Luobei Sag and other sub-depressions had completely evolved into saline lake environments. Thinly layered halite
and a small amount of other salt minerals, including polyhalite, carnallite, sylvite, epsomite, and kainite, were
deposited’.

The samples used in this study were modern halite from the salt field in the center of the Lop Nur depression,
and Latest Pleistocene halite from a 104.12-m core from Luobei Sag. The salt field was abandoned in 2009. Five
halite samples, deposited in 2008 based on observations, were collected from a 43.5-cm deep pit (Fig. 2). From
top to bottom, the layers were: a surface halite crust (S01) from 0 to 3.7 cm; white spherulitic halite (pearly halite)
(S02) from 3.7 to 13.7 cm, with particle sizes of 1 to 4 mm; white halite (S03) from 13.7 to 20.2 cm, with particle
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sizes of 1 to 4 mm; white halite with flaky and granular shapes (S04) from 20.2 to 28.4 cm, and particle sizes of 1
to 4 mm; and white halite (S05) from 28.4 to 43.5 cm, with particle sizes of 1 to 3 mm.

A homogenization temperature analysis was performed on all samples, except SO1. Moreover, SO5 was divided
into two samples during the analysis: S05-1 and S05-2. S05-1 was from 28.4 to 36.4 cm, with good halite crystal
shapes and minimal pearly halite. S05-2 was from 36.4 to 43.5 cm, and mainly consisted of fine halite with a small
amount of spherulitic pearly halite in the middle section.

Many cores were drilled in the Lop Nur mining region for exploration and development of commercial potash
deposits. The core investigated in this study (ZKCL1) was drilled in the northwest of the Luobei depression at
40°48'17.236"N, 90°59/00.225” E to a depth of 104.12 m. Based on the comparisons with other published cores in
lithology®, the depth of the boundary between the Late Pleistocene and Holocene was approximately 4.8 m, and
characterized by a basal needle gypsum layer. The lithology and cyclic sequence of sediments in the core are
shown in Fig. 3.

In total, four halite samples were collected from the core for homogenization temperature analysis at 15.99 m
(s1),16.23m (s2), 17.0m (s3), and 17.57 m (s4). All samples were obtained from the top of the Upper Pleistocene
strata (Fig. 3). Visual analysis indicated that they were comprised of white halite, which has the crystal form of
idiomorphic cubes with fine to medium grains, a massive structure, and 3% intergranular porosity.

Primary halite is characterized by cumulate crystals, usually formed at the air-water interface, and chevron
crystals formed at the bottom of saline lakes®. These crystals commonly contained well-defined fluid inclusion
banding parallel to the halite crystal growth faces. Primary fluid inclusions in the salt-field halite were trapped
within cumulate crystals, while primary inclusions in the drill core were trapped within chevron or cumulate
crystals (Fig. 4). The observed halite inclusions were predominantly square. Generally, the primary fluid inclu-
sions were dominated by single-phase liquid inclusions, and the size ranged from 3 to 80 pm in diameter. Two-
and three-phase inclusions were rarely observed under laboratory temperatures.

Threcord. We measured homogenization temperatures (Th) in 413 primary fluid inclusions in five halite
samples from the abandoned salt field. The recorded Th data are summarized in Table 1 and Fig. 5. In total, 418
Th data were obtained from four halite samples in the Upper Pleistocene strata of the Luobei depression, with a
maximum Th of 43 °C and a minimum Th of 9.5°C (Table 2 and Fig. 6).

Discussion

The tectonic activity in the study area has been relative weak since the late Pleistocene’. There is no obvious defor-
mation characteristics based on our macro- and microscopic observations of the halite samples. Fluid inclusions
of variable sizes were selected for micro-thermometry to evaluate whether the large inclusions were subjected to
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Figure 3. Core histograms of core ZKCL1 from 0 to 37.5m, and images of the core samples.

Figure 4. Primary fluid inclusions in salt-field halite and drill-core halite in Lop Nur. A photomicrograph of:
(A) and (B) primary fluid inclusions banding in cumulate halite of samples from the salt field, (C) primary
fluid inclusions in chevron halite of a sample from the drill core, and (D) primary fluid inclusions banding in
cumulate halite of a sample from the drill core.
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S02 3.7-13.7 78 41.1 4.6 26.51 36.5
S03 13.7-20.2 75 35.7 11.7 23.58 24
S04 20.2-28.4 81 32.5 13.5 24.16 19
S05-1 28.4-35.5 102 30.1 12.9 24.98 17.2
S05-2 35.5-43.5 77 31.6 2.9 22.07 28.7

Table 1. Summary of homogenization temperatures of halite fluid inclusions in the salt field.

S1 15.99 146 36.9 12.7 23.03 24.2
S2 16.23 45 35.6 15.7 22.16 19.9
S3 17 117 43 9.5 25.21 33.5
S4 17.57 110 40.2 10.2 21.45 30

Table 2. Summary of homogenization temperatures of halite fluid inclusions in Upper Pleistocene strata in the
Luobei depression.

S03
25 B
a.20
9 e
c S
g =]
o
g 9 *
s w 5
i
0
0 2 4 6 81012141618 2022 24 26 28 30 32 34 36 38 40 42 44 46 48 50 0 2 4 6 81012141618 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
o
Th/°C Th/C

S05-1

S04
8 e
16
o U
e
@ 10
3
[T
T
[re)
2
-
o 0

0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 3840 42 44 46 48 50

Th/°C S05-2 Th/*C

40 E
35

330
c 2
20
15

Frequency
5 & 8 B
o]

w

Freque

=
o

o

0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Th/°C

Figure 5. Histogram of homogenization temperatures plotted against the number of halite fluid inclusions
in the salt field. (A) Sample S02, 40 Th data from primary fluid inclusions; (B) sample S03, 75 Th data from
primary fluid inclusions; (C) sample S04, 81 Th data from primary fluid inclusions; (D) sample S05-1, 102 Th
data from primary fluid inclusions; and (E) sample S05-2, 77 Th data from primary fluid inclusions.

re-equilibration. Our results do not show a close relationship between inclusion size and homogenization tem-
peratures (Fig. S1). It suggests that fluid inclusion samples were not altered by thermal re-equilibration or other
geological processes. Therefore, the homogenization temperatures in this study are reliable and representative of
the temperature of salt precipitation.

Halite is a major evaporate mineral on the Earth’s surface. Two types of primary fluid inclusion bands typically
develop along the cleavage plane during the halite crystal formation process*>¢°2¢!. In cumulate crystals, they
form at the air-water interface; in chevron crystals, they form at the bottom of saline lakes. Chevron-type halite
is typically deposited in shallow water environments®?. Primary fluid inclusions in both cumulate and chevron
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Figure 6. Histogram of homogenization temperatures plotted against the number of halite fluid inclusions in
Upper Pleistocene strata in the Luobei depression. (A) Sample S1, 146 Th data from primary fluid inclusions;
(B) sample S2, 45 Th data from primary fluid inclusions; (C) sample S3, 117 Th data from primary fluid
inclusions; and (D) sample S4, 110 Th data from primary fluid inclusions.

halite have a similar Thyx, which can be used to interpret paleoenvironmental conditions in shallow water. It
has been suggested that Thy,x values of fluid inclusions in modern halite samples from Death Valley, CA (34°C)
are consistent with maximum brine temperatures during halite precipitation (34.4°C), and correlate well with
average maximum air temperatures (31.3°C)*.

Fluid inclusions in the salt-field halite occurred in cumulate crystals (Fig. 4), indicating that the Thy,x of
single liquid-phase inclusions can reflect both brine temperatures during halite precipitation and surface air tem-
peratures. Examination of sample S02 indicated the presence of pearly halite (Fig. 2). Two important aspects of
the genesis of pearly halite should be noted®. Firstly, halite crystallized out of the evaporating brine lake when
sodium chloride reached supersaturation. Pearly halite may have formed by continual rolling and growth below
the lake terrace under the action of wind and waves. Secondly, desalinated lake water may have eroded halite
terraces under the action of wind and waves. The halite crystals that were washed away may have been slightly
eroded by the lake water, and the pearly halite may have formed through continual rolling. In short, pearly halite
likely formed by the rolling process. It was perennially windy in the lake area, providing good hydrodynamic
conditions for the formation of pearly halite.

Furthermore, there has been an ongoing drought in China’s Tarim Basin since the Pleistocene, especially
during the Holocene. Lop Nur has the typical characteristics of a continental arid climate, including low precipi-
tation, high evaporation, a large diurnal temperature difference, and strong wind power subject to constraints of
the regional environment®. Northeast winds prevail in the study area. In 2008, the maximum wind speed reached
21.8 m/s in May, and the maximum temperature (43.4 °C) occurred in June (Table S1).

The pearly halite (sample S02) must have formed in May or June 2008 (slightly later than the date of the
maximum wind speed) under the influence of strong winds. The recorded Th in primary fluid inclusions from
sample S02 ranged from 4.6 °C to 41.1°C, with a maximum Th of 41.1 °C, which was consistent with the average
maximum air temperature in June (43.4°C) in Lop Nur. There was no pearly halite in samples S03 or S04, and
only a small amount in sample SO5. The cumulative thickness from sample S05 to sample S02 was 39.8 cm, which
was consistent with the observed annual deposition thickness (approximately 40 cm). The recorded Thyx of
single-phase (liquid) fluid inclusions in the salt-field halite was 31.6 °C (S05), 32.5°C (S04), 35.7°C (S03), and
41.1°C (S02), which reflected seasonal variations (autumn, winter, spring, and summer, respectively).

The Thyx of the single liquid phase inclusions represents the highest air temperature during halite deposition
based on the relationship between surface air temperature and Th (a temperature difference of approximately
2.3°C) obtained from halite fluid inclusions in the salt field at Lop Nur. Given the recorded Thy,x of fluid inclu-
sions in the Upper Pleistocene strata from the Luobei depression (35.6 °C to 43 °C, Table 2), we inferred that pale-
otemperatures during Upper Pleistocene halite deposition may have reached 37.9°C to 45.3 °C. Some researchers
have suggested a westerly pattern of climate change, with a cold-humid and warm-dry climate dominating the
Late Pleistocene in the Xinjiang area?>?*283163-66_Qur results showed that a hot and arid climate prevailed in Lop
Nur during the Late Pleistocene, which was consistent with the paleoclimatic conditions revealed by the Th of
fluid inclusions in glauberite from other studied cores in the Luobei depression (including ZK1200B, ZK1608B,
ZK0700, ZK1611, and ZK0300)".

Based on the distribution of evaporite minerals in the Lop Nur strata’, gypsum deposition occurred during
the Early-Middle Pleistocene, and glauberite deposition occurred from the end of the Middle Pleistocene to the
Late Pleistocene in the northern part of Lop Nur. Thinly layered halite, polyhalite, and bloedite were deposited
at the end of the Late Pleistocene. The Lop Nur salt lake was desalinated in the Holocene with needle gypsum as
the marker bed. After needle gypsum deposition, halite was deposited. It is not clear why glauberite deposition
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ceased at the end of the Late Pleistocene. Glauberite is a typical warm-phase evaporite mineral. The higher the
temperature, the more favorable the conditions for glauberite precipitation®’.

Liu et al.** concluded that the coupling of continuous drying and variation in the supply source may have
caused the complex chemical sedimentary sequence in the Lop Nur salt lake. The values of Th obtained from
halite fluid inclusions showed that a hot and arid climate prevailed at Luo Nur at the end of the Late Pleistocene,
which was consistent with the paleoclimatic conditions of glauberite formation®, as well as those indicated by
pollen, magnetic susceptibility, and other environmental proxies?>*>!. Therefore, changes in the chemical com-
position of the brine due to supply source variations instead of climate change, may have caused glauberite depo-
sition to cease at the end of the late Pleistocene.

An arid climate is one of three necessary conditions for potash formation'®. Liu et al.*® conducted
high-resolution multi-proxy analyses using materials from a well-dated pit section (YKD0301) in the center of
Lop Nur. They showed that Lop Nur experienced a progression through a brackish lake, saline lake, slightly
brackish lake, saline lake, brackish lake, and playa due to climatic changes over the past 9,000 years. Potassium
enrichment in Lop Nur may have occurred under these alternating conditions.

Four tectonic events have elevated the Tibetan Plateau since 2.8 Ma BP®*%. Since 30 ka BP, this uplift intensi-
fied, and greatly impacted the evolution of altiplano saline lakes'. The climate pattern in arid areas of northwest-
ern China is very different from that in eastern monsoon areas. The climate in the Tarim Basin is cold and dry in
the winter, and hot and arid in the summer. A previous study showed that abrupt cold/warm events in the north-
ern hemisphere correspond to lake sediment records in Lop Nur, Xinjiang®, indicating that environmental evolu-
tion in arid areas of northwest China is also influenced by global climate change on millennial-centennial scales.

However, there are insufficient quantitative reconstructions of the paleoclimate because traditional proxies
in the saline lake (e.g., palynological assemblages, organic biomarkers) are limited owing to the high salinity of
the sediments. Using the homogenization temperature of fluid inclusions in the evaporate minerals is therefore a
useful method for studying the effect of climate change on potash formation in Lop Nur.

Methods

During sample preparation, it was important to avoid dissolution and overheating. Halite samples were sepa-
rated into fragments with thicknesses of 0.5 to 1 mm using a hammer and chisel along cleavage planes. Detailed
petrographic studies were then conducted on each halite fragment sample to document individual primary
(liquid) fluid inclusions. The occurrence and morphology of each primary fluid inclusion were observed and
photographed. All halite samples were placed in an airtight plastic box, and desiccant was added for moisture
protection. In this study, we utilized the cooling nucleation method outlined in previous studies?6:434%5254-57.70,
Samples were placed in a Haier freezer for one to two weeks at a stable temperature of —18°C. The homogeniza-
tion temperature was measured after the single-phase fluid inclusions were frozen to nucleate bubbles. Samples
removed from the freezer were quickly placed in a Linkam THMSG600 heating/cooling stage and cooled rapidly
to —18°C. Then, the heating stage was warmed at a rate of 0.5°C/min up to a temperature of 15 °C. Thereafter,
the rate was lowered to 0.1 °C/min until all artificially nucleated vapor bubbles had disappeared (homogenized).

References
1. Zhang, Z. K. & Wang, S. M. Advance and prospects of lake sediments and environmental changes study in China. Adv. Earth Sci. 14,
417-422 (1999).
2. Hu, D. S. Reseach progress and developmental direction in the geology of salt lakes. Adv. Earth Sci. 12, 411-415 (1997).
3. Lowenstein, T. K. et al. 200 k.y. paleoclimate record from Death Valley salt core. Geology 27, 3-6 (1999).
4. Wang, J. B. & Zhu, L. P. Environmental Change Reflected by Lake Eediments on Tibetan Plateau: Progress and Prospect. Prog. Geog.
24,1-12 (2010).
5. L, J. S, Li, T. W. & Ma, H. Z. Methods and Characteristics of Salt Lake Sedimentology Research. J. Salt Lake Res 20, 52-56 (2012).
6. Fan, Q. S. et al. Late Pleistocene paleoclimatic history documented by an oxygen isotope record from carbonate sediments in Qarhan
Salt Lake, NE Qinghai-Tibetan Plateau. J. Asian Earth Sci. 85, 202-209 (2014).
. Xia, X. C., Wang, F. & Zhao, Y. J. Lop Nur in China. (Science Press, 2007).
. Dong, Z. B. et al. Research progress in China’s Lop Nur. Earth-Sci. Rev. 111, 142-153 (2012).
. Wang, M. L. et al. Saline lake potash resources in the Lop Nur, Xinjiang. (Geol. Pub. House, 2001).
. Liu, C. L. et al. The Impact of the Linked Factors of Provenance, Tectonics and Climate on Potash Formation: An Example from the
Potash Deposits of Lop Nur Depression in Tarim Basin, Xinjiang, Western China. Acta Geol. Sin - Engl. 89, 2030-2047 (2015).
11. Zhao, Y. J. et al. The controls of paleotemperature on potassium salt precipitation in ancient salt lakes. ACTA PETROLO. SIN. 31,
2751-2756 (2015).
12. Liu, C. L., Jiao, P. C. & Wang, M. L. Characteristics of diagenesis of the Quaternary salt-bearing strata, Lop Nur lake, Xinjiang. Acta
Sedimentol. Sin. 21, 240-246 (2003).
13. Liu, C. L, Jiao, P. C., Wang, M. L. & Chen, Y. Z. Sedimentation of glauberite and its effect on potash deposits formation in Lop Nor
salt lake, Xinjiang, China. Miner. dep. 26, 322-329 (2007).
14. Liu, C. L., Ma, L. C,, Jiao, P. C,, Sun, X. H. & Chen, Y. Z. Chemical sedimentary sequence of Lop Nur salt lake in Xinjiang and its
controlling factors. Miner. Dep. 29, 625-630 (2010).
15. Lu, E L. et al. The discussion on sedimentary characteristics, phased evolution and controlling factors of saline lake in Asia interior:
Records from deep drill cores of LDKO1 in Lop Nur, Xinjiang, northwestern China. ACTA PETROLO. SIN. 31, 2770-2782 (2015).
16. Wang, M. L., Liu, C. L., Jiao, P. C. & Yang, Z. C. Minerogenic Theory of the Superlarge Lop Nur Potash Deposit, Xinjiang, China. Acta
Geol. Sin - Engl. 79, 53-65 (2005).
17. Liu, C. L, Jiao, P. C., Wang, M. L., Li, S. D. & Chen, Y. Z. Ascending brine fluids in Quaternary salty lake of Lop Nur in Xinjiang and
their significance in potash formation. Miner. dep. 22, 386-392 (2003).
18. Liu, C. L., Wang, M. L, Jiao, P. C. & Chen, Y. Z. The probing of regularity and controlling factors of potash deposits distribution in
Lop Nur salt lake, Xinjiang. Acta Geoscientia Sin. 30, 796-802 (2009).
19. Liu, C. L., Jiao, P. C. & Wang, M. L. A tentative discussion on exploration model for potash deposits in basins of China. Miner. Dep.
29, 581-592 (2010).
20. Luo, C. et al. Research on the environmental evolution of LopNur in Xinjiang. Chin. J. Nature. 28, 37-41 (2006).
21. Luo, C. et al. Climatic and environmental records in the sediment of the Luobei billabong in Lop Nur, Xinjiang in recent 32ka.
Quaternary Sci. 27, 114-121 (2007).

SCIENTIFICREPORTS |7: 16411 | DOI:10.1038/s41598-017-16619-4 7



www.nature.com/scientificreports/

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.
37.

38.
39.

40.
41.
42.
. McCarroll, D. & Loader, N. J. Stable isotopes in tree rings. Quaternary Sci. Rev. 23, 771-801 (2004).
i
46.
47.
48.

49.
50.

51.
52.
53.
54.
55.
56.

57.

66.

67.

Luo, C. et al. Multi-proxy evidence for Late Pleistocene-Holocene climatic and environmental changes in Lop-Nur, Xinjiang,
Northwest China. Chin. J. Geochem. 27, 257-264 (2008).

Luo, C. et al. A lacustrine record from Lop Nur, Xinjiang, China: Implications for paleoclimate change during Late Pleistocene. J.
Asian Earth Sci. 34, 38-45 (2009).

Yang, D. et al. High-resolution pollen sequence from Lop Nur, Xinjiang, China: Implications on environmental changes during the
late Pleistocene to the early Holocene. Rev. Palaeobot. Palyno. 192, 32-41 (2013).

Ma, C. M. et al. Climate and environment reconstruction during the Medieval Warm Period in Lop Nur of Xinjiang, China. Chin.
Sci. Bull. 53,3016-3027 (2008).

Hao, H., Ferguson, D. K., Chang, H. & Li, C. S. Vegetation and climate of the Lop Nur area, China, during the past 7 million years.
Climatic Change 113, 323-338 (2012).

Liu, C. L., Wang, M. L,, Jiao, P. C., Li, S. D. & Chen, Y. Z. Holocene Yellow Silt Layers and the Paleoclimate Event of 8200 a B.P. in Lop
Nur, Xinjiang, NW China. Acta Geol. Sin - Engl. 77, 514-518 (2003).

Liu, C. L., Zhang, J. E, Jiao, P. C. & Mischke, S. The Holocene history of Lop Nur and its palaecoclimate implications. Quaternary Sci.
Rev. 148, 163-175 (2016).

Jia, H. ], Liu, J. Q & Qin, X. G. Early Holocene Climatic Changes and Agricultural Activities Inferred from Spore-pollen of Lop Nur.
J. Jilin U. (Earth Sci. Ed.) 41, (181-194 (2011).

Jia, H. J., Qin, X. G. & Liu, J. Q. Environmental changes recorded by major elements in Loulan Stupa Section during Early-Middle
Holocene. J. Earth Sci. 23, 155-160 (2012).

Jia, H. ., Wang, J. Z., Qin, X. G. & Yi, S. Palynological implications for Late Glacial to middle Holocene vegetation and environmental
history of the Lop Nur Xinjiang Uygur Autonomous Region, northwestern China. Quatern. Int. 436 (Part A), 162-169 (2017).

Lu, H. Y. et al. Modern pollen distributions in Qinghai-Tibetan Plateau and the development of transfer functions for reconstructing
Holocene environmental changes. Quaternary Sci. Rev. 30, 947-966 (2011).

Zheng, Q., Zhang, H. C. & Ming, Q. Z. Vegetational and environmental changes since 15ka BP recorded by Lake Lugu in the
southwest monsoon domain region. Quaternary Sci. 34, 1314-1326 (2014).

Cranwell, P. A. Long-chain unsaturated ketones in recent lacustrine sediments. Geochim. Cosmochim. Ac. 49, 1545-1551 (1985).
Chu, G. Q. et al. Long-chain alkenone distributions and temperature dependence in lacustrine surface sediments from China.
Geochim. Cosmochim. Ac. 69, 4985-5003 (2005).

Toney, J. L., Leavitt, P. R. & Huang, Y. S. Alkenones are common in prairie lakes of interior Canada. Org. Geochem. 42, 707-712
(2011).

Song, M., Liu, W. G., Zheng, Z. & Liu, Z. H. Paleoenvironmental implications of long chain alkenones in arid regions, Northwestern
China. Quaternary Sci. 33,1199-1210 (2013).

Rossaro, B. Chironomids and water temperature. Aquat. Insect. 13, 87-98 (1991).

Hofmann, W. Cladocerans and chironomids as indicators of lake level changes in north temperate lakes. J. Paleolimnol. 19, 55-62
(1998).

Zhang, E. L. chironomid assemblage and trophic level of Taibai Lake in the middle reaches of the Yangtze River over the past 150
years. Quaternary Sci. 30, 1156-1161 (2010).

Chen, J. H. et al. Relationships between chironomids and water depth in Bosten Lake, Xinjiang, northwest China. J. Paleolimnol. 51,
313-323 (2014).

Yao, T. D. et al. Climatological significance of §'30 in north Tibetan ice cores. J. Geophys. Res-Atmos. 101, 29531-29537 (1996).

Jouzel, J. et al. Orbital and Millennial Antarctic Climate Variability over the Past 800,000 Years. Science 317, 793-796 (2007).
Roberts, S. M. & Spencer, R. J. Paleotemperatures preserved in fluid inclusions in halite. Geochim. Cosmochim. Ac. 59, 3929-3942
(1995).

Lowenstein, T. K., Li, J. R. & Brown, C. B. Paleotemperatures from fluid inclusions in halite: method verification and a 100,000 year
paleotemperature record, Death Valley, CA. Chem. Geol. 150, 223-245 (1998).

Liu, X. Q. & Ni, P. Advances in studies of fluid inclusions in halite formed in earth’s surface environments. Adv. Earth Sci. 20,
856-862 (2005).

Meng, F. W. et al. Homogenization temperature of fluid inclusions in laboratory grown halite and its implication for
paleotemperature reconstruction. ACTA PETROLO. SIN. 27, 1543-1547 (2011).

Meng, F. W. et al. Ediacaran seawater temperature: Evidence from inclusions of Sinian halite. Precambrian Res. 184, 63-69 (2011).
Losey, A. B. & Benison, K. C. Silurian paleoclimate data from fluid inclusions in the Salina Group halite Michigan Basin. Carbonate
Evaporite 15, 28-36 (2000).

Satterfield, C. L., Lowenstein, T. K., Vreeland, R. H. & Rosenzweig, W. D. Paleobrine temperatures, chemistries, and
paleoenvironments of Silurian Salina Formation F-1 salt, Michigan Basin, USA, from petrography and fluid inclusions in halite. J.
Sediment. Res. 75, 534-546 (2005).

Benison, K. C. & Goldstein, R. H. Permian paleoclimate data from fluid inclusions in halite. Chem. Geol. 154, 113-132 (1999).
Zambito, J. ]. & Benison, K. C. Extremely high temperatures and paleoclimate trends recorded in Permian ephemeral lake halite.
Geology 41, 587-590 (2013).

Zhang, H. et al. Quantitative temperature records of mid Cretaceous hothouse: Evidence from halite fluid inclusions. Palaeogeogr.
Palaeocl. 437, 33-41 (2015).

Zhang, H. et al. Halite fluid inclusions and the late Aptian sea surface temperatures of the Congo Basin, northern South Atlantic
Ocean. Cretaceous Res. 71, 85-95 (2017).

Meng, E. W. et al. Choosing the best ancient analogue for projected future temperatures: A case using data from fluid inclusions of
middle-late Eocene halites. J. Asian Earth Sci. 67-68, 46-50 (2013).

Zhao, Y. . et al. Late Eocene to early Oligocene quantitative paleotemperature record: Evidence from continental halite fluid
inclusions. Sci. Rep. 4, 5776 (2014).

. Fan, Z. L., Li, P. Q. & Zhang, B. Q. The salt crust of the Lop Nur. (Science Press, 1987).
. Liu, C. L. & Wang, M. L. Evolution of Quaternary depositional environments and forming of potash deposits in Lop lake, Xingjiang,

China. Acta Geoscientia Sin. 20, 264-270 (1999).

. Lowenstein, T. K. & Hardie, L. A. Criteria for the recognition of salt-pan evaporites. Sedimentology 32, 627-644 (1985).

. Roedder, E. Fluid inclusions. (Mineralogical Society of America, Reviews in Mineralogy 12, 1984).

. Xu, Y. X. The Role of Wind on the Sediments of Chaerhan Salt Lake. Geol. Chem. Miner., 25-34 (1984).

. Li, J. J. The patterns of environmental changes since late Pleistocene in northwestern China. Quaternary Sci. 10, 197-204 (1990).

. Han, S. T. & Zhong, W. Paleoclimate significance from trace element variation in Barlol lake in Xinjiang. Scientia Geogr. Sin. 10,

150-158 (1990).

. Han, S. T., Wu, N. Q. & Li, Z. Z. Environmental change of inland-type climate during the late period of late-Pleistocene in northern

Xinjiang. Geogr. Res. 12, 47-54 (1993).

Wang, N., Liu, W. G., Chang, H. & An, Z. S. Evolutionary process of the climate of Lop Nur region of Xinjiang since Mid-Pleistocene.
Mar. Geol. Quat. Geol. 29, 131-137 (2009).

Liu, C. L. et al. Studies of fluid inclusions in glauberite of middle upper Pleistocene strata and their paleoclimate significance in Lop
Nur Salty Lake, Xinjiang, NW China. Acta Mineral. Sin. 26, 93-98 (2006).

SCIENTIFICREPORTS |7: 16411 | DOI:10.1038/s41598-017-16619-4 8



www.nature.com/scientificreports/

68. Zhong, D. L. & Ding, L. Rising process of the Qinghai-Xizang (Tibet) Plateau and its mechanism. Sci. in China (Series D) 26,
289-295 (1996).

69. Li, J. J. et al. Late Cenozoic intensive uplift of Qinghai-Xizang Plateau and its impacts on environments in surrounding area.
Quaternary Sci. 21, 381-391 (2001).

70. Lowenstein, T. K. & Brennan, S. T. Fluid inclusions in paleolimnological studies of chemical sediments. (Springer Netherlands, 2002).

Acknowledgements

This study was supported by the National Natural Science Foundation of China projects (No. 41702097, No.
40830420), the Central Public-Interest Scientific Institution Basal Research Fund (No. YK1404), and the
Technology Foundation for State Development & Investment Corp. Xinjiang Lop Nur Potash Co., Ltd. We
would like to thank the editor and two anonymous reviewers for several insightful comments that significantly
improved the paper, Dr. Lichun Ma for invaluable assistance and significant advice, and Editage (www.editage.
cn) for English language editing.

Author Contributions

X.H.S, Y.J.Z. and C.L.L. designed the research in the manuscript. P.C.J., H.Z. and C.H.W. participated in sample
collection and processing. X.H.S. and Y.J.Z. wrote the manuscript and prepared all figures. All authors reviewed
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16619-4.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 16411 | DOI:10.1038/s41598-017-16619-4 9


http://www.editage.cn
http://www.editage.cn
http://dx.doi.org/10.1038/s41598-017-16619-4
http://creativecommons.org/licenses/by/4.0/

	Paleoclimatic information recorded in fluid inclusions in halites from Lop Nur, Western China

	Results

	Site descriptions and material. 
	Th record. 

	Discussion

	Methods

	Acknowledgements

	Figure 1 Schematic geological map of Lop Nur in Xinjiang, China, and the location of core ZKCL1 (modified after Liu et al.
	Figure 2 Schematic representation of the 43.
	Figure 3 Core histograms of core ZKCL1 from 0 to 37.
	Figure 4 Primary fluid inclusions in salt-field halite and drill-core halite in Lop Nur.
	Figure 5 Histogram of homogenization temperatures plotted against the number of halite fluid inclusions in the salt field.
	Figure 6 Histogram of homogenization temperatures plotted against the number of halite fluid inclusions in Upper Pleistocene strata in the Luobei depression.
	Table 1 Summary of homogenization temperatures of halite fluid inclusions in the salt field.
	Table 2 Summary of homogenization temperatures of halite fluid inclusions in Upper Pleistocene strata in the Luobei depression.




