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Abstract: The elemental geochemical characteristics of
mudstones/shales are good tracers for indicating the evo-
lution of tectonics, paleoenvironment, and paleoclimate.
Based on the continuous sampling of drilling cores from
the Middle Jurassic Dameigou and Shimengou Formations
in the northern Qaidam Basin, the major, trace, and rare
earth elements of the 31 mudstones and shales were ana-
lyzed. The information on the evolution of tectonics, pro-
venance, and paleoclimate during Middle Jurassic was
also recovered. The results show that: (1) A couple of ele-
ments consisting of Sc, Y, V, Cr, Co, Ni, Cu, Zn, Th, and
U are relatively enriched, indicating that the contents
of siderophile and chalcophile elements are significantly
high in the Middle Jurassic samples; (2) Changes in the
chemical index of alteration, Ga/Rb, and K,0/Al,05 ratios
in the mudstone/shale samples suggest that the paleocli-
mate was changed from warm and humid in the early
stage to cold and dry in the middle stage and to hot and
arid in the late stage; (3) The Middle Jurassic provenance
of the northern Qaidam Basin was predicted from upper
crust and felsic rocks to the mixed felsic rocks and basic
rocks; (4) The Middle Jurassic tectonic background was
changed from passive continental margin to active conti-
nental margin and oceanic island arc. The paleoclimatic
and paleogeographic evolution of northern Qaidam Basin
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were closely related to the surrounding paleo-oceanic and
ancient plate activities. In the early stage of the Middle
Jurassic, the extensional activity in the passive continental
margin and the water vapor input was caused by the
Tethys Ocean, resulting in a warm and humid paleo-
climate. In the late stage of the Middle Jurassic, the tec-
tonic background of the study area tended to be an oceanic
island arc caused by compressive tectonic, which blocked
the monsoon input and led to a hot and arid paleoclimate.
The establishment of multiple geochemical profiles can
provide a scientific basis for the climate changes in green-
house—-icehouses and source-sink systems of the Middle
Jurassic in northwestern China.

Keywords: northern Qaidam Basin, middle Jurassic, ele-
ment geochemistry, weathering, paleoclimate

1 Introduction

The Middle Jurassic shale in the northern Qaidam Basin is
characterized by wide distribution, large thickness, and
good preservation, which is not only an important marker
for strata correlation but also an important exploration
object for shale gas and oil shale [1]. In response to the
current situation of shale gas exploration and develop-
ment in this region, the Oil and Gas Resources Investiga-
tion Center of China Geological Survey has implemented
the “Investigation of Geological Conditions for Shale Gas
Formation in the Qaidam Basin” and the Chaiye-1 (CY-1)
well was drilled in the Yugqia coalfield, which is the first
shale gas parameter well in the northern Qaidam Basin
for the Jurassic terrestrial basin. The exploration results
show that three sets of gas-bearing mudstones and shales
with a cumulative thickness of 141 m are found in the
CY-1 well, and the thickest section is 58.12 m. In addition,
the Middle Jurassic shales in the Qaidam Basin are
characterized by relatively high gas content, strong
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compressibility, good pore connectivity, and abundant
organic matter types [2,3]. Therefore, it is believed that
the northern Qaidam Basin has a good prospect for the
shale gas and oil shale development.

The elemental geochemical information of mudstones/shales
have been mostly used to analyze the weathering denuda-
tion, provenance properties, and tectonic background
of source areas as well as the paleoclimatic, paleogeo-
graphic, and tectonic features [4-6]. During sedimentary
processes, clastic rocks primarily have undergone weath-
ering, transportation, deposition, and diagenesis. Therefore,
unstable geochemical elements are relatively deficient,
whereas stable elements are considerably enriched in
sedimentary rocks [7]. The elements in mudstones and
shales can be classified as major elements, trace ele-
ments, and rare earth elements according to their content
ratios, which are generally determined by X-ray fluo-
rescence (XRF) and inductively coupled plasma mass
spectrometry (ICP-MS), respectively. The major elements
and their combinations can be divided into several quan-
titative parameters including chemical index of altera-
tion (CIA), chemical index of weathering, and plagioclase
alteration index. Based on the comprehensive analysis of
these three parameters, previous investigations conclude
that CIA is frequently used because it is less influenced by
other factors to distinguish weathering index and paleo-
climate in the source areas [8,9]. The variation in CIA
values is usually used to analyze the degree of weathering
and tectonic processes in the source areas during the sedi-
mentary period, which can further reveal the intrinsic fac-
tors of the sedimentary process controlled by climatic and
tectonic evolution [4,5]. The distribution characteristics of
trace elements and rare earth elements can not only be used
to study the depositional environment, provenance, and
tectonic background but can also be used to recover the
paleoenvironmental and tectonic evolution processes and
determine the provenance properties during the deposi-
tional period [6,10,11]. Because CIA values are primarily
influenced by different ranges of latitude and surface tem-
peratures, the variation pattern in CIA values can be ana-
lyzed for the sedimentary weathering conditions and their
paleoclimatic environments. The triangle diagrams and ele-
mental distribution diagrams of CIA values are generally
calculated from the various rock-source areas, which can
infer the relationships between paleoclimate and sedimentary
conditions [9]. Trace elements in mudstones/shales are not
easily affected by water bodies and metamorphism in a series
of processes including weathering, deposition, transportation,
and post-diagenesis, and hence the combination of trace
elements and their ratios can be used as good indicators of
provenance properties and tectonic background [6,12].
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Although a great resource potential is found within
the Middle Jurassic strata, there is no substantial break-
through in the exploration and development of shale gas
in the northern Qaidam Basin, which would be attributed
to a lack of full research on the tectonic background
and paleogeographic pattern based on mudstones’ and
shales’ elemental geochemistry. This study investigates
the elemental geochemical characteristics of the Middle
Jurassic mudstones/shales in the northern Qaidam Basin
based on a series of XRF and ICP-MS experiments. According
to the distribution of major, trace, and rare earth elements,
the paleoclimatic characteristics, tectonic background, and
provenance properties in the northern Qaidam Basin were
analyzed. This study not only provides a theoretical basis for
tectonic evolution and gas exploration of the Jurassic basins
but also furnishes a scientific basis for analyzing the climate
change in greenhouse—icehouses and the source-sink sys-
tems in the northern Qaidam Basin.

2 Geological settings

The Qaidam Basin is situated in the northeastern Tibetan
Plateau and is one of the three major inland basins in
China. This basin is rich in coal, oil, gas, potassium, and
graphite resources, and has a great exploration potential
in those resources. The northern Qaidam Basin is rich in
unconventional natural gas resources of the Jurassic coal
measures, and is a strategic replacement area for coalbed
methane and shale gas exploration and development [13].
The northern Qaidam Basin is surrounded by the Altun
Mountains to the west and the Qilian Mountains to the
north, accompanied with the Saishiteng Mountain, Lyu-
liang Mountain, Xitie Mountain, Olongbuluke Mountain,
Aimunke Mountain, and Maoniu Mountain from west to
east (Figure 1).

The samples of this study came from the YQ-1 drilling
cores, and this well was drilled in the Yugia coalfield of
the northern Qaidam Basin for the Jurassic shale gas
exploration (Figure 2). The depositional systems including
alluvial fan delta—lacustrine facies are primarily developed
during the Middle Jurassic period in the northern Qaidam
Basin [2,14]. Specifically, the Dameigou Formation, lower
Shimengou Formation, and upper Shimengou Formation
are dominated by the deltaic plain, shore-shallow lake,
and deep-semideep lake, respectively (Figure 2). In terms
of lithology distribution, the Dameigou Formation is domi-
nated by non-marine coarse-grained to fine-grained sili-
cious clastic rocks, with thick coal seams interbedded in
the lowest section, whereas the Shimengou Formation
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Figure 1: Tectonic outline and distribution of sampling sites in the northern Qaidam Basin.

consists of gray-white medium and coarse sandstones in
the lower section and brown thick lacustrine shales in the
upper section (Figure 2). It should be noted that a section
of brown oil shale is stably distributed at the top of the
upper Shimengou Formation, which can be used as a
marker for the regional strata correlation in the northern
Qaidam Basin [1]. A large-scale migration of the Middle
Jurassic sedimentary centers from west to east and from
south to north is found in the northern Qaidam Basin,
forming the Yugia and Dameigou sedimentary centers
[15], with overlying thinning to the Lyucao Mountain, Lyu-
liang Mountain, and Aimunike Mountain. The rock sources
come from the basement uplift on the north and south sides
and the Altun Mountains on the northwest side [2,14].

3 Samples and methodology

3.1 Sample collection

As the elemental geochemical distribution in the mud-
stones and shales are more stable and advantageous
for analyzing sources identification and paleoclimatical
recovery [16,17], a total of 31 mudstone/shale samples

have been taken from the YQ-1 well in the northern
Qaidam Basin in this study. Specifically, 14 samples
were collected from the upper Shimengou Formation,
10 samples from the lower Shimengou Formation, and 7
samples from the Dameigou Formation (Figure 2). After
the macroscopic description in field, the collected sam-
ples were wrapped with preservative film prior to labora-
tory tests and analyses.

3.2 Experimental methods
3.2.1 Element geochemistry tests

The major elements including SiO,, Al,Os, Fe,03, MgO,
Ca0, Na,0, K,0, MnO, TiO,, and P,05; were tested by an
XRF spectrometer at Beijing Research Institute of Uranium
Geology. The shale powders and lithium metaborate flux
were mixed in a ratio of 1:10 and fused at 1,050°C in a
Pt—Au crucible. Then, the cooled mixed melt was put on
a glass disk for XRF analysis. According to the Chinese
National Standard GB/T 14506.30-2010, the alkaline fusion
glass sheet method was used for testing the trace and rare
earth elements of the mudstones and shales. Each sample
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was placed in a high temperature furnace, and relevant
organic matters were removed with analysis errors lower
than 1% after adding a series of chemical reagents. The
ICP-MS was used to determine the trace and rare earth
elements of the samples, and the particle size of each
sample should be crushed to lower than 74 pm. The
25 mg sample was weighed and sealed in the container
with the weight accuracy of 0.01 mg. Then, 1mL of HF
and 0.5 mL of HNO; were added, of which 50 mg liquids
were heated to 185 + 5°C within 24 h. After cooling and
evaporating until nearly dry with adding 0.5 mL of HNO;,
it was then heated at 130°C for 3 h for ICP-MS testing. The
testing process mainly included the standard mixed solu-
tion adjustment, calibration data collection, blank solution
analysis, and interference coefficient measurement.

3.2.2 CIA

The chemical weathering corresponds to the decrease in
feldspars in rocks (kalium, sodium, and calcium ele-
ments) and the increase in clay minerals (iron and alu-
minum elements). The greater the CIA value, the stronger
the chemical weathering of the sediments [18-22]. The
CIA value can be calculated as follows: CIA = molar
(Al,05/[ALO; + Na,O + CaO* + K,0]) x 100, where mole
number in each oxide is necessary, and CaO* refers to
Ca0 in silicate minerals. As carbonate and phosphate
minerals also contain CaO, an indirect method to calcu-
late CaO* was proposed by Mclennan [23]. CaO* = molar
(CaO-P,05 x 10/3) when Na,O content is higher than that
of CaO*; otherwise, CaO* = molar Na,0. The sample with
higher CIA value likely means that the weathering pro-
cess is losing a large amount of Ca, Na, and K compared
to the stable Al and Ti, revealing a warm and humid
paleoclimate. In addition, the lower CIA value reflects a
cold and dry climatic condition in the regions [24]. Gen-
erally, the weathering degree can be divided into weak,
moderate, and strong stages, corresponding to CIA values
with 50-60%, 60-80%, and 80—-100%, respectively [24].

4 Results

4.1 Major element characteristics

The major element results of the Middle Jurassic mud-
stones and shales in the northern Qaidam Basin are
shown in Table 1. Generally, the SiO, content of all the
samples is the highest, followed by Al,0; and Fe,0s,
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whereas the K,0, MgO, CaO, TiO,, Na,0, P,05, and MnO
contents are relatively low (Table 1 and Figure 3). Speci-
fically, the SiO,, Al,03, and Fe,03 contents in the upper
Shimengou shales range from 19.27 to 53.64% (average
42.67%), 6.14 to 23.03% (average 17.22%), and 2.79 to
18.36% (average 8.76%), respectively. In terms of the
lower Shimengou shales, the SiO,, Al,03, and Fe,03 con-
tents range from 47.92 to 68.19% (average 59.74%), 16.97
to 26.13% (average 23.10%), and 1.38 to 5.45% (average
2.07%), respectively. The SiO,, Al,Os, and Fe,05 contents
of the Dameigou shales range from 46.46 to 60.34%
(average 56.29%), 20.87 to 26.92% (average 24.09%),
and 1.01 to 4.32% (average 2.08%), respectively. Thus,
the upper Shimengou shales have the lowest SiO, and
Al,O; contents, with the highest Fe,05 content (Table 1;
Figure 3). In addition, the SiO, and Al,05; contents and
CIA values first decrease and then increase from the
Dameigou Formation to the upper Shimengou Formation,
with the minimum value appearing at the top of the
upper Shimengou Formation (Figure 3). The Na,O con-
tent first increases and then decreases from the bottom to
the top with the maximum value appearing in the middle
of the upper Shimengou Formation. The Fe,0;, MgO,
Ca0, MnO, and P,05 contents are relatively low in the
Dameigou Formation and the lower Shimengou Forma-
tion, whereas a relatively high value appears in the upper
Shimengou Formation. The contents of K,0 and TiO, are
higher in the Dameigou Formation and lower Shimengou
Formation than those in the upper Shimengou Formation
(Figure 3). Therefore, there are great variations in the
major elements in the Middle Jurassic shales, which indi-
cate that the paleoclimate and paleoenvironment also
should be significantly changed in these strata in the
northern Qaidam Basin.

4.2 Trace element characteristics

Each trace element and their combinations can be good
indicators for determining provenance properties [12,25].
In order to analyze the enrichment characteristics of trace
elements of the Middle Jurassic mudstones and shales in
the northern Qaidam Basin, the distributions of most
trace elements and their implications are shown aided
by the standard cobweb drawings (Figure 4). The varia-
tions in the trace elements in the northern Qaidam Basin
are basically similar between the Damengou and Shi-
mengou shales. However, it should be noted that the
elements consisting of Sc, Y, V, Cr, Co, Ni, Cu, Zn, and
Ba are relatively enriched in the Dameigou Formation,
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of each trace element).

whereas other elements including Th, U, Nb, Ta, Zr, and
Hf are relatively deficient in the Dameigou Formation

(Table 2). Compared with the average trace element con-
tents in the upper crust, several elements including Sc,
Y, V, Cr, Co, Ni, Cu, Zn, Th, and U are relatively enriched,
while Zn, Nb, Ta, Zr, and Hf elements are relatively deficient
in the Middle Jurassic strata. These indicate that siderophile
and chalcophile elements were significantly enriched in the
study area during the Middle Jurassic period, while litho-
phile elements were relatively deficient.

4.3 Rare earth element characteristics

Rare earth elements mainly existed in detrital grains,
which are more stable during the sedimentary process
of mudstones/shales. They are not easily influenced by
external factors, and can effectively reflect the prove-
nance characteristics in the study area [26,27]. Therefore,
it is possible to use rare earth elements to quantitatively
analyze the physical properties of the sediments [28]
and the changes in paleoclimate during the sedimentary
period [29]. The rare earth elements of the Middle Jurassic
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shales in the northern Qaidam Basin are shown in Table 3.
The average values of Y REE, Y LREE, Y HREE, and Y LREE/
YHREE in the Dameigou, lower Shimengou, and upper
Shimengou shales are 236.12, 214.06, 22.07 pg/g, and 9.69;
276.60, 250.30, 26.29 ug/g, and 9.42; and 236.81, 212.35,
24.47 pg/g, and 8.55, respectively, indicating that the light
rare earth elements are enriched and the heavy rare earth
elements are deficient in the Middle Jurassic shales in the
northern Qaidam Basin. The average values of La/Yb in the
upper Shimengou, lower Shimengou, and Dameigou shales
are 13.82, 15.07, and 15.73, respectively, suggesting that the
accumulation ability of light rare earth elements in the
upper Shimengou shales are lower than the lower Shi-
mengou and Dameigou shales (Table 3). This enrichment
of light rare earth and the deficiency of heavy rare earth are
also found compared to the average rare earth element in
the upper crust [30] (Figure 5). The La element is the most
enriched among the light rare earth elements, while the Gd
element is the most enriched among the heavy rare earth
elements.

5 Discussion

5.1 Chemical weathering and its implication
for paleoclimate

The average CIA value of the Middle Jurassic shales in
northern Qaidam Basin is 89.26% with 88.95% in the
Dameigou Formation, 87.15% in the lower Shimengou

—a— SMG-U
2004 o e SMG-L
—A— DMG
&
Q
£ 150 H
el [ ]
=t
2
2100+ u
52 \\.
!\
50 }\l
;\\ l
N =1
¥ f—9 5 2 29
10 T T T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5: Standardized cobweb diagram of rare earth elements in
the Middle Jurassic shales (Chondrite, chondrite-normalized value
of each rare earth element).
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Formation, and 85.65% in the upper Shimengou Formation.
The maximum value of CIA occurs in the Dameigou
Formation with a value of 90.44%, and the minimum
value of CIA is found in the upper Shimengou Formation
with a value of 74.67% (Table 1 and Figure 6). These indi-
cate that the weathering degree of the Middle Jurassic
shales in the northern Qaidam Basin is relatively high
and the chemical weathering degree from the Dameigou
Formation to the upper part of the Shimengou Formation
has a decreasing trend during the deposition process
(Figure 6). The different combinations of Al, K, Rb, and
Ga elements in the shales can also be used to analyze the
chemical weathering intensity and the characteristics of
paleoclimatical changes in the sedimentary period [31].
The Al and Ga elements are mainly associated with
the composition of fine-grained aluminosilicate and are
enriched in kaolinite minerals representing warm and
humid climate [32]. The K and Rb elements are closely
related to illite, with higher values representing a weaker
chemical weathering intensity under an arid, wet, and
cold climate [32]. Therefore, illite-rich sediments should
have low Ga/Rb and high K,0/ALOs; ratios, while kaoli-
nite-rich sediments have high Ga/Rb and low K,0/Al,05
ratios [31]. In this study, the Ga/Rb ratios in the mud-
stones/shales generally decrease from the Dameigou For-
mation to the upper part of the Shimengou Formation,
whereas the K,0/Al,0; ratios show an opposite trend
(Figure 7), revealing a gradual shift from a warm and
humid to a cold and dry paleoclimatic condition during

50
0 25 50 75 100

K,O

Figure 6: Al,05-Ca0" + Na,0-K,O0(A-CN-K ) ternary diagram
showing the changes in chemical compositions and weathering
degree in the Dameigou and Shimengou shales.
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Figure 7: Chemical weathering intensity and paleoclimate evolution
of the Middle Jurassic shales in the Yugia coalfield, northern
Qaidam Basin (Ga/Rb vs. K,0/Al,05). The samples from Dameigou
Formation are restricted in the range of Ga/Rb higher than 0.187 and
K,0/Al,05 lower than 0.1167.

the Middle Jurassic. It is worth noting that the Ga/Rb and
K,0/Al,05 ratios in the lower and upper Shimengou For-
mation shales belong to a mostly fluctuating trend, not an
abrupt change (Figure 7). Combined with previous studies
(4,33], the paleoclimate was changed from warm and
humid to cold and dry in the early Middle Jurassic and
then it changed into hot and arid in the late Middle Jurassic.
In this study, there is a coal seam with thickness higher
than 8 m in the Dameigou Formation, but it changes into

DE GRUYTER

a thin layer and directly disappears in the upper Shimengou
Formation (Figure 2). Meanwhile, the lithology of the Upper
Jurassic is mostly covered with red sand conglomerates
[33-35], which also confirms that the depositional period
was shifted from a warm and humid in the early stage to a
cold and dry in the middle stage and then to a hot and arid
paleoclimate in the late stage.

5.2 Provenance analyses

The sedimentary provenance is generally analyzed using
several indicators consisting of framework petrography,
heavy minerals, and element geochemistry [36-38]. The
source rock types of sedimentary rocks can be largely
determined using the La/Yb-YREE diagram in shales
[39]. Most samples in the study area are distributed in
the mixed area between granite and alkaline basalt,
with a few samples falling in the intersection area of
sedimentary rock and alkaline basalt (Figure 8a). There-
fore, it is considered that the provenance of the Middle
Jurassic strata in the study area was mainly from alkaline
basalts and granites, with a few from sedimentary rocks.
Based on the relationship between La/Th and Hf [40], the
distributions of the shale samples in the study area are
relatively concentrated, indicating that the parent rock
types tended to be consistent. The provenances were
mainly from felsic rocks and mixed sources of felsic rocks
and basic rocks, with a few from the upper crust (Figure 8b).
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Figure 8: Discrimination diagrams for provenance attribute of the Middle Jurassic shales in the Yugia coalfield, northern Qaidam Basin (a)
with the base map after Allégre and Minster [39], (b) with the base map after Floyd and Leveridge [40].
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Specifically, a vertical change rule of the source rocks from
bottom to top can also be found, with the upper crust and
felsic sources in the Dameigou Formation, felsic sources
in the lower Shimengou Formation, and with the mixed
sources of felsic rocks and basic rocks in the upper Shi-
mengou Formation (Figure 8b). This indicates that a great
change would be effected for the tectonic background in the
northern Qaidam Basin.

5.3 Tectonic background discrimination

Based on the discriminant diagram of SiO,—K,0/Na,O
proposed by Roser and Korsch [41], most of the samples
fall in the region of passive continental margin except for
a few samples which belong to the active continental
margin and the oceanic/continental island arc peripheral
regions in the upper Shimengou Formation (Figure 9a).
This indicates that the tectonic background of the source
rocks in the Middle Jurassic Dameigou and Shimengou
formations is mostly characterized by passive continental
margin. A few samples fall in the active continental
margin and oceanic/continental island arc area, which
are mainly attributed to low SiO, contents, probably
caused by weathering [20]. In addition, based on the
distribution characteristics of each sample point, the tec-
tonic background generally changed from the passive
continental margin of the Dameigou Formation to the
active continental margin and the oceanic island arc of

Elemental geochemistry of the Middle Jurassic shales in northwestern China
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the Upper Shimengou Formation (Figure 9a). According
to the La-Th-Sc trace element discriminative tectonic
background illustration proposed by Bhatia [42], the
samples from the Middle Jurassic strata of YQ-1 well in
the Yugqia coalfield are shown in the La-Th-Sc triangle
map. The results show that the samples from the upper
Shimengou Formation fall in the continental island arc
region, and the Dameigou shales fall in the active and the
passive continental margin regions (Figure 9b). It should
be noted that the lower Shimengou shales are found in
both these regions. Therefore, the tectonic settings of the
Middle Jurassic Dameigou Formation in the study area
were mostly characterized by passive or active conti-
nental margin, but the Shimengou period showed a ten-
dency shifting to the continental island arc region.

5.4 Indication for the tectonic, climatic, and
depositional system

There are several various rules for the tectonics, paleo-
environmental, and paleoclimatic evolution from the Middle
Jurassic Dameigou Formation to Shimengou Formation in
the northern Qaidam Basin. These changes were generally
characterized by a shift in the tectonic setting from the
passive continental margin to the active continental margin
and oceanic island arc; a shift in rock sources from the upper
crust and felsic rocks to the mixed felsic rocks and basic
rocks; and a shift in paleoclimate from warm and humid
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Figure 9: Discrimination diagrams for tectonic setting of the Middle Jurassic shales in the Yugia coalfield, northern Qaidam Basin (a) with
the base map after Roser et al. [41], (b) with the base map after Bhatia [42]; A-Si0,-K,0/Na,0; B-La-Th-Sc; CTIA: continental island arc;
OIA: oceanic island arc; ACM: active continental margin; PM: passive continental margin.
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Figure 10: Model showing the evolution for tectonic, climatic, and depositional system from early to late Middle Jurassic in the northern

Qaidam Basin. (a) Early Middle Jurassic and (b) Late Middle Jurassic.

to cold and dry and then to hot and arid. The relevant sedi-
mentary facies were shifted from peatlands in the deltaic
floodplain to mudstones in shallow lakes and oil shales
in semi-deep lakes [1,2]. During the Jurassic, the Qaidam
Basin was surrounded by the Tethys Ocean, Qiangtang
Massif, Tarim Block, North China Craton, and Yangzi Block
(Figure 10). Thus, the paleoclimatic and paleogeographic
evolution of the Qaidam Basin were closely related to these
paleo-oceanic and ancient plate activities [43,44]. In the
early Middle Jurassic, the different movements of the Qiang-
tang Massif and the North China Craton resulted in a tectonic
extensional environment in the northern Qaidam Basin [43].
This tectonic background corresponded to a passive conti-
nental margin, and the provenance directions mainly came
from the northern and western parts of northern Qaidam
Basin [2], which mainly provided upper crust and felsic
rocks as the source rock types (Figures 8 and 10). At the
same time, the overall topography of the Qaidam Basin
was low, and the water vapor from the Tethys Ocean led
the study region to be wet and rainy [33], which provided
favorable conditions for the formation of thick coal seams
under these warm and humid climates. Therefore, the abun-
dant coal and coalbed methane resources were found in the
Middle Jurassic Dameigou Formation [45,46]. In the late
Middle Jurassic, a remarkable lift caused by the extrusion
and collision of the Tarim Block in the west and the Qiang-
tang Massif in the south, blocked the transport of the Tethys
Ocean monsoon [33] and the temperature of the region
greatly increased under the influence of the dry climate
zone and the strengthening global greenhouse effect [47],
which resulted in a hot and arid climate stage. The
Shimengou shales and oil shales were well deposited
in the prevailed lacustrine paleoenvironments under

these paleoclimates [48]. Plate extrusion and collision
simultaneously causing the development of island arc
and the upwelling of basic and ultrabasic iron with magne-
sium-rich magma, finally resulted in the oceanic island arc in
tectonic background as well as the mixed felsic rocks and basic
rocks in rock sources during the late Middle Jurassic (Figures 8
and 10).

6 Conclusion

(1) Based on the analyses of elemental geochemistry
and the lithological changes, the paleoclimate of
the Middle Jurassic in the northern Qaidam Basin
was shifted from warm and humid in the early stage
to cold and dry in the middle stage and then to hot
and arid in the late stage.

The vertical changes in trace and rare earth elements
in the samples suggest that the Middle Jurassic tec-
tonic background of the northern Qaidam Basin was
changed from passive continental margin to active
continental margin and oceanic island arc, and the
corresponding rock sources were changed from the
upper crust and felsic rocks to the mixed felsic rocks
and basic rocks.

Due to the passive continental margin of tectonic
background during the early Middle Jurassic, there
was a warm and humid paleoclimate caused by the
extensional tectonics and the water vapor input from
the Tethys Ocean. The late Middle Jurassic extrusion
resulted in the development of island arc and blocked
the monsoon input, making the tectonic background

)
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of this period tending to be oceanic island arc with a
hot and arid paleoclimate.

Since elemental geochemistry can only provide qua-
litative study results, it is difficult to vertically deter-
mine the degree of paleoclimatical dryness, wetness,
and cooling. Therefore, it is suggested that more
quantitative geochemical parameters such as carbon,
oxygen isotopes, and organic carbon isotopes can be
used in later studies to deeply investigate the tec-
tonic-climatic responses to the sediment changes.
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