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- meandering river sedimentary system: Insights from the Middle-
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Abstract

The Middle-Upper Jurassic Shishugou Group in the central Junggar Basin was
deposited in a lacustrine -shallow water delta-meandering river sedimentary system.
The integrated petrological (thin-section, granularity and heavy minerals analysis),
geochemical (trace elements and rare earth elements analysis) and geophysical analyses
(well logging and 3D-seismic slice analysis) are intended to revealthe redox conditions,
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palaeo-climate, palaco-salinity, provenance and sedimentary evolution extant during
deposition of the Shishugou Group and determine the relationships among them: the
redox condition changed from a weak anoxic/oxic condition to a strongly oxic condition;
the climate changed from humid to hot and arid in the Middle-Late Jurassic, which may
have resulted in the lake water having slight — medium salinity; the relatively distant
northeastern provenance from Kelameili Mountain is the most important sediment
source, and the south provenance from the Tianshan Mountains (Bogeda Shan)
decreases with the development of the Sag piedmont, which only supplies sediments
for the southeastern Fukang Sag. The sedimentary environment changed from a lake -
shallow water delta to a meandering river during the deposition of the Shishugou Group.
The shallow-water meandering river delta was characterized by pervasive mudstones
with oxide colours, thin single-layer sand bodies (1-15 m, av.3m), relatively low sand-
strata ratios (0.2-0.5) and the lack of progradation, mouth bar and reverse rhythm.The
gentle slope is the primary condition necessary for the formation of a shallow-water
meandering river delta. Palaeo-environment (climate change from Warm-humid to hot-
arid) and stable and far Kelameili Mountain provenance played critical roles in the
development and evolution of lacustrine- delta-meandering river sedimentary systems.
Keywords
Palaeoclimate; Redox condition; Palaeosalinity; Warm humid; Hot arid; Shishugou
Group; Fukang Sag
1. Introduction

The provenance, palaco-environment including palaeoclimate, redox conditions
and palaeo-salinity are important factors used to decipher the sedimentary distribution
and evolution and are key in revealing the relationship among the palaeo-environment,

provenance and evolution of the depositional system (Lv et al., 2016; Potter-Mclntyre
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et al., 2016, Lv et al., 2017). The climate, which may determine the lake level, redox
condition and salinity, is one of most important environmental controls on sedimentary
characteristics (Engelmann et al., 2004; Jone et al., 2014; Lv et al., 2014; Kim et al.,
2015; Lv et al.,, 2017; Liu et al., 2018). The concept of shallow-water delta was
proposed in 1954 (Fisk et al.,1954). The lacustrine shallow-water delta is generally
formed in comprehensive conditions including shallow water depth (less than several
tens of meters), gentle slope, lake level change and stable provenance.Besides, it is
characterized by hot-arid climate, pervasive red mudstone, fine-grained sandstone, thin
single sand-body and low ratio of sandstone in strata (Lemons and Chen,1999; Zhu et
al.,2012; Zhu et a.,2013; Zhu et al.,2016).

The Jurassic was a typical greenhouse period and was predominantly characterized
by global warmth and atmospheric CO; levels as much as four times as large as the
present (Berner and Geocarb, 1994; Huber et al., 2000; Sellwood and Valdes, 2008).
Hence, the Jurassic palaeoclimate has been one of the popular topics of sedimentary
environment research (Moore et al., 1992; Berner and Geocarb, 1994; Huber et al., 2000;
Sellwood and Valdes, 2008; Myers et al., 2011; Galloway et al., 2013; Wierzbowski et
al., 2013; Souto and Fernandes, 2017; El-Sabbagh et al., 2017; Martinez-Yanez et al.,
2017). There were five stages of palaeoclimatic evolution in China, and the
palaeoclimate regionalization was different during these stages (Deng et al., 2017). The
Jurassic formations of the Junggar Basin of northwestern China are currently important
hydrocarbon exploration targets, especially the Fukang Sag, which is located in the
centre of the Junggar Basin. Moreover, the sedimentary characteristics of Middle-Upper
Jurassic formations have remarkable variability, perhaps due to the palaeoclimate
conditions and provenance. However, few publications referencing the Jurassic

palaeoclimate of the Junggar Basin of China exist (Deng et al., 2017; Zhu et al., 2017).
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The provenance of the Jurassic Shishugou Group is almost universally accepted in the
eastern Fukang slope of central Junggar basin, but thereis some controversy in the
central and eastern Fukang Sag (e.g. the fourth region of Central Junggar basin) (Zhang
et al.,1999;Shang et al.,2011; Ji et al.,2014;Su et al.,2014).

The primary objective of this study is to determine the provenance of the clastic
rock and the palacoenvironmental conditions present during the Middle-late Jurassic
period in the Junggar Basin. This study also aims to reveal the relationship between the
palaeo-environment, provenance and lake-shallow water delta- meandering river
sedimentary system.

2. Geological setting

The Junggar Basin is located in Xinjiang Uygur Autonomous Region |,
northwestern China. The subtriangular basin is surrounded by six mountains formed by
belts of thrust faults (Fig. 1). The northwestern boundary is defined by Zaire Mountain
and Halahaalate Mountain; the northeastern boundary is defined by Qinggelidi
Mountain and Kelameili Mountain; and the southern boundary is defined by the North
Tianshan, including Eren Habirga Mountain and Bogeda Mountain (Fig. 1) (Luo et
al.,2018; Wang et al.,2018) . The Fukang Sag, which is located close to the central
Junggar Basin, is a piedmont Sag of North Tianshan (Fig. 1).

The initial uplift of the southern part of Bogeda Mountain occurred in the early-
middle Jurassic (Greene, 2001; Gongetal.,2015) . The rapid uplift of both southern
Bogda Mountain and northeastern Kelameili Mountain occurred in the early Jurassic
but slowed in the middle Jurassic. The uplift of Bogda Mountain was clearly faster than
that of northeastern Kelameili Mountain during the deposition of the Shishugou Group
(Gongetal.,2015) . Consequently, the Fukang Sag now slopes gently to the southwest

(Luo et al., 2018).
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The formations that comprise the Jurassic stratum include the Badaowan (Jib),
Sangonghe (J1s), Xishanyao (J»x), Toutunhe (Jot) and Qigu (J3q) Formations (Fig. 2).
The regional angular unconformity on the top of the Qigu Formation (Fig. 2) was
formed by the tectonic uplift of the Junggar Basin (Wu, 1986; Li et al., 2006). Qigu
Formation has been strongly eroded because of the unconformity, so the remaining
Qigu Formation is thin and difficult to be identified accurately. Moreover, both
Toutunhe and Qigu Formation are very important to the research of paleo-environment
and sedimentary evolution. Therefore, we usually research them together as the
Shishugou Group. The Middle-late Jurassic Shishugou Group comprising Toutunhe and
Qigu Formations were buried to a depth of 3600-5800 m, deposited in a lacustrine-
deltaic-meandering fluvial sedimentary system in the Fukang Sag (Zhu et al., 2017).
The Toutunhe Formation consists of the first member (Jot'), the second member (J2t?)
and the third member (Jot%). The lacustrine basin depth clearly decreased during the
deposition of the Shishugou Group, meanwhile, the palaeoclimate became clearly hot
and dry (Fig. 2) (Zhu et al., 2017).

According to high-resolution sequence stratigraphy (Cross, 1994), the Shishugou
Group in the Junggar Basin exhibits two long-term stratigraphic base-level circles (3rd-
order sequences), as shown in Fig. 2. The Toutunhe Formation can be divided into one
long-term stratigraphic base-level cycle (LSC), and subdivided into three middle base-
level cycles (MSC1, MSC2, MSC3) and ten short cycles (SSC1-SSC10) (Fig. 2). The
Qigu Formation, which consists of one LSC, can be divided into three middle base-
level cycles (MSC1, MSC2, MSC3) and subdivided into at most eight short cycles
(SSC1-SSC8) (Fig. 2) (Zhang et al., 2000; Wang et al., 2001; Yu et al., 2014; Yu et al.,
2016). The Qigu Formation is generally composed of less than eight SSC due to the

erosion represented by the upper unconformity (Fig. 2).
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3. Materials and methods

Datasets used in this investigation consist of seismic slices, well logs, conventional
cores and outcrop sections. The three-dimensional seismic data consists of three parts
and covers most of the Fukang Sag. The seismic slices with amplitude attributes are
chopped nearly along the layer or target formation. Fifty-six representative core
samples were collected from the Toutunhe and Qigu Formations, from 8 wells and 10
outcrop samples from the field section in the Fukang Sag. Thirty-two thin sections,
which were impregnated with blue epoxy resin, were used for petrological and
mineralogical analyses by 300-point counts. The granularity analysis was performed on
28 sandstone samples by measuring 400 grains per thin section under a microscope.

The original geochemical signatures of mudstone can remain relatively well-
preserved during deposition due to its grain size and impermeability (McCulloch and
Wasserburg, 1978; Sochava et al., 1994; Cullers, 1995; Graver and Scott, 1995). The
current geochemical characteristics of a mudstone include trace elements and rare earth
elements, which are deposited in sedimentary basins without significant fractionation,
generally preserving the original signature of the source materials (Floyd et al., 1990).
Therefore, the current geochemical characteristics of mudstones are widely used in
provenance studies of clastic rocks (Dickinson and Suczek, 1979; Bhatia, 1983;
McLennan et al., 1983; Bhatia and Crook, 1986; Roser and Korsch, 1986; McLennan
and Taylor, 1991; Owen et al., 1999;). In addition, some trace elements (e.g., St, Cu,
and Rb) in the mudstone, which are sensitive to palaecoenvironmental parameters, are
generally used to decipher the palaeotectonic setting and the palacoclimate conditions
(Worash, 2002; Zhang et al., 2006; Zhao et al., 2007; Cao et al., 2012). Eleven mudstone
samples were collected from cores of the 7 wells; 6 of the samples come from the J3q,

and 5 come from the Jot. The trace elements and Rare Earth Elements (REE) of 11
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mudstone samples were analysed using ICP-MS (DRC-e). Repeated analysis of USGS
reference materials OU-6, AMH-1 and GBPG-1 shows that the analytical precision of
most trace elements was better than 95%.

In addition, most heavy minerals are derived from specific source rocks and
controlled by their provenance; therefore, heavy mineral analysis is the most common
techniques for provenance determination (Morton and Hallsworth, 1999; Svendsen and
Hartley, 2002; Mange and Wright, 2007; Garzanti et al., 2008; Morton et al., 2011;
Nieet al., 2012; Sevastjanova et al., 2012; Do Nascimento Jr et al., 2015; Bassis et al.,
2016; Aubrecht et al., 2017). The heavy mineral composition of a source rock can be
altered and modified by many processes such as chemical weathering, hydraulic sorting
during transport, sorting by grain size, diagenetic alteration during deposition and burial
processes (Morton and Hallsworth, 1999; Garzanti et al.,2008, 2009). Therefore, some
heavy mineral (HM) assemblages, which are sensitive to their environment, can also be
used to evaluate the approximate palacogeographic conditions, including palaeoclimate,
palaeo-environment and palaeotopography (Parfenoff et al., 1970; Mange and Maurer,
1992; Dill, 1998; Jin et al., 2002; Dinis and Soares, 2007; Lin et al., 2008; Liu, 2012).
Heavy minerals analysis was performed on 30 samples, which were collected from the
Toutunhe and Qigu Formations, to identify the species, characteristics and contents of
the heavy minerals. Moreover, the heavy mineral data of 56 samples in East Fukang
slope were collected from Xinjiang Oil field and previous published results (Ji et
al.,2014).

4. Results
4.1 Petrology of sandstones
The Shishugou Group sandstones in the Fukang Sag are predominantly litharenite,

according to Folk's (1980) sandstone classification scheme, averaged as Q43 8F74R4838
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(Luo et al. 2018). Lithic grains (R) are the most common detrital component,
representing approximately 48.8% (average value) of the detrital grain volume and
consisting of volcanic, metamorphic and minor sedimentary rock fragments (Fig. 3a-f)
(Luo et al., 2018). The detrital grains, which are characterized by poor to moderate
sorting, are mostly fine-grained but also contain a small number of silty and medium-
sized grains (Fig. 3). The rock fragments of the Jot conglomerate sampled from outcrop
consist of volcanic and metamorphic rock fragments (Fig. 3g-1). The rock fragments of
the J3q medium sandstone from outcrop mostly comprise metamorphic rock fragments,
with a minor constituent of volcanic rock fragments (Fig. 3g-1).
4.2 Heavy minerals of sandstone

The heavy mineral assemblages mainly comprise epidote (relative content: 0% to
84.7%, av. 32.4%), limonite (relative content: 0%-81.7%; av. 23.8%), garnet (relative
content: 0%-25.9%, av. 4.6%), zircon (relative content: 0%-21.1%, av. 3.5%), barite
(relative content: 0%-76.9%, av. 12.1%), magnetite (0%-16.9%, av. 3.2%) and pyrite
(relative content: 0%-99.1%, av. 8.3%) (Table 1). Pyrite occasionally occurs at the strata
of certain wells, such as the D1, D7 and D11 wells, and is mainly observed in the first
(Jot") and second (Jat?) sub-member of the Toutunhe Formation sandstones (Table 1,
Fig. 4, Fig. 5). The abundance of limonite increases as the age of the sandstones
decreases (Fig. 6, Fig. 7). The relative limonite content of the first sub-member of the
Toutunhe Formation (Jot!) sandstones ranges from 0.0% to 1.8% (av. 0.3%); the
limonite content of the second sub-member (J2t?) sandstones varies from 0.0% to 81.7%
(av. 29.3%); the limonite content of the third sub-member (J2t*) sandstones varies from
0.2% to 61.2% (av. 31.1%); and the limonite content of the Qigu Formation (J3q)
sandstones varies from 20.2% to 67% (av. 50.5%)(Table 1).

The ZTR values of Shishugou Group sandstones vary from 0.1 to 66.4 (with an
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average value of 9.7). The Qigu Formation (J3q) sandstones have ZTR values ranging
from 1.7 to 16.5 (av. 7.0) (Table 1). The ZTR values of the Toutunhe Formation
sandstones varies from 0.1 to 66.4 (with an average value of 10.0); the first sub-member
of Toutunhe Formation (Jot') sandstones have ZTR values ranging from 0.1 to 66.4 (av.
17.2); the ZTR values of the second sub-member (J2t?) sandstones vary from 0.4 to 28.5
(with an average value of 8.0); and the ZTR values of the third sub-member (Jot)
sandstones vary from 0.2 to 9.9 (with an average value of 3.2) (Table 1).
4.3 Trace element geochemistry of mudstone

The abundance of 33 trace elements in the mudstones has been measured to
reconstruct the palaeoenvironment. Representative ratios (Rb/Sr, Sr/Cu, St/Ba, U/Th
and V/Cr) can help to unravel the palaeoenvironment (palaeoclimate, palacosalinity and
redox conditions) (Epstein and Mayeda, 1953; Lerman and Gat, 1989; Zheng and Liu.,
1999; Jin and Zhang, 2002; Meng et al., 2012; Bai et al., 2015; Moradi et al., 2016; Cao
et al., 2015; Moradi et al., 2016). The Sr/Ba ratio varies from 0.34 to 0.62 with an
average value of 0.48. The U/Th ratio varies from 0.10 to 0.48 with an average value
of 0.26. The St/Cu ratio varies from 1.38 to 16.19 with an average value of 6.82. The
V/Cr ratio varies from 0.43 to 2.59 with an average value of 1.30 (Table 2). The vertical
profiles of the redox-sensitive elements measured (Cd, U, Ta and Mo) and their related
ratios (Rb/St, Sr/Cu, Sr/Ba, U/Th and V/Cr) in the mudstones are illustrated in Fig. 8.
Raw data are provided in Table 2.
4.4 REE geochemistry of mudstone

The total Rare Earth Element (REE) concentrations in the Shishugou Group
mudstone varies from 146.47 ppm to 1413.04 ppm (with an average value of 442.61
ppm) (Table 3). The shale-normalised (NASC) REE concentration is characterized by

an essentially flat pattern, with Lan /Ybn values varying from 0.8 to 1.35 (av. 1.06)
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(Table 3, Fig. 9). In addition, they have a relative enrichment of light REE (LREE),
with Cen/Ybn values ranging from 0.94 to 16.97 (av. 4.79) (Table 3, Fig. 9). The REE
concentrations of three samples (D8-6, D3-7, D6-6) markedly peak at Ce, with an
additional peak at Er (Table 3, Fig. 9).

Most REE, especially Ce, Er and Gd, have relatively high concentrations in the
middle-upper part of Jot* and the middle-lower part of the Jot’ and relatively low
concentrations in the other parts of the Shishugou Group (Fig. 10). The microfacies of
all samples from J»t> and D6-6 from J3q mainly include subaqueous interdistributary bay
and subaqueous natural levee.

The relative enrichment or depletion in Ce relative to La and Pr is expressed as the

Ce anomaly and is quantified as the ratio Ce/Ce* = (Cen)/(Lan +Prn),X0.5, where N

represents the shale-normalized (NASC) values (Murray et al. 1992). The Eu anomaly
was calculated by Eu/Eu* = Eun/(Smn + Gdn)X0.5 (Murray et al., 1992; Owen et al.,

1999). The Ce/Ce* values are almost all less than 1, representing a negative anomaly,
but three samples (such as D8-6, D3-7, and D6-6) are greater than 1, representing a
positive anomaly (Table 3). The Eu/Eu* values of all samples are less than 1, which
represents a negative anomaly. Lan /Ybn values vary from 0.8 to 1.35 with an average
value of 1.06 (Table 3).
4.5 Sedimentary facies
4.5.1 Facies association A (Shore-shallow lacustrine facies)
4.5.1.1 Description

The lithofacies of facies association A is composed of grey-dark grey mudstone,
siltstone and fine sandstone (Fig. 11). The lithofacies associations were characterized
by sandstone/mudstone couplets that form a rhythmically interbedded succession at
several metres to ten metres in scale (Fig. 11). The sedimentary structures included

10



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

wave ripples, current bedding, lenticular bedding, and cross bedding. Carbon fragments
were distributed along the bedding plane (Fig. 11). In the cumulative curve of particle
size, the probability of bar and beach sandstone consist of three sections, in which the
bouncing-dominated component consists of two sections (Fig. 11). The well log gamma
(GR) curve shows finger-, serrated- and funnel-shaped low amplitude variations (Fig.
11).
4.5.1.2 Interpretation

The carbon fragments may originate from the semi-deep to deep lacustrine
environments. The grey-dark grey mudstones, siltstones and fine sandstones containing
carbon fragments were deposited in a relatively deep-water environment near a semi-
deep lacustrine environment. Furthermore, the interbedded relationship of the
mudstone and sandstone, the well-log curve (GR), the cumulative particle size
probability curve and the sedimentary structures present suggest that the shore-shallow
lacustrine facies and the beach and bar sandstones are the most important sand bodies
(Fig. 11). The facies association A can be interpreted as the shore-shallow lacustrine
facies (Fig. 11).
4.5.2 Facies association B (Shallow-water meandering-river delta front)
4.5.2.1 Description

Lithofacies of facies association B include green grey-grey siltstone, fine
sandstone (several metres to tens of metres in scale) and mudstone with a relatively low
sand-strata ratio (0.2 to 0.5) (Fig. 12). The sedimentary structures include parallel
bedding, current bedding, cross-bedding and basal erosion scouring structures, wave
ripples, sphenoid cross-bedding, lenticular bedding and slump structures. The
cumulative particle size probability curve of the main sand body, which has a relatively

steep slope, comprise two sections representing the more abundant bouncing

11
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component and the more minor suspension-transport component (Fig. 12). The GR
curve of the main sand body generally shows bell-shaped or box- and funnel-shaped
middle amplitude variations. The GR curve of the interbedded siltstones and mudstones
shows serrated low-amplitude variations (Fig. 12).
4.5.2.2 Interpretation

The main green grey- grey sand body exhibiting parallel bedding, current bedding,
and cross-bedding was deposited in a shallow water environment and influenced by
wave action. The basal erosional scour structures observed also suggest that the river
channel was eroded. The slump structures and the cumulative particle size probability
curve are generally indicative of a delta front environment (Fig. 12). Therefore, the
main green grey-grey sand body can be interpreted as a subaqueous distributary channel
of the delta front. The sand body with the funnel-shaped GR curve is likely a mouth bar,
on the basis of characteristics of the cumulative curve (Fig. 12). The interbedded
siltstone and mudstone succession may be interpreted as the subaqueous natural barrier
of the delta front. The green grey-grey succession generally represents an
interdistributary bay. Consequently, the facies association B represent a shallow-water
meandering-river delta front (Fig. 12).
4.5.3 Facies association C (Shallow-water meandering-river delta plain)
4.5.3.1 Description

Lithofacies of facies association C comprise the grey-green, brown and brownish-
red interbedded fine-sandstones and mudstones (Fig. 13). The sand-mud ratio (0.4-0.8)
of the interbedded succession is lower than that of facies association B (0.8-1.2). The
sedimentary structures observed include parallel bedding, current bedding, low-angle
tabular/wedge-shaped cross-bedding and basal erosional scour structures. The

cumulative particle size probability curve of the main sand body that has a relatively

12
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steep slope comprise three sections, representing the dominant bouncing transport and
minor rolling and suspension transport (Fig. 13). The GR curve of the main sand body
generally exhibits box-shaped middle-high amplitude variations and a bell-shape if the
thickness of the sand body is relatively small. The GR curve of grey-green, brown and
brownish-red interbedded siltstone and mudstone shows serrated low-amplitude
variations (Fig. 13).
4.5.3.2 Interpretation

The grey-green, brown and brownish-red interbedded fine sandstone and
mudstone unit that has a relatively low sand-mud ratio (0.4-0.8) is suggestive of an
intermittently exposed shallow water environment. The grey-green and brown fine-
sandstones with low-angle tabular/wedge-shaped cross-bedding and basal erosional
scour structures indicate river channel erosion. In addition, the GR curve and the
cumulative particle size probability curve of the main sand body also provide evidence
for a channel branch of the delta plain (Fig. 13). Therefore, the grey-green, brown and
brownish-red interbedded siltstones and mudstones can be interpreted as the natural
barrier of the delta plain. The massive succession of grey-green, brown and brownish-
red mudstone can be interpreted as an arid interchannel depression, which is different
from a marsh (Fig. 13). Hence, facies association C should be interpreted as the
shallow-water delta plain of a meandering river (Fig. 13).
4.5.4 Facies association D (Meandering river)
4.5.4.1 Description

Lithofacies of facies association D exhibit relatively low sand-mud ratios (0.2 to
0.5) and consist of brownish-red/taupe fine-medium sandstone, mudstone and some
coarse sandstone (Fig. 14). The sedimentary structures observed include parallel

bedding, low-angle tabular/wedge-shaped cross-bedding, and basal erosional scour
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structures. The climbing-ripple bedding and current bedding can be observed in the
interbedded siltstone and mudstone succession. Horizontal bedding and lenticular
bedding were observed in the mudstone succession. The cumulative particle size
probability curve of the main sand body that has a relatively gentle slope comprise two
sections representing bouncing and suspension transport; the relatively high
percentages of suspension transport vary from 20% to 50% (Fig. 14). Some coarse
sandstones consist of rolling, bouncing and suspension-transport components. The
well-log gamma (GR) curve of the main sand body generally shows a dentate-box or
dentate-bell shape and middle-high amplitude variations (Fig. 14). The GR curve of the
brownish-red/taupe interbedded siltstone and mudstone shows serrated middle-low
amplitude variations (Fig. 14).
4.5.4.2 Interpretation

The brownish-red/taupe lithofacies is indicative of an exposed oxidizing
environment. The main fine-medium sand body has a relatively low sand-mud ratio and
is characterized by low-angle tabular/wedge-shaped cross-bedding and basal erosional
scour structures, suggestive of river channel erosion. In addition, the GR curve and the
cumulative particle size probability curve also suggest that the main fine-medium sand
body can be interpreted as a point bar and some of the coarse sandstone can be
interpreted as a channel-lag deposit. The brownish-red/taupe interbedded siltstone and
mudstone with climbing ripple bedding can be interpreted as a natural barrier. The
brownish-red/taupe mudstone succession represents a floodplain. As a whole, facies
association D was deposited in a meandering river environment (Fig. 14).
5. Discussions
5.1 Redox condition

The redox-sensitive parameters related to the geochemistry are widely used to
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qualitatively decipher palaeo-environment, palaco-water depth and offshore distance
because deep lacustrine settings are generally anoxic and shallow lacustrine to fluvial
settings are mainly dysoxic to oxic (Algeo et al., 2010; Tan et al., 2017). The
concentration and ratio value of redox-sensitive trace elements and rare earth elements
are redox indicators of the palaco-environment (Fig. 14) (Elderfield and Greaves, 1982;
Barwise, 1990; Jones and Manning, 1994; Betchtal et al., 2001; Adegoke et al., 2014;
Hu et al,, 2016; Tan et al., 2017; Kuzyk et al., 2017).

The varying Ce** ion concentrations and redox condition are well demonstrated
by the Ce anomaly in both marine and lacustrine settings, so the critical parameters
(e.g., Ceanom) related to the Ce anomaly are widely used to estimate the palaeo-redox
conditions (Wilde et al., 1996). A positive cerium anomaly of the samples, characterized
by Ce/Ce* values greater than 1, suggests low-oxygen depositional conditions.
Conversely, a negative cerium anomaly, characterized by Ce/Ce* values less than 1,
represents an oxidizing depositional environment (Murthy et al., 2004).

Most of the samples with negative cerium anomalies have Ce/Ce* values
suggestive of oxidizing conditions, but three samples (D8-6, D3-7, D6-6) with positive
anomalies are indicative of low-oxygen/reducing conditions (Table 3) (Murthy et al.,
2004). A negative Eu/Eu* (less than 1) may indicate the preferential loss of Ca-bearing
minerals during weathering and deposition or may reflect the sediment sources (Murthy
et al. 2004). The negative anomaly of Eu/Eu* values in the Shishugou Group mudstone
suggests oxidizing conditions (Table 3) (Sverjensky, 1984; Murthy et al., 2004).

The Th/U ratio was generally used to examine the redox conditions of the
depositional environment (Wignall and Twitchett, 1996). U is mobile under oxic
conditions but relatively immobile under anoxic conditions so anoxic sediments are

much more enriched in U than oxic sediments (Baioumy and Lehmann, 2017). Th is
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stable under redox conditions and immobile in any aqueous environment. Therefore,
low Th/U ratios or high U/Th ratios indicate reducing conditions. The ratio of U/Th,
which ranges from 0.1 to 0.48 with an average value of 0.24, suggests that the
Shishugou Group mudstones were mainly deposited in oxidizing conditions (Table 3,
Fig. 81) (Pietal. 2014). The V/Cr ratios below 2 represent oxic depositional conditions;
V/Cr ratios ranging from 2 to 4.25 suggest dysoxic conditions; and V/Cr ratios over
4.25 indicate an anoxic-suboxic environment (Jones and Manning, 1994). V/Cr values
of the Shishugou Group range from 0.43 to 2.59, with an average of 1.30, and suggest
that the Shishugou Group was mainly deposited in oxidizing conditions (Table 2, Fig.
8f).

The V/Ni ratio has been widely used to determine the redox condition present
during deposition. V/Ni ratios higher than 3 indicate that mudstones were deposited
under anoxic conditions, while V/Ni ratios varying between 1.9 and 3 indicate that
mudstones were deposited in a dysoxic-oxic environment (Galarraga et al., 2008). The
V/Ni ratios in the Shishugou Group mudstones, which vary between 0.81 and 3.38, with
an average of 2.4, decrease as the age of the strata decreases (Table 2, Fig. 8k). Some
mudstones of Jot' and Jot? have relatively high V/Ni ratios, higher than 3 (Table 2, Fig.
8k). These results indicate that the Shishugou Group mudstones were mainly deposited
in a dysoxic-oxic environment and some mudstones of Jot! and Jot> may have been
deposited in reducing conditions (Fig. 15, Fig. 16). Most of the Shishugou Group
mudstones display V/(V + Ni) ratios below 0.8 and V/(V + Cr) ratios below 0.6,
indicating the dysoxic-oxic condition present during their deposition (Tables 2, Fig. 91-
m, Fig. 15,Fig. 16) (Zhou and Jiang, 2009; Pi et al., 2014; Baioumy and Lehmann,
2017).

The occurrence of the heavy mineral pyrite generally reflects anoxic/reducing
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conditions or a warm humid climate present during deposition, and limonite suggests
the presence of oxidizing conditions or a hot arid climate (Jin et al., 2002; Lin et al.,
2008; Liu, 2012). Pyrite, which is mainly observed in the first (Jot') and second (Jot?)
sub-members of the Toutunhe Formation sandstones in some wells (Table 1, Fig. 4, Fig.
5), suggests anoxic/reducing conditions and high lake water levels (Fig. 15, Fig. 16).
The limonite content, which increases as the age of the strata decreases, is mainly found
in Iot?, Jot* and J3q (Fig. 6, Fig. 7), indicating that the dominant oxidizing conditions
become more intense as the age of strata decreases (Fig. 15,Fig. 16).

5.2 Palaeo-salinity and Palaeoclimate

Strontium (Sr) and barium (Ba) can provide evidence for palaeo-salinity because
the Sr/Ba ratio generally increases as the salinity of ambient water increases (Epstein
and Mayeda, 1953; Cao et al., 2015; Moradi et al., 2016; Zhang et al., 2017). The Sr/Ba
ratios of the Shishugou Group samples vary from 0.34 to 0.62, with an average of 0.48,
indicating that the lake was filled with slight-medium salinity water during deposition
(Table 2, Fig. 8j) (Zhang et al., 2017). Furthermore, the increasing Sr/Ba ratio of the
Shishugou Group suggests that the slight-medium salinity of lake water changed over
time (Table 2, Fig. §j).

The climate can influence the geochemical signatures of sediments by its controls
on the exogenic processes and terrigenous sediment flux into lacustrine environments
(Tanaka et al., 2007; Meng et al., 2012; Bai et al., 2015). Therefore, the geochemical
signatures of samples may provide evidence of palaeoclimatic conditions present
during the deposition of the sediment (Worash, 2002). The Rb/Sr and St/Cu ratios of
sediments are important indicators of palaeoclimatic conditions (Bai et al., 2015;
Moradi et al., 2016). Substantially high ratios of Rb/Sr (0.44~1.14, average 0.81) of the

samples demonstrate semiarid or arid conditions during deposition of the Shishugou
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Group (Table 2, Fig. 8h, Fig. 15, Fig. 16,Fig. 17, Fig. 18).

The Sr/Cu ratios that range from 1.3 to 5 represent a warm-humid climate, while
ratios over 5 indicate a hot-arid climate (Lerman, 1978). The Sr/Cu ratios of the
mudstone in J>t range nearly from 1 to 6 (av. 4.22), indicating a warm humid-hot arid
climate condition (Table 2, Fig. 8i, Fig. 16, Fig. 17, Fig. 18). The Sr/Cu ratios of J3q
mudstone are clearly higher than 5, which suggests a hot arid climate condition (Table
2, Fig. 81, Fig. 16, Fig. 17, Fig. 18). Therefore, the change in the St/Cu ratio can be
interpreted as a change in palaeoclimate from warm-humid to hot-arid conditions (Table
2, Fig. 81, Fig. 16, Fig. 17, Fig. 18). In addition, the abundance of the drought-enduring
Gymnospermae classopollis within the Shishugou Group also indicates that the palaeo-
climate was hot and arid as a whole (Fig. 18) (Zhu et al., 2017). The salinity change of
lake water closely corresponds to the palaeoclimate changes, because climate change
generally exerts a significant effect on the salinity of lake water by evaporation and
atmospheric rainfall (Fig. 18).

5.3 Provenance

The Shishugou Group has three main provenances, including northeastern ,eastern
Beisantai and southern sediment sources in the Fukang Sag (Zhang et al.,1999;Ji et al.,
2014; Zou et al., 2014; Gong, 2015; Zhu et al., 2017). The dominant northeastern
provenance from Kelameili Mountain consists of dominantly volcanic rock fragments,
with minor amounts of metamorphic rock fragments (Fig. 1B) (Ji et al., 2014; Zou et
al., 2014). Moreover, some previous researches show that both the eastern Beisantai
and northeastern provenances might be derived from Kelameili Mountain (Shang et
al.,2011; Ji et al.,2014). According to thin section analysis of rock samples from the
field, the southern sediment source of the Tianshan Mountains (Bogeda Shan) is

characterized by the dominance of metamorphic rock fragments, with minor
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contributions of volcanic rock fragments, although volcanic rock fragments are slightly
more prevalent than metamorphic rock fragments in the early deposition of the
Toutunhe Formation (Fig. 3g-1). The lithological change from conglomerate to medium
sandstone in the field outcrop indicates the decreasing supply capacity of the southern
provenance (Fig. 3g-1).

The ZTR values obviously vary in different members sandstone (Jot', Jot?, Jot?, J3q)
of the Shishugou Group, which generally indicate some changes of provenances in
study area during deposition (Fig. 15). Besides, the epidote content distribution, the 3-
D seismic slices, ZTR and previous published result (Zhang et al.,1999) show that the
sediments of J»t' mainly came from the northeastern and southern provenances, the Jot?
and I, derived from northeastern, southern and eastern (Beisantai heave) provenances,
the J3q derived from northeastern and eastern (Beisantai heave) sediment sources (Fig.
15). The supply range of southern provenance gradually decreased during deposition
process in the south-eastern of study area (eastern Fukang slope) (Fig. 15). The 3-D
seismic slices and uplift of North Santai heave demonstrate that the supply capacity of
eastern provenance increased during the deposition of Toutunhe Formation (Fig. 15)
(Zhang et al.,1999).

However, some research indicates that the eastern provenance (Beisantai) came
from the north of Beisantai but not the Beisantai heave (Shang et al.,2011). Moreover,
the eastern provenance (Beisantai) started to provide sediments for the Fukang Sag
during the deposition of J.t*> (Fig. 15a-b). Therefore, the mother rock of eastern
provenance probably came from the Jt! sediments of Beisantai and Kelamei Mountain.
The relative abundances of the remaining heavy minerals largely unaffected by the
specific transport, deposition and burial processes, provided information on similar

hydraulic and diagenetic behaviour (Morton and Hallsworth, 1999). Epidote is not only

19



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

typically regarded as metamorphic minerals of igneous granitoid rocks but also the
magmatic minerals originated from Plutons (Zen and Hammarstrom,1984), so the
relative content of epidote provided important information about the provenance of the
sediments. The heavy minerals of Shishugou Group sandstones, which mainly comprise
the epidote, limonite and barite, indicate that the mother rock types of provenance were
relatively simple and related with volcanic rocks and metamorphic rocks. Rare earth
elements (REEs) are significant indicators of provenance because they are not
extensively redistributed during transport, deposition and post-depositional processes
(Nelson and DePaolo, 1988; McLennan, 1989; Liu et al., 2018). The almost-flat REE
patterns with Lan/Ybn values varying from 0.8 to 1.35 and averaging 1.06 indicate that
the sediment source of the Shishugou Group is almost entirely from the same
provenance (Table 3) (Fig. 9). Few samples show an obvious enrichment of Ce, which
may be related to the partial redox conditions (Fig. 9). These indicate that the mother
rocks of both northeastern and eastern (Beisantai heave) provenance came from the
Kelameili Mountain and the southern provenance was very limited in the fourth region
of central Junggar basin.

The petrology, heavy mineral distribution, 3-D seismic slices and geological
setting suggest that the Kelameili Mountain provenance including northeastern and
eastern provenances, influenced the greatest range of the sediments in the Fukang Sag,
and the southern provenance, the Tianshan Mountains (Bogeda Shan), supplied
sediments for only a very limited area of the southeastern Fukang Sag (Fig. 3a-1, Fig.
15 a-d). The supply area of the southern provenance decreased as the piedmont Sag
developed, generated by the fast uplift of Bogda Shan during the deposition of
Shishugou Group (Fig. 15a-d). Uplift of North Santai heave and south steep slope

generated by fast uplift of Bogda Shan restricted the supply range of south provenance,
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especially in the fourth region of central Junggar Basin (Shang et al., 2011; Gong,2015),
which can be explained by the alluvial fans of Toutunhe Formation in front of the Bogda
Mountain (Fig. 3g). The rate and degree of chemical weathering on continents are
mainly controlled by moisture and temperature conditions related to the climate, so a
warm and humid climate may favour chemical weathering (Nesbitt and Young, 1982;
Yan et al., 2007). The climate change from humid to hot and arid conditions may reduce
the weathering rates and supply capacity of sediment provenance (Fig. 18) (Algeo and
Twitchett, 2010; Liu et al., 2018).

5.4 Characteristics and evolution of sedimentary facies

The progradation, mouth bar and reverse rhythm, which are typical characteristics

of the normal delta, were rarely observed in the shallow-water meandering river delta
(Fig. 12, Fig. 13; Fig. 15, Fig. 16). The sandstone mainly consists of siltstone and fine
sandstone (Fig. 11, Fig. 12, Fig. 13, Fig. 14). The green-grey, brown and brownish-red
mudstone were pervasive in the shallow-water meandering river delta facies (Fig. 11,
Fig. 12, Fig. 13, Fig. 14, Fig. 16).Obviously, the granularity size of sandstone of
shallow-water meandering river delta is generally less than normal delta, but the oxide
colours of mudstone are very pervasive in the shallow-water delta. The sedimentary
structures include parallel bedding, current bedding, cross-bedding and basal erosional
scour structures in the shallow-water delta. The shallow-water meandering river delta
sedimentary succession has a large overall thickness but relatively thin single-layer
sand bodies (1-15 m, av.3m) and relatively low sand-strata ratios (0.2-0.55), which are
obviously less than that of the normal delta (Fig. 11, Fig. 12, Fig. 13, Fig. 14). The
meandering river facies are characterized by the thin, fine-medium grained point bar
sandstones and a lack of marsh deposits (Fig. 15, Fig. 16, Fig. 17).

During deposition of Iot', the sedimentary environment consisted of lake and
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shallow-water meandering river delta front. The sedimentary facies of Jot' are
characterized by the “big front-small plain” delta (BFBPD), which dominantly
comprise the shallow-water meandering river delta front with minor constituents of a
shallow-water meandering river delta plain (Fig. 15a, Fig. 16a, Fig. 17a, Fig. 18). The
plain range of J»>t? increased in comparison with the Jot' (Fig. 15b, Fig. 16b). Conversely,
the depositional facies of Jot® is the “big plain-small front” delta (BPBFD), which
dominantly consists of a shallow-water meandering river delta plain environment with
minor shallow-water meandering river delta front constituents (Fig. 15¢, Fig. 16¢, Fig.
17b, Fig. 18). Therefore, the shallow-water meandering river delta plain environment
rapidly transformed into a meandering river environment during the deposition of J3q
(Fig. 15d, Fig. 16d, Fig. 17¢, Fig. 18).

5.5 The relationships among palaeo-environment, provenance and sedimentary systems

The gentle slope structure, climate condition, lake level change and stable
provenance are necessary conditions and controlling factors of the development of
shallow water delta (Zhu et a.,2012; Zhu et al.,2013).

The semiarid-hot arid climate and the continuous uplift of the Bogeda Shan and
Kelameili Shan may cause reductions in lake level and lake range (Fig. 15, Fig. 16, Fig.
17; Fig. 18). Moreover, the redox condition changed from weak anoxic/oxic conditions
to intensive oxidizing conditions in response to changes in palaeosalinity, palacoclimate
and lake level (Fig. 18). Therefore, the lake gradually shrank from the centre to
southwest of Fukang Sag during deposition of the Shishugou Group (Fig. 15, Fig. 16).
The sedimentary system had never significantly changed due to the stable Kelameili
Mountain provenance. The alluvial fans of Toutunhe Formation were only found in the
front of Bogda Mountain because of the limited supply range of south provenance (Fig.

15, Fig. 16).
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The west-southward gentle slope of the Fukang Sag, the relatively far Kelameili
Mountain provenance, the warm humid-hot arid climate condition and the low lake
level were beneficial to the development of a meandering river and shallow-water
meandering river delta (Fig. 15, Fig. 16, Fig. 18) (Postma, 1990; Lemons and Chan,
1999; Hoy and Ridgway, 2003; Cornel and Janok, 2006; Zhu et al., 2012; Zhu et al.,
2016). The gentle slope is the primary condition necessary for the formation of a
shallow-water meandering river delta. The palaco-environment and provenance play a
critical role in the development and evolution of a shallow-water meandering river delta

(Fig. 16, Fig. 18).

The shallow-water meandering river delta can be divided into the humid delta and
the hot arid delta according to the climate conditions present (Zhu et al., 2012; Zhu et
al., 2016).The humid shallow-water delta is characterised by a “big front-small plain”
delta (BFBPD)(Fig. 16a) and the hot arid delta is characterized by a “big plain-small
front” delta (BPBFD) (Fig. 16b) (Zhu et al., 2012; Zhu et al., 2016). Therefore, the
depositional evolution from the “big front-small plain” shallow-water delta (BFBPD)
to the “big plain-small front” shallow-water delta (BPBFD) was controlled by the
change in climate and supply capacity of the sediment provenance (Fig. 16, Fig. 18).
The shallow-water meandering-river delta-plain environment rapidly changed into a
meandering river environment during the deposition of J3q, which can be interpreted to
indicate that the hot arid climate conditions markedly reduced the lake level, lake range

and supply capacity of the sediment provenance (Fig. 16b-c, Fig. 18).

6. Conclusions
1. The redox conditions changed from weak anoxic/oxic into strong oxic conditions

during the deposition of the Middle-Late Jurassic Shishugou Group. The dominant
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oxidizing conditions became more intense as strata age decreased.
2. The climate changed from warm-humid to hot-arid during the Middle-Late Jurassic
in the Junggar Basin, which may have increased the salinity of the lake water and
reduced the supply capacity of the sediment provenance.
3. The Kelameili Mountain provenance comprising northeastern and eastern Beisantai
provenances, is the most important sediment source, but the south provenance, the
Tianshan Mountains, (Bogeda Shan) supply sediments only for the very limited area of
the southeastern Fukang Sag.
4. The gentle slope is the primary condition necessary for the formation of lake-shallow
water delta-meandering river sedimentary systems, especially the shallow-water
meandering river delta. The palaco-environment and provenance play critical roles in
the development and evolution of lake-shallow water delta-meandering river
sedimentary systems.
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917

918
919  Fig. 3. Petrological and mineralogical characteristics of the Shishugou Group

920 sandstone, detrital quartz -QD (based on Luo et al.,2018): (A) Micrograph of
921 thin section showing the volcanic rock fragment (VF) comprising basalt

922 fragments characterized by porphyritic texture with bundles or radial pattern of
923 lath-shaped basic plagioclase phenocryst (BP), well D7, 4517.6m, Jot. (B)

924 Micrograph of thin section showing andesite fragments (VF) characterized by
925 porphyritic texture with directionally arranged neutral plagioclase phenocryst
926 (NP),well D7,4133.4m, Jot. (C) Micrograph of thin section showing the

927 metamorphic rock fragment (MF) consisting of metaquartzite and schist , quartz
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overgrowth (QA) and feldspar (FD),well D8,4545.4m, J>t.(D) Micrograph of thin
section showing the basalt fragments (VF) characterized by porphyritic texture
with radial distribution of lath-shaped basic plagioclase phenocryst (BP), well
D6, 4257.65m, J3q. (E) Micrograph of thin section showing the basalt fragments
(VF) characterized by porphyritic texture with radial distribution of lath-shaped
basic plagioclase phenocryst (BP),well D701,3902.95m, J3q. (F) Micrograph of
thin section showing the volcanic rock fragment (VF) including basalt and
andesite fragments and the metamorphic rock fragment (MF) comprising schist
and phyllite, well D6,4257.65m, J3q. (G) Photograph of conglomerate of the Jt
in the Sangonghe field outcrop (Fig. 1) showing existence of south
provenance.(H) Micrograph of conglomerate collected from the outcrop of G
showing that rock fragment comprising volcanic (basalt) rock fragment (VF). (I)
Micrograph of conglomerate collected from the outcrop of G showing that rock
fragment comprising metamorphic (Metaquartzite) rock fragment (MF). (J)
Photograph of the J3q in the Sangonghe field outcrop (Fig. 1) showing the
channel deposit with sandstone lens. (K) Micrograph of sandstone collected from
the outcrop of J showing that rock fragment comprising metamorphic
(Metaquartzite) rock fragment (MF). (L) Micrograph of sandstone collected from
the outcrop of J showing that rock fragment comprising volcanic (basalt) rock

fragment (VF).
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1029 al.,2014). A : 3D-seismic slices showing many channels along northeastern trend
1030 and some south sediment source, the distribution (the relative contents of epidote
1031 in northeastern and in south Zqlwell are higher than the middle ) and ZTR (ZTR
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Fig. 16 Distribution characteristics of sedimentary facies in different formations of
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