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ABSTRACT

The Lower Permian Fengcheng Formation in the Mahu Sag of northwestern
China is well-known for its alkaline lacustrine deposits. However, previous
research is scarce due to this formation’s notable burial depth (up to 5000 m)
and limited oil and gas exploration. Using XRD, XRF, micro-XRF, and C-O
isotope analyses, we determined: (1) the stratigraphic trends in mineral
compositions, (2) the cyclic depositional processes, and (3) paleoclimate

variations. The petrologic and geochemical data elucidate depositional and
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diagenetic processes in the mixed siliciclastic, volcaniclastic and chemical
strata of the Fengcheng Formation. Sodium carbonate minerals in the studied
core are dominated by wegscheiderite (Na2CO3*3NaHCOs) and trona
(Na2C0O3*NaHCO3=2H20). Nahcolite (NaHCO3) and a Mg-Na carbonate mineral,
northupite (Na2CO3*MgCOs=NaCl), also occur, although their abundance is
obviously lower than that of wegscheiderite and trona. These substances grew
as bottom-growth crystals from lakes overlying tuffs. The volumetrically
important Ca-Na carbonate mineral, shortite (Na2CO3+2CaCQOs), and some
northupite precipitated diagenetically from shallow groundwater brines in
unlithified, dark-colored siliciclastic sediment and volcanic ash. Shortite mainly
precipitated from the Ca-Na-COs-rich shallow groundwater, whereas northupite
precipitated from the Mg-Na-COs-Cl-rich shallow groundwater. Sodium
carbonates and tuffs, fine-grained tuffaceous rocks, and siliciclastic rocks
formed repetitive centimeter- and meter-scale cycles that are shown as dark-
colored lithological layers during lake expansion and contraction stages or
during volcanic eruptions. The brine composition, which controlled the
precipitation of sodium carbonates, was influenced strongly by volcanism and
volcanism-related hydrothermal activity. Changes in climate and volcanic
eruptions controlled the deposition of alternating beds of sodium carbonates
and dark-colored lithologies. Changes in climate caused the expansion and

contraction stages in the lakes. During relatively humid climate stages, diluted



water entered the basin and resupplied the lake water with calcium and
magnesium during flooding events. Sandy to silty beds were deposited by
turbidity currents during this stage. During arid climate stages, bedded sodium
carbonates grew in the lakes, and their co-occurrence suggests high
atmospheric Pco2 and high temperatures. The ashes that are provided by
volcanic eruptions during arid climate stages can also stop the precipitation of
sodium carbonates.
Keywords: Evaporites, Shortite, Northupite, Tuff, Volcano eruption,
Paleoclimate, Brine evolution.
1. Introduction

Chemical sediments can form in various types of continental environments,
such as lakes, springs, and saline soils, among others (Melvin, 1991). The
influences on evaporite deposition in continental environments are more
numerous than those in seawater. As an example, lakes are smaller than seas,
and thus unusual climate, hydrology, sedimentation, and tectonic conditions
can induce chemical precipitation of minerals (Warren, 2006, 2016). Evaporites
usually occur under arid climate and closed hydrological conditions in which
evaporation must exceed inflow, the climate must be arid to semiarid, and a
sufficient supply of solutes must occur around the inflow sources (Sonnenfeld
and Perthuisot, 1989). Continental chemical sediments, including sodium

carbonates, typically precipitate in hydrologically closed basins. The type of



evaporite minerals depends on the solutes in the brine and the evaporation
scheme of that brine (Hardie and Eugster, 1970; Eugster and Hardie, 1978;
Eugster, 1980). An excess of bicarbonate greater than the sum of the calcium
and magnesium ions in a brines is required for precipitation of sodium
carbonate minerals (Hardie and Eugster, 1970; Eugster, 1980). Lakes rich in
bicarbonate brines are usually referred to as soda lakes. Modern soda lakes,
such as Lakes Magadi and Bogoria in Kenya and Lake Natron in Tanzania,
have been well-studied (Eugster, 1967; Jones et al., 1977; Owen et al., 2008;
Scott et al., 2009; McCall, 2010; Tebbs et al., 2013; Diez-Martin et al., 2014).
Ancient sodium carbonate deposits, such as the Eocene Green River
Formation in Wyoming, USA and the Miocene Beypazari trona deposit in
Ankara Province in Turkey, have also been studied (Eugster and Surdam, 1973;
Dyni et al., 1995; Mason, 2007; Garcia-Veigas et al., 2013; Jagniecki et al.,
2013; Smith et al., 2015).

Sodium carbonate minerals are common in the Lower Permian Fengcheng
Formation in the Mahu Sag in the northwestern Junggar Basin. This is the
oldest economic sodium carbonates deposits in China so far. The bedded
sodium carbonates in the Mahu Sag are much older that other famous sodium
carbonates deposits around the world. However, few research projects have
focused on sodium carbonates in the Fengcheng Formation; sodium

carbonates have been erroneously described as gypsum. Despite the fact that



ancient evaporites are significant to the petroleum industry (Smith, 1969;
Bradley, 1973; Melvin, 1991), previous studies on the Fengcheng Formation
have focused on dolomitic-bearing stratigraphic areas (Feng et al., 2011; Kuang
et al., 2012; Zhu et al., 2012a, 2012b; Zhang et al., 2015; Lu et al., 2015; Hu et
al., 2016; Liu et al., 2016; Tao et al., 2016; Zhu et al., 2017). In this paper, we
document the lithology and chemistry of this sodium carbonates and
tuffs/tuffaceous rocks/terrigenous siliciclastic rocks (joint named “dark-colored
rock” which coupled with light-colored sodium carbonates beds in the following
text) to determine: (1) the mineral compositions of different lithological units; (2)
the depositional and diagenetic processes that formed the different carbonate
minerals, wegscheiderite, trona, nahcolite, shortite and northupite; and (3) the
relationship between stratigraphy and paleoclimate variations and volcano
eruptions.
2. Geological settings
2.1. Tectonics

The Junggar Basin, a renowned superimposed basin, is characterized by
Carboniferous marine rocks and Permian lacustrine deposits (Tao et al., 2016).
This basin is located in the northern Xinjiang Uygur Autonomous Region in
Northwest China and covers an area of 1.3 X 10° km2. To the east are the
Kelameili Mountains, to the northwest are the Zaire Mountains and Halalate

Mountain, and to the south are Boro Horo Mountain and Bogda Mountain (Fig.



1A). The studied Mahu Sag region is located in the northwestern Junggar Basin
(Fig. 1A).

Multiple stages of tectonic events, including the Hercynian, Indo-China,
Yanshan, and Himalayan orogenies, resulted in a complicated NE-SW fault-fold
belt. The main faults in the study area include the North Xia-Hong Fault, North
Wulanlingge Fault, X-2 Fault, and South X-1 Fault, all of which are oriented to
the NE-SW (Fig. 1B). From the Middle Precambrian to the Early Carboniferous,
the tectonic setting of the study area was a passive continental margin, and a
foreland basin formed during the Late Carboniferous (Liu et al., 2016). During
the Late Carboniferous-Early Permian, strong collisional forces and frequent
volcanic eruptions generated a northwestern nappe (Fig. 1C).

2.2. Stratigraphy and paleogeography

Sedimentation in the study area began during the Carboniferous into a
large intracontinental superimposed basin (Tao et al., 2016). The stratigraphic
sequence consists of Carboniferous to recent sediments (Fig. 2A). The tectonic
background of the foreland thrust formed Carboniferous volcanic rocks,
pyroclastic rocks, conglomerates, and sandstones; Early Permian gray-green
conglomerates, volcanic tuff and pyroclastics in the Jiamuhe Formation; and
dark mudstone, conglomerates, sandstones, dolomitic tuff and evaporites in the
Fengcheng Formation. The evaporites can be easily identified in well logs by

high resistivity on the Rt curve, and alternating strata of evaporites and other



types of dark-colored lithology can be recognized (Fig. 2B). During plate
collision and foreland thrust development, the sedimentary center of the Mahu
Sag moved basin-ward during the Permian and entered a stable subsidence
stage from the Triassic to the Cretaceous (Liu et al., 2016). During the
Carboniferous, the general depositional background in the study area was
marine, which changed to non-marine during the Early Permian. During the
Early Carboniferous, the depositional environment was a shallow seafloor
facies, and the rocks consisted mainly of volcanic rocks, pyroclastic rocks, and
tuff with a lack of terrigenous clastic rocks. During the Late Carboniferous, the
rock types included acidic lava, pyroclastics, sandstones, mudstones and
conglomerates. During the Early Permian, seawater regressed to the southeast,
and the depositional environment of the study area turned to a closed-semi
closed shallow-lake environment near the sea (Bian et al., 2010).

The lithostratigraphic division scheme in this paper has been commonly
used by the Xinjiang Oilfield Company, China National Petroleum Co. (CNPC).
The Fengcheng Formation is divided into 3 members (Pif1, P1f2, and Pifs from
bottom to top) according to the lithology and well logging characteristics, which
have variable sedimentary thicknesses ranging from several hundred meters to
1500 m. The lower member (Paif1) consists of sandstones and dolomite-bearing
sandstones, in which finely crystalline calcite and dolomite are the dominant

evaporite minerals. The lower member is divided into two submembers



according to the content of dolomite and lithology (Pifi! and Pafi? from top to
bottom). The middle member (Paif2) is characterized by alternating beds of
sodium carbonate and other lithologies, which can be identified by their high
resistivities from the RT and RI curves and represent the highest salinity in the
source brines (Fig. 2B). The middle member is divided into three submembers
according to the contents and occurrences of sodium carbonate (Pif2!, Pif2?
and Paf23 from top to bottom). The upper member (Paifs) is characterized by
dolomite-bearing tuffs and/or tuffaceous rocks and terrigenous siliciclastic rocks,
which represent a phase in which the salinity decreased. The upper member is
divided into three submembers (Pifs!, P1fs? and Pifs® from top to bottom). The
studied FN-5 core section is located in the third submember of the middle
member of the Fengcheng Formation (P1f23), which records the depositional
stage characterized by bedded sodium carbonates.
3. Database and methodology

This study focused on one 7.28 meter - long section of a core, from a depth
of 4065-4072.28 m, from the center of the Mahu Sag. See the location of the
core in Fig. 1B. The core section consists of alternating dark-colored, shortite
or northupite-bearing beds and light-colored beds of sodium carbonate (Fig.
2B). Twenty samples (13 dark-colored samples and 7 bedded evaporite
samples) were selected for geochemical analysis at the Analytical Laboratory

of the Beijing Research Institute of Uranium Geology of the China National



Nuclear Corporation (CNNC-ALBRIUG).

This study includes core observations, petrographic characterization from
thin-sections, and geochemical analyses. The minerals and microscopic
features were identified in core samples, thin-sections and micro-XRF images
of core samples and thin-sections. Detailed lithological descriptions, with
particular attention paid to the sodium carbonate minerals, were based on core
and petrographic observations.

Different evaporite minerals cannot be easily distinguished under an optical
microscope, especially different types of sodium carbonate minerals. Thirteen
evaporite mineral-bearing samples from the FN-5 core were analyzed by XRD,
and twelve thin-sections with no cover slips and core samples were analyzed
by micro-XRF to recognize different evaporite minerals and their co-
occurrences. The samples used for XRD analyses were collected using micro
sculpting drill equipment (such as a dental drill) and were then ground to

powders with a grain size less than 200 mesh.

The samples used for micro-XRF analyses were paralleled with thin-
sections and XRD analyses, and images were collected using an M4
TORNADO made by BRUKER, which is a useful method for highly sensitive
and nondestructive elemental analysis of diverse samples (e.g.,
inhomogeneous and irregularly shaped specimens or thin-sections with no
cover slip). In this study, major elements of thin-sections, with no cover slip, and
core samples were detected with an X-ray tube working at conditions of 20 mbar,

50kv and 600 pA. The databases of these samples were analyzed and



represented by the M4 TORNADO software. The contents of major elements
are shown in different colors in the plane, in which the relative abundances of
rock-forming elements are displayed visually; the combinations of different
elements can be used to easily recognize the evaporite minerals. The XRD and
micro-XRF analyses were performed at the State Key Laboratory of Heavy Oil
in China University of Petroleum.

Geochemical data were collected to better understand climate variations,
hydrogeological characteristics, the origin of solutes in the brine, and the origin
of sodium carbonates. The geochemical analyses tested for major elements
compositions, REE concentrations, and carbon and oxygen isotope
compositions. The major element analysis was performed via X- ray
fluorescence (XRF) on powders (less than 200 mesh) of whole-rock samples.
The loss of weight on ignition (LOI) obtained by weighing before and after 1
hour of heating at 950°C, was conducted to measure the total loss of combined
water and carbon dioxide from carbonates. The minimal combined water in the
samples and the LOI can indicate the relative water content of carbonate
minerals. Major elements were detected by XRF and then converted to oxides
(SiO2, Al2Os3, TFe203, MgO, Ca0, Naz0, K20, MnO, TiOz2, P20s, FeO), using the
Chinese national standard GB/T 14506.28-2010, with analytical precision better
than 2%.

Powdered whole rock samples were also used in ICP-MS analysis for REE

Like the XRF analysis for major elements, the Chinese national standard GB/T



14506.30-2010 was employed. Firstly, the powdered samples were dried at
105°C for 2-4 hours and then cooled down to room temperature. And then 50
mg sample powders were dissolved in 1.5 ml mixed solution of 1 ml HF and 0.5
ml HNOs (2:1) at 185°C (£5°C) for 24 hours and dried. Then these samples
were dissolved in dilute HNO3s and further diluted with ultrapure H20 to a volume
of 50 ml. The obtained solutions were analyzed using an inductively plasma
mass spectrometer (ICP-MS). Analytical precision for trace element
concentration was better than 5%.

Carbon and oxygen isotope compositions were detected by mass
spectrometry analysis (MAT253) from the carbon dioxide. Samples were
relatively impermeable fine-grained carbonate-bearing tuff and sodium
carbonate minerals. Samples were dried at 105°C for 2 hours to remove
absorbed water. Then, 0.1 mg of dry sample powders were put into test tubes,
which would be sealed and the air was eliminated by helium and 100%
phosphoric acid was injected into the tube. Carbonate minerals reacted with
phosphoric acid to produce carbon dioxide. All values are reported in per mil
relative to V-PDB. The powdered samples were calibrated to the Chinese
national standard GBW04416 (63C=1.61£0.03%o, 680 =-11.59+0.11%o). The
analytical precision for carbon isotope compositions and oxygen isotope
compositions are better than 0.1%., and 0.2%. respectively. Because the sodium

carbonate minerals were deposited in lake waters and shallow groundwaters,



their carbon and oxygen isotopes reflect characteristics of water in the ancient
sedimentary environments.
4. Lithofacies

A scanned image of the FN-5 core section is presented in Fig. 3. The
middle member of the Fengcheng Formation has high electrical resistivity
caused by bedded sodium carbonates. The studied core section contains two
distinct alternating lithofacies: light-colored sodium carbonate beds and dark-
colored lithology layers with shortite or/and northupite crystals (Figs. 2B, 3). The
thickness of a single sodium carbonate bedded unit is rarely greater than 1 m,
and the thicknesses of most individual sodium carbonate beds varies from a
few centimeters to dozens of centimeters.
4.1. Light-colored bedded sodium carbonate units

The light-colored layers have a pale red color and consist predominantly of
pure sodium carbonate (mainly wegscheiderite and trona, with some nahcolite
and northupite; Figs. 3, 4, 5). Thirteen sodium carbonate-bearing samples were
analyzed by XRD to detect each type of sodium carbonate minerals and their
co-occurrences in the same sodium carbonate layer, of which three samples
contain nahcolite in co-occurrence with wegscheiderite and trona. Samples
(wegscheiderite co-occurred with trona) and sample (wegscheiderite co-
occurred with trona and northupite) were dominant in the light-colored sodium

carbonate samples. Using the sample from a depth of 4066.2 m as an example,



wegscheiderite, trona and nahcolite are recognized from the X-ray diffraction
patterns, in which wegscheiderite has the highest diffraction intensity, followed
by trona, and finally by nahcolite, which has a weak diffraction intensity
compared to wegscheiderite and trona (Fig. 4A). Some other minerals occur
along with the sodium carbonates, making them impure (Fig. 4B-D). The
sodium carbonates are well-crystallized, and dark-colored minerals occurred as
seams between crystal clumps (Fig. 4C). Rare reedmergnerite was recognized
in the dark-colored seam where the sodium carbonates did not crystallize, as
well as in other parts of the thin-section (Fig. 4D-E).

Another representative sample (FN-5, 4069.5 m) contains no nahcolite,
and wegscheiderite and trona are the dominant sodium carbonate minerals (the
XRD sample is located in the area of red circles in Fig. 5B-C, which were drilled
using micro sculpting drill equipment). Additionally, northupite is easily identified
from the diffraction peaks (Fig. 5A). The purity of sodium carbonate in this
sample is better than that of the sample shown in Fig. 4; the core sample has a
white color, although dark-colored tuff seams occur (Fig. 5B-C). Some light-
colored diagenetic minerals occur in the tuff seam (Fig. 5C). The major
elements Na, Mg, Cl and Ca are selected to form the micro-XRF image, as well
as to identify the dominant evaporite minerals, sodium carbonates
(wegscheiderite, trona, and nahcolite), northupite and shortite (wegscheiderite,

trona, and nahcolite cannot be distinguished in the way) and characterize their



co-occurrences. No shortite crystals occurred in the bedded sodium carbonate
units, whereas northupite crystallized together with sodium carbonates (light-
blue areas in Fig. 5D). Anhedral diagenetic northupite also occurred in the tuff
seam, which was manifested as cements of tuffaceous sediments (Fig. 5E).
The sodium carbonates (wegscheiderite and trona) are well-crystallized with
cleavage cracks, whereas northupite is not crystallized as well as
wegscheiderite and trona in the sample (Fig. 5F). The sodium carbonates also
occur as beds of well-crystallized, radiating, vertically oriented, bladed crystals
that widen upward. This texture indicates that the sodium carbonates grew into
an open, shallow, sodium carbonate-saturated brine pool.
4.2. Transition zone between light-colored and dark-colored lithologic units
The lithology in the transition zone between the sodium carbonate layer
and dark-colored layer have complex mineral compositions. The sample (FN-5,
4071.3 m) is of a lithology that formed in the transition zone between a light-
colored sodium carbonate layer and a dark-colored layer. The dominant
authigenic minerals were recognized by XRD analyses, including
reedmergnerite, shortite, northupite, and natrolite (Fig. 6A). The sample for
XRD analyses was broken down from the core sample (yellow circle in Fig. 6B).
Reedmergnerite, shortite, and northupite co-occurred as light-colored strips in
the core sample (Fig. 6B). The elements Si, Na, Mg, Cl, and Ca and their co-

occurrences on micro-XRF images reflect the distributions of these evaporite



minerals (Fig. 6C-D). Reedmergnerite has a high Si content, no K or Al, and
can be identified easily on the micro-XRF image by the presence of Si (Fig. 6C).
Shortite is dominated by the elements Na and Ca, and northupite is dominated
by the elements Na, Mg, and Cl. As a result, the synthesis of the elements Na,
Mg and ClI indicates the presence of northupite, whereas the synthesis of the
elements Na and Ca indicates the presence of shortite. The micro-XRF image
showed that shortite and northupite occurred together but alternated (Fig. 6D).
Both shortite and northupite have irregular crystal shapes, which occurred as
cements of tuffaceous sediments (Fig. 6D). The reedmergnerite was well-
crystallized, but other evaporite minerals were weakly crystallized, which can
be observed under the optical microscope in detail (Fig. 6E-F).

The contacts between the bedded sodium carbonate units and dark-
colored lithological units are also complicated. Take the sample (FN-5, 4071 m)
as an example, the growing sodium carbonates fixed themselves on the surface
of the tuff matrix by inserting themselves into the dark-colored matrix such as
blades, and subsequently grew upward (Fig. 7). Organic and reedmergnerite-
rich rocks were visible between sodium carbonate crystals and acted as the
underlying substrate for sodium carbonate growth (upper part of the thin-section
in Fig. 7A). Shortite occurred as bedded nodules and irregular crystals in
cements in the organic-rich tuff matrix (lower part of the thin-section in Fig. 7A).

The elements Mg, Cl and Ca in the micro-XRF image can be used to distinguish



the distribution of shortite and northupite (Fig. 7B), and the elements Mg, Al and
Si can be used to emphasize the gathering of reedmergnerite out of the tuff
matrix (Fig. 7C). The contact between sodium carbonate crystals and the
underlying reedmergnerite-rich tuff is easily observed under an optical
microscope, wherein reedmergnerite is the dominant authigenic mineral near
the sodium carbonate crystals (Fig. 7D-E). The content of fine-grained tuff
components in the upper part is lower than that in the shortite and northupite-
rich tuffs in the lower part of the section. The mineral compositions can be easily
distinguished by the obviously lighter color in the upper part and darker color in
the lower part of the thin-section (Fig. 7A), as well as the higher Si content in
the upper part and lower Si content in the lower part of the thin-section (Fig. 7F).
Additionally, the Fe content is notably high in the lower part of the thin-section,
whereas there is little Fe in the upper part (Fig. 7G). A sketch map was used to
illustrate the lithological characteristics of the substrates for sodium carbonate
growth (Fig. 7H). The lower part has a darker color and is rich in shortite,
northupite and tuff. The Fe content is a product of Fe-rich volcanic sediments
or magmatic hydrothermal sediments. The upper part has a lighter color and is
dominated by the authigenic mineral reedmergnerite, which illustrated that the
brine turned clear and was saturated with Si, Na and B and reedmergnerite

crystallized in the clear brines. Sodium carbonates crystallized afterward.



4.3. Dark-colored lithologic units

The dark-colored lithologic layers that alternate with bedded, light-colored
sodium carbonates can be distinguished as (1) tuff, (2) reworked and
redeposited tuffaceous lithologies, or (3) siliciclastic-bearing lithologies.

Tuff is formed through the deposition and diagenesis of ashes and dusts
that fall directly into the brine during volcanic eruptions. The ashes and dusts
can stop the upward growth of sodium carbonates, which has nothing to do with
climatic variations. Tuffs are formed dominantly by air-fall ashes and dusts, and
usually occur as tuff seams in light-colored sodium carbonate layers or as thin
layers alternating with sodium carbonates. There are no laminations in this
lithology, whereas abundant evidence of volcanic eruptions is apparent, such
as unaltered acid extrusive debris formed by volcanic eruptions (Fig. 8A),
abundant pyrites in the fine-grained tuff caused by the alteration of volcanic
ashes and dust (Fig. 8B), and there is few clay (Fig. 8C). Most of the shortite in
the tuff is commonly well-crystallized, appearing as rhombic crystals (Fig. 8D).
Chlorite occurs in the shortite crystals, and some clay is present in the tuff
matrix. They are authigenic clay minerals, not weathering products from outside
of the basin that were transported by runoff. The shortite was crystallized well
and some tuff was included in most of them, although some weakly crystallized
shortite still occurred in the tuff matrix, which shows weak optical features under

cross-polarized light (Fig. 8E). The tuff matrix consists of fine-grained



aluminosilicate minerals due to the alteration of ashes and dust in the alkaline
brines. Chlorite occurs within the shortite crystals (Fig. 8F).

Reworked tuffaceous lithologies are considered a product of redeposition
of fine-grained ashes and dust in this study. The ashes and dust were deposited
in the drainage areas near the brine pool, and then were transported into the
brine pool by runoff. The fine-grained sediments are not weathering products
that were transported for a long distance and then deposited, which must
include a high clay content caused by feldspar alteration. The ashes and dust
near the brine pool were carried only for a short distance, and as a result, the
redeposition of fine-grained ashes and dusts underwent few mineral alterations.
The redeposited fine-grained tuffaceous sediments are laminated and are gray
to dark gray, and anhedral evaporite minerals occur parallel to laminae or as
veins that cut though the laminae (Fig. 9A). The shortite in this lithology
generally had no fixed crystal habits, which are identified as pink in thin-sections
when stained with Alizarin Red (Fig. 9B). Additionally, randomly oriented,
euhedral crystals of reedmergnerite (NaBSizOs) and limonite (FeO(OH)-nH20)
exist in the laminated tuffaceous matrix (Fig. 9B). Most shortite in the fine-
grained tuffaceous rocks is weakly crystallized and showed complete extinction
under cross-polarized light (Fig. 9C). The precipitation of diagenetic shortite
crystals deformed the fine-grained laminae and dragged the laminae, such that

they appear to bend to opposite directions (Fig. 9D); and they also show



complete extinction under cross-polarized light (Fig. 9E).

The siliciclastic lithology (sandstones, siltstones, and muddy siltstones)
also occur in the sodium carbonate core succession. They occur as thin layers,
discontinuous laminae, nodules, etc. There are no massive or thick sandstones
or siltstones in the dark-colored lithological units. Sandstones in the sample
(FN-5, 4068.2 m) occur as strips, which are imbedded with the fine-grained
tuffaceous lithology (Fig. 10A). Siltstone laminae and nodules also occur in the
tuffaceous lithology. These siliciclastic sediments may have higher porosity and
permeability than their fine-grained host rocks. As a result, diagenetic shortite
and northupite selectively precipitated as cements along the siliciclastic stripes
or laminae (Fig. 10A). The carbonates in this sample are dominated by
northupite, which precipitated following the footprint of sandstone/siltstone
strips or laminae, and shortite is scattered in the sample as euhedral crystals
(Fig. 10B). Northupite not only crystallized out as cements in the pores of
sandstones/siltstones but is also rich at the edges of the sandstone beds. The
northupite is weakly crystallized and shows complete extinction under the
microscope in cross-polarized light (Fig. 10C-D). Northupite also occurred as
irregular shapes in the fine-grained tuffaceous host rock (Fig. 10E), and shortite
was well-crystallized near siltstone laminae (Fig. 10F).

Gravel-sized grains also occur in the core succession (Fig. 11A). They

occurred in the fine-grained host rocks, which is an important indicator of gravity



flows (Fig. 11A). The lithology of this gravel is dolomite-bearing tuff, in which
reedmergnerite is also scattered, demonstrating that it was transported from
shallow lake margins. The sandstones are weakly rounded and poorly sorted
(Fig. 11B), and the silty mudstones showed flowing sedimentary structures (Fig.
11C). The depths of siliciclastic sediments in the core succession showed that
they occurred far from the bedded sodium carbonate units (Figs. 2, 3). The
diagenetic precipitation of shortite and/or northupite was also reduced in the
siliciclastic-bearing lithology and were more weakly crystallized than in the dark-
colored lithology near the bedded sodium carbonates (Fig. 11D-E).
5. Chemical characterizations
5.1. Major element and chemical composition variations

Major element analyses were conducted on seven bedded sodium
carbonate samples and thirteen dark-colored lithology samples from the FN-5
core. X-ray fluorescence (XRF) results show that the dark-colored rocks have
high Si and are highly variable in Al, Fe, Mg, Ca, Na, K, Mn, and Ti. Bedded
sodium carbonates are characterized by high Na, moderate but variable Si, and
low Al, Fe, Mg, Ca, K, Mn, and Ti (Table 1).

The amount of the major element Mg can confirm the presence of
northupite in the bedded sodium carbonates, already identified by thin section
petrography. Northupite is an uncommon evaporite mineral. All samples,

including dark-colored lithology and bedded sodium carbonates, had low-



moderate Mg values. The dark-colored lithology samples had minerals with Mg,
while Mg only exist in northupite in the bedded sodium carbonate samples (Fig.
12A). Consequently, if all of the Mg can be attributed to northupite in the bedded
sodium carbonates sample, we can conclude that abundant northupite co-
occurred with sodium carbonates.

The amount of the major element Ca can confirm the presence of evaporite
mineral, shortite, and other Ca-bearing minerals. Few Ca in the sodium
carbonate sample reflect few shortite occurred in the bedded sodium
carbonates compared to the major element Mg. Shortite cannot crystallize
together with wegscheiderite, trona or nahcolite, and most of shortite
precipitated as diagenetic minerals in the dark-colored tuff/tuffaceous
lithological units (Fig. 12B).

Na is the only XRF-detectable major element in the sodium carbonate
minerals wegscheiderite, trona and nahcolite. It also is found in, northupite, and
shortite. The sodium carbonate samples had high Na content, and certain
sodium carbonate samples had up to 40 weight percent Na20. In the dark-
colored samples, the Na2O weight percentage of most of the samples was
approximately 10%, and nearly all were less than 20% (Fig. 12C).

The Na/(Mg+Ca) ratio can reflect the amount of pure sodium carbonate
minerals (wegscheiderite, trona and nahcolite) relative to the calcium-

magnesium carbonate minerals (shortite and northupite). The Na/(Mg+Ca)



ratios of dark-colored lithology samples were close to a baseline, which can be
used to qualitatively evaluate the relative content of the pure sodium carbonates
in the sodium carbonate samples. The Na/(Mg+Ca) ratios show that the value
for Na is much higher than the sum of Mg and Ca in the bedded sodium
carbonate samples (Fig. 12D).

The loss on ignition (LOI) reflects the contents of carbonate minerals. In
this study, the volatile materials that were lost included carbon dioxide from
carbonate minerals, wegscheiderite, trona, nahcolote, shortite, and northupite.
Thus, the LOI directly indicates the sum of the carbonate minerals. The LOI of
the bedded sodium carbonate samples was much higher than those of the dark-
colored samples (Fig. 12E).

SiO2 and Al203 are the main major chemical compositions of quartz and
other aluminosilicate minerals such as feldspar and clay minerals. The SiO2
and Al2O3 contents of the dark-colored samples were much higher than those
of the bedded sodium carbonate samples (Fig. 12F-G).

5.2. Correlations and significance of major elements

The correlation between the sum of Mg and Ca and the LOI (loss on ignition)
is shown in Fig. 13A. This figure shows that the dark-colored sample points fall
on a nearly straight line with a positive slope, whereas the bedded sodium
carbonate sample points fall on a nearly straight line with a negative slope. Thus,

the contributors to the LOI of the dark-colored samples were calcium-



magnesium carbonates (shortite and northupite), and the contributors to the
LOI of the sodium carbonate samples were wegscheiderite, trona, nahcolote
(nahcolite only exist in some of the sodium carbonate samples, while
wegscheiderite and trona dominate in most of the sodium carbonate samples).

The correlation between Na and LOI is shown in Fig. 13B. Both the dark-
colored sample points and the bedded sodium carbonate sample points lie on
a nearly straight line with a positive slope. Na represent all the Na-rich minerals
in this study core section, including wegscheiderite, trona, hahcolite, shortite,
northupite.

The correlation between Na/(Mg+Ca) and LOI is shown in Fig. 13C. The
Na/(Mg+Ca) ratios of the dark-colored lithology samples were constant,
whereas the bedded sodium carbonate sample points fell on a nearly straight
line with a positive slope. The correlations indicate that, in the tuffs/tuffaceous
rocks, there are calcium-sodium carbonates (shortite) and magnesium
carbonates (northupite) with a few pure sodium carbonates in the dark-colored
samples. The Na/(Mg+Ca) ratios of the bedded sodium carbonate samples
greatly differed. Certain sodium carbonate sample points had low Na/(Mg+Ca)
ratios and LOI, which indicates that calcium carbonates or magnesium
carbonates occurred with sodium carbonates in the sodium carbonate samples.
Points with high Na/(Mg+Ca) ratios and LOI represent relatively pure sodium

carbonates.



The correlation between Na and Al is shown in Fig. 13D. Both the dark-
colored lithology sample and sodium carbonate sample points had negative
correlations, which indicate that the amount of carbonates decreased as the
aluminum silicate content increased. The aluminosilicate minerals may have
been mainly altered pseudomorphs of tephra that were transported to the lake
by surrounding inflows.

The correlation between Al and the sum of Mg and Ca is shown in Fig. 13E.
The sodium carbonate sample points had no pattern, which shows that no
obvious connection existed between the two variables. The majority of the dark-
colored sample points fell on a nearly a straight line with a negative slope, which
shows that the sum of Mg and Ca decreased as the Al content increased. Only
one outlier data point (from 4072 m depth core sample) does not follow this
trend, perhaps because this samples represents a transition between tuff
sample and bedded sodium carbonate. Additionally, this particular sample had
a high Si content and low Al content, which caused it to deviate from the trend
line.

5.3. Carbon and oxygen isotopes and paleoclimate evolution

Isotopic analyses can identify the mechanisms that cause the
accumulation of carbonates in lake sediments, which can facilitate
reconstruction of paleoclimate. The '3C (VPDB), 580 (VPDB), and calculated

salinity values of the sedimentary water are shown in Table 2. Authigenic



carbonates are predominant in some lacustrine systems (Anadoén et al., 2009;
Candy et al., 2015), and these authigenic carbonates may record information
related to paleoclimate variations. Carbon isotope compositions are influenced
by different carbon sources (Boguckyj et al., 2006). Isotopic compositions of the
surrounding hydrological systems, and the exchange of CO:2 between
sedimentary water and the atmosphere is also important (Zhu et al., 2013).
Stable oxygen isotope compositions are commonly used in paleoclimate
research. Evaporation and temperature are two important factors related to
oxygen isotopes. In arid climates, **O evaporates more easily than 20O, and
surface water undergoing evapoconcentration has high 520 values (Garcés et
al., 1995; Andrews et al., 1997; Fan et al., 2014; Jian et al., 2014). In addition,
00 compositions have a positive relationship with temperatures (Chen and
Wang, 2004), and thus the oxygen-isotope compositions can also reflect the
temperature. Horton et al. (2016) integrated multiple large datasets and found
that evaporation causes the heavy carbon and oxygen isotope enrichments that
are observed in most saline lakes records. The temperature and salinity of lake
waters are the two main factors for the carbon and oxygen isotope compositions
of lacustrine carbonates (Keith and Weber, 1964). Burial depth, later diagenesis,
leaching and dissolution of minerals through atmospheric precipitation can also
influence the 6 13C and & 80 values (Keith and Weber, 1964; Lu et al., 2015).

The &3C values in the core section ranged from a minimum of 1.9%. (PDB)



to a maximum of 4.1%0(PDB) with an average of 2.87%.(PDB), which fits the
distribution range of modern authigenic carbonates precipitating from lacustrine
brines. The 33C values in lacustrine evaporites are usually higher than those
of marine limestone (Table 2 and Figs. 14 and 15A). The &0 values ranged
from -2.8%o to 4.2%0 with an average of 1.13%o. (Table 2 and Figs. 14 and 15B).
The 33C and 380 measured from authigenic carbonate minerals in the studied
core section have a positive correlation (Fig. 14). In Fig. 14, it was observed
that the content of carbonate minerals has a positive correlation with the 380
values. Samples with low 880 values have a low content of carbonate minerals,
whereas samples with moderate 5'80 values contain abundant shortite, and
samples with high 580 values are composed by nearly pure sodium carbonate
minerals (Fig. 15B).

The salinity index Z is an indicator of the salinity of sedimentary water. The
Z-value can be obtained using the equation Z = 2.048 x (33C + 50) + 0.498 x
(30 + 50), and a Z-value of 120 is an important indicator for distinguishing
marine limestones (Keith and Weber, 1964). In this study, the Z-value ranged
from a minimum of 130 to a maximum of 136 with an average of 133.65, which
was much higher than the boundary value of 120 (Table 2 and Fig. 15C). The
salinities that were calculated from 380 were obtained using the equation S =
(080+21.2)/0.61 (Lu et al., 2012), and the results were also much higher than

that of seawater (Table 2 and Fig. 15D).



The 33C and 880 values frequently reflect variations in the paleoclimate
and basin hydrogeological characteristics. First, high 3°C and 380 values
indicate carbon and oxygen compositions of typical evaporate carbonates,
according to the statistical data for modern and ancient carbonates sediments
and rocks (Zhang, 1985). The oxygen isotope compositions have positive
correlations with the temperatures, and variations of 380 values can indicate
variations in paleotemperatures (Chen and Wang, 2004). Second, the
correlation between carbon and oxygen compositions can indicate a
hydrologically closed or open basin. Positive correlation between carbon and
oxygen compositions indicates a hydrologically closed basin, whereas no
correlation indicates a hydrologically open basin (Li and Ku, 1997; Liu et al.,
2001). The positive correlation between carbon and oxygen isotope
compositions indicate the presence of hydrologically closed depositional
environments when this sodium carbonate-bearing succession was deposited.
Finally, the salinity index Z and calculated salinities are quantitative parameters
for evaluating the salinities of ancient lake water (Peng and Sun, 1996). The
high Z-values and calculated salinities of these samples indicated high salinities,
and their variations indicated paleosalinity variations.

5.4. Rare earth elements and implications for sedimentary processes
5.4.1. REEs in the bedded sodium carbonate samples

The REE concentrations from the studied core sections are listed in Table



3, and their vertical content variations are shown in Fig. 16. The UCC-
normalized patterns are illustrated in Figs. 17 and 18 (the values of UCC are
after McLennan, 2001).

The total REE abundances in the bedded sodium carbonate samples were
low (Fig. 16A), and the abundances of LREEs were relatively higher than those
of HREEs. The absolute contents of certain elements were occasionally close
to zero. The sum of the LREESs in the soda samples and the ratio of LREES to
HREEs are shown in Fig. 16B-D. REE occurred as insertions in the mineral
lattices, in the adsorbed state by clay minerals, and as complex compounds in
solutions. The clay minerals prefer to adsorb LREESs rather than the HREESs
(Nath et al., 1992; Jiang et al., 1997; Tian and Zhang, 2015). The sodium
carbonate samples are rich in LREEs because few clay minerals occurred at
the surface of sodium carbonate crystals and adsorbed LREES. However, these
sodium carbonate samples had low REE sums and showed heavy depletion in
both  LREEs and HREEs. The depletion of REE indicates that few
aluminosilicate minerals (clay minerals and mineral debris) were transported
into the sedimentary water when the pure sodium carbonate layer precipitated.

The UCC-normalized values were calculated by the equation: (X/Al)
measure /(X/Al) UCC, where X is the concentration of a given REE, and UCC
is average upper continental crust (McLennan, 2001). The UCC-normalized

patterns of the sodium carbonate samples are shown in Fig. 17. Generally, the



curves for the sodium carbonate samples are right-inclined, which display
LREESs enrichments compared to HREEs. Some normalized values of REES (in
bedded sodium carbonate samples from 4069.5 m, 4070 m, 4071 m, 4071.5 m,
4071.9 m depths are low and show progressive depletion in REEs from La to
Tm. From the representative sample pictures and UCC-normalized pattern of
sodium carbonate samples, it can be seen that the depletion degree
corresponds to the purity of the sample. Pure bedded sodium carbonate
samples exhibited heavier depletion than samples that were mixed with
volcanic tuff. Selected bedded sodium carbonate samples (from 4069.5 m,
4070.5 m, 4071.5 m, and 4071.9 m depths in Table 3) showed an Eu negative
anomaly. The value of dEu ranged from 0.28 to 1.23, whereas most of the
relatively pure soda samples show 6Eu < 1, and only one sample exhibited
OEu > 1 because of mixture with tuffaceous components. Additionally, most of
the sodium carbonate samples (4069.5 m, 4070.5 m, 4071.5 m, and 4071.9 m
in Table 3) showed a Ce negative anomaly, which has a feature similar to that
of Eu. The characteristics of the Ce and Eu negative anomaly indicate oxidizing
depositional environments.
5.4.2. REEs in the dark-colored samples

The total REE abundances in the dark-colored samples were relatively
high (Fig. 16A), and both HREEs and LREEs were much more abundant than

in the sodium carbonate samples (Fig. 16B-C). The LREE/HREE ratios of the



dark-colored samples were relatively lower than those of the sodium carbonate
samples (Fig. 16D). Shortite and northupite were the main carbonates in these
samples, and the content was the main factor that influenced the enrichment
degree of the REEs. The sum of the REEs decreased as the amount of these
Ca-Mg-Na carbonate increased. The REEs were primarily controlled by the
contents of tuff and/or tuffaceous components and reflect the sediments that
were transported into the basin by the air falling or surrounding inflows.

The UCC-normalized patterns of the dark-colored samples are shown in
Fig. 18. Generally, the curves for dark-colored samples are left-inclined, which
display HREEs enrichments compared to LREEs. The slopes of the curves for
the dark-colored samples are gentle. Some normalized values of REEs are
somewhat lower than 1 (especially in samples from 4071.4m and 4072.5m
depths). These tuff samples show progressive depletion in REEs from La to
Er. From the representative sample pictures and UCC-normalized pattern of
dark-colored samples, we can see that the depletion degree corresponds to the
content of evaporite minerals in these samples. Samples with high evaporite
minerals contents exhibited less REEs than those samples with few evaporite
minerals.

Most of the tuff/tuffaceous samples showed an Eu positive anomaly (Table
3). The value of 8Eu ranged from 1.05 to 1.4, whereas most of tuff/tuffaceous

samples showed obvious dEu > 1 values, and only one sample had an dEu



value of 0.98 (4069 m), which is quite close to 1. The Eu positive anomaly was
caused by the high content of plagioclase (products of volcanic ash alteration)
in the tuff/tuffaceous samples, which was consistent with the characteristics
observed under the microscope. Additionally, most of the tuff/tuffaceous
samples showed the Ce negative anomaly, which has features similar to that of
the bedded sodium carbonate samples. The characteristics of the Ce negative
anomaly may indicate oxidizing depositional environments.
6. Discussion
6.1. Brine evolution and carbonate precipitation
6.1.1. Brine evolution

In the continental environments, sedimentary water is sensitive to climate
variations, tectonic background, hydrological characteristics and other factors.
Chemical sediments are deposited in continental environments from surface
brines, especially when in a dry climate in hydrologically-closed tectonic basins
(Eugster, 1980). Seawater and most continental brines have different water
chemistry. The variability of continental brines creates different types of
evaporites. The mineralogy of continental evaporites is usually complex, and
carbonates, sulfates, and halides are common minerals in both beds
precipitated from surface brines and in early diagenetic minerals precipitated in
the shallow subsurface from groundwater brines (Eugster and Surdam, 1973;

Ayrton, 1974; Jones et al.,, 1977; Risacher et al., 2003; Wang et al., 2003;



Lépez-Garcia et al., 2005; Legler et al., 2011; Abdel Wahed et al., 2014).

The evolution of brine results in water geochemistry changes and, as a
result, changes in types of evaporite minerals in continental environments.
When brine has abundant bicarbonate, it typically precipitates carbonate
minerals. Depending upon the starting water composition, the precipitation
sequence may start with Ca- and Mg-rich carbonates, such as calcite and
magnesium, to Na-rich carbonates, such as nahcolite and trona (Eugster, 1966,
1980; Hardie and Eugster, 1970; Eugster and Surdam, 1973; Jones et al.,
1977). Many modern alkali lakes contain this type of brine, such as Lake
Bogoria (Owen et al., 2008; McCall, 2010) and Lake Magadi in Kenya (Eugster,
1967; Jones et al., 1977; Simiyu and Randy, 1998), Lake Natron in Tanzania
(Torre et al., 2008; Neukirchen et al., 2010; Tebbs et al., 2013), and Searles
Lake in California (Horita, 1990). Representative ancient alkali lakes include the
Eocene-age lacustrine Green River Formation in the Green River Basin
(Southwest Wyoming, USA) (Milton and Fahey, 1960; Mannion, 1969; Milton,
1971, Birnbaum and Radlick, 1982; Dyni et al., 1995; Mason, 2007; Jagniecki,
2014; Smith et al., 2015a, 2015b; Smith and Carroll, 2015) and the Paleogene
Hetaoyuan Formation (Biyang Depression, China) (Yang et al., 2015).

In alkaline parent brines, the total carbonate (HCO3z+COs%) may be greater
than the sum of Ca?* and Mg?*. When such water evaporates, calcite and

dolomite precipitate first and Ca?* and Mg?" may be removed until these



elements became depleted. If the brine is enriched in Na*, sodium carbonate
minerals may precipitate (Eugster, 1980; Jagniecki, 2014). The brine evolution
path can explain the carbonate evaporation in the Early Permian Mahu Sag in
China’s Junggar Basin. Afew other evaporite minerals, such as gypsum (sulfate)
and halite, were observed under the optical microscope. However, there was
no gypsum or halite in the core section. Carbonates include calcite, dolomite,
ankerite, shortite, northupite, wegscheiderite, trona and nahcolite in the
Fengcheng Formation, whereas shortite, northupite, wegscheiderite, trona and
nahcolite occurred in the study core section. There is no calcite or dolomite in
the core section, which are abundant in core sections that represent the
depositional environments of shallow lake margins. Shortite, northupite,
wegscheiderite, and trona were the main evaporite minerals in the core section.
Na-carbonates represent a high stage of brine evolution.
6.1.2. Calcium-magnesium carbonate precipitation

Calcium-magnesium carbonates (calcite and dolomite) precipitated during
the early salinization stage, and are extensive in the core. Calcite and dolomite
were the dominant minerals in the Fengcheng Formation and constitute the
major rock-forming minerals together with quartz, feldspar, pyrite, and clay
minerals, similar to the Green River Formation (Milton and Fahey, 1960). Thus,
in this work, we do not emphasize this type of carbonate, which represents low-

salinity waters. Wegscheiderite, trona, shortite, and northupite were the main



carbonates, and in some sodium carbonate layers, nahcolite can be identified
by XRD results occurring together with wegscheiderite and trona in the sodium
carbonate-bearing Fengcheng Formation in the Mahu Sag, although the
contents of wegscheiderite and trona are overwhelmingly larger than nahcolite
in this core section. Other evaporite minerals (e.g., gypsum and halite) were
negligible compared to the abundances of above carbonates.
6.1.3. Transitional carbonate precipitation

Shortite and northupite are transitional carbonates in the core section, and
occurred as both primary crystallization features and interstitial, diagenetic
precipitation, forming cements that crystallized from shallow groundwater.

Shortite was first described by Fahey from saline dolomitic marls in the
Green River Formation in Wyoming (Fahey, 1939). Its crystal structure was
discussed by Dickens (Dickens et al., 1971). Shortite is a rare carbonate
mineral that is found in ancient alkaline saline lake deposits and is another
important resource of sodium carbonate (Dyni et al., 1995). Shortite can also
precipitate from kimberlite magma at low temperatures (Watkinson and Chao,
1973). Because it is uncommon, a limited number of references discuss this
special evaporate mineral. The Eocene Green River Formation in Wyoming
(USA) has a similar sedimentary background, and previous studies show that
most shortites are of diagenetic genesis (Jagniecki et al., 2015). The Green

River Formation shortite exists as: (1) displacive crystals; (2) pseudomorphs



after Na-Ca-carbonates such as gaylussite or pirssonite; and (3) vein-and
fracture-filling cement crystals (Jagniecki et al., 2015). An experimental study
showed that shortite forms at temperatures >55 °C and has thermal stability at
even lower temperatures (Jagniecki et al., 2013).

The shortite in the core section can be classified as two occurrences: (1)
well-crystallized shortite and (2) weakly crystallized shortite. Some well-
crystallized shortite crystals have straight crystal edges and relatively good
optical features under the microscope (Fig. 8D-F). Some other shortite crystals
show good optical features, but they have irregular crystal shapes (shortite
nodules in the lower part of the thin-section in Fig. 7). According to the
occurrence of shortite crystals in the host rock, the shortite crystallized before
or simultaneously with tuff deposition. Additionally, they commonly occurred in
the tuffs that are close to the bedded sodium carbonates, but not in tuffaceous
rocks or siliciclastic-bearing tuffaceous rocks, which represent the existence of
inflows into the brine pool. As a result, they may crystallize out of a Ca-Na-CO3z*
saturated brine as pure evaporite minerals. According to a previous
experimental study of shortite (Jagniecki et al., 2015), this type of well-
crystallized shortite must be a pseudomorph of gaylussite or pissonite. The
gaylussite or pissonite converted to shortite as burial depths and temperatures
increased.

The other type of shortite observed in the core section was weakly



crystallized and occurred as cement (Figs. 9A-C, 11D-E) and vein fill (Fig. 9).
This displacive shortite reflects the salinity and chemistry of past shallow
groundwater that existed in the depositional environment during the Permian.
The shortite content varied vertically and was disseminated in the dark-colored
lithology layers, which could indicate that the depth of the groundwater table
fluctuated, that the local climatic aridity varied through time, and/or that
groundwater chemistry or salinity changed through time.

In contrast to shortite in the core section, northupite has following
characteristics: (1) Northupite may occur in the bedded sodium carbonates. (2)
Northupite occurred near the bedded sodium carbonates, and few northupite
crystals occurred in the dark-colored lithological layer that is far from the bedded
sodium carbonates. The similarity between the shortite and northupite is that
they can precipitate from the brine pool simultaneously and can coexist in the
same dark-colored lithological layer before the precipitation of bedded sodium
carbonates. They diagenetically precipitated in shallow groundwater as
interstitial cements after the deposition of ashes, sands, or silts, but before
compaction (Fig. 19A-C).

Based on the XRD and micro-XRF analyses, in some sodium carbonate
samples, only Na-carbonates exist, whereas some samples include well-
crystallized northupite (Fig. 5D, F) without shortite in the bedded sodium

carbonates. The northupite crystallized in tandem with wegscheiderite and/or



trona, without Na-Ca carbonate or shortite, indicating that Ca was exhausted
completely in the Na-Mg-COs?-Cl or Na-CO3?* saturated brine pool. The
abundance of Cl in the brine is much lower than CO3? and little halite can form
with the brine concentration. Thus, there are no bedded or obvious halite
crystals that exist alongside sodium carbonates.

Well-crystallized northupite can occur together with well-crystallized
shortite in the transitional zone between bedded sodium carbonate units and
dark-colored tuff/tuffaceous units. Both have relatively good optical
characteristics under the optical microscope (Fig. 6B-D, Fig. 7), which indicates
that the brines were saturated with northupite and shortite and they precipitated
together.

Some northupite occurred as displacive crystals (Fig. 5E, Fig. 10), which
are diagenetic minerals that formed in shallow groundwater, similar to weakly
crystallized shortite. Diagenetic northupite occurred as cements of fine-grained
tuff, tuffaceous sands or silt particles, and cut through tuffaceous lamina (Fig.
10), indicating that they formed in shallow groundwater before compaction of
the aluminosilicate particles. Compared to replacive shortite, the samples
containing northupite are much closer to the bedded sodium carbonates, which
match the COs? - HCOs -rich brine evolution stages. That is, the saturation of
northupite occurred much later than that of shortite. As a result, the northupite

occurred much closer to or within the bedded sodium carbonates. There is no



shortite in the bedded sodium carbonates, and shortite dominated the dark-
colored lithological layer that is far from the bedded sodium carbonate layer.
For the same reason, the displacive northupite existed in the dark-colored
lithological layer that is much closer than the displacive shortite, which formed
in the shallow groundwater.
6.1.4. Bedded sodium carbonate precipitation

The bedded sodium carbonates mainly include wegscheiderite, trona, and
nahcolite, which can be identified in some sodium carbonate samples. Most of
the sodium carbonates occurred as upward-growing crystalline aggregates,
with a shrub-like appearance, on the tuff/tuffaceous substrates (Fig. 19D-E).
Their occurrences demonstrated that they precipitated as bottom-growth
crystals in a quiet brine pool and were not destroyed by inflows. The brines
contained much more bicarbonate than the sum of Ca?* and Mg?.
Wegscheiderite, trona, and nahcolite, and sometimes northupite, precipitated
and remained stable in the Na*- CO3?- HCOz3- CI- brines. The types of sodium
carbonates and their coexistences were controlled by the environments,
especially atmospheric PCO2 and atmospheric temperature.
6.2. Implications for Permian atmospheric CO2

The presence of nahcolite in the Fengcheng Formation strongly suggests
that atmospheric CO2 was high during time of deposition. Eugster (1966)

demonstrated the relationship among the sodium carbonate minerals natron,



trona, and nahcolite at various temperatures and pCO2. More recently,
Jagniecki et al. (2015) refined the stability field boundaries for these minerals.
More specifically, they showed that nahcolite forms under atmospheric
composition with at least 840 ppm CO2. Nahcolite can form at a temperature
range from at least O - 60°C. Trona precipitates at temperatures greater than
19.5 °C. There is no natron that can be identified in the thirteen sodium
carbonate samples from the core section. The coexistence of nahcolite and
trona in the same beds can be used to limit the lowest atmospheric PCO:2 and
temperature (see Jagniecki at al., 2015 for stability field diagram). Additionally,
Jagniecki et al. (2015) used the homogenization temperatures of the primary
inclusions in halite that coexisted with bedded sodium carbonates to determine
an accurate range of atmospheric PCO2 during the Eocene. However, few halite
crystals were identified and no vapor-liquid inclusions were found in the core
section. As a result, it was difficult to determine exact temperatures and a range
of atmospheric PCOz2. Even so, the presence of nahcolite and trona, but no
natron, in the same beds strongly suggests an atmospheric composition with at
least 840 ppm CO:2 and temperatures of at least 19.5 °C.
6.3. Volcanic influences on the chemical compositions of brine

The rocks are composed of siliciclastic sediment and volcanic ash that
were transported by water, or deposited directly from the atmosphere into lakes

of the Mahu Sag and chemical sediments and early diagenetic minerals that



precipitated from the lake water and shallow groundwater, respectively. A key
research goal of this study is to understand the factors that controlled the
chemical compositions of the brines. The Carboniferous volcanic rocks around
the Mahu Sag were rich in Ca and Na compared with those in other districts of
the Junggar Basin (Zhang et al., 2011; Li et al., 2015a, 2015b, 2015c). The K
content in the Carboniferous volcanic rocks was much lower than the Na and
Ca contents (Yang et al., 2012; Gao et al., 2014). The chemical weathering of
volcanic rocks around the Mahu Sag likely supplied abundant solutes such as
Na*, Mg?*, and Ca?*. Meteoric water with carbonic acid may have promoted
these low-temperature chemical weathering reactions. Hydrolysis of the tuff in
alkaline water also would have delivered abundant solutes. In this region during
this time, volcanic activity occurred along nearby plate boundaries, and volcanic
arcs and island arcs developed (Xiao et al., 2008; Pirajno et al., 2011; Xu et al.,
2013; Yin et al., 2013; Zhan et al., 2014; Choulet et al., 2015; Li et al., 2015a,
2015b, 2015c). We interpret that volcanic influences were the main controlling
factor on the chemical compositions and evolutionary directions of the brines,
which resulted in the bedded sodium carbonate minerals and the early
diagenetic shortite and northupite.

Volcanism may have had a profound and lasting influence on the brine
chemistry that precipitated the carbonates. Pyroclasts and pyrite were found in

the fine-grained tuff/tuffaceous layers. Few clay minerals were found in the



tuff/tuffaceous layers (Figs. 8 and 9), which may suggest that the dominant fine-
grained sediments originated from volcanic eruptions, and not from weathering
of rocks. Some chlorite (rich in Fe and Mg) occurred in the shortite crystals (Fig.
8D, F), which can be recognized authigenic clay minerals that originated from
the alteration of volcanic sediments. An alternate explanation is that the clays
are diagenetic precipitates in the tuffs. An arid climate with little chemical
weathering of feldspar may also result in rare clay.

Other mineralogical evidence of the influence of volcanic eruptions is the
abundant reedmergnerite. Reedmergnerite (NaBSiszOs) is a boron analogue of
albite (NaAlSisOs), in which Al was replaced by B, and reedmergnerite crystals
are much more stable than albite crystals in brines with high pH values (Phillips,
et al., 1974; Downs, et al.,1999). Some fine-grained silicate minerals are easily
dissolved in water with high pH values (Mason, 1980; Silber et al., 1999). The
element boron will form the authigenic mineral reedmergnerite before Al in the
B, Si, and Na-rich brine and will remain stable in an alkaline brine. Unusual
abundances of the element B are commonly recognized as related to a volcanic
genesis (Kopf and Deyhle, 2002; Leeman et al., 2005).

The REEs also suggest that volcanic eruptions influenced the water and
sediment geochemistry. The REE abundance is positively correlated with the
content of clay minerals in the rocks (Chen and Wang, 2004). Some samples

showed depletion in REEs corresponding to UCC (Figs. 17 and 18), for which



the sum of REE was notably low (Fig. 16), indicating a low clay mineral content.

The negative Ce anomaly may be interpreted as the result of arid and
oxidizing depositional environments. The positive Eu anomaly in the dark-
colored tuff/tuffaceous samples may have been caused by an abundance of
anorthosite in the tuffs/tuffaceous rocks.
6.4. Magmatic hydrothermal influences on brine compositions

Based on the mineralogical characterization and geochemical analysis of
the bedded sodium carbonates section, it is recognized that the brine was rich
in Na, Si, B and other metal ions. The solutes have multiple sources: chemical
weathering products, hydrolysis of ashes, and solutes in magmatic
hydrothermal waters in or around (hot springs), where the brine pool cannot be
excluded. Although it difficult to distinguish different sources of solutes after
they are mixed in the brine pool, we can still recognize the existence of
magmatic hydrothermal activity, which has an important influence on the
formation of authigenic minerals. (1) Hot springs occur in or around modern
alkaline lakes in east Africa, and provide abundant Na in solutes (Owen et al.,
2008; McCall, 2010). The analogy of modern alkaline lakes and the ancient
Mahu lake suggest that the deposition of the core section cannot excluded
hydrothermal influences. (2) The high content of metal elements (e.g., Fe (Fig.
7G), Mg (Fig. 7B-C), and the element B) may be provided by filtering underlying

volcanic debris by magmatic hydrothermal circulation. (3) Some special



minerals, such as cordierite ((Mg, Fe)2Al3(AlSisO1s)), barite (BaSO4) and talc
(Mg3(SisO10) (OH)2), can be identified in the alternating dark-colored
tuff/tuffaceous layers in the studied core section or other nearby wells. They
can indicate the existence of magmatic hydrothermal fluids.

6.5. Control factors of depositional cycles

There are two factors that can stop the upward-growth of the well-
crystallized sodium carbonates: (1) volcanic eruptions and (2) climatic changes.
They jointly controlled the formation of depositional cycles in the core section.
6.5.1. Volcanic eruptions stop the growth of sodium carbonates

The nearby volcanic eruptions formed abundant ashes, and their ash-fall
deposits can stop the up-growth of sodium carbonates, even in arid climates
where the brine was saturated with wegscheiderite, trona, and nahcolite, and
sometimes northupite. The ashes falling from the air cover the growing sodium
carbonates and formed tuff seams in the bedded sodium carbonates.

The dark-colored lithological units formed by volcanic eruptions mainly
consist of tuffs and have thin sedimentary thicknesses. These units occurred in
the bedded sodium carbonates as seams (Fig. 5B-E, Fig. 19D). The tuff seams
may be discontinuous, and the thicknesses varied laterally because the tops of
the sodium carbonate units are uneven. The diagenetic carbonates in the tuff
seams are dominated by northupite, which also indicated that the tuff seams

formed in arid climates when there were brines with high salinity (Fig. 5D-E).



The tuffs can also occur as continuous layers if the volcanic eruptions lasted for
a long time and provided abundant ash. This type of dark-colored lithological
unit usually has a relatively thin sedimentary thickness and alternates frequently
with bedded sodium carbonates. The tuff layers are mainly located in the lower
part of the core section (approximately 4068-4073.5 m in the lithologic column
in Fig. 2 and the approximate depth ranges in the scanning images in Fig. 3),
where they alternated frequently with sodium carbonate layers. Few siliciclastic
sediments occurred in the lower part of the core section, and the salinity index
Z values do not show an obvious decrease (Fig. 15C-D), which indicate that the
alternations of tuff layers and bedded sodium carbonates are mainly caused by
volcanic eruptions, not by climatic variations, although the climate may have
fluctuated at relatively low amplitudes.
6.5.2. Climate controls on the origin of sodium carbonate rhythms

Climate change is another important factor that could stop the growth of
sodium carbonates. During climate change from arid to humid, more inflows
diluted the brine, which made the brine less-saturated with wegscheiderite,
trona, nahcolite, and sometimes northupite. Additionally, more tuffaceous
sediments and siliciclastic sediments were transported into the brine pool,
which inhibit the precipitation of sodium carbonates.

In the studied core section (well FN-5, 4065-4072.28 m), alternating

bedded sodium carbonates and dark-colored lithological units are well-matched



with climate indices including 8'3C, 880, and Z-values (Fig. 15). Especially in
the upper part of the core section (approximately 4066.5 — 4068 m in the
lithologic column), the 8'3C, 580, and Z-values show an obvious decrease and
there is no bedded sodium carbonate in the upper part of the core section (Fig.
15). Additionally, the siliciclastic sediments mainly occurred in upper part of the
core section, which indicate the deposition by turbidity currents during floods
and correspond to the stage of low-salinity brine (Fig. 11).

Another type of lithology that was deposited by inflows that correspond to
climate variations is fine-grained tuffaceous rocks (reworked volcaniclastics).
The sedimentary structures of these dark-colored, redeposited tuffaceous
layers viewed under the microscope showed excellent continuous laminae (Fig.
9), which were the result of mechanical deposition by surrounding inflows. This
mechanism is similar to that which occurs in modern Lake Natron, where
volcanic ash falls onto the surrounding land, and inflow water transports the
material into the closed lake (Tebbs et al., 2013; Diez-Martin et al., 2014).

The fine-grained tuffaceous sediments originate primarily from volcanic
ashes, which have different characteristics than the fined-grained terrigenous
clastics (e.g., sandstones, siltstones, and muddy siltstones). Few clay minerals
occurred in the tuffaceous layers. If the sediments of these dark-colored layers
are primarily weathering products of surrounding volcanic rocks, feldspar

alterations should supply a significant amount of clay minerals. As a result, the



reworked, fine-grained, tuffaceous sediments in the dark-colored lithological
layers did not have long transport distances and did not have sufficient time to
decay into clay minerals. The deposition of siliciclastic sediments and reworked
tuffaceous sediments all reflect inflows into the brine pool to dilute the brine,
and a climate that was much more humid than when tuffaceous sediments were
deposited.

In summary, during humid climate stages, water entered the basin and
resupplied the lake waters with calcium and magnesium during flooding events.
Shortite or northupite precipitated from the shortite- or northupite-saturated
shallow groundwater, which was not sodium carbonate-saturated (Fig. 19A-C).
During arid climate stages, sodium carbonates crystallized and grew upward
such as shrubs from a hypersaline lake at the briny bottom (Fig. 19D-E).
Periodic influxes of fresh water into the lake system during humid climates and
volcanic eruptions during arid climates jointly controlled the formation of
alternation of light-colored sodium carbonate layers and dark-colored
tuff/tuffaceous/siliciclastic layers.

7. Conclusions

The Fengcheng Formation in the Mahu Sag represents deposition in an
alkaline evaporite lake and evaporite minerals dominated by sodium
carbonates (wegscheiderite and trona), shortite, and northupite during the high

concentration stage of the brine. Bedded sodium carbonates grew upward at



the bottom of the brine. Northupite can coexist with wegscheiderite and trona
in the bedded sodium carbonate layers, while shortite cannot coexist in the
bedded sodium carbonates. Most of the shortite and northupite precipitated
diagenetically from shallow groundwater during penecontemporaneous stages
and before compaction and lithification of the dark-colored lithological layers.
The sodium carbonates coexistences indicate an atmospheric composition of
at least 840 ppm CO:2 and temperatures of at least 19.5 °C.

The chemical weathering of Carboniferous volcanic bedrock, the hydrolysis
of tuff, and volcanic-magmatic hydrothermal fluids supplied solutes. The total
carbonate (HCOs+CQO3%) was greater than the sum of Ca?* and Mg?*, and Na*
combined with excess HCOs + COs?, resulting in the precipitation of sodium
carbonates. Volcanic eruptions and climate changes jointly controlled the
formation of depositional cycles in a hydrologically closed basin. The air fall of
ashes from volcanic eruptions can inhibit the upward growth of sodium
carbonates in arid climates. Dilution by inflows can also stop the upward growth
of the sodium carbonates in humid climates. Climate fluctuations controlled
expansions and contractions of the lake and inflows from around the Mahu Sag.
In a relatively moist climate, inflows can transport reworked tuffaceous
sediments or siliciclastic sediments into the brine pool, causing siliciclastic and
tuffaceous deposition. Periodic influxes of new water into the lake system in

humid climates, volcanic eruptions in arid climates, and the growth of sodium



carbonates in the brine in arid climates and volcanic quiescence eventually
formed, alternating sodium carbonate layers and dark-colored lithological layers.
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Figure and table captions

Fig. 1 Location of the Junggar basin and its nearby regions (A) (modified after
(Jia et al., 2017); main wells and faults in the Mahu Sag in the Junggar Basin
(B); and NNE-SSW structural profile across the Mahu sag in the northwestern
Junggar Basin (C) (structural profile modified after (Zhu et al., 2012). The study
area lies in the northwestern Junggar Basin and is a typical foreland basin
controlled by NNE-SSW thrust faults. The main wells are located along the
western margin of the Mahu Sag. The direction of the structural profile is shown
in Fig. 1B.

Fig. 2 Stratigraphic column in the western Junggar Basin (modified after (Cao
et al., 2005; Xiao et al., 2014; Ma et al., 2015) and the sample depths in the
study core. (A) Stratigraphic column in the western Junggar Basin and main
depositional environments from the Carboniferous to Quaternary. During the
Early Permian, the Mahu Sag changed from a sea to a closed shallow lake near
the sea. The depositional environments changed from a shallow seafloor facies
during the Carboniferous to a semi-closed freshening lacustrine facies during
the Early Permian, a fan-delta facies during the Late Permian, and a fluvial-
lacustrine facies during the Mesozoic. (B) Stratigraphy column of the
Fengcheng Formation of Well FN-5 and sketch map of the study core section.

The study core section was located in the 2" member of the Fengcheng



Formation, and 20 samples were selected from the 7.28-m long core section.

Fig. 3 Scanned images of the studied core and a geological sketch map of the
relationships among the shortite, northupite, sodium carbonates, and dark-
colored fine-grained matrix (tuff, tuffaceous rocks, siliciclastic sediment-bearing
rocks). Bedded light-colored sodium carbonate layers frequently alternated with
dark-colored lithological layers. Shortite or/and northupite in the dark-colored
lithological layers occurred as white bands, dots, and tadpole-shaped features.
Sodium carbonates in the light-colored, bedded sodium carbonate layers
occurred as bedded layers in which the directions of crystal growth are visible.
Fig. 4 The XRD results and lithological characteristics of a sodium carbonate
sample with wegscheiderite, trona and nahcolite, and no northupite (FN-5,
4066.2 m). (A) The XRD result of the sodium carbonate sample. The
wegscheiderite and trona have high diffraction intensities and are easily
recognized, whereas the content of nahcolite is relatively low, but it is still
recognizable. (B) The hand sample for thin-section and XRD analysis.
Impurities exist and appear as nontransparent. The yellow square is the
location of thin-section in C. (C) The general characteristics of the thin-section.
The sodium carbonates are well-crystallized, and a tuff seam exists between
two crystals. Cross-polarized light. (D) Characteristics of the boundary of two
sodium carbonate crystals. (E) Well-crystallized sodium carbonates with

cleavage. Plane-polarized light.



Fig. 5 The XRD results and lithological characteristics of a sodium carbonate
sample with wegscheiderite, trona and northupite, and no nahcolite (FN-5,
4069.5 m). (A) The diffraction pattern of the sample. Wegscheiderite, trona, and
northupite are recognized by the diffraction patterns. Compared to the sodium
carbonate sample in Fig. 4, northupite is recognized. (B) Characteristics of the
hand sample. The sodium carbonates are white-colored, and a dark-colored tuff
seam developed. The yellow square is the location of the thin-section, and the
red circles are the locations of samples for XRD analyses, which were drilled
using a small engraving drill. | was going to detect the powders from these two
holes as two samples. However, the abundance is not enough to perform this
analysis. As a result, I mixed the powders from these two holes. (C) The general
characteristics of the parallel thin-section. The bedded sodium carbonates are
well-crystallized, and a tuff seam developed but vanished to the right-hand side
of the thin-section. Light-colored diagenetic minerals occurred in the dark-
colored tuff seam. (D) The micro-XRF image of the thin section with no cover
slip in Fig. 5C. Mg-Na-Cl carbonate and northupite crystallized together with
sodium carbonates, wegscheiderite and trona in the lower part of the thin
section. Northupite can also be identified by the elements Mg, Na, and CI. There
is no nahcolite in the sample. (E) Characteristics of the tuff seam and diagenetic
northupite under the optical microscope. Plane-polarized light. Northupite

occurred as diagenetic minerals that precipitated in the unconsolidated tuff. (F)



Characteristics of northupite and sodium carbonates under the microscope.
Plane-polarized light. There are more cleavage cracks in wegscheiderite and/or
trona than in northupite.

Fig. 6 The XRD results of a transitional sample that is rich in reedmergnerite,
shortite and northupite (FN-5, 4071.3 m). (A) The diffraction pattern of the
sample. Reedmergnerite, shortite, northupite and natrolite are recognized by
the diffraction patterns. Reedmergnerite is abundant in the sample. (B)
Characteristics of the hand sample. The light color in the lower part of the
sample is caused by the abundance of authigenic minerals, reedmergnerite,
shortite, northupite, and a low proportion of tuffaceous sediments. The dark
color in the upper part of the sample is caused by a higher proportion of
tuffaceous sediments and a decrease in authigenic minerals. The yellow square
is the region used for micro-XRF detection, and the yellow circle is the location
of the samples used for XRD analyses. (C) The elements K, Al, and Si in the
micro-XRF image, which showed that Si decreases and K, Al increase from the
bottom to the top of the sample. The element variations indicated that
reedmergnerite is abundant in the lower part of this sample, where the samples
for XRD analyses were collected, and tuff is abundant in the upper part of the
sample. (D) The elements Na, Mg, Cl, and Ca in the micro-XRF image, which
showed that more shortite and northupite occurred in the upper part of the

sample and they coexist. (E) Characteristics of the reedmergerite-rich sample



under the optical microscope. Plane-polarized light. Reedmergerite crystals are
well-crystallized and occur along with shortite. (F) Characteristics of the
reedmergerite-rich sample under the optical microscope. Cross-polarized light.
The reedmergerite shows high-level interference colors.

Fig. 7 The mineralogical characteristics of the boundary between bedded
sodium carbonates and reedmergnerite-rich substrates (FN-5, 4071 m). (A)
Generalized features of the contact between well-crystallized sodium
carbonates and tuff/tuffaceous matrix in the thin-section; the width of the image
is 2.5 centimeters. The thin-section can be divided into two parts according to
the colors: an upper, light-colored, reedmergnerite-rich lithological unit, and a
lower, dark-colored, shortite and northupite-rich tuff unit. (B) The elements Mg,
Cl and Ca in the micro-XRF image. The combination of Mg and Cl can be used
to identify the Mg-Na-Cl carbonate, northupite, whereas Ca can be used to
identify the Na-Ca carbonate, shortite. Most northupite and shortite occurred in
the lower part of the thin-section. (C) The elements Mg, Al, and Si in the micro-
XRF image. Al can be used to identify the content of tuff, whereas Si can be
used to identify the authigenic mineral reedmergnerite. The reedmergnerite is
concentrated in the upper part of the thin-section, while tuffaceous sediments
are abundant in the lower part of the thin-section, which occurred with shortite
and northupite. (D) Characteristics of the boundary between sodium carbonate

and the reedmergnerite-rich matrix. The sodium carbonate crystals grew into



the reedmergnerite-rich tuff matrix such as blades. Planar-polarized light. (E)
The same view of D in cross-polarized light with a gypsum test plate. (F) The
relative intensity of element Si in the micro-XRF image (the high Si content was
defined as 100 %). This image shows that reedmergnerite was concentrated in
the upper part of the thin-section and acted as the substrate for sodium
carbonate growth. (G) The relative intensity of Fe in the micro-XRF image. This
image shows that Fe was concentrated in the lower part of the thin-section,
which indicates that the matrix in the lower part of the thin-section originated
from tuff. (H) Sketch map of the thin-section; red arrow indicates the top of the
succession.

Fig. 8 The characteristics of tuffs (FN-5, 4072.66 m). (A) Acidic extrusive rock
debris in the tuff matrix (tuff sample) (field width: 5.5 mm, cross-polarized light).
(B) Abundant pyrites in the tuff matrix and thin-section photomicrograph that
shows the low abundance of clay minerals in the tuff sample. (C) Abundant
pyrites in the tuff matrix and thin-section photomicrograph that shows the low
abundance of clay minerals in the tuff sample (cross-polarized light and inserted
gypsum test plate). (D) Well-crystallized shortite occurred in the tuff matrix and
chlorite occurred within the shortite crystals. Planar-polarized light. (E) Well-
crystallized shortite showing good optical characteristics under cross-polarized
light. The same view as that in D. (F) The characteristics of chlorite that

occurred in the shortite crystal. Planar-polarized light.



Fig. 9 The characteristics of redeposited tuffaceous rocks. (A) Generalized
features of shortite and associated tuffaceous lamina in thin section, Well FN-
5, 4066.5 m; the width of the image is 2.5 centimeters. (B) Shortite with no fixed
crystal shape that cut through tuffaceous laminae, reedmergnerite and limonite
that occurred in tuffaceous layers, as well as shortite that was dyed pink, similar
to calcite (-). (C) Features of view (B) (field width: 5.5 mm, cross-polarized light).
(D) Water-escape structure that was filled by shortite, showing drag lamina in
the distal tuffaceous layers. (E) Features of view (D), but rotated 90 degrees
(field width: 5.5 mm, cross-polarized light).

Fig. 10 The characteristics of siliciclastic sediment-bearing rocks (FN-5, 4068.2
m). (A) Generalized features of the sand strip and shortite to northupite-bearing
tuffaceous rocks. The sand strip is approximately 5 mm thick and occurred in
the reworked, fine-grained, tuffaceous sediments. The sand strip has higher
porosity and permeability compared to its host rocks, and was a preferential
migration path for groundwater. As a result, the sand was cemented by
northupite. Other sandy or silty laminae also occurred along with northupite
and/or shortite. Reedmergnerite was scattered in the fine-grained tuffaceous
host rock. The width of the image is 2.5 cm. (B) The elements Na, Mg, ClI, and
Ca in the micro-XRF image, showing that it was dominated by northupite. The
northupite occurred as cements distributed along with sandy/silty sediments,

whereas the shortite crystals are well-crystallized and scattered in the



tuffaceous host rock (the same view as in A). (C) The characteristics of the sand
strip under the microscope. Northupite not only occurred in the sandy strip as
cement but also occurred at the edge of the sandy strip. Plane-polarized light,
FN-5, 4068.2 m. (D) The characteristics of view C under cross-polarized light,
which shows that northupite was weakly crystallized and completely extinct
under cross-polarized light. A few shortite and reedmergnerite crystals can also
be seen in this view. (E) Weakly crystallized northupite in the tuffaceous matrix.
Plane-polarized light. (F) Well-crystallized shortite that occurred along silty
laminae. Plane-polarized light.

Fig. 11 The characteristics of siliciclastic rocks. (A) Gravel-sized particle that
occurred in the fine-grained sediments, which indicates deposition by a turbidity
current in a deep-water depositional environment. Plane-polarized light, FN-5,
4067.4 m. (B) Typical characteristics of silts under cross-polarized light. The
particles have weak roundness and are poorly sorted. FN-5, 4067.6 m. (C) Silty
mudstone/tuffaceous rocks under cross-polarized light. The particles are
arranged in a consistent orientation as a result of flow. This may indicate
deposition by the tail of a turbidity current. FN-5, 4066.52 m. (D) The
characteristics of weakly crystallized shortite in the sample of turbidity current
deposits. Plane-polarized light, FN-5, 4066.52 m. (E) The same view as in D.
Weakly crystallized shortite is completely extinct under cross-polarized light,

along with some scattered well-crystallized shortite. FN-5, 4066.52 m.



Fig. 12 Distribution of the contents of major elements in the vertical section. (A,
B) MgO and CaO contents, which partially indicate the Mg-Ca carbonate
content, with shortite mainly occurring in the dark-colored samples. (C, D) Na20O
content and Na20/(MgO+CaO) ratio, which partially indicate the sodium
carbonate content. (E) LOI, which indicates the sum of the carbonate mineral
content. (F, G) SiO2, and Al203 contents, which indicate the aluminosilicate
minerals that were altered by tuff or were carried into the basin by inflows.

Fig. 13 Correlation among different major element data. (A) The contributors to
the LOI in the dark-colored samples were calcium-magnesium carbonates
(shortite and northupite), and the contributors to the LOI in the sodium
carbonate samples were mainly sodium carbonates (wegscheiderite, trona, and
sometimes nahcolite or northupite). (B) The dark-colored sample and sodium
carbonate sample points formed nearly straight lines and had positive slopes.
(C) The dark-colored sample points indicated that the carbonates in the dark-
colored samples were all shortite and northupite. (D) Carbonates decreased as
aluminosilicate minerals increased. (E) Carbonates decreased as
aluminosilicate minerals increased.

Fig. 14 Correlation between the carbon and oxygen data and the corresponding
sample photo features. The d3'3C values (VPDB) in the core section exhibited a
positive trend from a minimum of 1.9%o to a maximum of 4.1%.. The 330 values

(VPDB) ranged from a minimum of -2.8%0 to a maximum of 4.2%., with an



average of 1.13%.. The d'°C (VPDB) and 630 (VPDB) values had a positive
relationship, which indicates that their depositional environments were located
in a closed basin.

Fig. 15 Content distribution of carbon isotopes, oxygen isotopes, Z-values, and
salinity values in the vertical section. The salinity index Z, which was calculated
from the 33C (VPDB) and 820 (VPDB) values, was also much higher than that
of seawater. All of the climate indices show that the paleoclimates and basin
hydrogeological characteristics frequently varied.

Fig. 16 Co-variation relationships among >REE, LREEs, HREEs, LREE/HREE,
and these factors’ vertical variations. The HREE abundances were relatively
higher than the LREE abundances in the sodium carbonate samples.

Fig. 17 UCC-normalized patterns of rare earth elements and photographs of
the representative sodium carbonate samples. The sodium carbonate samples
show a progressive depletion in REEs from La to Tm. The depletion degree
corresponds to the purity of the sample. Pure sodium carbonate samples had
heavier depletion than samples that were mixed with volcanic tuff or siliciclastic
sediments.

Fig. 18 UCC-normalized patterns of rare earth elements and photographs of
the representative dark-colored samples. Some dark-colored samples show
depletion in REEs from La to Er. Shortite is the main carbonate in these samples,

the contents of which are the main influence on the contents of the REEs. The



sum of the REEs decreases with an increase in shortite. The REEs were mainly
controlled by the tuff/tuffaceous/siliciclastic sediments content and reflect
sediments that were carried into the basin by surrounding inflows.

Fig. 19 |lllustration of shortite, northupite and sodium carbonates
(wegscheiderite, trona, nahcolite) precipitations in the Fengcheng Formation in
the Mahu Sag, Junggar Basin. (A, B) The shortite or/and northupite exhibits a
non-directional crystallization habit, and tuff/tuffaceous/silicichatstic particles
were encapsulated by the shortite or/and northupite. (C) After the
tuff/tuffaceous/siliciclastic sediments deposited, saline pore fluids existed in the
buried lacustrine sediments, and shortite or/and northupite precipitated
interstitially with no fixed crystallization in the shallow underground water before
compaction. (D, E, F) Bottom-growth sodium carbonate (mainly wegscheiderite
and trona, sometimes with nahcolite and northupite) layers that exhibit vertical,
widening-upward fabrics, which indicate that these sodium carbonate minerals
grew into an open, shallow, sodium carbonates -saturated brine pool.

Table 1 Major element results of the studied core samples from the Fengcheng
Formation in the Mahu Sag (Yu et al., 2016).

Table 2 Carbon and oxygen isotopic compositions and salinity of the studied
sodium carbonates deposit-bearing core section in the Fengcheng Formation.
Table 3 Results of REE and trace elements analyses of both sodium

carbonates samples and dark-colored samples.



Table 1

Sampl SiO|Al,O|"Fe20| Mg | Ca | Naz | Kz | Mn |TIO|P2O|LOI| Fe | TO
NO|e Lith. 2 3 3 @) @) @) (@) (@) 2 5 * (@) C
depths %% | % | %|%| % %] %|%|%|%|%]|%
(m)
sodium 1., 39,
1 [4066.2|carbonate 1 09| 0.7 |0.8]1.0]33.8{0.6{0.0(0.1}0.0 4 0.2 /
S
Dark-
44, 10. 12.
2 |4066.5| colored 3 98| 44 |3.1 4 9.415.4/0.0{0.3|/0.0 1 13| /
rock
Dark-
3 [4066.6| colored 495' 11.9] 3.3 |4.2]6.1|10.6{6.1{0.0|0.2{ 0.0 1;' 0.7 0.6
rock
Dark-
4 14067.4| colored Sf' 129} 41 |3.3|55(9.1|4.4]0.0/0.5[/0.0/5.4]{0.9/0.4
rock
Dark-
5 |4067.6| colored 5;1' 13.2) 3.9 |3.3|4.7]9.2[4.4/0.0/0.5[/0.0]5.7]0.8]0.3
rock
Dark- 50
6 4068 | colored 4' 12,5 3.9 |3.4(5.9{10.0|4.3|0.1|0.4/0.4|6.5|1.0|0.3
rock
Dark-
44, 13.
7 14068.2| colored 5 90| 2.9 |3.8|8.3|13.1{4.2|/0.10.2|0.0 4 0.61.1
rock
Dark-
8 4069 | colored 30. 69| 3.1 |6.5|8.3|16.4{3.8/0.1{0.3|0.1 21 0.8]0.7
rock ! 4
Sodium
9 [4069.5|carbonate{4.7| 0.1 | 0.1 |0.4]0.1|41.4/0.1]0.0{0.0{ 0.0 552' 01| /
s
Sodium
10 [4070 |carbonate|1.4|0.2| 0.1 |0.4]0.1{42.3|0.1]0.0{0.0{ 0.0 5:' 01| /
s
Sodium o9 30,
11 [4070.5|carbonate g 06| 0.4 |3.110.5|32.4|0.3]0.1{0.0|/0.0 1 0.3]0.3
s




Sodium

19. 40.
12 [4071 |carbonate . 0.7] 05 [3.4|0.3|33.4/0.4/0.1]0.1|0.0 8 04| /
S
Dark-
24, 15. 26.
13 [4071.3| colored 8 59| 2.2 |4.3 L 15.7|3.4|0.00.2] 0.0 L 0.5(0.5
rock
Dark-
26. 25.
14 [4071.4| colored 4 6.0 24 |9.3|5.2|20.7|3.2/0.1]0.3| 0.0 0 0.6[0.6
rock
Sodium 15 43
15 [4071.5|carbonate 9' 1.3 0.9 |1.2]0.3|35.7|0.7]/0.0{0.2] 0.2 0' 0.3| /
S
Sodium 13 44
16 [4071.9|carbonate 1' 14| 0.9 |1.3]/0.4|36.2{0.9]/0.0{0.2]|0.2 9' 0.5| /
S
Dark- 63
17 [4072 colored 1' 1.7| 1.0 |3.7]3.2{15.4|1.0{0.1|0.1]0.3[{9.8]0.4]0.3
rock
Dark-
26. 17. 24.
18 [4072.1| colored 8 56| 22 |4.2 3 14.9|3.3|0.0(0.3| 0.0 8 0.5/0.3
rock
Dark- 50
19 [4072.5| colored 8. 57| 6.1 |11.0{3.5/9.8 |45|0.0(1.1|0.0|6.8|1.2| /
rock
Dark-
40. 14.
20 [4073 colored 5 8.8| 3.6 |6.6]6.1|13.0{5.4|/0.1(0.4|0.0 9 1.0/0.8

rock




Table 2

Sample | S12C (%o | 580 (%o Salinit
NO. | depths Lith. VPD$3) VPDfB) z! %) y
(m)
1 4066.2 Sodium carbonates 2.9 2.0 134 42
2 4066.5 Dark-colored rock 2.5 -0.9 132 38
3 4066.6 Dark-colored rock 3.4 0.8 135 40
4 4067.4 Dark-colored rock 2.5 0.1 132 39
5 4067.6 Dark-colored rock 2.1 -1.9 131 36
6 4068 Dark-colored rock 1.9 -2.8 130 34
7 4068.2 Dark-colored rock 2.9 -0.1 133 39
8 4069 Dark-colored rock 3.5 1.0 135 41
9 4069.5 Sodium carbonates 2.4 2.2 133 43
10 4070 Sodium carbonates 2.9 2.2 134 43
11 4070.5 Sodium carbonates 2.7 3.2 134 44
12 4071 Sodium carbonates 2.5 3.6 134 45
13 4071.3 Dark-colored rock 2.9 1.2 134 41
14 | 4071.4 Dark-colored rock 4.1 1.6 136 42
15 4071.5 Sodium carbonates 3.0 4.2 136 46
16 4071.9 Sodium carbonates 2.9 3.8 135 45
17 4072 Dark-colored rock 3.6 0.7 135 40
18 4072.1 Dark-colored rock 3.1 0.5 134 40
19 4072.5 Dark-colored rock 1.9 0.1 131 39
20 4073 Dark-colored rock 3.6 1.0 135 41

1 Z value is a salinity index and can be got by the equation: Z = 2.048 X (3*3C +50) + 0.498 X (380 + 50)




Table 3

Sample
depths Lithology La Ce Pr Nd | Sm | Eu | Gd | Tb | Dy | Ho Er | Tm | Yb | Lu Y
NO. (m) Mg/g | MO/9 | Mg/g| MO/9 | MO/9 | HI/g | MO/9 | HO/g | MO/ | HO/g | MO/g | MO/g | HO/g | HO/g | MO/g
1| 4066.2 Sodium carbonates 335 | 6.92 |0.79| 3.08 | 0.54 | 0.11 | 0.41 | 0.06 | 0.30 | 0.06 | 0.16 | 0.03 | 0.18 | 0.04 | 1.71
2 | 4066.5 Dark-colored rock 10.30 | 24.70 | 3.05 | 13.90 | 3.41 | 0.82 | 3.12 | 0.58 | 3.06 | 0.63 | 1.83 | 0.32 | 2.10 | 0.31 | 17.20
3| 4066.6 Dark-colored rock 14.90 | 30.30 | 3.60 | 15.50 | 3.11 | 0.74 | 2.80 | 0.54 | 3.12 | 0.65 | 1.83 | 0.30 | 2.06 | 0.27 | 18.00
4| 4067.4 Dark-colored rock 16.50 | 32.70 | 3.89 | 17.00 | 3.09 | 0.76 | 3.07 | 0.55 | 2.88 | 0.60 | 1.76 | 0.28 | 1.83 | 0.26 | 16.60
5| 4067.6 Dark-colored rock 19.00 | 38.00 | 4.32 | 18.40 | 3.13 | 0.77 | 2.78 | 0.48 | 2.67 | 0.59 | 1.65 | 0.26 | 1.80 | 0.25 | 15.90
6| 4068 Dark-colored rock 14.10 | 29.20 | 3.76 | 16.90 | 3.52 | 1.00 | 3.20 | 0.60 | 3.21 | 0.62 | 1.79 | 0.26 | 1.80 | 0.24 | 17.30
7| 4068.2 Dark-colored rock 7.47 | 17.80 | 2.38 | 10.40 | 2.51 | 0.58 | 2.30 | 0.46 | 2.50 | 0.52 | 1.67 | 0.32 | 2.30 | 0.34 | 16.10
8| 4069 Dark-colored rock 7.60 | 16.80 | 2.30 | 9.03 | 2.23 | 0.48 | 2.32 | 0.41 | 252 | 0.50 | 1.46 | 0.27 | 1.60 | 0.23 | 15.00
9| 4069.5 Sodium carbonates 0.11 | 0.19 |0.03| 0.05 | 0.04| 0.00 | 0.03 | 0.01 | 0.01 | 0.01 | 0.04 | 0.01 | 0.13 | 0.03 | 0.24
10 | 4070 Sodium carbonates 0.30 | 0.63 | 0.07 | 0.26 | 0.06 | 0.02 | 0.06 | 0.01 | 0.03 | 0.01 | 0.03 | 0.01 | 0.04 | 0.01 | 0.28
11 | 4070.5 Sodium carbonates 3.34 | 6.16 | 0.68| 2.22 | 0.24| 0.04 | 0.19 | 0.03 | 0.14 | 0.03 | 0.09 | 0.02 | 0.11 | 0.02 | 0.82
12 | 4071 Sodium carbonates 1.06 | 2.03 |0.24| 0.81 | 0.19| 0.04 | 0.11 | 0.02 | 0.14 | 0.02 | 0.08 | 0.01 | 0.16 | 0.02 | 0.73
13 | 4071.3 Dark-colored rock 9.74 | 22.40 | 3.09 | 13.00 | 3.23 | 0.75 | 2.84 | 0.56 | 3.37 | 0.76 | 2.10 | 0.45 | 2.90 | 0.38 | 22.00
14 | 4071.4 Dark-colored rock 3.06 | 6.33 |0.79 | 3.22 | 0.85] 0.20 | 0.84 | 0.16 | 1.00 | 0.22 | 0.65 | 0.13 | 0.88 | 0.13 | 6.56
15| 4071.5 Sodium carbonates 352 | 6.01 |0.71| 2.17 | 0.31] 0.05 | 0.23 | 0.04 | 0.15 | 0.03 | 0.09 | 0.02 | 0.18 | 0.03 | 0.83
16 | 4071.9 Sodium carbonates 473 | 824 |0.88| 2.85 | 0.26 | 0.03 | 0.23 | 0.02 | 0.13 | 0.03 | 0.08 | 0.02 | 0.19 | 0.05 | 0.74
17 4072 Dark-colored rock 7.13 | 13.20 | 1.48 | 487 | 081 0.17 | 0.69 | 0.12 | 0.67 | 0.15 | 0.44 | 0.09 | 0.59 | 0.09 | 4.15
18 | 4072.1 Dark-colored rock 16.30 | 36.50 | 4.96 | 20.80 | 4.83 | 1.01 | 4.18 | 0.79 | 4.52 | 0.89 | 2.59 | 0.49 | 2.90 | 0.40 | 27.00
19 | 4072.5 Dark-colored rock 5.12 | 10.60 | 1.34 | 4.97 | 1.07 | 0.23 | 0.88 | 0.14 | 0.88 | 0.18 | 0.54 | 0.12 | 1.17 | 0.23 | 5.21
20| 4073 Dark-colored rock 9.37 | 17.50 | 2.25 | 9.13 | 2.08 | 0.48 | 1.62 | 0.35 | 1.94 | 0.40 | 1.08 | 0.20 | 1.39 | 0.20 | 11.70

Mclennan,
2001 ucc 30 64 | 71| 26 | 45 | 088 | 38 |[0.64| 35 |0.80| 2.3 |033]| 22 | 032 | 22




Table 3 (Continued)

Sample 2LREE
depths Lithology 2REE | 2LREE | ZHREE | /ZHREE | 6Ce | OEu
NO. (m) Hg/g Ma/g Hg/g

1| 4066.2 Sodium carbonates 16.03 | 14.79 2.96 5.00 | 0.97 | 1.09
2 | 4066.5 Dark-colored rock 68.13 56.18 29.15 193] 1.00 | 1.18
3| 4066.6 Dark-colored rock 79.72 68.15 29.56 2311094 1.18
4| 4067.4 Dark-colored rock 85.17 73.94 27.83 2.66 | 0.93] 1.15
5| 4067.6 Dark-colored rock 94.11 83.62 26.38 3.17 | 0.96 | 1.23
6| 4068 Dark-colored rock 80.20 68.48 29.02 236 | 0.91] 1.40
7| 4068.2 Dark-colored rock 51.54| 41.14 26.51 1.55] 0.95| 1.12
8| 4069 Dark-colored rock 47.74 | 38.44 24.30 1.58 | 0.91 | 0.98
9| 4069.5 Sodium carbonates 0.69 0.43 0.50 0.86 | 0.73 | 0.28
10| 4070 Sodium carbonates 1.53 1.34 0.47 287 | 1.01| 1.23
11| 4070.5 Sodium carbonates 13.30 12.68 1.45 8.78 | 0.93 | 0.76
12 4071 Sodium carbonates 4.92 4.36 1.29 3.39| 091 1.15
13| 4071.3 Dark-colored rock 65.57 52.21 35.36 148 | 092 | 1.17
14| 4071.4 Dark-colored rock 18.46 | 14.45 10.57 1.37] 093 | 1.11
15| 4071.5 Sodium carbonates 13.54| 12.76 1.60 7.98 | 0.87 | 0.82
16 | 4071.9 Sodium carbonates 17.74 | 16.99 1.49 11.37 | 0.92 | 0.61
17 | 4072 Dark-colored rock 30.49 | 27.66 6.99 3.96 | 0.92 | 1.05
18 | 4072.1 Dark-colored rock 101.17 | 84.40 43.77 1.93|0.92 | 1.06
19| 4072.5 Dark-colored rock 27.47 23.33 9.35 250] 092 1.12
20 | 4073 Dark-colored rock 47.98 40.81 18.88 216 0.87| 1.21

5(Ce)=2w (Ce)n / (W (Lan+w(Pr)n); 8(Eu)=2w(Eun/(W(Smn+w(Gd)n). N: the

ratio normalized by UCC (after McLennan, 2001)).




Highlights

® Sodium carbonates successions in the Fengcheng Formation consist of two
coupled lithological units: light-colored sodium carbonates layer and dark-
colored tuff/tuffaceous layers.

® The sodium carbonate minerals dominated by wegscheiderite and trona.
Shortite and northupite occurred as transitional carbonate minerals.

® Climates evolutions and periodic volcano eruptions joint to control the

formation of depositional cycles in the sodium carbonates successions.



_ 250 km '4/efa‘;

&

Halalate Nits.

o= > | e
W=

AR :
1 Junggar Basin

Bogda Mts.

Bisoe:
S Horg Mts

T——
S e

RPN

Tarim Basin

85°30'E 85°40'E 85°50'E 86°00'E 86°10'E

Lake Alice

D.epth (m) JNA%Y

Figure 1

86°20'E

86°30'E




Erathy System | Formation |symbol  Lithology Des"’e‘:fi'r:;’”a' & ®
T 71 -3
& |Quaternary) Q | ee= AT | &
S | Neogene N Pax
© N | Paleogene E
I P
Cretaceous| Tugulu Gr. Kitg
‘8 Xishanyao Fm. | J:X i
N . E Fluvial- X
g |Jurassic e lacustrine b
H BadaowanFm. | Jb
= Baijiantan Fm. T.b 8
Triassic | Karamay Fm. Tk @
Baikouguan Fm.| T.b 'g
N
= <
Wuerhe Fm. P.w &
)
=z 3
Fan delta 3
Xiazijie Fm. P.x S P.fi?
4
Permian
Fengcheng Fm.| P.f
Semi closed
reshening
lacustrine
o .
s Jiamuhe Fm.| p; |
N -
o
o2 <
© U P
o A~ A A i
P NIPN
A A A 4
PN NSEPN X i
Volcanic l
sediment at /
c shallow 1
» 2 seafloor Pif? 3
= = [}
3 = < [
o s
il
E 2 -\
S i
2 e coastalsemi
© ® closed
© « freshening
vv ~ VVMQL P:fs 3rd member of the Fengcheng Fm.
C 7 Volcanic
M 07 sedimentat Pif> 2nd member of the Fengcheng Fm.
e ~ e
34 ¢ :2:;:2‘:, A P1fi 1stmember of the Fengcheng Fm.

Figure 2

Sample NO.

~@=1 NO.1.4066.2m
~@= NO. 2.4066.5m
~<@=1 NO. 3.4066.6 m

<@=1 NO. 4.4067.4m
<@=1 NO. 5.4067.6 m

<@=1 NO.6.4068.0m
<@=1 NO.7.4068.2m

~<@=1 NO. 8.4069.0m
<=1 NO. 9.4069.5m

~<@=r NO. 10.4070.0m

<@=1 NO. 11.4070.5m

<@=u NO. 12.4071.0m
<@=1 NO. 13.4071.3m

:" NO. 14.4071.4m
" NO. 15.4071.5m

<@=1 NO. 19.4072.5m

<@=1 NO.20.4073.0m

Bedded sodium
carbonates

Dark-colored layer

B



ajuaubiawpaal

dark-colored

sweas yn} ajuaubiawpaal

light-colored
carbonates

$8}BU0QJED WNIPOS Sqnuys @Y1 pdemdn malb sjejshio Sweas ynj
_— A

!

colored

dark-

aydnyyiou aydnypiou sjop aydnyiiou
mmﬂmcwﬁwﬂoﬁﬂ_mm_w_ pue/io E_:o:m 19Ae| paI0|02-Xiep pue/Io 3}1}JOYS PUB/IO 8}I1IoYys




(eN) 668'09

(eN) €65°25

:. vmm 144

(am) 92Z°€v

LA L L L L L L L L L L L L L L L L L L L L L L L L L L L LB B

Ayisuajul

(M) LZ2°0% (eN) 682 0¥
eN) .
(am) w&.%mm >
(am) 06+ L€
| .
(am) BN.A&U:% %
(am)
(om) 6z6-ge “N) LEE TE
(1) 629°€€ (apn) 822"
(aM) L£6°LE -
9,
(eN) 8£°0¢ (o) 669"0g >M 68
(am) €22°0¢ (am) 95€°62
(eN) £96'8Z (11) 96 8¢
(11) 69222
(am) z05°52
(am) 91°v2
(am) 66%°L2

e —_

o~ B (am) svL'8lL

5=

© (]

o r

< = © (eN) v00's1
] 4

-~ T ~

v T —o0
QD =

> ECE
%}

L w © W (11) .
oc 8 1) €168
SE£3

< - (oMm) 296°G

| I
% o
=4 o
S o
= 0

30 40 50 60 70
Position [°2Theta]

20

10

Figure 4



intensity

N
o
o
T

FN-5, 4069.5 m

24.165 (We)

25.502 (We)25.301 (No)

28.967 (Tr)
29.356 (We)

27.769 (Tr) 27.615 (No)

30.273 (We)

30.699 (We)

)

(No) 31.589

northupite

31.937 (We)

e
s
33.088(No) "' 33.679 (T0) 33 656 (we)

32,778 (We)

(

wegscheiderite
or/and trona

Wegscheiderite (We)
Trona (Tr)
Northupite (No)

10

20

30

Posit

Figure 5

ion [°2Theta]



northupite

g+no hupi~te

10 mm

Reedmergnerite (Re)

Shortite (Sh)

“shortite

Northupite (No)
Natrolite (Na)

(ys) oe6'€L

(4s) Got°69

(us) 8ez's9
(ys) 82e"¥9

(ys) 9s1°€9

(US) Lt LS
(oN) 020°2S

(us) esz'9s

(S

(ON) ¥56°LS

(ys) 69V 61
(ys)zoL Ly

(Ys) 986°S¥.

. (ys)z0vSp

(ON) ¥8S°¥¥ (us) vSs vy
ewonar (%522

(Ys) voy' Ly

(Us) 99¢°6¢-
Emvofmm

(oN) 008" € (oY) 0€8" L€

(ys) z6z'9¢
(0N)S80°9€

(Us)s66'vE
(ey)ege €€
Mmzwqo:m

Aoz;:.:m SH)OEV'LE
oY) 691°0€

(oN)gso'ee

ﬂ FN-5, 4071.3 m

10 mm

(oN) 519°2Z (8¥)219°LZ

(ON) L0€'SZ
?mvkm.«w

(oN) gz6°02

(ON) 21821
(us)698° L1

vatﬁ 7
84) 695 V1

(oN)egg 0

LA L L L L L L L L L L L L L L L I L L L L LB L L LI

10000

Ayisuajul

70

60

50

40

2Theta]

30

20

10

o

Position [

Figure 6



@Fganic-ri c h ;
irorthupite-b garing t i

Nt . -
R
#‘..~ - B SR
b 50T . 5’1*"%;' s
< Tl b Nieedmeghieigite?

\ Sl $3 - ~ .
"t ety
K

shortite ‘ ey

e PR

reedmergnerite

2 cm

sodium carbonate crystals
A

2%
—

- N\

g eVels el

rthupite-bearing tuff

’ -
shortite

Figure 7



FN-5. 4072.66 m

"

f e Eh! f‘{tﬂtW B
>

Figure 8



complete extinction of weakl‘

crystallized shortite -
500 um
FN 5. 4067, 94m BEITRRE -

tuffaceous Iamma

P AV

Figure 9



F

northupite

IARS YT -
- o) Sh

Qﬁti{(?:
AR RPN i o
~f|'ne sand strip- '

" 8

L J

- T

500 pm

Figure 10



FN-5,“4067.4 m an

“muddy siltstone ‘ reedmergnerite

gravel-sized grain

FN#5. 4067.6m

v

shortite complete exti nction
under cr{o’ss4po‘l.afrsi2‘e-d-light

- 4 X

Figure 11



Depth MgO (%) Depth CaO (%) Depth Na,O (%) Depth Na,0/(MgO+CaO)
(mo 5 10 15(m) 0o 10 20(m) o 20 40 60(M 01 1 10 100
74065 s 4065 4065 —

4065

4066 4066 4066 4066,
4067 4067 4067 4067
4068 4068 4068 4068,
4069 4069 4069 4069
4070 4070 4070 4070
4071 4071 4071 4071,
4072. 4072 4072 4072,
4073 4073 4073 4073,
4074/ A 40748 4074/ C 4074/ D

Depth  LOI (%) Depth  SiO, (%) Depth AlLO, (%)
(m)o 20 40 60 (m) 0 50 100(m) 0 5 10 15
4065——————— 4065 : © 4065 _

4066, 4066 4066
4067 4067 4067
4068, 4068 4068
+ dark-colored rock
4069/ 4069 4069
= sodium carbonates
4070 4070 4070
4071 4071 4071
4072 4072, 4072
4073 4073, 4073
4074/ E 4074 F 4074/ G

Figure 12



N
o
>

N
o

y=0.45x + 6.46
R2=0.66 .~

MgO+CaO (%)
)

-
o

¢ y=-0.16x+0.27
5 R2=0.66
O .
T
LOI (%)
45 i
407 y=-4.47x+39.8
. R2=0.32
G2s y=0.7x+18.8
o
Z 90 e
2 —
: : g
5
0
0 2 . 5 12 14
AlLO, (%)

Na,O (%)

MgO+CaO (%)

45 B ~ 9
40 é: o(.)s;;+9.o4 L 2 80 y=4.79x-181
a5 =0. o 5 70 R2=0.93
30 S 60
25 5@ 50
20 : s 40
15 ) L _ g 30
10 i éz—_Ongg+7.45 S 20 y=-0.01x+1.16 _;__--
5 e Z 10 R2=0.01 ve
: ) EP——

0 10 20 30 40 50 60 0 10 20 30 40 50 60

LOI (%) LOI (%)
25 E
20 Yy =-0.51x+17.1
R2z=0.18
15| —_ - "
+ dark-colored rock
10 = sodium carbonates
5 y=0.64x+1.42
*  R2=0.06

..... ]
0=

0 2 4 6 8 10 12 14

AlLO, (%)

Figure 13



carbonate minerals content incresing: -

4072. 5m

¥ 4 W,

pulse sodiumicarbonates

low carbonate? ik
minerals content shortite -deis

)

£ 3

>

o

2

O .

e "

©o 2 } sodium carbonate

minerals increase
1
e dark-colored rock e sodium carbonates

0

4 3 2 A 0 1 2 3 4
§ ™0 (%o VPDB)

Figure 14



Depth  FN-5 65"°C (% VPDB) 8 '°0 (%0 VPDB) z Salinity (%o)
(m)  Lithology 2 4 6 -2 0 2 4 6 130132134136138 35 40 45 50

]
\

o

4067%
4068 |
4069,
4070
4071%
a7z

4073
A B C D

W dark-colored

= ® dark-coloredrock @ sodium carbonates
5\ layer

Figure 15



Y REE (ug/g)
FN-5

LREE (ug/g) HREE (ug/g) LREE/HREE
0 20 40 60 80 100 O 20 40 60 80 0 10 20 30 40 0 2 4 6 8 10
Depth Lithology
m) e
A B C D
sodium PRSP dark-colored o dark-colored rock
carbonates [ZE NPy layer

m sodium carbonates

Figure 16



Sample/UCC

10

0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y

Figure 17

—o—4066.2 m
4069.5m
——4070 m
——4070.5m
—=4071m
—o—4071.5m
—o—4071.9m

4070 "m

e



Sample/UCC

10

0.1

—o— 4066.5m
—o— 4066.6 m
—o—4067.4 m
4067.6 m
—o— 4068 m
—e— 4068.2 m
—o— 4069 m
—o—4071.3m
—e— 4071.4m
—o— 4072 m
—e—4072.1m
—o—4072.5m
—o— 4073 m

few shortite

northupite-bearing tuff

4073 m

Figure 18



non=directionalicrystallizationshabit SEEEE iniz‘;’:g’;’é°v:hi'?'s‘;’asl‘lig;'

of shortite or/amd noﬁthvupite groundwater concentration

. . , shortite or/and

northupite
o 9 precipitate
tuff/tuffacous/siliciclastic : before
sediments shortite compactions

shortite.s

FN-5,4071.2m e E
core sample of light @S} upward growing of sodium shortite or/and
sodium carbonates |‘;;,1 3 carbonate crystals northupite

weakly
crystallized

"

arid climate,
sodium carbonates upward
| precipitate growing
sodium carbonates atthe
bottom
of brines

tuff/tuffaceouslayer tuff reedmergnerite-rich tuff

FN-5,4071.0m -

Figure 19




