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ABSTRACT

The Mesozoic Yili Basin of NW China represents the largest known concentration of U deposits in China
and contains five major deposits, namely (from west to east) the 512 (Kujie’ertai), 513, 511, 510 (Meng-
giguer), and 509 deposits. Pre-mining resources within the explored sandstone-type uranium deposits in
this area are reportedly as much as 20,000t contained U. The mineralization is hosted by the Middle
—Lower Jurassic Shuixigou Group, which (from base to top) is divided into the Badaowan, Sangonghe,
and Xishanyao formations. The U-Pb isotopic analysis of ores from the Kujie’ertai and Mengqiguer de-
posits indicate that they contain high and variable amounts of initial (common) Pb, meaning that the only
possible way to date these deposits is by using U-Pb isochrons. Two major stages of uranium minerali-
zation have been identified by the U-Pb isotope dating of uranium ores in this region. The Kujie'ertai
deposit apparently formed between 23.4 + 3.3 and 20.18 + 0.49 Ma, corresponding to a period of crustal
thickening and uplift within the Tien Shan Orogen. This event (35—21 Ma) accommodated the majority of
the strain generated by the northward collision of the Indian Plate with the Asian Plate. However, the
dating of samples from the Mengqiguer deposit yielded much younger ages (between 0.61 + 0.24 and
0.347 +0.0048 Ma). The western Tien Shan mountains expanded until the Pliocene as a result of the far-
field influence of continuous penetration of the Indian Plate into the Asian Plate. This activated reverse
faults and folds in the piedmont of the Tien Shan mountains and caused the continuous uplift of the
southern flank of the Yili Basin. The uplift caused the erosion of anticline hinge zones, introducing sig-
nificant amounts of oxidizing water into the Shuixigou Group, generating a second stage of uranium
mineralization. Hydrological sampling also suggests that the Mengqiguer deposit continues to grow,
indicating a possible third stage of uranium mineralization (~0 Ma). This also indicates that the U within
these deposits is derived not only from U-bearing sediments but from the Tien Shan mountains as a result
of groundwater cycling. The evolution of the U contents of groundwater that was initially derived from
cold springs that flow into the mineralized units indicates that these cold springs have an essential role in
mobilizing U from the Tien Shan mountains, with rivers flowing through areas of outcropping mineral-
ized units acting as a source of mineralizing fluids during the formation of the Mengqiguer deposit.

© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

responsible for nearly half of world U production to date (Cuney and
Kyser, 2008; Cuney, 2009; Zhang, 2012, 2016; Cai et al., 2015).

Sandstone-type uranium mineralization was first formally
defined by Finch and Davis (1985) as epigenetic concentrations of U
minerals occurring as impregnations and replacements primarily in
fluvial, lacustrine, and deltaic sandstone formations, and has been a
major exploration target since the discovery of numerous deposits of
this type within the Western Cordilleran region of North America. This
style of mineralization hosts around 30% of world U resources but is
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Over 50% of currently identified Chinese uranium resources
occur in sandstone-hosted deposits, including roll-front deposits
(e.g., the Shihongtan uranium deposit within the Turpan—Hami
Basin and the Dongsheng uranium deposit within the Ordos Ba-
sin; Dahlkamp, 2009; Zhang et al., 2017b, 2018) and tabular-shaped
deposits (e.g., the Nalinggou uranium deposit in the Ordos Basin
and the Qianjiadian and Baxingtu deposits in the Songliao Basin;
Bonnetti et al., 2017b; Zhang et al., 2017b, 2018) within Mesozoic
sedimentary basins in north China (OECD-NEA/IAEA, 2014; Bon-
netti et al., 2015; Hou et al., 2017). These sandstone-type U deposits
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are typically small to medium in size but can contain >10,000t of
contained U at grades of 0.03%—0.10% (Dahlkamp, 2009). The
basement and the areas surrounding U-bearing basins always
contain granite and felsic volcanics (Zhang et al., 2018).

The Southern Yili uranium district is located within the Yili
Basin of NW China and is presently the largest U-producing district
in China. The timing of formation of this uranium district remains
controversial despite intensive research. For example, Zhou (2000)
reported U-Pb ages of 24—19 Ma whereas Xia et al. (2002) obtained
highly variable apparent ages of 29.8 to 0.8 Ma for these U deposits,
although neither study considered the effect of the elevated con-
centrations of common Pb in these deposits, which hampers real-
istic age determinations. More recently, UPb isochrons determined for
samples from the Kujie'ertai deposit indicate that this area records two
episodes of carbonaceous mudstone- and sandstone-hosted uranium
mineralization at 12 + 4 and at 1 Ma, with high-U sandstone samples
yielding further ages of 5+ 1 and 2 Ma for the Tajistan deposit (Pan,
2000; Chen et al., 2002a, 2010; Xia et al, 2003; Han et al., 2004;
Dahlkamp, 2009). This wide range of ages means the timing of
mineralization in this area remains uncertain, and outlines the need
for more U-Pb isotopic and geochronological analysis.

Sandstone-type U deposits are known to have formed across a
wide range of geological time from the Paleozoic to the Tertiary and
less commonly in the Proterozoic and Quaternary, but modern

analogues are seldom reported. This paper focuses on the timing of
mineralization of the Kuji’ertai and Mengqiguer uranium deposits
and the influence of groundwater on the latter deposit, providing
an overview of the present-day U metallogeny that continues in
this region and the tectonic influences on the formation of U de-
posits in the region. The Mesozoic Yili Basin represents the largest
known concentration of U deposits in China, is located within an
area that juxtaposes a major U district (the Ily Basin) in Kazakhstan
(Dahlkamp, 2009), and contains a number of deposits including the
Kuji'ertai (formerly referred to as Deposit 512), 513, Tajistan (511),
Mengqiguer (510), and Daladi (509) deposits, all of which are
located within the southern margin of the basin (Figs. 1, 2). The
northern margin of the basin also includes several apparently less
important U prospects. Original in situ resources of the known
sandstone-type uranium deposits in this area included >20,000 t of
contained U (Dahlkamp, 2009).

2. Tectonic background and regional geological setting

The Yili Basin is thought to represent a domain of the Yili
microcontinental block, is underlain by Precambrian basement
material, and has a triangular shape that widens westwards into
Kazakhstan. It is bounded by units of the Tien Shan Orogen and
separated which into northern and southern branches (Fig. 1; Enkin
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Fig. 1. Simplified map showing the location of the India—Asia collision zone and the geographical and geotectonic location of the Yili Basin and the Tien Shan orogenic belt

(modified after Molnar and Tapponnier, 1975; Wang et al., 2007b).
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Fig. 2. Generalized geological map showing the location of sandstone-type uranium deposits and occurrences along the margin of the intermontane Yili Basin (modified from Chen

and Huang, 1993).

et al.,, 1991; Allen et al., 1993; Chen et al., 1999a, 1999b; Wang et al.,
2006b, 2007a, 2007b). The Tien Shan belt extends east—west for
over 2500 km with a north—south width of 150—300 km and con-
sists of a series of east—west trending and nearly parallel mountain
ranges and intermontane basins (Konopelko et al., 2017; Dolgo-
polova et al., 2017). This region contains the Yili Basin as well as the
Tarim Basin to the south and the Junggar Basin to the north (Fig. 1).

The Tien Shan orogenic belt records multiple phases of tecto-
nism and differential uplift during its long evolutionary history
(e.g., Chen et al., 1999a, 1999b; Gao et al., 2009; Wang et al., 2009b,
2015; Degtyarev et al., 2017; Pelsmaeker et al., 2018). The original
Tien Shan belt was formed as a result of the convergence of a small
number of continental fragments during the late Paleozoic (Burt-
man, 1975; Windley et al., 1990; Allen et al., 1993; Gao et al., 2006;
Grave et al., 2013; Chen et al., 2015). The relatively stable Mesozoic
regional geological setting allowed the peneplanation of the belt
(Sobel and Amaud, 2000; Simonov et al., 2008) before the reac-
tivation of the older Tien Shan basement began during the Cenozoic
as a result of the distal effect of India—Asia collision (Molnar and
Tapponnier, 1975; Tapponnier and Molnar, 1979).

The Yili Basin is an elongate, closed, stable continental basin that
hosts several large oil and natural gas reservoirs as well as coal-
fields (Min et al., 2005a). The southern margin of the basin, which
also forms the northern piedmont of the Tien Shan mountains,
contains outcropping basement rocks of Proterozoic metasedi-
mentary, Carboniferous intermediate—acidic volcanic and volcani-
clastic, and Permian granite units (Min et al., 2005a). Pre-Triassic
units in this area, especially Permian granites and Carboniferous
acidic volcanic and volcaniclastic rocks, contain relatively high

concentrations of uranium (>5 ppm; Konopelko et al., 2007; Wang
et al,, 2007a; Li et al., 2018).

The Yili Basin contains Middle—Upper Triassic Xiaoquangou
Group sandstones and shales, Lower—Middle Jurassic Shuixigou
Group conglomerate, sandstone, shale, and coal units, Cretaceous
red conglomerate and sandstone units, Tertiary red conglomerate,
sandstone, and shale units, and Quaternary gravels, sands, and
clays. The U mineralization within the southern Yili Basin is hosted
by the Middle—Lower Jurassic Shuixigou Group (Fig. 3), which is
divided from base to top into the Badaowan (J1b), Sangonghe (J;s),
and Xishanyao (J,x) formations, each of which range in thickness
from 220 to 450 m (Min et al., 2001). This group is thought to be the
source of some of the U within the southern Yili U district, as these
sediments contain relatively high concentrations of U (average of
9 ppm; NWIUG, 1997; Min et al., 2005a, 2005b). This group has
been divided into eight sedimentary cycles named I to VIII from
base to top (Tan, 1998), and four intercalated coal seams occur
within the southern flank of the synclinal Yili Basin, where the
sedimentary units dip at 3°—8° to the northeast (Min et al., 2001; Li
et al,, 2002a; Wang et al., 2005a, 2005b, 20063, 2006¢). In addition
to the sandstone-type U mineralization that is hosted by cycles II,
III, V, and VII, the lignite beds that separate cycles VI and VII also
host U mineralization and are useful marker units (Fig. 3).

The sandstones within the Yili Basin formed in an alluvial
fan—braided river setting. The outcropping of ore-hosting sand-
stone was >100 km long and up to 20 km wide, covering an area
exceeding 1500 km? and trending E—W trend (Fig. 2). These sedi-
ments were most likely derived from Proterozoic metasediments,
Carboniferous volcanic rocks, and late Paleozoic granites located on

Fig. 3. Stratigraphic column for Lower to Middle Jurassic sediments within the southern flank of the synclinal Yili Basin, outlining the main hosts of mineralization in this area (after

Min et al., 2001; Li et al., 2002b).
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the margin of the basement. The ore-hosting sandstone is domi-
nantly medium- to coarse-grained and classified as lithic sub-
arkosic sandstone (Min et al., 2001). There is no significant
difference in sandstone mineralogy between mineralized and
barren samples. The ore-hosting sandstones are dominated by
detrital quartz (30% to 40%), feldspar (15% to 20%), carbonaceous
debris (2% to 3%), and rock fragments (20% to 40%), with the latter
consisting of tuff, andesite, granite, rhyolite, quartzite, sandstone,
siltstone, and slate. These sandstones also contain minor amounts
of detrital biotite, muscovite, tourmaline, hornblende, and heavy
minerals (zircon, apatite, magnetite, allanite, monazite, titanite,
ilmenite, and scarce brannerite) (Min et al., 2005a). The detrital
grains are angular to subangular and poorly sorted, indicative of
rapid deposition. The ore-hosting sandstones contain a matrix of
clay, silt, and fine-grained sand (Min et al., 2005a).

3. River systems

Intense crustal shortening and tectonic uplift in the study area
resulted in an average altitude of 3500 m and numerous glaciers
(Avouac and Burov, 1996; Deng et al., 2000; Zhao et al., 2010). The
southern margin of the Yili Basin contains a series of inland rivers
that originate from glaciers within the middle- to higher-altitude
areas of the range, transversely cut the foreland thrust fault—fold
belts, and eventually flow into the Yili Basin (Fig. 4; Wu et al,,
2018). These rivers are located in the northern piedmont area of the
southern Tien Shan Orogen and generally trend N-S. The prevailing
drought and low rainfall conditions in this area mean that flow in
these rivers is strongly dependent on melt water and is seasonally
variable (Chen and Li, 1997; Li et al., 2011). Some 70% of the
discharge from these rivers is from melt water, with the remaining
30% derived from rainfall that generally occurs during the summer.
The majority of these rivers flow out of the southern Tien Shan
mountains and either flow into the Yili river, terminate in the
desert, or are consumed by irrigation (Fig. 4; Lei et al., 2010; Wu
et al,, 2018).

The rivers in the study area generally have deeply incised valleys
that frequently contain terrace sequences (Molnar et al.,, 1994;
Deng, 2000; Deng et al., 2000; Lu et al., 2010; Yang et al., 2013;
Gong et al., 2014). Seven main terraces that formed in a time span of
~540—1.8Ka have been identified within the northern piedmont of
the southern Tien Shan mountains (Xu et al., 1992; Molnar et al.,
1994; Shi et al., 2004; Lv et al., 2008a, 2008b). The formation of
river terraces indicates that river erosion and aggradation have
alternated or changed over time (Burbank and Anderson, 2012).
The two main factors in this process are climatic fluctuations and
tectonic movements (especially uplift), both of which can drive
changes in erosion and aggradation (Wu et al., 2018). This means
that terrace systems can quantitatively constrain the temporal
evolution of climate and regional tectonics in an area. The Tien Shan
region records climate changes caused by alternating interglacial
and glacial periods that resulted in river downcutting and the
generation of river terraces (Chatters and Hoover, 1992; Martin,
1992; Zhang et al., 1995; Starkel, 2003; Hu et al., 2013). However,
areas of stable crust contain rivers dominated by lateral erosion,
whereas rivers quickly downcut in areas of crustal uplift. The series
of river terraces within the northern piedmont of the southern Tien
Shan mountains therefore also formed as a result of intermittent
uplift associated with active faulting and folding (Deng et al., 2000;
Yang and Li, 2005; Li et al.,, 2012; Yang et al., 2013).

4. Ore deposit geology
4.1. Kuji'ertai uranium deposit

The Kuji’ertai uranium deposit is located 80 km SW of the Yining

deposit, close to the Kazakhstan border, and was discovered in the
late 1950s. The deposit has U resources of 5000 to 20,000 t (OECD-
NEA/IAEA, 2000; Zhou, 2000), making it one of the largest known
uranium deposits in China. Exploitation by in situ leaching has been
ongoing since 1993 (Dahlkamp, 2009).

The Kuji'ertai deposit contains four spatially separated inter-
layer oxidation zones with redox fronts some 10 km long in an
E—W direction (Fig. 5; Tan, 1998). These oxidation zones are well
developed and show down-dip zoning from an intensely altered
brown—yellow sandstone containing elevated concentrations of
high hydrogoethite to a weakly altered yellow sandstone con-
taining ~6.5% hydrogoethite and then into the redox front and
related orebodies. These oxidation zones provide evidence of the
inflow of oxygenated groundwater derived from U-bearing sur-
ficial water from the south, the leaching of uranium under
oxidizing conditions, and the mobilization of U within alluvial/
fluvial systems and in groundwater moving through the hosting
sediments.

The orebodies in the deposit are generally roll-front subtypes
although some tabular subtypes are also present. They crop out in
an area 12km long and 5 km wide. The roll-front orebodies are
generally 50—150 m long, on average are 5m thick, and are be-
tween 200 and 350 m wide, although locally up to 500 m. The de-
posit has grades between 0.01% and 0.20% U (average of 0.05% U),
and this mineralization is generally hosted by cycles Il and III of the
Badaowan and Sangonghe formations and cycle VII of the Xisha-
nyao Formation (Fig. 5). The hosting sandstones are generally
sandwiched by coal seams or mudstones, both of which are later-
ally extensive and impermeable.

Mineralized sandstones are generally grey and have a clay
mineral cement that forms ~20% of the rock. This cement consists of
illite, kaolinite, montmorillonite, and chlorite, with minor calcite.
The clay minerals have commonly replaced feldspar (Min et al.,
2001). The principal epigenetic metallic minerals in the ores (listed
in paragenetic sequence from oldest to youngest) are hematite,
sphalerite, pyrite, and U-bearing minerals, including pitchblende,
coffinite, and brannerite, with only minor uranium absorbed on
altered volcanic detritus or carbonaceous material (Min et al.,
2001). Pyrite is generally framboidal, with diameters of 0.01 to
0.04 mm, and is particularly associated with high-grade regions of
the orebodies. Microscopic crystals of pyrite are also disseminated
throughout the pelitic cement of the sandstones. Pitchblende and
coffinite are common in those parts of ore zones that contain
elevated concentrations of carbonaceous material and are generally
located adjacent to carbonaceous material and pyrite (for details,
see Min et al., 2001).

4.2. Menggqiguer uranium deposit

The Mengqiguer uranium deposit is located in the central part of
the southern margin of the Yili Basin (Fig. 2) and was initially
thought to be a coal-hosted U deposit when discovered in 1955. The
deposit contains 500—1500 t U in resources with grades of 0.03%—
0.10% U (Dahlkamp, 2009). Exploration since the 1980s has
discovered significant sandstone-hosted U mineralization within
dark clastic coal-bearing Jurassic sediments (Figs. 6, 7), with minor
amounts of mineralization located in overlying Paleogene clastic
sediments. The mineralized sandstone unit within the deposit
formed in proximal braided stream, lacustrine, lakeshore delta, and
alluvial fan environments (Zhang et al., 2010).

The mineralization within the Mengqiguer deposit is hosted by
the 350—450 m thick Shuixigou Group. The uranium orebodies
within this group are located within the II, III, V, and VII sedi-
mentary cycles (Fig. 7) in quartzose sandstone, volcanic-debris-
bearing feldspathic (kaolin altered) sandstone, and sandy
conglomerate units. The mineralized sedimentary unit generally
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has a sand/mud ratio of 1-3 and contains 0.3%—3.0% organic car-
bon. The deformation of this group formed a gentle ENE-WNW
striking anticline with limbs that host the majority of the ore-
bodies of the deposit. Three major ENE-WNW striking reverse
faults have also been identified during drilling, with these faults
thought to control the location of uranium mineralization (Wang
etal., 2006c¢). The F1 fault passes to the SE of the deposit and dips to
the NW at 10°—15°. The F2 fault is located 1 km NW of F1 and has a
similar orientation and dip, suggesting this is a secondary fault
associated with the main F1 fault. The F3 fault occurs along the
hinge zone of the gentle ENE-WNW striking anticline and dips to
the NW at ~20°. The course of the Thajistan River roughly follows
the F3 fault from SW to NE (Fig. 6; Wang et al., 2009a).

The groundwater associated with the Mengqiguer deposit is
generally hosted by the Lower—Middle Jurassic Shuixigou Group
(Fig. 6). These water are injected into exposed Jurassic sedi-
ments, with 68,976 m>/d of water injected from the Thajistan
River to the southwest, and 289 and 151 m’/d on average for
the Mengqiguer and Langka rivers to the south, respectively. The
groundwater in this area flows to the NE, most likely as a result
of the NE dip of the Jurassic units, with a flow rate of
0.01-0.11 m/d (Lin et al., 2017).

Two pairs of interlayer oxidation zones have been identified
within the Mengqiguer deposit (Figs. 6, 7), reflecting the inflow
direction of oxygenated groundwater. Pair I formed as a result of
the inflow of oxygenated groundwater from the southern sources
of the Mengqiguer and Langka rivers, forming a redox front >20 km
long in an ENE direction. These oxidation zones are generally
located within the Badaowan Formation. However, Pair Il formed as
a result of groundwater inflow from the Thajistan River, yielding a
redox front about ~8 km long in a NW direction. This suggests that
the Thajistan, Mengqiguer, and Langka rivers represent the sources
of the ore-forming fluids that formed this deposit.

Major orebodies within the deposit generally have more or less
irregularly shaped rolls or are tabular. These orebodies are usually
hundreds of meters wide, can reach tens of kilometers long, and are
0.5m to tens of meters thick. The ores are usually low to medium
grade (<0.5% U) and are commonly grey, dark grey, or black in color as
a result of the presence of U-minerals, Fe-sulfides, and carbonaceous
debris. Clay minerals form a pervasive matrix that hosts the detrital
grains (mostly quartz and feldspar, with a few heavy minerals) and

also replace the feldspar within the sediment (Fig. 8G, H). The ores
are indurated and have moderate permeability although some ores
are water saturated and are essentially unconsolidated. The highest-
grade mineralization is commonly also enriched in Mo and V, and has
sharp lithological contacts with surrounding barren but altered rock,
although U grades gradually decrease across this boundary rather
than dropping off sharply. Fossil carbonaceous material is moder-
ately common within the unaltered sandstone and is often well
preserved. Epigenetic alteration has changed the originally black
sandstone to pink as a result of hematite alteration, yellow associated
with limonite alteration, or white as a result of argillic alteration. The U
within the deposit is generally present as pitchblende (Fig. 8A—D), but
also minor coffinite (Fig. 8E) and brannerite, and adsorbed onto clay
minerals (Fig. 8F), pyrite, and coal debris (for details, see Min et al.,
2005b and Dahlkamp, 2009).

5. Sampling and analysis

The samples analyzed during this study are listed in Table 1. The
intimate intergrowth of ore minerals and gangue within these sam-
ples means that whole-rock analysis was the primary approach used
(Ludwig et al., 1985). The effects of small-scale U-daughter migration
and variations in initial Pb isotopic composition were overcome by the
use of relatively large samples (>1 kg). All samples are fresh and non-
friable, with no visible secondary U minerals, and generally contain
>300 ppm U. Pitchblende separates were also obtained from several
samples, with >80% purity separates handpicked under a binocular
stereo-microscope from material coarser than 20—40 mesh. The
resulting separates were analyzed to compare with the results of
previous U-Pb dating using pitchblende separates (Li et al., 1980; Li,
1982; Xia et al., 2003; Zhang, 2008; Luo et al., 2015).

Samples were obtained from roll-shaped orebodies within the
Badaowan Formation in the Kuji’ertai deposit (Groups A, E, F, G;
Fig. 5) and the Sangonghe Formation in the Mengqiguer deposit
(Groups B—D; Fig. 7). Groups A and D represent the inner core parts
of U orebodies, whereas Group B was collected from the wings of a
roll-shaped U orebody, and Group C was taken from the head zone
of a roll-shaped U orebody. Finally, Groups E—G are hand-picked
pitchblende separates taken from inner core, wing, and head zones
within roll-shaped orebodies, respectively. All of these samples are
fresh and contain no visibly oxidized U minerals.
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The samples were crushed and milled to fine-grained sand before
splitting with a microsplitter to yield representative 5 g fractions for
dissolution. The approach of Ludwig et al. (1985) was used in that all
samples were completely dissolved in hot HF—HNO3;—HClO4 at
1 atm before small (2—20 ul) liquid aliquots of the 50 ml total solu-
tion were employed for U and Pb purification using conventional HBr
(Pb) and HNOs (U) ion exchange column techniques. The U and Pb
concentrations within the aliquots were determined by isotope
dilution—mass spectrometry before isotopic compositions were
determined using an ISOPROBE-T mass spectrometer. Pb isotope
ratios are corrected for mass discrimination and laboratory blanks,
and uncertainties vary somewhat from sample to sample but are on
average 0.01% (on a 26 basis) for Pb2%6/Pb%%4 Pb2%7/Pb2%4, and Pb28/
Pb?%4 and ~0.15% for U?38/Pb%?%* and U?*>/Pb?™, as assessed by
analysis of Chinese national pitchblende standards GBW 04220, NBS
Pb 981 standard from the US National Institute for Standards and
Testing, and Certified Reference Material (CRM) U-030. Uncertainties
and error correlations for blank-corrected isotope ratios (all blank
corrections were negligible) and the resulting concentrations were
determined using the equations of Ludwig (1980, 1984). Measure-
ments were performed at the Geological Analysis and Testing Center,

Beijing Research Institute of Uranium Geology, Beijing, China. All
uncertainties are given at the 95% confidence level and ore isotopic
ratios (?°®Pb/?38U and 2%7Pb/%*°U) were used to estimate ages using
ISOPLOT (v.4.15, Ludwig, 1993).

The U-Pb dating of samples from the Mengqiguer deposit suggest
that this deposit is still forming; consequently, we undertook sys-
tematic sampling of groundwater around this deposit for chemical
analysis. A total of 23 water samples were obtained during field trips
in 2015 and 2016. The influence of rainfall was minimized by the
collection of all samples during a single week that had no rainfall.
Each sampling point involved the in situ measurement of tempera-
ture, pH, Eh (oxidation—reduction potential; ORP), total dissolved
solids (TDS), electrical conductivity (CON), and dissolved oxygen (DO
values using a Hach sens-ION instrument). This approach used four
specific electrodes (electrode 51910-00 for pH and temperature;
electrode 51975-00 for electrical conductivity and TDS; electrode
51937-00 for Eh; and electrode 51970-03 for DO) and one standard
electrical conductivity solution (CON, 1000 + 10 pus/cm with a salinity
of 491 mg/L NaCl and a TDS value of 500 + 5 ppm).

A total of six samples were taken from cold springs located
roughly to the south of the Mengqiguer deposit that flow into the
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Mengqiguer or Thajistan rivers and a further six samples were taken were taken from deep hydrological wells used to monitor water-
from the upper and middle reaches of the Mengqiguer and Thajistan level variations and open wells for household use (Fig. 6). The cold

rivers (Figs. 4, 6; Appendix A). A further 11 underground samples spring samples generally represent the composition of melt water
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Fig. 7. NW—SE cross-section through the Mengqiguer uranium deposit, showing the location of the gentle anticline associated with the deposit, faults, oxidized zones, and uranium
orebodies (modified from Geological Team No. 216, 2016).
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that flows through fractures, with upstream river samples repre-
senting surficial melt waters combined with some water derived
from cold springs and midstream river samples representing up-
stream river water combined with predominantly meteoric soil
water. The underground samples are divided according to their
location either within the oxidation zone (at least 200 m from the U
orebody), close to the orebody, and within the reduced zone. The
locations of the samples from the oxidation zone and close to the
orebody represent river waters that have seeped into the mineral-
ized sandstone, where these fluids have undergone water—rock
interaction and associated oxidation. However, the samples from
the reduced zone represent groundwater from the oxidation zone
that has been reduced as a result of water—rock interaction.

Water was pumped using either installed submersible pumps or
bailers depending on the situation at the sampling point, with water
transported using PVC riser tubes. Mutual contamination was avoi-
ded by pumping of water for 30 min prior to sampling. All water
samples were stored in two glass bottles that were airfreighted to the
Geological Analysis and Testing Center of the Beijing Research Insti-
tute of Uranium Geology, Beijing, China. Bulk ion compositions of
water samples were determined using ion chromatographic analysis
(Bray et al., 1991; Channer and Spooner, 1991) employing a DIONEX-
500 ion chromatography system, with analytical precision and ac-
curacy are generally +2%. The concentrations of U, Fe, and Al within
water samples were determined using high resolution—inductively
coupled plasma—mass spectrometry (HR—ICP—MS) employing a
Finnigan MAT Element I instrument, with analytical precision and
accuracy are generally +1%. Commercial standard solutions were
used for daily calibration and the limits of quantitation were deter-
mined by 10 point calibration as per the DIN 32645 standard. HCO3
and CO3%~ concentrations were determined using a SCHOTT Titroline
Alpha Plus automatic titration system employing a modified DIN
38409-H7-2 standard approach by evaluating titration curve shapes
for the identification and quantitation of these species. Precision
values were determined by the daily analysis of standards according
to the DIN ISO 11352:2013—03 standard with accuracy values
determined from proficiency testing results and the daily measure-
ment of standard solutions.

6. Results
6.1. U and Pb contents

Before describing the U and Pb isotope data generated during
this study, it is important to place these data in context by discus-
sing the U and 2%Pb (representing initial Pb concentrations) con-
tents of ores and pitchblende. These data provide insights into
variations in U and Pb isotopic data that reflect either initial con-
tents or the influence of small-scale migration. The data shown in
Table 1 and Fig. 9 indicate that although samples within individual
groups have variable U and 2%‘Pb compositions, indicating that
these data would yield unreliable apparent ages, the ores have
roughly constant 2%4Pb contents (0.10—0.30 ppm). This is signifi-
cantly different from the negative correlation between 2°4Pb and U
obtained from the analysis of pitchblende. Here, we use pitchblende
analyses for comparison with our whole-rock data to assess the
small-scale migration of radioactive uranium daughter products as
well as variations in radiogenic Pb contents derived from hand-
picking and the influence of both of these factors on U-Pb dating.

6.2. Pb isotope data

The U and 2%*Pb contents of the ores indicate highly variable
initial Pb contents but not highly variable initial Pb isotopic
compositions, with the latter expected to be constant during the
formation of the mineralization, at least on an orebody scale.
The Pb isotopic compositions of whole-rock ore samples and
pitchblende from the southern Yili uranium district are given in
Table 1 and shown in Fig. 10. Prior to discussing the U-Pb dating
of these samples it is important to assess their Pb isotopic
compositions. This reflects the fact that these ores contain
relatively high amounts of initial (common) Pb, meaning it is not
possible to employ typical concordia diagram or straightforward
U-Pb isochron approaches that assume negligible or isotopically
constant initial Pb. Plotting these samples in a 2°’Pb/2%4Pb versus
206pp/204pp  djagram (Fig. 10) shows three trends, suggesting
these samples should be subdivided into three clusters (I, I, and
Ill) reflecting their properties and locations. Cluster I includes
Groups B—D, all of which are from the Sangonghe Formation
within the Mengqiguer deposit. In comparison, Clusters II and III
represent ores and handpicked pitchblende, respectively, from the
Kuji'ertai deposit. All three linear trends defined by these clusters
are parallel, indicating that they do not have the same initial Pb
isotope compositions. This is supported by their 2°’Pb/?%Pb ages
of 1424 +310Ma (Cluster 1), 409+190Ma (Cluster II), and
876+ 74 Ma (Cluster III), with associated initial 2°’Pb/?%Pb ratios
of 16.30, 18.07, and 17.28, respectively, and 2°°Pb/?%4Pb ratios of
15.53, 1535, and 14.12, respectively. The mineralization in the
southern Yili district contains only trace amounts of Th (usually
several ppm), meaning that the 2°®Pb/2%Pb ratios have remained
unchanged since their formation (as shown by Clusters I and II;
Fig. 10B). This means that the 2%®Pb/2%4pb ratios of these samples
should reflect variations in initial Pb isotopes. Any U present in
oxidized fluid can be extracted as U®* complexes, enabling the
easy release of associated radiogenic Pb. However, Th is inert and
is unlikely to be mobilized, meaning that the resulting radiogenic
208ph js more immobile during mineralizing processes. The
different geochemical properties of U and Th within the oxidized
fluid therefore mean that initial 2°°Pb/2%“Pb and 2°7Pb/?%4Pb
values are more likely to be homogenous than 2%Pb/2%4Pb values
(Faure, 1977). This can explain the fact that although both Cluster
II and Il samples are from a roll-shaped U orebody within the
Kuji’ertai deposit and define similar linear trends in a 2%/Pb/?%4Pb
versus 2%Pb/2%4pPb diagram, the 2°8Pb/?%*Pb values of the Cluster
Il samples are much more variable than those of Cluster II
samples, reflecting the influence of handpicking of the pitch-
blende samples (Fig. 10).

In conclusion, plotting samples from the study area on
207pp[204pp versus 2%6Pb/2%4Pb and 298Pb/2%4Pb versus 2°°Pb/2%*Pb
diagrams suggests that the ores within the southern Yili U district
have variable initial Pb isotopic compositions, although these are
consistent on an orebody scale, enabling the selection of groups of
consistent samples for U-Pb dating.

6.3. U-Pb isotope data

The mineralized sandstone in the study area is loosely consoli-
dated and is dominated by moderately well sorted and rounded
quartz and feldspar grains in a matrix of illite, calcite, and hematite,

Fig. 8. Photomicrographs of representative ore samples from the Menggiguer deposit. A. Pitchblende veins hosted by quartz sandstone with a disseminated-pyrite-bearing matrix
(reflected light, sample P3523). B. Pitchblende veins along the contact surface of detrital quartz within a disseminated-pyrite-bearing matrix (plane polarized light, sample P3523).
C. Disseminated pitchblende within sandstone (reflected light, sample P5116). D. Disseminated pitchblende within sandstone (plane polarized light, sample P5116). E. Backscattered
electron image of aggregated coffinite ore(sample P5358). F. Backscattered electron image of disseminated pitchblende (appearing bright white) ore (sample P5360). G. Semi-
rounded quartz within sandstone with a kaolinite matrix, yielding a relatively high permeability (SEM image, sample P2056). H. Aggregated sheet-like kaolinite matrix in sandstone,

yielding a relatively high permeability (SEM image, sample P2311).
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Table 1
U-Pb isotopic data for samples from the southern Yili uranium district, Yili Basin.

Group Sample no. Lithology U(ppm) Pb (ppm) 2%4Pb(ppm) 238U/2%4pb  235U294pb  208ph204ph(26)  207Pb/2%4Pb(26)  2°6Pb/?%4Pb(20)
A P824a Coarse sandstone, grey 4058 16.8 0.123 28118.668 204.049 39.291(0.002) 18.411(0.001) 76.313(0.003)
A P824b Coarse sandstone, grey 471 11.2 0.135 2967.279 21.533 39.23(0.003) 16.123(0.001) 25.399(0.001)
A P824d Coarse sandstone, grey 3816 16.8 0.129 25186.576  182.771 39.246(0.002) 18.226(0.001) 70.387(0.004)
A P824e Coarse sandstone, grey 2409 204 0.188 10857.015 78.786 39.282(0.002) 17.114(0.001) 49.417(0.004)
A P824f Coarse sandstone, grey 2078 11.6 0.124 14352.403 104.150 39.228(0.002) 16.184(0.001) 36.143(0.003)
A P824¢g Coarse sandstone, grey 3699 18.8 0.115 27513.761  199.659 39.309(0.003) 20.095(0.001) 101.619(0.008)
A P824h Coarse sandstone, grey 3854 16.1 0.119 27,627.140 200.482 39.344(0.002) 18.348(0.001) 75.392(0.003)
A P824i Coarse sandstone, grey 1920 17.2 0.191 5434.251 39.435 39.301(0.002) 16.256(0.001) 32.178(0.003)
A P824j Coarse sandstone, grey 3655 16.9 0.088 35248.16 255.785 39.351(0.002) 21.559(0.001) 127.035(0.009)
A P824k Coarse sandstone, grey 2263 15.3 0.125 15356.38 111.437 39.284(0.003) 17.512(0.001) 62.778(0.001)
A P8241 Coarse sandstone, grey 3990 19.7 0.119 28538.843  207.098 39.234(0.002) 19.892(0.001) 103.546(0.003)
B 02835-1a Medium sandstone, grey 405 9.74 0.127 2702.923 19.614 39.181(0.001) 15.813(0.001) 19.300(0.001)
B 02835-1b Medium sandstone, grey 337 16.3 0.210 1360.752 9.874 39.202(0.003) 15.863(0.001) 20.262(0.002)
B 02835-1c Medium sandstone, grey 413 15.8 0.203 1733.233 12.577 39.253(0.002) 15.887(0.001) 20.367(0.001)
B 02835-1d Medium sandstone, grey 385 9.82 0.128 2552.764 18.524 39.227(0.004) 15.82(0.002) 19.306(0.002)
C 02827-1f Medium sandstone, grey 3646 244 0.309 10030.493 72.788 39.177(0.002) 16.024(0.001) 21.634(0.001)
D 02011-1a Coarse sandstone, grey 1591 11.7 0.151 8922.667 64.749 39.262(0.002) 15.855(0.001) 19.951(0.001)
D 02011-1b Coarse sandstone, grey 1748 10.8 0.140 10643.449 77.236 39.254(0.002) 15.859(0.001) 20.048(0.001)
D 02011-1c Coarse sandstone, grey 1543 114 0.147 8917.887 64.714 39.299(0.001) 15.861(0.001) 19.951(0.001)
D 02011-1d Coarse sandstone, grey 2128 19.1 0.248 7296.878 52.951 39.207(0.002) 15.847(0.001) 19.865(0.001)
D 02011-1e Coarse sandstone, grey 937 15.6 0.203 3935.072 28.555 39.245(0.002) 15.838(0.001) 19.686(0.001)
D 02011-1f Coarse sandstone, grey 732 23 0.299 2081.342 15.104 39.237(0.001) 15.822(0.001) 19.584(0.001)
E P1316a Pitchblende 399000 614 0.214 261259.6 1895.885 40.210(0.002) 36.093(0.009) 389.986(0.023)
E P1316b Pitchblende 628000 535 0.086 1173723.0 8517.364 38.907(0.001) 85.756(0.023) 1037.128(0.172)
E P1316¢ Pitchblende 562000 451 0.111 965477.2 7006.188 38.982(0.001) 69.387(0.009) 791.532(0.105)
F CN11M-1 Pitchblende 692000 385 0.043 3593843 26079.480 42.070(0.002) 157.326(0.047) 2125.186(0.329)
F CN11M-3 Pitchblende 740000 316 0.164 1228349 8913.769 42.030(0.003) 49.787(0.014) 516.939(0.050)
F CN11M-4 Pitchblende 728000 733 0.156 547613.3 3973.871 39.205(0.003) 47.083(0.016) 553.737(0.047)
F CN11M-6 Pitchblende 663000 3227 0.225 78571.52 570.171 42.338(0.003) 36.209(0.011) 364.902(0.041)
F CN11M-7 Pitchblende 209000 1453 1.008 12318.85 89.394 39.230(0.003) 17.145(0.002) 41.831(0.001)
F CN11M-9 Pitchblende 495000 743 0.693 82879.45 601.432 39.038(0.003) 19.801(0.002) 84.462(0.006)
F CN11M-10 Pitchblende 19100 1425 0.564 2047.922 14.862 41.420(0.005) 20.959(0.002) 113.926(0.007)
F CN11M-12  Pitchblende 354000 1237 0.398 61925.97 449.379 45.771(0.005) 24.656(0.004) 179.829(0.011)
G K1607-7 Pitchblende 472000 48.7 0.566 1475492 10707.22 39.284(0.003) 22.035(0.005) 114.359(0.008)

Pb isotope ratios are corrected for mass discrimination and laboratory blanks, and uncertainties vary somewhat from sample to sample but are on average 0.01% (on a 2¢ basis)

for Pb2%6/Pb2%4, Pb207/Pb2%4, and Pb2%8/Pb2%4, and ~0.15% for U?*8/Pb2%* and U235/Pbh2%4,

meaning that the ores might have been influenced by post-
mineralization fluid activity. The U-Ra coefficient of roll-shaped
orebodies is generally in equilibrium (Kp =0.84—1.08 where Kp
equals the U-Ra equilibrium coefficient and calculated as (Ra molar
concentration)/(U molar concentration); Li et al., 2002b; Zhang
et al.,, 2018). This suggests that the mineralization at the head of the
redox front formed during oxidation and was unaffected by later
processes. However, the oxidation zone is in disequilibrium
(Kp =2.64—3.32; Li et al.,, 2002b), meaning that these ores have
undergone secondary oxidation and redistribution or re-enrich-
ment of U or Pb (Rosholt et al., 1973; Faure, 1977, Li et al., 2002b).
None of the clusters from the oxidation zone yield well-defined
linear trends that correspond to meaningful 2°’Pb/?%Pb ages.
However, these isotopic data can be made more useful and mean-
ingful by plotting 23%U/2*Pb and 23°U/?%Pb values against
206pp204ph and 297pb/294Pb values, respectively (Fig. 11), suggest-
ing that it is possible to date these samples using the U-Pb approach
once erroneous date have been removed (Fig. 9). Plotting data from
Clusters I-III in 2°6Pb/2%4Pb versus 23%U/2%4Pb and 2°7Pb/?%4Pb
versus 22°U/2%4Pb diagrams indicates that Group B and C samples in
Cluster I and samples CN11M-1, -3, -6, -7, -9, and K1607-7 in Cluster
Il should be excluded from U-Pb dating, as all of these samples
have undergone U or Ra (Pb) loss or addition, meaning that they
plot away from the linear trends defined by all the other samples
(Faure, 1977; Ludwig, 1978, 1980; Ludwig et al., 1981, 1984, 1985;
Holliger et al., 1989; Nikolay et al., 2009). In addition, Cluster II
should be divided into two sub-clusters where sub-cluster 1I(A1)
includes samples P824a, d, f, and h, and sub-cluster II(A2) includes
all other samples in this cluster.

The remaining data were plotted on 2%Pb/?2%4Pb versus
238/204ph and 297Pb/2%4Pb versus 23°U/?%Pb diagrams. The

meaningful data in Cluster [ yield a linear trend in a 2°°Pb/?%“Pb
versus 238U/2%4pb isochron diagram that corresponds to an age of
0.347 +0.0048 Ma, whereas the same samples plotted on a
207pp294pp versus 23°U/2%Pb diagram define a linear trend that
yields an isochron age of 0.61 +0.24 Ma. These trends also yield
initial 2°6Pb/2%4Pb and 2°7Pb/2%4Pb values of 19.4725 + 0.0056 and
15.817 + 0.013, respectively (Fig. 11A1—A4). The U-Pb dating of sub-
cluster 1I(A1) yields a 2%Pb/?**Pb versus 233U/*°“Pb age of
191+37Ma and a 29Pb/?%%pb versus 23°U/?%%Pb age of
22.9+9.1Ma, with initial 2°°Pb/2%4Pb and 2°’Pb/?**Pb values
of —6+14 and 13.9 + 1.6, respectively (Fig. 11B1—B6). Sub-cluster
11(A2) yields similar 2°®Pb/2%4Pb versus 238U/2%4Pb and 2°7Pb/?%4Pb
versus 23°U/?%Pb ages of 20.18 + 0.49 and 23.4 + 3.3 Ma, respec-
tively, with initial 2°6Pb/2°4Pb and 2°’Pb/2**Pb ratios of 15.3 + 1.6
and 15.32 + 0.52, respectively (Fig. 11B1—B6). Finally, the Cluster III
samples (barring the excluded data discussed above) yield a
206pp204ph  yersus 238U/29%Pb age of 4.73+0.78Ma and a
207pp294ph versus 22°U2%Pb age of 7.38 +0.88 Ma, with initial
206pp204ph and 207Pb/2%4Pb values of 142 +81 and 20.8 +4.2,
respectively (Fig. 11C1—C4).

Finally, the high common Pb contents and variations in initial
206pp204pp and 207Pb/2%4Pb values indicate that 2°°Pb/?38U versus
207pp 235 concordia ages derived without considering common Pb
and correcting initial Pb isotopes are erroneous. As such, 2°5Pb/238U
versus 297Pb/>3°U concordia diagrams are not employed in this study.

6.4. Groundwater characteristics
The basic characteristics of groundwater include temperature,

pH, Eh, CON, TDS, salinity, and DO, all of which are given in Ap-
pendix A along with sample descriptions including location
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Fig. 9. U versus 2**Pb diagrams for ores (A) and handpicked pitchblende (B) within samples from the southern Yili uranium district.

descriptors such as cold spring, upstream and midstream river,
groundwater from oxidation zone, redox zone (close to the ore-
body), or reduced zones (Appendix A; Fig. 12).

The majority of these water samples have pH values of
6.89—9.57 that indicate they are generally alkaline waters, barring
one sample with a pH of 11.06 that reflects the slightly alkaline
property of the meteoric water in the Yili region (Appendix A;
Wang et al., 2009a). The groundwater in this area yields TDS values
that are controlled by sampling location, with a minimum TDS
value of 132.9 ppm derived from a sample in the upstream part of
the Thajistan river and close to a cold spring, reflecting dilution by
surface flows of glacial meltwater. Surficial waters in the study area
have TDS values of 132.9—666 ppm, whereas groundwaters have
values of 610—1362 ppm. The higher TDS of groundwater probably
reflects water—rock interaction between the groundwater and the
hosting sandstone that contains soluble salts.

The surficial water and groundwater within and around the
Mengqiguer deposit show characteristic Eh and DO variations. The
Eh (ORP) values of the surficial waters are generally >100 mV, with
DO values >8 ppm (Fig. 12). After this surficial water seeps into the

mineralized sandstone, the resulting groundwater undergoes a
significant drop in Eh and DO values to less than —5mV and
<6 ppm, respectively, barring individual samples with values of
168.6 mV and 6.69 ppm. The lowest Eh and DO values are from the
reduction zone, where samples yield values of —315.6 mV and
2.4 ppm, respectively.

6.5. Groundwater ion compositions

The groundwater Fe, Al, and U ion contents around the Meng-
giguer deposit are listed in Appendix B based on location (Fig. 12).
These groundwaters have anion contents dominated by HCO?>~ and
SOZ~ species, and cation contents dominated by Na* and Ca®*, with
very low F~ and CO5~ contents. The flow path between the cold
spring and the groundwater in the reduced zone yields variations in
ion compositions that can be divided into three classes, namely
Class I waters that contain F~, CO3~, K*, and HCO3, Class Il waters
that only contain Fe, and Class III waters that contain all the other
ion species listed in Appendix B.

The Class I fluids have generally consistent ion contents along
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Group E—G samples. Each of these clusters defines a linear trend. Clusters I and II have similarly constant 2°Pb/2%4Pb ratios, whereas Cluster III has variable 2°5Pb/2%4Pb ratios.

their flow path, although these fluids contain low concentrations of
F~ and CO5™. The Class III fluids record variations (Fig. 12) that
reflect three stages of evolution. Stage I represents a decrease in ion
contents as a result of dilution of cold spring waters by river water
that is derived mainly from glacial meltwater. In comparison, stage
Il records an increase as a result of water—rock interaction between
groundwater and clastic rocks, whereas stage IIl records a decrease
in ion contents as a result of flow through the redox zone con-
taining the U orebodies. The Class II fluids can also be divided into
three evolutionary stages, with stages Il and IIl being similar to
those recorded by Class III fluids, although the Class II fluids show a
stage | involving an increase in Fe contents, the opposite to that

recorded in the Class III stage I fluids.

Fluid CI7/F~ ratios vary along the flow path from the cold spring
(29.7-647.6), through the upstream (131.4) and midstream
(2.3—12.1) parts of the rivers to the oxidation zone (16.3—118.6), the
redox zone (close to the orebody; no data), and finally into the
reduced zone (89.3). These different zones yield HCO3/
(NO3 + SO% ") ratios of 0.8—5.5, 2.2, 3.6—25.1, 1.0—6.0, 0.3—0.9, and
2.1-7.1, respectively. In addition, the fluids in these areas have Na*/
K* ratios of 18.0—150.3, 54.5, 12.4—37.8, 16.4—150.4, 140.6—762.2,
and 45.9-50.9, respectively. Finally, they have Ca®*/Mg?" ratios of
0.9-6.0, 3.2, 3.7-4.6, 1.8—3.3, 1.6—-2.5, and 2.9—4.0, respectively.
Anion budgets can be represented by
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SY(F~ +Cl~ 4+ NO3 4 2503~ + 2C03~ + HCO3) values, which for the
zones outlined above are 5.5-16.5, 5.0,2.9-5.5,4.7-6.9,14.2—-32.2,
and 3.7—6.0 x 10~ mol/L, respectively. Finally, cation budgets can
be represented using SY(Na* + K* + 2Mg?* + 2Ca*) values, which
for the zones outlined above are 8.1-26.2, 7.3, 3.5-5.6, 5.4—94,
18.7—48.8, and 4.2—7.6 x 10~ mol/L, respectively (Fig. 13; Table 2).
(See Tables 3 and 4.)

7. Discussion

7.1. Timing of mineralization within the southern Yili uranium
district and geological significance

The pitchblende and ores dated during this study contained
significant amounts of common Pb during their formation, as evi-
denced by their non-radiogenic 2°*Pb isotopic compositions (Fig. 9).
This common Pb must be considered during 232U/?%Pb and
235y/207pph dating. As such, we analyzed mineralized samples to
obtain isochrons, an approach that can yield age solutions for

simply disturbed systems without explicit knowledge of the com-
mon Pb isotope composition of the samples in question (Lev-
chenkov and Shukolyukov, 1970; Neymark and Levchenkov, 1979;
Wendt, 1984). The U-Pb isotopic data of the ores from the study
area were obtained by whole-rock analysis, meaning these samples
also contain detrital minerals such as quartz, feldspar, biotite, and
clays, all of which means that the initial Pb ratios (i.e., common Pb)
of these samples might not be homogeneous if these samples have
only been weakly hydrothermally altered.

The dominant type of U mineralization is disseminated miner-
alization hosted by sandstones with a matrix containing permeable
clay minerals and hematite. Scanning electron microscope (SEM)
imaging indicates that the U minerals in these samples are either
coffinite aggregates (~5 um in diameter; Fig. 8) or uraninite spheres
(~5—10 um in diameter; Min et al., 2001), both of which are coated
by highly permeable clay minerals and impermeable hematite
(Fig. 8). Consequently, these ores have moderate permeabilities. In
addition, the mineralized sandstones contain groundwater that
flows at 0.01—0.11 m per day (Lin et al., 2017). These petrological
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Fig. 12. Diagrams showing the basic characteristics, main ion species, and U and Fe concentrations within cold springs, river water, and groundwater within the Mengqiguer
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and hydrological data indicate that the U minerals in this area
(especially pitchblende) could have been affected after their for-
mation by flowing groundwater, primarily as U* is highly soluble
in oxidizing, carbonate-bearing groundwaters and low-tempera-
ture hydrothermal fluids. These processes can therefore either in-
crease or decrease the U-Pb ages of these samples. In addition, the
high permeability and loosely consolidated nature of the ore-
bearing sandstones might have enabled the long-term continuous
leakage of one or more of the radioactive daughters of 238U (i.e.,
222Rn and ?%®Ra), potentially forming a geochemical halo around
the uranium deposits (e.g., Granger, 1963; Holliger et al., 1989). This
would have lowered the U-Pb ages of these deposits even without
significant U loss. This can explain the U-Pb isotopic data for hand-
picked pitchblende obtained during this research; consequently, an
in situ approach to pitchblende analysis was not used in the present
study.

If young uranium ores (e.g., those within the Southern Yili Basin)
have not undergone uranium migration, then any lead and/or
radioactive daughters lost from the pitchblende might have been
trapped by surrounding material, meaning that the whole-rock
geochronological analysis of these samples is likely to yield
meaningful results. The main requirement of this open-system type
of dating is that the lead lost by the U minerals is similar to the lead
gain by the surrounding materials (i.e., mass balance; Ludwig, 1978;
Ludwig et al., 1980). As such, we selected ores that have undergone

little deformation, minimal loss of radiogenic daughter products,
are high grade, and are surrounded by syn-ore calcite or hematite in
order to minimize any loss of lead from the samples.
Sandstone-type uranium deposits form under relatively low-
temperature conditions, meaning they contain submicroscopic
uraninite that is finely intergrown with gangue minerals (i.e.,
galena, pyrite), yielding very high surface contact areas. The ores in
the study area contain 0.1-0.3 ppm common 2%4Pb, with these
relatively uniform concentrations indicating a relatively stable
abundance of common Pb. However, the handpicked pitchblende
shows increasing U concentrations (representing increasingly
successful removal of gangue minerals during handpicking) that
negatively correlate with 2%4Pb concentrations, suggesting the
latter is hosted by the gangue minerals in the ores (Fig. 9). In
addition, although the uraninites in these ores contain extremely
low concentrations of common Pb, they cannot be used for in situ
dating (Li et al., 2003, 2007, 2009a, 2009b, 2009c, 2010a, 2010b;
Kazumasa et al., 2015; Liu et al., 2015; Lu et al., 2015; Matthew et al.,
2015) because the extremely large contact area between the ura-
ninite and the surrounding gangue means that the crystallo-
graphically incompatible daughter Pb (?°°Pb and 2°7Pb) within
uraninite or even the 2%Pb within clastic minerals could have un-
dergone continuous diffusion into the surrounding gangue material
(Ludwig, 1978; Ludwig et al., 1980, 1984; Ludwig and Simmons,
1992). This means that purifying the uraninite in these samples
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would also remove significant amounts of radiogenic Pb, as evi-
denced by the much lower U-Pb dates obtained from handpicked
pitchblende samples relative to whole-rock analysis of ores

Table 2

Basic characteristics of surface and groundwater within and around the Mengqiguer uranium deposit.

(Fig.11). This is another reason why an in situ U-Pb dating approach
was not used during this study. However, the handpicked pitch-
blende samples generally define the same linear trend in Pb

Sample no. Location T(°C) pH Eh (ORP) CON (ps/cm) TDS (ppm) DO (%) DO (ppm)
SY-1 Cold spring, SW of Menggqiguer deposit, flow into Thajistan river 82 9.12 1103 421 210 876 11.27
SY-3 Cold spring, south of Menggiguer deposit, flow into Mengqiguer river 85 834 1517 1013 506 804 10.57
SY-5 Cold spring, SW of Menggiguer deposit, flow into Thajistan river 79 865 1338 843 420 925 10.6
SY-7 Cold spring, SW of Menggiguer deposit, flow into Mengqiguer river 83 819 1146 996 500 88.6 942
SY-15 Cold spring, south of Mengqiguer deposit, flow into Mengqiguer river 85 927 1552 1018 510 91.3 10.67
SY-20 Cold spring, SW of Mengqiguer deposit, flow into Thajistan river 8 894 1294 1149 575 90.7 11.04
SY-16 Thajistan river, upstream, SW of Menggiguer deposit, close to cold spring 12.2 8.66 167.6 265.7 1329 935 10.84
SY-17 Thajistan river, midstream, SW of Menggiguer deposit, seep into Jurassic sandstone 139 8.12 181.1 719 360 88.7 9.56
SY-2 Thajistan river, midstream, SW of Mengqiguer deposit, seep into Jurassic sandstone 149 838 125 404 202 858 8.56
SY-10 (E) Menggiguer river, upstream, close to cold spring 185 8.18 197.3 1332 666 94 9.54
SY-10 (W) Mengqiguer river, upstream, close to cold spring 174 6.89 1256 344 94.7

SY-11 Mengqiguer river, midstream, south of Mengqiguer deposit, seep into Jurassic sandstone 16.5 8.09 231.5 1118 559 984 10.55
SY-4 Groundwater, oxidization zone 14 11.06 168.6 1897 948 356 4.01
SY-6 Groundwater, oxidization zone 168 7.11 -5 2563 1326 447 478
SY-8 Groundwater, oxidization zone 23 946 -90.8 2300 1151 66.8 6.69
SY-9 Groundwater, oxidization zone 179 821 -125.7 2409 1200 48.5 4.26
SY-13 Groundwater, oxidization zone 204 957 -604 1927 965 62.1 5.71
SY-22 Groundwater, oxidization zone 158 896 -80.1 2715 1362 534 5.02
SY-19 Groundwater, close to orebody 13.8 843 -190.5 1218 610 347 3.89
SY-21 Groundwater, close to orebody 236 8 —2419 2481 1244 303 257
SY-12 Groundwater, reduction zone 15 832 -2424 1791 892 314 265
SY-14 Groundwater, reduction zone 19 9.2 3004 1473 735 309 317
SY-18 Groundwater, reduction zone 176 8.74 -3156 1502 749 286 24

Abbreviations are as follows: ORP = oxidation—reduction potential, CON = electrical conductivity, TDS = total dissolved solids, DO = dissolved oxygen.
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Table 3

Ion and gas compositions of surface and groundwater within and around the Menggiguer uranium deposit.

Sample Location F~ Cl- NO; SOi CO%3 HCO3 Na* K* Mg?* Ca’* Al Fe U
no.
SY-1 Cold spring, SW of Menggqiguer deposit, flow into Thajistan river 0.163 72.09 37.85 33.6 — 155 52.2 327 36,5 985 16.2 850 11.82
SY-3 Cold spring, south of Menggiguer deposit, flow into Mengqiguer river 0.330 154 52.8 568 — 329 257 290 93.0 145 103 74.7 242
SY-5 Cold spring, SW of Menggqiguer deposit, flow into Thajistan river <0.05 23.65 20.7 213 144 223 128 051 129 1299589 - 19.48
SY-7 Cold spring, SW of Menggqiguer deposit, flow into Mengqiguer river 0.060 72.6 134 225 -— 247 103 1.84 27.8 988 250 53.2 13.67
SY-15 Cold spring, south of Menggiguer deposit, flow into Mengqiguer river 0.180 10.0 524 104 -— 393 363 342 354 100 0.848 5.16 17.72
SY-20 Cold spring, SW of Menggiguer deposit, flow into Thajistan river 0.200 96.0 122 119 - 308 68.7 1.02 327 1774 — 76 3348
SY-16 Thajistan river, upstream, SW of Menggqiguer deposit, close to cold spring 0.110 27 213 94 — 178 45 14 152 81 166 32 12
SY-17 Thajistan river, midstream, SW of Menggqiguer deposit, seep into Jurassic ~ <0.05 2.33 6.20 47.2 6.87 131 6.69 0.760 8.17 56.1 5.02 244 0.497
sandstone
SY-2 Thajistan river, midstream, SW of Mengqiguer deposit, seep into Jurassic ~ 0.206 0.889 13.5 33.2 5.83 140 4.04 0.480 733 54.6 18.7 — 0.650
sandstone
SY-10 (E) Menggiguer river, upstream, close to cold spring 0.318 1.85 6.85 931 — 317 115157 129 80.2 246 392 223
SY-10 Menggqiguer river, upstream <0.05 1.66 6.03 375 7.18 145 543 0.550 7.66 57.5 272 -— 0.519
(W)
SY-11 Menggqiguer river, midstream, south of Menggqiguer deposit, seep into 0.090 2.03 5.62 8.96 — 197 937 0420 710 55.0 2.78 115 1.01
Jurassic sandstone
SY-4 Groundwater, oxidization zone 0.125 551 14.2 465 — 261 3330930 13.1 669 3.72 — 3.69
SY-6 Groundwater, oxidization zone 0.060 13.3 18.7 181 -— 185 819 140 125 675 224 — 1.98
SY-8 Groundwater, oxidization zone 0.190 821 21.5 339 — 230 225233 16.0 60.8 3.77 213 242
SY-9 Groundwater, oxidization zone 0.190 10.9 309 850 — 241 37.51.66 208 72.8 0.266 73.3 2.55
SY-13 Groundwater, oxidization zone 0450 13.7 11.7 287 -— 199 754 0.850 25.5 785 — 14.7 1.70
SY-22 Groundwater, oxidization zone <0.05 206 13.1 132 — 279 232151 215 119 - 398 230
SY-19 Groundwater, close to orebody <0.05 583 27.8 1170 — 193 427 0.950 137 375 -— 1051 9.54
SY-21 Groundwater, close to orebody <0.05 119 162 514 -— 318 141 1.70 433 179 -— 682 134
SY-12 Groundwater, reduction zone 0.160 26.7 0.070 141 - 228 555 1.85 158 769 0.159 182 0.524
SY-14 Groundwater, reduction zone <0.05 3.98 244 387 — 192 20.3 0.750 8.05 534 -— — 0.787
SY-18 Groundwater, reduction zone <0.05 11.5 6.21 108 — 156 36.6 1.30 11.1 57.0 - 268 1.12

Al Fe, and U concentrations are in ppb, with all other concentrations in ppm.

isotopic space as the ores, suggesting that radiogenic 2°Pb and
207pp were removed in equal proportions and the ores have not
undergone any long-term, continuous leakage of one or more of the
radioactive daughters of uranium.

The half-lives of the radioactive daughters of 23U are orders of

Table 4

Compilation of CI=/F~, HCO3/(NO3 +S037), Na*/K*, and Ca®>*/Mg?* ratios and
S Na® + K* +2Mg?* +2Ca%t, SF +Cl~ +NO>~ + 2505 +2C03~ + HCO3 values
for waters within the southern Yili uranium district.

Sample Cl-/ HCO3/ Na*/ Ca**/ F +Cl~+ Na*
no. F~  (NO3+S03) K* Mg?+ NO3~ +2S05~ +K*
+2C0% + +2Mg?+
HCO3 +2Ca%+
SY-1 236.7 2.6 271 16 55 10.3
SY-3 2498 0.8 150.3 0.9 16.5 26.2
SY-5 - 14 426 6.0 7.1 8.1
SY-7 647.6 1.6 949 2.1 8.7 11.8
SY-15 297 55 180 1.7 7.9 9.6
SY-20 256.9 3.5 1142 33 9.2 14.6
SY-16 1314 2.2 545 3.2 5.0 7.3
SY-17 - 36 149 4.1 29 3.8
SY-2 23 41 143 45 3.0 35
SY-10 (E) 3.1 25.1 124 37 55 5.6
SY-10 - 49 167 45 3.0 3.8
(W)
SY-11 121 176 378 46 35 3.8
SY-4 236 6.0 60.7 3.1 5.2 5.9
SY-6 1186 14 992 32 5.6 8.0
SY-8 231 54 164 23 47 5.4
SY-9 307 29 383 21 5.7 7.0
SY-13 163 1.0 1504 1.8 6.9 9.4
SY-22 - 29 261 33 6.7 8.8
SY-19 - 0.3 7622 1.6 32.2 488
SY-21 - 0.9 1406 2.5 14.2 18.7
SY-12 89.3 25 509 2.9 6.0 7.6
SY-14 - 7.1 459 40 3.7 42
SY-18 - 2.1 477 3.1 4.1 5.4

STF +Cl™ +NO3~ 42503~ +2C0%3 +HCO3 and S Na*+K* +42Mg?* + 2Ca%*
values are in 103 mol/L; ratio calculations use values in mol/L.

magnitude greater than those of the daughter products of 23°U
decay, meaning that radioactive daughter leakage would prefer-
entially lower 233U/%%6Pb ages relative to 23°U/?°’Pb ages. As such,
this study focuses on 23°U/2%7Pb ages rather than 238U/2%6Pb ages,
given the lesser potential effect on the latter relative to the former.
Plotting the data for the three clusters on 23%U/2%4Pb versus
206pp204pp and 23°U/2%Pb versus 2°7Pb/?%4Pb diagrams yields
seemingly meaningful ages with variable MSWD (mean standard
weighted deviation) values (Fig. 11). The MSWD values for the
238/204pp versus 2°Pb/?%Pb diagrams are much smaller than
those for the 23°U/2%4Pb versus 2°’Pb/?2%4Pb diagrams, suggesting
the 238U-2%phb ages of these samples are more precise than their
235-207pp ages. However, the 238U/2%6Pb ages of the samples are
younger than the 23°U/2%7Pb ages, suggesting that the samples have
lost more 238U radioactive daughter nuclides than %*°U. In addition,
the formation of the U mineralization within the sandstone might
have spanned a period of time until the sealing of the porosity
within the sandstone by calcite or hematite cementation changed
the system from open to closed. However, the continuous leakage
of one or more of the radioactive daughters of uranium (Granger,
1963) must have occurred prior to closure of the system, given the
younger 238U/?%°pb ages compared with the 22°U/?%’Pb ages. As
such, we suggest that the 233U/29%Pb ages represent the final sealing
of the system, and the 22°U/?%7Pb ages represent the timing of de-
posit formation. The samples from the study area contain much less
235y than 238U as well as much less radiogenic 2°’Pb than radio-
genic 2°Pb. Therefore, the 23°U/?°’Pb values might have become
more variable than the 238U/2°®Pb values during later interaction
with groundwater passing through the system, which could influ-
ence both MSWD values and the results of U-Pb dating. The small
difference between the 23°U/2%/Pb and 238U/2%6Pb ages suggests
that the age span between these two ages reflects the time taken
for the system to close.

After unreliable samples had been excluded from the dataset (as
discussed in Section 6.3), the remaining samples yielded two
meaningful ages from 23.4 + 3.3 to 20.18 + 0.49 and 0.61 + 0.24 to
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0.347 + 0.0048 Ma. There are two explanations for the presence of
two stages of U mineralization: (1) the Southern Yili uranium dis-
trict hosts at least two stages of uranium mineralization, as repre-
sented by the ~24—20 Ma Kuji'ertai deposit and the ~0.6—0.3 Ma
Mengqiguer deposit, although the latter deposit continues to form,
suggesting a third stage of ongoing mineralization at ~0 Ma; or (2) a
single mineralizing event from 23.4 + 3.3 to 20.18 + 0.49 Ma was
overprinted by a remobilizing and isotopic resetting event from
0.61 +0.24 to 0.347 + 0.0048 Ma that affected the earlier-formed
primary U ores. The latter explanation also involves the ongoing
present destruction or modification (~0 Ma) of the primary U ores
by interaction with groundwater.

The second model outlined above is commonly proposed for
sandstone-type uranium deposits such as the deposits within the
Ambrosia lake uranium district (Ludwig et al., 1982; Turner-Peter-
son and Fishman, 1986) and the Dongsheng uranium district
(Zhang et al., 2018). This model requires that both primary and
secondary ores are hosted by the same sedimentary units. In
addition, the secondary ores should have higher initial 2°°Pb/?%4Pb
and 2%7Pb/2%4Pb isotopic ratios than the primary ores, as the former
should at least partially inherit the radiogenic Pb from the primary
ores as common Pb. For example, the secondary ores within the
Dongsheng uranium district have initial 2%Pb/2%4Pb and
207ph204ph  values of 82.4+6.2 and 18.0+19, respectively,
whereas the primary ores have values of 68.9+ 7.3 and 12.0 + 2.2,
respectively (Zhang et al., 2018). Two stages of uranium mineral
formation can also sometimes be observed in roll-shaped ore-
bodies, such as those within the Dongsheng uranium district
(Zhang et al., 2018). In comparison, the 23.4 + 3.3 to 20.18 + 0.49 Ma
Stage I ores from the Kuji'ertai deposit within the Southern Yili
uranium district are located >50km from the 0.61+0.24 to
0.347 + 0.0048 Ma Stage II ores within the Mengqiguer deposit. In
addition, the Stage I ores are located within the monoclinal
Shuixigou Group, whereas the Stage II ores are located within the
limbs of an anticline. These long distances and differences in
geological setting indicate that the second model outlined above is
not applicable to the study area. In addition, these two stages of
mineralization yield similar initial Pb isotopic compositions, with
Stage I and Il ores having initial 2°’Pb/2%Pb values of 15.32 + 0.52
and 15.817 + 0.013, respectively, again contrasting with the second
model outlined above. The marked decrease in the U contents of
the groundwater as it passes through the mineralized redox zone
suggests that the third stage of uranium modification (~0 Ma, Stage
1) is ongoing, although this process requires the destruction or
modification of primary ore (Stage II) and most likely resulted in the
isotopic resetting of the U-Pb isotopic system, as evidenced by
Cluster I (Fig. 11). The Southern Yili uranium district also contains a
series of interlayered red or yellow oxidation zones with redox
fronts that trend roughly ENE-WNW for tens of kilometers,
although no secondary interlayer oxidation zones have been re-
ported close to the orebodies, again supporting the first model
outlined above.

The continuous northward penetration of the Indian Plate into
the Asian Plate has caused extensive shortening-related deforma-
tion in Central Asia, with a significant part of this crustal shortening
accommodated by the Tien Shan orogenic belt. In addition to the
shortening-related deformation and crustal thickening, strain
related to India—Asia collision might also have been accommodated
by eastward and southeastward extrusion of South China and
Indochina block, respectively (Tapponnier et al., 1982; Lee and
Lawver, 1995; Bullen et al., 2003; Zhang et al., 2004; Fig. 1). The
shortening-related deformation, crustal thickening, and uplift of
the Tien Shan belt is divided into four stages associated with
India—Asia collision (Harrison et al., 1992; Coleman and Hodges,
1995; Wang et al., 2015). Stage 1 (45—35 Ma) began after the initi-
ation of continental collision. This stage resulted in crustal

shortening and uplift, and the generation of the proto-Tibetan
Plateau (i.e., the Lhasa and Qingtang terranes) although it did not
significantly influence the Tien Shan Orogen. Stage II (35—21 Ma)
involved the expansion of the Tien Shan mountains by folding and
thrusting northward and southward, as evidenced by fission track
dating (Liu et al., 2004; Guo et al., 2006; Buslov et al., 2008; Chen
et al.,, 2008; Lv et al., 2008a, 2008b). The Tien Shan mountains
underwent initial episodic uplift during this stage (Liu et al., 2004;
Chen et al., 2008), leading to the development of numerous faults
and folds within Jurassic units in the southern flank of the Yili
Basin. This rapid uplift is also evidenced by Pliocene sediments that
unconformably overlie Cretaceous sediments within the southern
Yili Basin, indicating that rapid uplift began before the Miocene.
Stage III occurred after the cessation of Indochina block extrusion,
causing the Tien Shan mountains to undergo quasi-synchronous
Miocene deformation and uplift (21—18 Ma, Harrison et al., 1992;
23—15 Ma, Wang et al., 2015). This stage also probably involved the
initial collision between the Pamir and southwestern Tien Shan
blocks (Liu et al., 2017). The Indian subcontinent has continued to
move northwards since the late Miocene (Stage IV, 8—0 Ma, Wang
et al., 2015; ~3—0 Ma, Liu et al., 2017), causing the extension of the
proto-Tibetan Plateau into the present-day Himalaya and the Qilian
Orogen, and leading to the final rapid uplift of the Tien Shan region.
Present-day global positioning system (GPS) measurements indi-
cate that approximately north—south shortening is still occurring
across the entire Tien Shan region, although this shortening de-
creases gradually from west to east (Abdraknmatov et al., 1996;
Larson et al., 1999; Holt et al., 2000; Reigber et al., 2001; Yang et al.,
2008). The rate of shortening is as high as ~20mmyr~! in the
western Tien Shan, nearly half of the total shortening rate within
the overall India—Asia collision zone (Abdraknmatov et al., 1996;
Reigber et al., 2001; Yang et al., 2008). This shortening generated
numerous Cenozoic thrust faults and folds along the southern and
northern piedmonts of the mountain ranges (Avouac et al., 1993;
Yin et al., 1998; Allen et al., 1999; Burchfiel et al., 1999; Lin et al.,
2003). This last abrupt post-Pliocene episodic uplift event is evi-
denced by the coarse-grained Xiyu Formation sediments, growth-
related sedimentary units within the southwest Tarim Basin (Chen
et al., 2002b; Heermance et al., 2007; Liu et al., 2017), and fluvial
river terraces within the piedmonts of the Tien Shan mountains (Xu
etal., 1992; Molnar et al., 1994; Shi et al., 2004; Lv et al., 2008b). The
fluvial-terrace abandonment ages for the northern piedmont of the
Southern Tien Shan mountains indicate that the last episodic uplift
of the Southern Yili Basin margin occurred in three sub-stages at
~600 (sub-Stage I), ~300 (sub-Stage II), and ~30 ka to the present
day (sub-Stage III) (Xu et al., 1992; Molnar et al., 1994; Shi et al.,
2004; Lv et al., 2008b). The current morphology of the western Tien
Shan developed during this last stage of tectonism.

The tectonic uplift and exposure of basin margins allows the
introduction of oxidizing groundwater to form roll-shaped U ore at
or near oxidation fronts. This is the result of organic carbon and
other minerals fixing the oxidation front as it progresses down-dip,
with the resulting ore minerals and humate reducing the perme-
ability of the sandstone (Hansley and Spirakis, 1992; Cuney and
Kyser, 2008). The timing of mineralization within the Southern Yili
district suggests that the U deposits in this area formed contem-
poraneously with uplift of the western Tien Shan mountains. The
first stage of uranium mineralization within the Kuji'ertai deposit
formed in the ENE-dipping Jurassic Shuixigou Group (Fig. 5), indi-
cating that the U-bearing Shuixigou Group sediments must have
been uplifted to be exposed within the northern foothills of the
Tien Shan mountains before ~23.4 + 3.3 Ma (Fig. 11). In addition to
the exposed southern margins of the Shuixigou Group, the
considerable amount of U mineralization and associated oxidation
zones present in this area require the introduction of significant
volumes of oxidizing groundwater, suggesting that direct input of
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meteoric water alone was insufficient to generate the mineraliza-
tion. The uplift of the southern flank of the Yili Basin before the first
stage of uranium mineralization suggests that the southern margin
of the Shuixigou Group was exposed exactly at the northern base of
the Tien Shan mountains. This allowed the relief of the Tien Shan
mountains to channel meteoric water that was then introduced to
the mineralized Shuixigou group. Two processes might have ended
the first stage of uranium mineralization within the Kuji'ertai de-
posit: (I) continuous uplift resulted in migration of the southern
margin of the Shuixigou Group away from the northern foot of the
Tien Shan mountains, thereby ending the introduction of volumi-
nous amounts of meteoric water; or (II) a marked drop in the
permeability of the ore-bearing formation was caused by uranium
mineralization, preventing the flow of U-bearing groundwater
through the group as well as the injection of significant volumes of
meteoric water. Li et al. (2002a) reported that the redox zone
associated with the deposit contains more pyrite, organic matter, V-
Se minerals, and hematite than oxidized zones in this area, sug-
gesting that the introduction of this material caused a dramatic
drop in permeability. This closure of the system also explains why
the U-Pb ages for the ores are meaningful.

The western Tien Shan mountains expanded until the Pliocene
as a result of the far-field influence of the continuous penetration of
the Indian Plate into the Asian Plate, which activated reverse faults
and folds within the piedmont of the Tien Shan mountains as well
as causing the continuous uplift of the southern flank of the Yili
Basin. The uranium mineralization within the Menggqiguer deposit
is located within the limbs of an uplifted anticline and formed
between 0.61 + 0.24 and 0.347 + 0.0048 Ma (Fig. 11). This suggests
that the hinge zone of the fold and an associated reverse fault acted
as a preferential conduit for the introduction of water (Figs. 6, 7), as
evidenced by the distribution of oxidation zones. This second stage
of mineralization occurred nearly 20 Myr after the first stage, sug-
gesting that the uplift of the ore-controlling anticline occurred
much later than the first stage of mineralization and was probably
related to the post-Pliocene sub-stage I and II uplifts of the Tien
Shan mountains. The Thajistan, Mengqiguer, and Langka rivers
probably provided the oxidizing water involved in the genesis of
the uranium mineralization at the Mengqiguer deposit, and sup-
plied the fluids involved in the generation of the presently forming
mineralization. >70% of this river water is derived from glacial
meltwaters (Lin et al., 2017), meaning that the glaciers in the Tien
Shan mountains represent the main source of ore-forming
groundwater. This also indicates that alternating interglacial and
glacial periods that result from climactic fluctuations are an
important control on the genesis of the uranium mineralization
within the Southern Yili district. The continuous injection of sur-
face water into the mineralized Shuixigou Group was probably
responsible for the U addition/loss and Ra (Pb) addition/loss within
the Cluster I and Il samples (Fig. 11; Cuney and Kyser, 2008).

7.2. Ongoing metallogenesis within the Southern Yili Uranium
District and sources of U

The cold springs derived from glaciers that contain
11.82—33.48 ppb U, much higher than the rivers in this area (Fig. 12;
Appendix B). Cold springs in high-altitude mountains are generally
derived from fractures that allow the flow of circulating glacial
meltwater, suggesting that these meltwaters mobilized U from the
basement rocks during circulation. Both Carboniferous—Permian

metamorphic volcanic rocks and Hercynian granites within the
basement surrounding the southern Yili Basin are dominated by
felsic rocks that are variably enriched in K, U, and Th (Barbarin,
1999; Konopelko et al., 2007; Li et al., 2009¢, 2010b; Seltmann et al.,
2011). Bonnetti et al. (2017a) suggested that these igneous rocks
represent a major source of uranium for the U deposits located
within associated basins in northern China, as they contain U-
bearing accessory minerals such as allanite and U-thorite that could
release U during metamictization. Uranium mass balance calcula-
tions indicate that 1 km? of these U-rich igneous rocks could release
more than ten thousand tonnes of U. The high U content within the
cold springs supports this inference, as well as providing evidence
of U transportation. Therefore, the basement material in the
western Tien Shan could have contributed some of the U within the
sandstone-type uranium mineralization in the southern Yili Basin.

The low U contents of the rivers in the study area suggest they
dilute the higher U concentrations within the cold springs. This
dilution reduces the concentrations of nearly all of the ions in these
rivers (as well as U) except K™ and HCO3. This dilution also repre-
sents the addition of O, into the relatively reducing cold springs.
However, this process negatively correlates with Fe concentrations
(Fig. 12), probably reflecting the influence of suspended iron par-
ticles. The roughly constant HCO3 contents reflect the relatively
high CO, contents of these waters, as the latter can react with H,O
to form H™ and HCO3. However, the constant K™ concentrations
probably reflect the extraction of these ions from the surrounding
rocks, given the low K* content of meteoric water (Roy et al., 1999).
This down-dip flowing section is characterized by an increase in the
concentrations of nearly all of the ion species present, except K*
and HCO3 (Fig. 12). This is also linked with the exhaustion of O,
(Fig. 12), as evidenced by a decrease in Eh from 41.1 mV within the
intensely oxidized zone to 18.9 mV within the redox zone (Li et al.,
2002b). The coincident increases in SO~ and NO3 contents suggest
that the O, was transferred into acidic species during oxidation, as
follows (Lowson, 1982; Pons et al., 1982):

2H,0 + 150, + 4FeS,=>4H™ 4 85042~ + 4Fe3*

2H;0+ 50, + 2 Ny,>4H ' +4NO3 ™

The resulting H" would then react with clastic plagioclase and
minor K-feldspar, releasing Ca®*, Na*, and K* into the groundwater
as follows (Robb, 2005; Zhang et al., 2017a):

3NaAlSi30g + xH,0 + (1 - x)K*

+ (2 + X)H K, _ (Hy0), { Al [AlSi3010] (OH),_, (H20), }
+65i0, +3Na*

2CaAl,Siy0g + 2 x HyO + (2-2 x )K*
+ (442 x )JH"2K;_x(H30), {Alx[AlSi3010](OH),_4 (H20)y }
1+ 3Ca%t

3KAISi3Og + xH,0
+ 2+ X)H" K _x(H20)4{ Al [AlSi3010] (OH),_, (H20), }
+6Si0y + (2 + x)K*

The hydrolysis of plagioclase would consume the K present
within the groundwater, although the hydrolysis of K-feldspar

Fig. 14. pH versus Eh diagrams showing the transformation of major anion species and uranyl—carbonate species within groundwater flowing through the Mengqiguer deposit. A.

The groundwater conditions within the Menggiguer deposit mean that Fe,Os is stable and some of the Fe

3+ within the groundwater flowing into the redox and reduced zones

changes to Fe?". B. The groundwater conditions within the Mengqiguer deposit mean that NO3 is not stable and changes to NH}. C. Some of the SO~ within the groundwater
moving into the redox and reduced zones becomes increasingly unstable and is converted into H,S and HS". D. Groundwater flowing into the redox and reduced zones undergoes a
conversion from unstable uranyl—carbonate complexes into UO,, which is subsequently deposited as pitchblende.
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would conversely release K. The roughly constant K* contents
within the groundwater indicate the amount of K* consumed is
roughly equal to the amount released. These hydrolysis processes
would also increase the Ca?* and Na* contents of the groundwater,
as is evident in Fig. 12.

The increase in the Mg?* content of the groundwater was the
result of the oxidation of biotite, which produced chlorite and he-
matite within the oxidized sandstone as follows (Robb, 2005;
Zhang et al.,, 2017a):

K{(Mg .67, Fe0.33)3[AlSi3010](OH), } + H"
+Hy0 + 02-3(Mg, Fe)s_g[(Al, Si)4010 | (OH)g
+Fe,05 + K + Mg?*

In addition, U was extracted from clastic minerals within the
sandstone, as evidenced by the increase in U concentrations of the
groundwater within the oxidation zone. This indicates that the
sandstones through which the groundwater passed, prior to
entering the mineralization-hosted redox zone, could have
contributed significant U to the deposits. The movement of the U-
enriched groundwater into the redox zone is associated with a
dramatic decrease in U concentrations as well as a decrease in
nearly all of the ion species present in the groundwater. This
strongly suggests that the drop in U concentrations relates to the
formation of U mineralization, indicating in turn that the Mengqi-
guer deposit is continuing to grow.

We assume that the groundwater prior to entering and after
leaving the redox zone contained an average of 10 and 1ppbU,
respectively. A total of 50,000 t per day of groundwater is thought
to flow through the Mengqiguer deposit, the majority of which
would flow through the redox zone. This means that the deposit
might be increasing in size by ~4.5 kg of U per day, suggesting that
over 10,000 years the deposit could grow by an additional 15,000 t
of U. Even if only 10% of this assumed growth actually occurs, this
still represents rapid growth of the deposit, with around 15,000 t of
U deposited over a period of 0.1 Myr. In addition, the measured U
contents of surficial waters and groundwater in this area suggest
that the U present within the river was derived from the basement
of the Tien Shan. The increase in U contents of the groundwater
before these waters entered the redox zone was the result of the
mobilization of U from the ore-hosting sandstone. This result is
important, as these data suggest that only ~10% of the U within the
groundwater is derived from the Tien Shan basement (average U
contents of midstream river/average U contents of groundwater
close to the U orebody = 0.086), with the remaining 90% sourced
from the ore-hosting sandstone. The initial 2°Pb/?°*Pb and
207pp204pp values of the ores also roughly indicate that the U in the
deposit was derived from orogenic or upper crustal sources, even
without a detailed analysis of the Tien Shan basement and the ore-
hosting sandstone.

7.3. Uranyl complexes in groundwater and processes of
mineralization

The Southern Yili uranium district contains groundwater with pH
values of 6.89-9.57 (~6.90—8.40; Wang et al, 2009a) with the
exception of a single sample with a pH value of 11.06. These data
indicate the waters are weakly alkaline (Fig. 13A). The samples have
cation total valences that are slightly higher than their total anion
valences, suggesting the presence of OH™ to supplement the shortage
of anions, as is typically the case for weakly alkaline waters. The low-
temperature, weakly alkaline, and highly oxidizing nature of these
fluids means that F-, CI-, SOF~, and NO3 anions will not form uranyl
complexes, indicating in turn that the U in these fluids is transported
as carbonate—uranyl complexes. This contrasts with the extremely

low CO5~ contents of the groundwater, seemingly ruling out the
possibility of U transportation as carbonate—uranyl complexes.
However, Long et al. (2015) reported that dissolved U(VI) species
dominantly form carbonate—uranyl complexes in the presence of
bicarbonate. These species are dominated by the uncharged calcium-
uranyl tricarbonate species (Ca;)UO,(CO3)3, which comprised some
~97% of the dissolved U, followed by CaUO,(CO3)3~, MgUO5(CO3)3,
and UO,(CO3)4~ complexes (Fig. 14; Dong and Brooks, 2006; Stewart
et al,, 2007). This suggests that HCO3 plays an important role in the
transportation of U within surficial waters in the southern Yili ura-
nium district, as supported by the high concentrations of HCO3
within these waters. The groundwater within the southern Yili Basin
is weakly alkaline, relatively reducing (Appendix A), and contains
elevated concentrations of U that is most likely present as
CayU0,(C03)8 complexes, as the geochemical modelling of Tullborg
et al. (2017) indicates that elevated concentrations of dissolved U can
be stabilized as Ca—uranyl—carbonate complexes.

Min et al. (2001) identified the cell texture of fossil wood
within the study area that contains pitchblende and coffinite,
suggesting that the replacement of organic debris by primary
uranium minerals may relate to the presence of a local reducing
environment derived from the production of CHy4, H3S, or H,SO3
during decomposition, or as a result of biochemical reaction as
evidenced by the presence of framboidal pyrite. Further research
by Min et al. (2005a, 2005b) reported that the primary uraninite
and coffinite within the high-grade ore samples were bio-
genically precipitated and occur as pseudomorphs after fungi
and bacteria (Anderson et al., 2003; Williams et al.,, 2011). This
again suggests that microorganisms played a key role in the
generation of the uranium mineralization within the southern
Yili uranium district. The presence of bicarbonate could have
promoted the rate of microbial U(VI) reduction, induced by
elevated concentrations of bicarbonate oxyanions (Abdelouas
et al,, 1998; Long et al., 2015).

Cai et al. (2007a) suggested that sulfate-reducing bacteria
were likely to simultaneously reduce sulfates to sulfides during
petroleum oxidization, indicating that this is a more important
factor in the reduction of hexavalent uranium [U(VI)] to tetra-
valent uranium [U(IV)] than the preconcentration of U(VI) by
adsorption and subsequent inorganic reduction (Caccavo ]Jr.
et al, 1992; Lovley and Phillips, 1992; Francis et al., 1994; Tebo
and Obraztsova, 1998; Wade and DiChristina, 2000; Cai et al.,
2007b). However, the redox zones within the southern Yili
uranium district contain more pervasive hematite development
than pyrite, with the latter always being surrounded by the
former. This records an ongoing change to more oxidizing con-
ditions over time as a result of the injection of oxidized
groundwater. This change mobilized massive amounts of Fe>"
from biotite and illite, with the Fe being oxidized to Fe** and
deposited as Fe,03 (Fig. 14A). The movement of the groundwater
into the redox and reduction zones reduced some of the Fe** to
Fe?t, forming Fe3O4 or FeS; and resulting in lower Eh. The pH
and Eh conditions of the groundwater within the Menggiguer
deposit indicate that SO7~ is stable, although the reduction of Eh
values within the groundwater most likely transformed some
SO7~ into HS™ (Fig. 14C). In addition, some of the NO3 within
the groundwater was probably converted to NHZ, as the pH and
Eh conditions of the groundwater within the Mengqiguer de-
posit indicate that NO3 is not stable whereas NHi is stable
(Fig. 14B). The uranyl—carbonate complexes (UO,(CO3)3,
U0,(CO3)3~, U0,C0%) within groundwater would also have been
transformed into UO, and deposited as pitchblende that was
finely intergrown with gangue minerals (Fig. 14D).

The O, contents of groundwater should be significantly reduced
when uranyl-bearing fluids flow into ore-hosting sandstones, as the
majority of the O, would be exhausted by aerobic bacteria and the
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Fig. 15. Genetic model of mineralization within the southern Yili uranium district.

extraction of U from clastic rocks. These conditions would mean
that the majority of the bacteria within the redox zones are
anaerobic. Although Fe(Il)-oxidizing bacteria are common in nat-
ural environments, the majority of these bacteria are aerobic.
However, recent research has identified anaerobic Fe(Il)-oxidizing
bacteria (Kappler et al., 2005; Weber et al., 2006; Miot et al., 2009;
Larese-Casanova et al., 2010; Konhauser et al., 2011; Carlson et al.,
2012; Shelobolina et al., 2012a, 2012b; Melton et al., 2014), and
significant progress has been made toward understanding the
biogeochemical mechanisms of this process, which might repre-
sent a viable mechanism of uranium precipitation. This type of
bacteria is present in various environments, including lakes,
streams, hydrothermal vents, wetlands, and aquifer sediments
(Weber et al., 2006), although they are often few in number relative
to aerobic bacteria. The movement of such fluids into the ore-
hosting sandstones would cause an increase in the abundance of
anaerobic bacteria as a result of a decrease in O, concentrations,
supported by the presence of plant debris. These bacteria can utilize
the following reaction to provide energy to support their growth
(Rackley, 1972; Reynolds et al., 1982; Weber et al., 2006), which also

reduces the concentrations of NO3 and SOF~ within groundwater:

8Fe" (biotite, illite) + NO3 (5042*,U6+)
+9H,0—4Fe, 03 + NHj3 (FeS,,UO,) + 15H*

This reaction allows the biological oxidation of both aqueous
Fe?" and structural Fe(Il) within oxides (Chaudhuri et al., 2001;
Weber et al., 2001, 2006; Kappler et al., 2005; Miot et al., 2009;
Larese-Casanova et al., 2010). More recent research has demon-
strated the biological oxidation of structural Fe(Il) in phyllosilicates,
including biotite (Shelobolina et al., 2012b), nontronite (Zhao et al.,
2013, 2016), and illite—smectite mixed-layer clays (Shelobolina
et al., 2012a). These reactions produce H" that is consumed by re-
actions with detrital feldspar, plagioclase, sericite, and illite to
balance the pH of the fluid to near-neutral conditions (Robb, 2005).
This microbe—Fe(Il) interaction could have important implications
for the processes involved in the generation of sandstone-type
uranium deposits. The oxidation of aqueous Fe?* and structural
Fe(II) within phyllosilicates could be coupled with sulfate, nitrate,
and uranyl reduction by the indigenous microbial community in
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Appendix A. Basic characteristics of surface and groundwater within and around the Mengqiguer uranium deposit

Sample no. Location T(°C) pH Eh (ORP) CON (us/cm) TDS (ppm) DO (%) DO (ppm)
SY-1 Cold spring, SW of Mengqiguer deposit, flow into Thajistan river 82 912 1103 421 210 876 11.27
SY-3 Cold spring, south of Mengqiguer deposit, flow into Menggiguer river 85 834 1517 1013 506 804 10.57
SY-5 Cold spring, SW of Menggqiguer deposit, flow into Thajistan river 79 865 1338 843 420 92,5 10.6
SY-7 Cold spring, SW of Menggiguer deposit, flow into Mengqiguer river 83 819 1146 996 500 88.6 9.42
SY-15 Cold spring, south of Mengqiguer deposit, flow into Menggiguer river 85 927 155.2 1018 510 91.3 10.67
SY-20 Cold spring, SW of Menggqiguer deposit, flow into Thajistan river 8 894 1294 1149 575 90.7 11.04
SY-16 Thajistan river, upstream, SW of Menggqiguer deposit, close to cold spring 122 8.66 167.6 265.7 132.9 935 10.84
SY-17 Thajistan river, midstream, SW of Menggqiguer deposit, seep into Jurassic sandstone 139 8.12 181.1 719 360 88.7 9.56
SY-2 Thajistan river, midstream, SW of Mengqiguer deposit, seep into Jurassic sandstone 149 838 125 404 202 858 856
SY-10 (E) Menggiguer river, upstream, close to cold spring 185 8.18 1973 1332 666 94 9.54
SY-10 (W) Mengqiguer river, upstream, close to cold spring 174 6.89 125.6 344 94.7

SY-11 Menggqiguer river, midstream, south of Menggiguer deposit, seep into Jurassic sandstone 16.5 8.09 231.5 1118 559 984 1055
SY-4 Groundwater, oxidization zone 14 11.06 168.6 1897 948 356 4.01
SY-6 Groundwater, oxidization zone 168 7.11 -5 2563 1326 447 4.78
SY-8 Groundwater, oxidization zone 23 946 -90.8 2300 1151 66.8 6.69
SY-9 Groundwater, oxidization zone 179 821 -125.7 2409 1200 485 4.26
SY-13 Groundwater, oxidization zone 204 957 -604 1927 965 62.1 5.71
SY-22 Groundwater, oxidization zone 15.8 8.96 -80.1 2715 1362 534 5.02
SY-19 Groundwater, close to orebody 13.8 843 -1905 1218 610 347 3.89
SY-21 Groundwater, close to orebody 236 8 —2419 2481 1244 303 2.57
SY-12 Groundwater, reduction zone 15 832 -2424 1791 892 314 265
SY-14 Groundwater, reduction zone 19 92 -3004 1473 735 309 3.7
SY-18 Groundwater, reduction zone 176 8.74 -315.6 1502 749 286 24

Abbreviations are as follows: ORP = oxidation—reduction potential, CON = electrical conductivity, TDS = total dissolved solids, DO = dissolved oxygen

underground environments (Lovley et al., 1991; Zhao et al., 2013,
2017). In summary, anaerobic Fe(Il)-oxidizing bacteria might also
play a role in accelerating the reduction of uranyl(VI) into ura-
nous(IV) and therefore could play an essential role in the genera-
tion of sandstone-type uranium deposits. Behrends and Cappellen
(2005) undertook a series of competition experiments between the
enzymatic and abiotic reduction of uranyl(VI) under iron-reducing
conditions, and surprisingly found that hematite could increase the
reduction rate of uranyl(VI) by Fe(ll) if reducing bacteria were
present. Therefore, the presence of hematite within the southern

Yili Basin might have been crucial for the generation of uranium
mineralization in the study area.

8. Conclusions

(1) U-Pb isotopic analysis of ores from the Kujie’ertai and Meng-
giguer deposits record two major stages of uranium mineral-
ization within the Southern Yili uranium district at 23.4+ 3.3
to 20.18 +0.49 and 0.61 + 0.24 to 0.347 + 0.0048 Ma.

Appendix B. Ion and gas compositions of surface and groundwater within and around the Mengqiguer uranium deposit

Sample Location F~ CI- NO3 SO% CO3 HCOs; Na* K* Mg?* Ca’* Al Fe U
no.
SY-1 Cold spring, SW of Menggqiguer deposit, flow into Thajistan river 0.163 72.09 37.85 33.6 — 155 522327 36,5 985 162 850 11.82
SY-3 Cold spring, south of Menggqiguer deposit, flow into Mengqiguer river 0.330 154 52.8 568 — 329 257 290 93.0 145 103 74.7 242
SY-5 Cold spring, SW of Mengqiguer deposit, flow into Thajistan river <0.05 23.65 20.7 213 144 223 128 0.51 129 1299589 -— 19.48
SY-7 Cold spring, SW of Menggiguer deposit, flow into Mengqiguer river 0.060 72.6 134 225 - 247 103 1.84 27.8 98.8 250 532 13.67
SY-15 Cold spring, south of Mengqiguer deposit, flow into Mengqiguer river 0.180 10.0 524 104 - 393 36.3 342 354 100 0.848 5.16 17.72
SY-20 Cold spring, SW of Mengqiguer deposit, flow into Thajistan river 0.200 96.0 122 119 - 308 68.71.02 327 1774 — 76 3348
SY-16 Thajistan river, upstream, SW of Menggiguer deposit, close to cold spring 0.110 27 213 94 — 178 45 14 152 81 166 32 12
SY-17 Thajistan river, midstream, SW of Mengqiguer deposit, seep into Jurassic =~ <0.05 2.33 620 47.2 6.87 131 6.69 0.760 8.17 56.1 5.02 244 0.497
sandstone
SY-2 Thajistan river, midstream, SW of Mengqiguer deposit, seep into Jurassic ~ 0.206 0.889 13.5 33.2 5.83 140 4.04 0.480 733 54.6 187 — 0.650
sandstone
SY-10 (E) Mengqiguer river, upstream, close to cold spring 0.318 1.85 6.85 9.31 — 317 115157 129 802 246 39.2 223
SY-10 Menggqiguer river, upstream <0.05 1.66 6.03 37.5 7.18 145 543 0.550 7.66 57.5 272 - 0.519
W)
SY-11 Mengqiguer river, midstream, south of Mengqiguer deposit, seep into 0.090 2.03 562 896 — 197 937 0420 710 55.0 2.78 115 1.01
Jurassic sandstone
SY-4 Groundwater, oxidization zone 0.125 551 14.2 465 — 261 3330930 13.1 669 3.72 — 3.69
SY-6 Groundwater, oxidization zone 0.060 13.3 18.7 181 -— 185 819 140 125 675 224 -— 1.98
SY-8 Groundwater, oxidization zone 0.190 821 21.5 339 — 230 225233 160 60.8 3.77 213 242
SY-9 Groundwater, oxidization zone 0.190 10.9 309 850 — 241 375 1.66 208 72.8 0.266 73.3 2.55
SY-13 Groundwater, oxidization zone 0450 13.7 11.7 287 -— 199 754 0.850 255 785 — 147 1.70
SY-22 Groundwater, oxidization zone <0.05 206 13.1 132 — 279 232151 215 119 - 398 230
SY-19 Groundwater, close to orebody <0.05 583 27.8 1170 — 193 427 0950 137 375 -— 1051 9.54
SY-21 Groundwater, close to orebody <0.05 119 162 514 — 318 141 1.70 433 179 - 682 134
SY-12 Groundwater, reduction zone 0.160 26.7 0.070 141 - 228 555 1.85 158 769 0.159 182 0.524
SY-14 Groundwater, reduction zone <0.05 3.98 244 387 — 192 203 0.750 8.05 534 -— - 0.787
SY-18 Groundwater, reduction zone <0.05 115 621 108 — 156 36.6 1.30 11.1 570 — 268 1.12

Al Fe, and U concentrations are in ppb, with all other concentrations in ppm.
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(2) Hydrological data indicate that the Mengqiguer deposit is
still growing, yielding a third uranium mineralization stage
at ~0 Ma. This suggests that the U within these deposits is not
only derived from U-bearing sediments but also from the
Tien Shan mountains as a result of groundwater cycling.

(3) The geological, geochronological, and hydrological data for
the Southern Yili uranium district presented in this study
indicate a four-stage genetic model comprising the extension
and uplift of the Tien Shan mountains at 35—21 Ma, during
the Pliocene, and recently. All of this reflects the far-field
influence of the continuous penetration of the Indian Plate
into the Asian Plate, as follows.

a. The 35 to 21 Ma reactivation and expansion of the western
Tien Shan orogeny occurred as a far-field effect of
India—Eurasia collision, causing the uplift of the southern
flank of the Yili Basin. This resulted in the southern margin
of the Jurassic Shuixigou Group being exposed up until
~23.4 + 3.3 Ma, which allowed meteoric water from the
hillsides to the north to be gravitationally introduced to
the sediments, generating the first stage of U mineraliza-
tion (Fig. 15A).

b. This first stage of U mineralization was followed by a
cessation of groundwater influx as a result of the presence
of pyrite, organic matter, V-Se minerals, and hematite, all
of which dramatically reduced the permeability of the
sandstone. This was enhanced by continuous uplift that
moved the exposed southern margin of the Shuixigou
Group sediments away from the northern foot of the Tien
Shan mountains, removing the access point for meteoric
water into the groundwater system.

c. The western Tien Shan mountains expanded until the Plio-
cene as a result of the far-field influence of the continuous
penetration of the Indian Plate into the Asian Plate, reac-
tivating reverse faults and folds within the piedmont of the
Tien Shan mountains and causing the continuous uplift of
the southern flank of the Yili Basin. The uplift of anticlines in
this area caused the erosion of their hinge zones, intro-
ducing a significant amount of oxidizing water into the
Shuixigou Group and generating a second stage of uranium
mineralization (0.61 + 0.24 to 0.347 + 0.0048 Ma).

d. The mineralization in the southern Yili uranium district
continues to expand, as evidenced by the fall in U contents
of groundwater passing through redox zones (Fig. 15B).

(4) The ongoing growth of a second stage of uranium minerali-
zation (0.61 + 0.24 to 0.347 + 0.0048 Ma) within the Southern
Yili uranium district indicates that climate change related to
alternating interglacial and glacial periods plays an important
role in the genesis of uranium mineralization. This is especially
true in the study area, as glacial melting accounts for nearly
70% of the water in the rivers within the northern piedmont of
the Tien Shan mountains (Lei et al., 2010; Wu et al., 2018).
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