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1. Introduction

The term “metalliferous coal” has been widely used to describe coals
with practical or potential economic significance for valuable metal
production (Hower et al., 2000; Meitov, 2001; Seredin and Finkelman,
2008; Dai et al., 2012; Mastalerz and Drobniak, 2012; Sia and
Abdullah, 2012), as well as for the traditional use as an energy source.
The term is typically applied to coals with unusually high concentra-
tions of potentially valuable trace elements, typically at least 10-times
higher than the respective averages for the same elements in world
coals generally (Seredin and Finkelman, 2008). Recent studies have
shown that the metals are enriched not only in the coal themselves
but also in their host rocks (roof and floor strata) and in non-coal
bands or partings within the coal seams (Seredin and Finkelman,
2008; Dai et al., 2010; Zhao et al., 2013; Dai et al., 2014a).

The concentrations of rare metals in the ashes of some metalliferous-
coals are equal to or higher than those found in conventional types of
rare metal ores (Seredin and Finkelman, 2008; Seredin and Dai, 2012)
and much higher than those in common coal ashes and coal-
associated sedimentary rocks (Ketris and Yudovich, 2009). For example,
weathered-crust elution-deposited ores with ion-exchangeable rare
earth elements generally have total rare earth element contents of
0.03-0.25% (Bao and Zhao, 2008; Chi and Tian, 2008), but the concen-
trations of rare earth elements in common coal ashes average around
0.035% (Ketris and Yudovich, 2009) and 0.1-1.5% in the ashes of metal-
liferous coals (Seredin and Dai, 2012). Uranium concentrations are
around 0.0016% in the ashes of common coals (Ketris and Yudovich,
2009), but 0.1-0.2% in conventional sand-hosted roll-type deposits
and up to 0.4% in the ashes from metalliferous-coal deposits (Dai
etal., 2015a,b). Concentrations of Zr and Nb are 210 and 20 pg/g respec-
tively in average coal ashes (Ketris and Yudovich, 2009), but reach over
2000 and 200 pg/g respectively in ashes from coal-hosted Zr(Hf)-
Nb(Ta)-REE ore deposits (this paper).

Metalliferous coals have been used as sources for metal extraction
for over 100 years, since the coals of Wyoming and Utah were used
for Au and Ag recovery in the late 19th and early 20th centuries
(Jenney, 1903; Stone, 1912). Metalliferous coal deposits containing
high concentrations of Ge, Ga, rare earth elements and Y (REY, or REE
if Y is not included), Li, Sc, Zr, Hf, Nb, and Ta have recently attracted
significant attention as a new source for these rare metals, which are
becoming increasingly important in various high-technology applica-
tions (Seredin, 2012a; Seredin et al., 2013; Arbuzov et al., 2014). For
example, germanium is currently being extracted as a raw material
from three Ge-bearing coal deposits: Lincang (Yunnan province of
China), Wulantuga (Inner Mongolia of China), and Spetzugli (Primorye,
Russian Far East). Together, the latter deposits account for more than
50% of the total annual industrial Ge production in the world (Seredin
etal., 2013; Dai et al., 2014b). The Ge in the three coal-hosted Ge ore
deposits was derived from the granite basement by hydrothermal
solutions during syngenetic and diagenetic stages, and is organically
bound (Zhuang et al., 2006; Seredin and Finkelman, 2008; Qi et al.,
2011; Dai et al., 2014b,c). A pilot plant for extraction of Ga and Al
from coal combustion products (fly ashes) was installed at the Jungar
deposit, Inner Mongolia, China (Dai et al., 2012; Seredin, 2012b) at the
beginning of 2011. The annual processing capacity of this plant is
800,000-t Al,O3 and approximately 150-t Ga (Dai et al., 2012; Seredin,
2012b). Intensive research on resource evaluation and on the origin of
the REY, Li, Sc, Zr, Hf, Nb, Ta, and U enrichment in these metalliferous
coal deposits (both coals and host rocks), as well as methods for their
extraction from coal ashes, have been and are currently being conduct-
ed in the USA (Finkelman and Brown, 1991; Hower et al., 1999; Mardon
and Hower, 2004; Mastalerz and Drobniak, 2012), Europe (Eskenazy,
1987a,b; Blissett et al., 2014; Yossifova, 2014), Australia (Jaireth et al.,
2014), India (Prachiti et al.,, 2011; Saikia et al., 2015), and, in particular,
China (Dai et al., 2010; Wang et al.,, 2011; Dai et al., 2012; Seredin and
Dai, 2012; Zhuang et al., 2012; Sun et al., 2013; Zhao et al., 2013; Dai

et al., 2014a,b,c) and Russia (Seredin, 1991, 1996; Arbuzov et al.,
2000; Kryukova et al., 2001; Arbuzov et al., 2003; Seredin, 2004;
Seredin et al., 2006; Seredin and Tomson, 2008; Arbuzov et al., 2011;
Seredin et al., 2013; Arbuzov et al,, 2014).

On the other hand, coal-hosted rare-metal ore deposits generally
contain high concentrations of toxic trace elements, which could have
adverse effects on human health and environments. For example, fly
ashes derived from the three giant coal-hosted Ge deposits, Lincang
(Yunnan, China), Wulantuga (Inner Mongolia, China), and Spetzugli
(Primorye, Russia), are highly enriched in toxic trace elements, includ-
ing up to (on an organic-free basis) 2.12% As, 1.56% F, 1.22% Sb, 0.55%
Pb, 0.04% Be, 0.017% T, and 0.016% Hg (Dai et al., 2014b). These high
elemental concentrations in the fly ashes are due to their high levels
in the raw coals (Zhuang et al.,, 2006; Qi et al., 2011; Dai et al., 2014c).
The coal-hosted U-Se-Mo-Re-V ore deposits preserved within marine
carbonate successions in South China are highly enriched in organic sul-
fur (e.g., 8.77%-10.30% in Yanshan coals, Yunnan, South China; Dai et al.,
2008), F (up to 3362 pg/g in Heshan coals, Guangxi, South China; Dai
et al,, 2013b), Hg (654 ng/g in the Fusui coals, Guangxi, South China;
Dai et al., 2013a), as well as Cr, Ni, and Cd (Shao et al., 2003; Zeng
et al,, 2005; Dai et al., 2015b; Liu et al., 2015). The Late Permian coal in
the Huayingshan Coalfield in southwestern China is considered to be a
coal-hosted Zr-Nb-REE ore deposit (Zhuang et al., 2012; Dai et al.,
2014a) and is enriched in Se (6.99 pg/g; Dai et al., 2014a). Additionally,
high concentrations of V, Cr, Co, and Ni in the Late Permian coals of
southwestern China were derived from the Emeishan basalts, which
served as a sediment source region during peat accumulation (Zhou
et al.,, 2000; Dai et al., 2012; Wang et al., 2012; Zhuang et al., 2012).
The enrichment of toxic trace elements in the coals is usually
attributed to a combination of geological processes and tectonic
controls during peat accumulation, as well as during subsequent diage-
netic and epigenetic activities (Ding et al., 2001; Sia and Abdullah, 2012;
Yossifova, 2014; Dai et al., 2015b). Thus, investigations of the relation-
ships between tectonic background (e.g., mantle plume formation)
and toxic trace elements in coal and in coal-hosted ore deposits might
provide a better understanding of the environmental influences of
toxic elements during rare metal recovery from coal ash and during
coal combustion.

From genetic and practical points of view, the relation between
tectonic setting (e.g., mantle plume formation or subduction/collision-
related processes) and the development of coal-bearing strata (in-
cluding coal-hosted ore deposits) may not only provide geologic
information about the formation of coal-bearing sequences and
regional tectonic history to assist exploration and exploitation of coal
resources, but may also assist in the exploration for rare metal ore de-
posits. This is because the distribution of both coal beds and coal-
hosted ore deposits resulted from the same processes of peat/sediment
accumulation and rank advance, and were further influenced by inter-
action between the organic matter and basinal fluids, sediment diagen-
esis, and synsedimentary volcanic inputs (Ren, 1996; Ruppert et al.,
1996; Ward, 2002).

As an example of these interactions, thin beds of kaolinite-rich
sediment (tonsteins) of pyroclastic origin, deposited in the original
peat-forming environment, have been found in many coal seams in
southwestern China (Zhou et al., 1982, 2000; Dai et al., 2011, 2014a)
and Russia (Admakin and Portnov, 1987; Admakin, 1991). The tonsteins
in the Late Permian coals of that region probably resulted from waning
activity of a mantle plume and may serve to indicate the periphery of
the Emeishan Large Igneous Province (Dai et al., 2011, 2014d). Some
tonsteins, typically of alkali origin, may contain valuable trace elements
that could be potentially utilized, or may serve as indicators in explora-
tion for alkali ore deposits (Zhou et al., 2000; Spears, 2012; Dai et al.,
2014a). In many cases, the tonsteins contain primary sanidine and/or
zircon of magmatic origin that could be used for radiometric age
determination, providing absolute ages for chrono-stratigraphic corre-
lation within the globally accepted geologic timescale (Bohor and



62 S. Dai et al. / Gondwana Research 29 (2016) 60-82

Triplehorn, 1993; Burger and Damberger, 1985; Hill, 1988; Knight et al.,
2000; Kunk and Rice, 1994; Hess et al., 1999; Lyons et al., 1992, 2006;
Guerra-Sommer et al., 2008; Maksimov and Sakhno, 2011); tonsteins
may be incorporated with mined coal products and, if not removed
when the mined coal is beneficiated (e.g., mineral-rich particles in the
crushed coal are removed by density separation in an associated prepa-
ration plant), may also become part of the coal product when it is used
(Ward, 2002).

Although there have been many studies on metalliferous coal de-
posits, these are mainly focused on the origin and mode of occurrence
of the rare metals involved. However, some critical questions, such as
the tectonic controls on the deposits, have rarely been studied, and
the forms of rare-metal mineralization have never been summarized.
A better understanding of these critical questions is nevertheless of
great importance for the exploration and economic evaluation of metal-
liferous coal deposits, and for controlling environmental pollution from
release of toxic trace elements during rare metal recovery. In this paper,
we discuss the tectonic controls on the localization of the metalliferous
coal deposits and the mechanisms of rare-metal mineralization in the
world's largest coal-hosted ore districts (South China and South
Primorye of Russia; Fig. 1). It should be mentioned that the two regions
have not been studied in equivalent depth; the South China deposits are
much better characterized by geochemical data than the Russian de-
posits, although some gaps in the data still exist. Additionally, isotopic
analyses of the tuffaceous ores are absent in both regions.

2. Regional tectonic and magmatic control of ore deposits

East Asia has more coal-hosted rare-metal ore deposits than any-
where else in the world (Seredin and Finkelman, 2008; Arbuzov et al.,
2014). For example, in addition to Nb(Ta)-Zr(Hf)-REE and U(Mo,Se)-
REE ore deposits, several large coal-hosted Ge ore deposits, each of
which contain Ge reserves of more than 1000 t, occur in the Primorye
and Sakhalin areas of Russia, as well as the Inner Mongolia and Yunnan
provinces of China. The two regions of coal-hosted ore deposits, South
Primorye and South China, are characterized by their circular, curved
and tapering shapes, respectively (Fig. 1). Coal-hosted rare-metal

Fig. 1. Location of the coal-hosted rare-metal ore deposits in East Asia: (1) South Primorye,
(2) South China. The red dotted lines are the boundaries of the Ussuri and Emeishan con-
centric structures. Data complied from Xu et al. (2001), He et al. (2010), and Seredin and
Tomson (2008).

deposits are widely distributed in these two regions (Seredin and
Finkelman, 2008).

The two rare-metal regions have different sizes (Fig. 1), ages of
formation (mainly Late Permian age for south China and Cenozoic age
for South Primorye), and different sedimentary environments for the
coal-bearing strata (continental, continental-marine transitional, and
marine facies for south China; continental environment for South
Primorye). However, their distributions are at least partly controlled
by local concentric and radial faults, represented by the Ussuri and
Emeishan structures, respectively. The Emeishan structure is associated
with the well-known Emeishan large igneous province (ELIP), which is
considered to be mantle plume-related (Xu et al., 2008; Xu et al., 2010;
Y. Sun et al., 2010 and references therein). The Ussuri structure is also
associated with flood basalts, forming the Shufan, Shkotovo, and
Sandugan plateaus in addition to numerous smaller basaltic fields that
may also be plume-related (Seredin and Tomson, 2008). A number of
coal-bearing basins were developed during the formation and evolution
of these structures; and were accompanied by extensive volcanism
(Zhou et al., 1982; Dai et al., 2011) and hydrothermal activity (Zhou
and Ren, 1992; Seredin and Mokhov, 2007; Seredin, 2012a; Dai et al.,
2013a,b), which in turn were associated with the formation of rare-
metal ore deposits. The rare-metal ore deposits are mainly of volcanic-
ash, hydrothermal-fluid, and mixed volcanic-ash and hydrothermal-
fluid origin (Seredin and Dai, 2012; Dai et al,, 2013a,b, 2014a,c).

However, the plume-like processes did not only influence the forma-
tion of the metalliferous coal deposits. Their host basins were likely
initiated by widespread within-plate extension and subsidence of the
South China region in the Permian-Triassic (He et al., 2003; Peate and
Bryan, 2008; Y. Sun et al., 2010), and within-plate extension associated
with strike-slip displacements and rift-related volcanism in the
Cenozoic for East Asia (Ren et al., 2002; Yin, 2010). In this scenario, lo-
calized plume-like processes created the dome-like radial and concen-
tric fault systems, providing channels for voluminous magmatic
products and making small depressions at the Earth's surface. These
depressions were sites for subsequent accumulation of terrigenous
and volcanoclastic sediments at certain stages of regional evolution
(Seredin and Tomson, 2008). Perhaps both the regional extension and
the more local plume-like mantle upwellings had a common deep-
seated cause, which was also responsible for the rare-metal mineraliza-
tion. This review suggests that asthenospheric flows reworking conti-
nental crust rich in rare metals could be the cause, although deep
mantle plumes should not be completely excluded from consideration
at the current stage of investigations.

2.1. South Primorye

2.1.1. General characteristics of the Ussuri concentric structure and its
regional position

This coal-bearing district is located within the Ussuri structure,
which is approximately 150 km in diameter (Seredin and Tomson,
2008). Faults within it form a concentric geometry that includes numer-
ous Cenozoic coal-bearing depressions, small extrusions of alkaline
volcanics, and large-volume basaltic flows (Fig. 2). The latter, including
the Shufan, Shkotovo, and Sandugan Plateaus, made-up of Neogene in-
traplate basalts, has a total volume at least 1700 km? (Rasskazov et al.,
2003) that may indicate a plume association for the Ussuri structure
(Seredin and Tomson, 2008).

On the other hand, Paleogene-Neogene coal basins, associated
basaltic fields, and small extrusions of alkaline rocks are widespread in
East and Central Asia (Fig. 3). Their distribution as a whole is almost
linear, controlled by regional strike-slip faults, with concentrations of
the basins and volcanics at fault intersections and bends. Cenozoic vol-
canic fields, including Neogene-Quaternary basaltic plateaus, occur in
many places throughout the Far East, including South Primorye
(Rasskazov et al., 2003; Okamura et al., 2005; Chashchin et al., 2007,
2011).
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Fig. 2. Cenozoic geology and mineralization of the Ussuri concentric structure. Data compiled from Seredin and Tomson (2008), Pavlyutkin and Petrenko (2010), Maleev (1958), Sakhno
etal. (2004), and Maksimov and Sakhno (2008, 2011). (1) small extrusions of the Neogene alkaline and subalkaline (a), and Eocene adakitic (b) rocks; (2) Miocene-Pliocene flood basalts
with the plateau names: Shu — Shufan, Shk — Shkotovo, Snd — Sandugan; (3) main distribution of the Oligocene-Miocene felsic volcanoclastics; (4) Paleogene-Neogene coal-bearing
basins partly covered by younger sedimentary and volcanic rocks and the basin names: (A) Arsen'evka, (Am) Amba, (D) Danilovka, (G) Glukhovka, (Iv) Ivanovka, (K) Komarovka,
(M) Merkushovka, (P) Pavlovka, (Pg) Pogranichnaya, (Ps) Poiskovaya, (Pu) Pushkinsk, (Sh) Shkotovo, (S) Sibirtsevo, (SU) Siny Utes, (R) Rakovka, (Rt) Rettikhovka, (U) Uglovka,
(V) Vadimovka, (Vsh) Vishnyakovka, (Zh) Zharikovo; (5) faults figured based on geological mapping, satellite images, and relief; (6) pre-Cenozoic basement consisting of Early Paleozoic
crystalline rocks intruded by Mesozoic granites and partly covered by Mesozoic coal-bearing deposits; (7) Cenozoic ore occurrences: (a) metalliferous coal deposits, (b) metalliferous coal
occurrences; (c) ore occurrences in Cenozoic volcano-sedimentary rocks (outside coal seams); (d) ore occurrences in the argillized dikes and breccias; (8) main metals: (a) Ge, (b) REE,
(c) U, (d) Nb-Ta-Zr(Hf)-REE-Ga, (e) Au (PGE); (17) Nb-Ta-Zr(Hf)-REE-Ga occurrence; (9) Paleozoic fluorine-rare metal deposits including the Voznesenka district of F, Sn, W, and

Nb-Ta deposits (larger) and Poperechka Nb-Ta deposit (smaller).

The geochemistry of the volcanic rocks in these fields indicates
distinctive contributions from continental crust, Indian-type (I-type)
asthenospheric mantle, and subducted plate materials (Flower et al.,
1998; Rasskazov et al., 2003; Okamura et al., 2005; Chashchin et al,,
2007; Guo et al.,, 2009; Chashchin et al.,, 2011). These relationships are
illustrated in Fig. 4 (**>Nd/***Nd vs 87Sr/8éSr plot) where the volcanic
rocks of Primorye and NE China clearly overlap the fields for arc and
continental adakitic rocks (Castillo, 2012; and references therein),
MORB and fossil spreading center lavas (Flower et al., 1998), Yellow-
stone basalts (indicating some plume input; Hanan et al., 2008;
Ellis et al., 2013) and the Dabie Precambrian metamorphic complex
(Ma et al., 1998). Additionally on this figure, Oligocene-Miocene
volcaniclastics from the southern Primorye coal basins overlap the
field for the Palaeozoic gabbro-granite and related fluorine-rare metal
mineralization from southern Primorye (Kupriyanova et al., 2005) sug-
gesting incorporation of this material. It is important for our study that
the EM-1 enrichment (DUPAL anomaly) is characteristic of the Indian-
type asthenoshere of the southern oceans in contrast to the North Pacif-
ic (Hart, 1984). Based on this criterion, Flower et al. (1998) traced the
mantle flows from the India-Eurasia collision zone far to the east and
northeast using geochemical data on Late Cenozoic basalts from East
Asia and the West Pacific. As can be seen in Fig. 4, the Cenozoic basaltic
and andesitic rocks of S Primorye and NE China (Okamura et al., 2005;
Popov et al., 2008; Martynov and Khanchuk, 2013), including adakitic

rocks (Guo et al., 2009; Chashchin et al., 2011), encompass a field
between a subducted plate component (i.e. arc adakites) and the East
Asia continental crust. The EM1 component suggesting the mantle
flows from the India-Eurasia collision likely shifted this field slightly
down.

In general, the Cenozoic volcanic rock assemblages in East Asia indi-
cate reworking of the continental lithosphere, which resulted from
asthenospheric upwellings above the deeply subducted oceanic slab
and upper mantle flows induced by the India-Eurasia collision, rather
than a mantle plume derived from the core-mantle boundary (Flower
et al,, 1998; Pirajno and Santosh, 2014). This is also supported by deep
seismic images that show hot upper mantle below modern volcanoes,
for example the Changbai volcano (Fig. 3), and above a colder slab
stagnating in the mantle transition zone (Li and van der Hilst, 2010;
and references therein). The Cenozoic magmatic evolution of the region
shows an increasing influence of a within-plate component and a
decreasing contribution from the subducted plate component with
time (Martynov and Khanchuk, 2013). The Late Cenozoic (15 Ma and
younger) within-plate volcanics, which may only be considered as
plume-related, consist of voluminous plateau basalts, with ages from
15 to 13 Ma, and small-volume younger volcanics, the composition of
which varies from continental tholeiite to phonolite and other alkaline
rocks. Sapphire-zircon placers are commonly associated with these vol-
canics (Graham et al., 2008; Nechaev et al., 2009). It should also be
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Fig. 3. Distribution of Cenozoic volcanic and sedimentary complexes in East Asia (compiled from Ren et al., 2002; Pavlyutkin and Petrenko, 2010; Martynov and Khanchuk, 2013) showing

the suggested mantle flows related to the India-Eurasia collision (Flower et al., 1998).

mentioned that some alkaline rocks of the modern Changbai volcano
(Fig. 3) are enriched in Zr (up to 2404 pg/g) and Nb (up to 217 pg/g)
(Popov et al., 2008), suggesting that this magmatic complex can
produce rare-metal mineralization. Meanwhile, some interbeds of the
Oligocene-Miocene felsic volcanoclastics also contain moderately high
concentrations of rare metals (Zr up to 1160 pg/g, Nb up to 145 ng/g).
Their plots in Fig. 4 clearly overlap the field for Paleozoic gabbro-granite
complex and related fluorine-rare metal mineralization of S Primorye,
demonstrating that they are derived from the local crust, which is rich
in rare metals. A characteristic and very distinctive feature of the
volcanoclastic source is wide variation in 3’Sr/2°Sr but almost uniform

187Nd/"®6Nd ratio. Other magmatic and metamorphic formations
of East Asia show obvious decreases in '®’Nd/'®Nd with increasing
87Sr/85Sr (Fig. 4).

Thus, the Ussuri concentric structure should be considered as a local
feature of the more extensive volcanic belt and associated pull-apart ba-
sins at the back of the convergent plate boundaries. Based on the radial
fault system, especially manifested in the present-day river network,
the structure is a gently sloping dome.

The above-mentioned East Asian volcano-sedimentary belt started
forming in the Paleocene-Eocene, as indicated by small intrusions of
deep adakitic magmas in NE China (55-58 Ma, Guo et al., 2009 and

Fig. 4.%7Sr/%%Sr and "*3Nd/!*“Nd ratios for Cenozoic volcanic rocks of Primorye and adjacent regions. The reference fields are shown after Castillo (2012), Guo et al. (2009), Ma et al. (1998),
Kupriyanova et al. (2005), Hanan et al. (2008), Popov et al. (2008), Ellis et al. (2013), Martynov and Khanchuk (2013). The data for Cenozoic felsic volcanoclastics are from Maksimov and
Sakhno (2011) (one analysis) and two unpublished analyses contributed by S.0. Maximov (Far East Geological Institute).
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references therein) and S Primorye (Rb-Sr age 46.2 4+ 0.5 Ma, Rasskazov
etal., 2003; K-Ar age 46.7 & 1.1 Ma, Seredin, 2010; and 45.52 4- 1.1 Ma,
Chashchin et al., 2011), and the initiation of the first coal-bearing basins
(Uglovka and Rettikhovka) at their margins (Pavlyutkin and Petrenko,
2010).

2.1.2. Evolution of the Ussuri concentric structure
The evolution of the Ussuri structure can be divided into six stages
(Fig. 5):

(1) Early-Middle Eocene adakitic rocks of the Poiskovaya and
Amba basins (Fig. 2; Seredin, 2010; Chashchin et al., 2011)
and argillized andesite-dacite lavas of the Rettikhovka Basin
(Seredin and Chekryzhov, 2012a);

(2) Late Eocene-Early Oligocene argillized rocks (mafic lavas?) of
the Pavlovka (Pavlovka-2 and Vostochny open-casts) Basin
(Seredin and Chekryzhov, 2012a);

(3) Late Oligocene-Early Miocene mafic volcanics of the Amba
(Popov et al., 2007) and Siny Utes (Popov et al., 2005) basins;

(4) Late Oligocene-Late Miocene felsic tuffs and small intrusions
of K-rich basic rocks in the Siny Utes, Pavlovka, Pushkinsk,
Uglovka, and other basins (Sakhno et al., 2004; Popov et al.,

Fig. 5. Evolution of sedimentation and magmatism in the Ussuri plume structure (based
on the stratigraphic scheme of Pavlyutkin and Petrenko (2010). 1 — Claystone (a) and
siltstone (b); 2 — sandstone (a), and conglomerate (b); 3 — pebble conglomerate;
4 — rock debris in clay; 5 — tuff and tuffite; 6 — coal (a), carboniferous siltstone
and lignite (b); 7 — alkaline and associated volcanics; 8 — basalt; 9 — felsic tuff; 10 —
adakitic and associated rocks.

2006; Chekryzhov, 2009; Chekryzhov et al., 2010; Pavlyutkin
and Petrenko, 2010);

(5) Middle Miocene (15-13 Ma) plateau basalts of the Shufan and
Shkotovo Plateaus (Rasskazov et al., 2003; Maksimov and
Sakhno, 2008b) and the final formation of the concentric
structure (small plume?) above the subducted slab; and

(6) Late Miocene-Pliocene (11-3 Ma) basaltic and alkaline volca-
nics of the Shufan and Shkotovo plateaus (Chashchin et al.,
2007).

During stages 1-3, the upper continental crust was broken into pull-
apart depressions separating basement highs. These depressions later
became sites for accumulation of coal-bearing sediments. The largest
basins (Pushkinsk, Pavlovka, Glukhovka) were formed in the central
part of the area. Volcanism was concentrated almost completely within
and adjacent to the depressions, and was diverse in composition:
bimodal volcanics (38-32 Ma) and Ti-rich basalts of the Amba Basin
and alkaline (K-rich) basalts, andesite, and rhyodacite (24-22 Ma) of
the Siny Utes Basin.

Stages 4-6 started with extensive eruptions of felsic tuffs and K-rich
basic rocks, followed by within-plate basalts. The previously-formed
organic-rich sediments were abruptly replaced by coarse terrigenous
and volcanogenic deposits (Pavlyutkin and Petrenko, 2010). Wide-
spread felsic volcanism of the Ust' Suyfun Formation during stage 4 is
considered to have resulted from melting of the upper crust under the
influence of the ascending mantle diapir (plume?), the main source of
the later within-plate basalts (Popov et al., 2007). According to
their position below the flood basalts and the similar distribution of
their 87Sr/%5Sr and '**Nd/'**Nd ratios (Fig. 4), these may be compared
to the central Snake River Plain rhyolite ignimbrites of the Yellowstone
plume (Ellis et al., 2013). Further, Yellowstone hydrothermal fluids
have partly leached REE from the volcaniclastic rocks and re-
distributed them in the area (Lewis et al., 1995), making this plume
environment even more similar to that of South Primorye in the
Oligocene-Miocene time (Seredin et al., 2006). This similarity, how-
ever, merely indicates a significant crustal contamination (Hanan
et al., 2008; Ellis et al., 2013) and should not be considered as solid
evidence for a deep plume origin.

2.1.3. Ore mineralization of the Ussuri structure

There were at least six volcanic pulses during the development of
the Ussuri structure, with associated extensive hydrothermal activity
and significant related mineralization (Table 1). Two large well-
known (Spetzugli and Shkotovo) and many smaller coal-hosted Ge
deposits of hydrothermal origin occur in this region. In addition, numer-
ous occurrences of REE mineralization in coal and host rocks have been
found in this area, including the unique Abramovka occurrence
(Seredin, 1998; Seredin et al., 2009). The Rakovka uranium deposit of
hydrothermal origin (Kokovkin, 2006) and associated mineralization
also occur in this region. It is possible that additional U-REE deposits
will be found with further investigation, although, to date, mineraliza-
tion consisting only of Ga, Li, Zr, and Nb (which are commonly associat-
ed with REE) mineralization has been reported by the local geological
survey. The Zr-Nb-REE association is of the tuffaceous and mixed tuffa-
ceous-hydrothermal mineralization styles (Seredin et al., 2011; Seredin
and Chekryzhov, 2012a).

It is likely that Cenozoic ore mineralization in the South Primorye
coal basins is related to the extensive uppermost Paleogene to Miocene
volcanoclastics and small alkaline (K-rich) extrusions, showing a signif-
icant crustal contribution and initiated by mantle flows related to the
India-Eurasia collision (Flower et al., 1998). This magmatism and asso-
ciated hydrothermal activity might have redistributed the rare-metal
and fluorine crustal mineralization that is well-known in South
Primorye, where it is hosted by the Paleozoic granite and gabbro-
monzonite complexes (Sato et al., 2003; Kupriyanova et al., 2005).
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Table 1
Ore types of Cenozoic depressions in South Primorye.
Metal Host rock Shape of ore body Ore grade Mineralogy Depression
Ge Coal, carbonaceous mudstone and Mantle- and 50-3000 pg/g 0C, Ism P, R, Sh, Am,
sandstone dome-like (in coal) A
Fine sandstone Stratiform 20-100 pg/g Not studied P
Clay (argillized Paleozoic rocks) in the Cutting-linear 10-100 pg/g Not studied P
basement
REE Coal Mantle- and 0.1-1.5% (in ash) Crb, Hcrb, Ohlg, Ox, Psp, Alpsp, OC P,R Rt, G
dome-like
Sandstone Stratiform 0.1-0.2% Crb, Alpsp P
Clay (argillized Paleozoic rocks) in the Mantle- and 0.05-0.2% Crb, Alpsp P
basement dome-like
Clay Stratiform 0.3-3.5% (in FMN) Ox P
Argillized dykes and breccias, fault gouge Cutting-linear and 0.1-11% Crb, Herb, Psp, Alpsp, Ox P,R
tube-like
Au (Ag, PGE)? Coal and carbonaceous mudstone Mantle- and n*0.01-n*1.0 pg/g Native Au, Pt, Ag, Au-Ag, Au-Cu, Pt-Fe, Pt-S, P, R, Sh
dome-like(?) (in ash) Ag-S, Ag-Cl, 0C(?)
Clay (argillized Paleozoic rocks) in the Stratiform(?) n*0.01-1.1 pg/g Native Au P
basement
Sand and gravel Stratiform n*0.01-n*1.0 pg/g Native Au, Au-Ag, Au-Hg, Au-Cu, Au-Cu-Sn, P
Au-Pb, Pd, Pd-Pt, Pt-Fe
Clay Stratiform n*0.01-n*1.0 pg/g Native Au, Pd, Pd-Pt P
Breccia Cutting-linear and Up to 150 pg/g Native Au, Au-Ag, Au-Hg, Au-Cu, Au-Cu-Sn, P, Rt
tube-like Au-Sn-Pb-Ni, Pd, Pd-Pt
0] Coal Mantle- and 0.1-0.4% (in ash) 0x, Psp, OC P,RRt, D, G
dome-like
Sandstone Stratiform 0.1-0.2% 0x, Psp P, R,
Clay (argillized Paleozoic rocks) in the Mantle- and 0.05-0.3% 0x, Psp P,R,D,A
basement dome-like
Argillized dykes and breccias, fault gouge Cutting-linear and 0.1-1.5% 0x, Psp, S1 R
tube-like
Nb(Ta)-Zr(Hf)-REE Volcaniclastic interlayer Stratiform 0.2-0.25% (total) Psp, IS Pu

Depressions: (Am) Amba, (A) Arsen'evka, (D) Danilovka, (G) Glukhovka, (P) Pavlovka, (Pu) Pushkinsk, (Sh) Shkotovo, (R) Rakovka, and (Rt) Rettikhovka.
Mineralogy: (Crb) carbonate, (Hcrb) halogenecarbonate, (Ohlg) oxohalogenid, (Ox) oxide, (SI) silicate, (Psp) phosphate, (Alpsp) aluminophosphate, (OC) organic compound, (Ism)

isomorphic admixture, (IS) Ion-sorption admixture, and (FMN) ferromanganese nodule.

2 The table presents contents of Au. Contents of Ag are up to 50-100 pg/g, Pt and Pd — up to a few pg/g.

A substantial additional investigation, however, including geochemical
(especially isotopic) studies, is required to test this hypothesis.

2.2. South China

2.2.1. General characteristics of the Emeishan mantle plume

Rare-metal bearing coal deposits of Late Permian age are widely dis-
tributed in southern China, with a distribution controlled, like those in
the South Primorye region, by a large (approximately 550 km in diam-
eter) concentric structure. The distribution of rare-metal coal deposits
in this region coincides with the extent of the Emeishan Large Igneous
Province (ELIP; Fig. 6).

The ELIP is distributed in Yunnan, Sichuan, and Guizhou provinces in
southwestern China (covering an area of more than 250,000 km?), and
mainly consists of massive flood basalts and numerous contemporane-
ous mafic and felsic intrusions (Xu et al., 2001; He et al., 2010).

In spite of numerous studies, the origin of the ELIP is still controver-
sial. It is conventionally considered to be a mantle plume-derived LIP
(Xu et al., 2001; He et al., 2003, 2007; Xu et al., 2013). However, the
latest review by Shellnutt (2014) concludes that such a model is far
more complicated than previously suggested, and that the ELIP is likely
to be derived from a plume-like upwelling of asthenospheric magmas.
In addition, isotopic data suggest some crustal contamination and the
presence of a sub-lithospheric mantle component in the system (Xu
et al., 2001, 2008, 2010; Shellnutt, 2014; and references therein).
Accordingly, the terms “plume” or “mantle plume” in this work mean
a plume-like setting, although a “really deep” plume may not be
completely excluded. The southwestern and northwestern flanks of
the structure are cut by the Red River Fault and the Longmenshan
Thrust, respectively (Fig. 6).

Despite these late collisional deformations, the main tectonic
features of the Emeishan mantle plume overall remain as an intact

whole; the western part of the province has the thickest volcanic suc-
cession, possibly reaching 5 km in thickness, whereas in the east the
thickness is reduced to less than 100 m (Xu et al., 2008; Y. Sun et al.,
2010; Xu et al., 2010; and references therein). The most common rock
type is tholeiitic basalt, which occupies more than 95% by volume of
the ELIP. The vast majority of the lavas have between 4 and 7 wt.%
MgO, and additional volcanic rocks include picrites at various strat-
igraphic levels, mafic alkaline lavas at the base, and trachytes or
rhyolites at the top of the sequence (Chung and Jahn, 1995; Xiao
et al., 2004; Song et al., 2008). Intrusive rocks include mafic and
ultramafic dikes (Shellnutt et al., 2008; Zi et al., 2008) and large
layered intrusions (e.g., Zhou et al., 2005; Wang et al., 2006; Song
et al., 2008).

The structure of the Emeishan mantle plume consists of three
concentric zones (Fig. 6):

(1) Central inner zone: the core was elevated at the time of the Mid-
dle/Late Permian boundary and surrounded by gravitational
diamictites and coarse alluvial deposits.

(2) Intermediate zone: the intermediate zone contains the greatest

volume of Late Permian volcanics, with U-Pb ages between 267

and 252 Ma (Liu and Zhu, 2009). These comprise mafic lavas

and basaltic tuffs, including those of high-Ti basalt, as well as
small-volume lavas and tuffs of rhyolite and trachyte composi-
tions at the top of the volcanic succession.

Outer zone: the distal volcanics mainly comprise fine-grained

mafic tuffs and lesser felsic volcanic ash, which lie at the base

of the coal-bearing strata. The distal volcanic ashes also form

thin tonstein layers within the coal beds (Dai et al., 2011).

Three types of tonsteins (felsic, mafic, and alkali) have been iden-

tified, based on their lateral correlation over a large coalfield area

and the overall similarity of corresponding mineralogical and

3

—
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Fig. 6. Distribution of the Late Permian coal basins and metalliferous ore deposits in South China. 1 — Emeishan basalt; 2 — coal basins; 3 - normal fault and thrust; 4 — Emeishan plume
structure boundary; 5-7 — rare-metal mineralization in coal basins; 5 — U and U-REE in coal; 6 — Zr-Nb-REE in coal; 7 — Nb-REE in tuff and tuffaceous sedimentary rocks. Data compiled
from Xu et al. (2001), Y. Sun et al. (2010), Dai et al. (2012), and China Coal Geology Bureau (1996).

chemical compositions (Zhou et al., 1982; Burger et al., 1990,
2000; Zhou et al., 2000; Dai et al., 2011, 2014a). However, only
the alkali tonsteins contain high Nb (Ta), Zr (Hf), REY, and Ga
that have potential economic significance.

The Emeishan lavas overlie the late Middle-Permian Maokou Forma-
tion and are overlain by the Late-Permian Xuanwei/Longtan Formation,
suggesting that the age of the Emeishan lavas is constrained to the
boundary between the Middle and Late Permian (Xu et al., 2013). How-
ever, this boundary is only poorly constrained because the extrusive
rocks are thermally overprinted and represent an open system unsuit-
able for “°Ar/>°Ar geochronology (Boven et al., 2002; Lo et al., 2002;
Ali et al., 2004; He et al., 2007; Zhong et al., 2011; Xu et al., 2013).
Based on ID-TIMS (isotope dilution-thermal ionization mass spectrom-
etry) data on mafic, ultramafic and granite intrusions, the Emeishan
lavas were constrained to 258-259 Ma (Xu et al., 2013). Zhong et al.
(2014) precisely dated the age of the felsic ignimbrites in the uppermost

part of the Emeishan lava succession (259.1 4 0.5 Ma) using high-
resolution chemical abrasion-TIMS zircon U-Pb techniques, and
interpreted this as the terminal age of the Emeishan flood basalts.

Based on petrographic, elemental, and Sr-Nd isotopic composi-
tions, the Emeishan basalts can be classified into two major types:
1) a low-Ti type that exhibits low Ti/Y (<500, Fe,03* (<12%), Nb/La
(0.6-1.4) and eng(t) (—4.8 to + 1.4), but relatively high SiO, (48-
53%) and Mg (0.52-0.64); and 2) a high-Ti type with high Ti/Y (>500)
(Xu et al., 2001). The thick low-Ti lavas are distributed in the western
part of the province and may record the main episode of flood basalt
emplacement; in contrast, the less abundant overlying high-Ti basalts
may imply a waning activity of the plume (Xu et al., 2001). Although
the classification of the low- and high-Ti types of the Emeishan basalts
remains controversial (Hou et al., 2011; Shellnutt and Jahn, 2011), a re-
cent study by Dai et al. (2014d) showed that roof and floor strata of the
coal beds in Xuanwei, Yunnan, were derived from high-Ti alkali basaltic
volcanic ashes, further confirming the existence and origin of a high-Ti
Emeishan basalt.
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2.2.2. Control of ELIP on coal-hosted ore deposits

The control of the ELIP on the late Permian coal-hosted ore deposits,
as well as late Permian coal-bearing strata in South China, is reflected
by four aspects: (1) the topography (high in west and low in east)
that resulted from the ELIP provided favorable sites for peat accumula-
tion (China Coal Geology Bureau, 1996), leading to the majority of the
coal-bearing basins distributed in the middle and outer zones of the
ELIP (Fig. 6); (2) the Kandian Upland was the dominant sediment-
source region for the late Permian coal-bearing strata (Zhou et al,,
1982; China Coal Geology Bureau, 1996; Zhou et al., 2000; Zhuang
et al,, 2012; Dai et al., 2014d); (3) in some cases, the volcanic ashes
resulting from the waning activity of the plume either served as a base
for peat accumulation (e.g., as the floor of a coal seam) or terminated
peat accumulation (e.g., formed the roof of a coal seam) (Dai et al.,
2014d); and (4) the accumulation of organic matter in both the Late
Permian coal-bearing basins of South China and in the Cenozoic coal-
bearing basins of Primorye was accompanied by frequent active volca-
nism (Zhou et al., 1982; China Coal Geology Bureau, 1996; Zhou et al.,
2000; Dai et al., 2011) and related hydrothermal processes (Zhou and
Ren, 1992; Ding et al., 2001; Zhang et al., 2002, 2004; Yang, 2006; Dai
et al.,, 2008, 2013a,b). Examples indicating such activity include: the
frequent occurrence of tonsteins derived from volcanic ashes in many
Late Permian coals of southwestern China (Burger et al., 1990, 2000;
Zhou et al., 2000; Dai et al., 2011); the input of syngeneic submarine
exhalation to the peat mire (Dai et al., 2008, 2015b); and the high
percentages of quartz and chamosite in the Late Permian coals of east-
ern Yunnan, which are considered to be derived from plume mantle-
related hydrothermal fluids during peat accumulation or at an early
stage of diagenesis (Dai and Chou, 2007; Wang et al., 2012). The quartz
of syngenetic hydrothermal origin in eastern Yunnan is usually fine to
ultra-fine grained, ranging in size from nanometers to less than 20 pm,
and may be related to high lung cancer rates in some of the townships
in Xuanwei County of eastern Yunnan (Tian et al., 2008; Large et al.,
2009).

Fig. 7. Sedimentary sequences and natural gamma ray response from the Nanchuan Nb-
Zr-REE ore deposit (Drillhole no.: Sujiawan CK6).

2.2.3. Differences of Emeishan and Ussuri structures on coal-hosted ore
deposits

One of the major differences between the Emeishan and Ussuri
structures is that the former unconformably overlies a carbonate
platform sequence, the late Middle Permian Maokou Formation (Fig. 7),
which is also the base of the late Permian coal-bearing strata and, in
some cases, the tuffaceous Nb-Zr-REE ore deposits in the intermediate
and outer zones of the ELIP (Figs. 6 and 7). The Maokou Formation is
widely distributed in southern China and is significantly rich in fossils
(Wang et al.,, 1994; China Coal Geology Bureau, 1996; Feng et al., 1997;
ECS, 2000). It is dominated by medium-bedded to massive bioclastic
limestones and biograin micritic limestones (He et al.,, 2010). However,
where Nb-Zr-REE ore deposits occur, limestone is absent and the ore

Fig. 8. Sedimentary sequences and natural gamma ray response from the Xuanwei Nb-Zr-
REE ore deposit (Drillhole no. 2009-BX-4).
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deposit directly overlies the Emeishan basalts and is interbedded with
epiclastic sedimentary rocks (Fig. 8). The absence of the Maokou Forma-
tion limestone is probably due to rapid crustal uplift or doming related to
the mantle plume activity, and subsequent significant weathering and
erosion of the limestone (He et al., 2010).

Additionally, periodic marine transgressions occurred during devel-
opment of the coal-bearing sequence in the outer and intermediate
zones of the Emeishan structure. As a result, the coal-bearing strata of
South China, in some cases, overlie and are overlain by carbonate
rocks (Chen, 1987; Jin and Li, 1987; Huang et al., 1994; Lei et al., 1994;
Hou et al., 1995; Shao et al., 2003; Chou, 2004; Zeng et al., 2005; Dai
et al., 2008; Chou, 2012; Dai et al.,, 2013a,b, 2015b), e.g., the Late Perm-
ian coals of Yanshan in Yunnan Province, Heshan in Guangxi Province,
Chenxi in Hunan Province, and Guiding in Guizhou Province (Figs. 6
and 9). Coals that have been subjected to sea-water invasion during
peat accumulation generally have low concentrations of rare metals,
close to the averages for world coals (e.g., Song et al., 2007; Wang
et al., 2007; R. Sun et al., 2010). However, coals preserved within the
marine carbonate successions in South China (Fig. 9) have high concen-
trations of rare metals, such as U, Se, and Mo (Table 2) and, in some
cases (e.g., Yanshan and Chenxi), REY, which are predominantly attrib-
uted to hydrothermal activity and the euxinic environment favorable
for the preservation of those elements (Dai et al., 2013a,b, 2015b). The
U(Mo,Se)-REE ores contain up to 0.05-0.1% U and 0.1-0.3% REE
(Dai et al., 2013a,b, 2015b). Studies by Shao et al. (2003) and
Zeng et al. (2005) also showed that the Heshan coals preserved
within the marine carbonate successions of Guangxi Province are
significantly enriched in U, Se, and Mo, close to the values listed
in Table 2.

In addition to U(Mo,Se)-REE ore deposits, the other geochemical type
of rare-metal mineralization in coal basins of South China is Zr(Hf)-
Nb(Ta)-REE (Table 3), which is mainly associated with mafic and felsic
alkaline tuffs (Dai et al,, 2010) and, in some cases, alkali rhyolite tuffs in
coal-bearing basins (Dai et al., 2014a). The Zr(Hf)-Nb(Ta)-REE ores are

Table 2
Concentration of rare metals in coal ash from coal-hosted U(Mo,Se)-REE ore deposits of
southwestern China (pg/g unless indicated as %).

Ore deposits N V Se Mo Re REO U Sum-RM (%)

Guiding® 16 3998 152 1652 149 337 950 0.68
Yanshan® 7 2061 916 742 1.1 941 556 044
Fusui® 10 147 229 273 nd 1170 21.0 0.12
Heshan® 14 381 355 125 nd 767 126 0.14
Chenxi® 11 2120 nd 166 nd 1349 539 042

World coal ash” nd 170 100 14 nd 534 15 0.074

N, sample number. REO, sum of oxides of rare earth elements and yttrium. Sum-RM, sum
of V, Se, Mo, Re, REO, and U. ?, from Dai et al. (2015b). °, from Dai et al. (2008). , from Dai
etal. (2013a). 9, from Dai et al. (2013b). ¢, from Li and Tang (2013) and Li et al. (2013). f,
from Ketris and Yudovich (2009). nd, no data.

represented by horizons of argillized (Figs. 7 and 8) and, in a few cases,
hematitized volcanic-ash, 5-10-m thick, and by metalliferous coals
(Fig. 10). Compared to the normal sedimentary rocks in the sequences
derived from the sediment source region composed mainly of mafic
Emeishan basalts, natural gamma-ray data of the Nb-Zr-REE ore beds
and the alkali tonsteins show a significant positive anomaly in well log-
ging (Figs. 7 and 8), which may be considered as a geophysical indicator
in Nb-Zr-REE ore prospecting (Dai et al., 2010, 2012). Rare-metal
concentrations are up to 1-3% (Zr,Hf),0s, 0.05-0.1% (Nb,Ta),0s, and
0.1-0.5% REO in the Zr(Hf)-Nb(Ta)-REE ores (if coal-hosted ores, rare-
metal concentrations are in the coal ash) (Dai et al., 2010; Zhang, 2013;
Dai et al., 2014a). The geochemical compositions of argillized tuffs
show that the rare-metal-enriched tuffs may be at the periphery of the
Emeishan Large Igneous Province, and probably resulted from a waning
activity of the plume (Dai et al., 2011). The highly enriched Zr(Hf),
Nb(Ta), and REY ores may have originated from different mantle sources
under various low-degree partial melting conditions, and have under-
gone fluid fractionation and contamination from lithospheric mantle
and crustal material. Their source magmas had an alkali basalt composi-
tion and were similar to ocean island basalts (Dai et al., 2011).

Fig. 9. Paleoenvironment and location of the Guiding, Yanshan, Heshan, Fusui, and Chenxi U(Mo,Se)-REE ore deposit in South China (A), sedimentary sequences of Guiding (B) and Heshan
(C) deposits. Data are compiled from Dai et al. (2008, 2015b) and China Coal Geology Bureau (1996).
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Table 3
Concentration of rare metals in coal-hosted Zr(Hf)-Nb(Ta)-REE ore deposits of southwestern China (jig/g unless indicated as %).
Ore deposits Sample Thickness (m) (Zr,Hf),05 (Nb,Ta),05 REO Sum-RM (%)
Huayingshan K1-2p" 0.05 2589 433 1972 0.499
K1-1p2! ) 0.07 2569 448 2724 0.574
K1-1p1" 0.03 2378 618 2289 0.529
H-Coal® 2.03 3617 406 1710 0.573
Baoshan Xuanwei 2009-BX-4*) 2.5 6011 555 1358 0.792
2009-YN-5% 16.0 3805 302 1216 0.532
2009-LY-10% 3.0 8464 627 1271 1.036
Xinde Xuanwei? 301-10% 3520 558 1248 0.553
301-13% 4852 745 1055 0.665
301-14% 4703 742 1227 0.667
301-15% 4122 673 1263 0.606
301-16% 4139 639 1791 0.657

Sum-RM, sum of (Zr,Hf),0s, (Nb,Ta),0s, and REO. 1), Alkali tonsteins; 2), Zr(Hf)-Nb(Ta)-REE-rich coal, based on five samples; 3)-6), tuffaceous Zr(Hf)-Nb(Ta)-REE ore deposit. 3), based
on 14 samples. 4), based on 43 samples, 5), based on five samples. 6), Zr(Hf)-Nb(Ta)-REE-rich layer.

2 The total thickness of the ore layers is 2.5 m.

At the same time, the Sr-Nd isotopic data (Fig. 11; Xu et al., 2010;
and references therein) clearly demonstrate that the Emeishan plume
experienced significant crustal assimilation during its ascent. Addition-
ally, the felsic rocks show a trend of isotopic variations similar to that for
South Primorye, characterized by a wide range of 8’Sr/%6Sr and uniform
143Nd/"4Nd ratios. This suggests a similar mineralization process,
strongly influenced by the crustal material. Thus, a crustal source for
the Zr(Hf), Nb(Ta), and REY ores of the South China coal basins is highly
probable or, at least, cannot be excluded. The hot fluids could have
reworked continental crust rich in rare metals and redistributed them
through volcanic eruptions and subsequent sedimentation. Such man-
tle-crust interactions resulting in rare metal mineralization might be
caused by either a deep mantle plume or asthenospheric upwellings,
as suggested for East Asia in the Cenozoic (Flower et al., 1998) and for
the Emeishan plume in the Permian-Triassic (Shellnutt, 2014).

Different mineralization types are distributed in different zones. The
U(Mo,Se)-REE ores are located exclusively in the outer Emeishan zone

Zr/Hf
10

or outside the Emeishan zone, whereas the Zr(Hf)-Nb(Ta)-REE ores
are situated in the middle and outer northwestern Emeishan zones.

3. Rare-metal mineralization in metalliferous coal deposits
3.1. South Primorye

Mineralization with typical REY-Zr-Nb associations has been
known in felsic and alkali tonsteins in many coal deposits (Crowley
et al., 1989; Hower et al., 1999; Arbuzov et al., 2000; Zhou et al., 2000;
Seredin and Finkelman, 2008; Dai et al., 2011; Spears, 2012). However,
data on highly-elevated concentrations of REY in the host rocks of coal
seams (e.g., roof and floor strata), rather than in the coal seams them-
selves, are limited to a few coal deposits in the Russian Far East, China,
and Uzbekistan (Seredin and Finkelman, 2008). This is not only because
little attention has been paid to the study of coal-hosted units and the
basement rocks of coal deposits, but also because the rare-metal-
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Fig. 10. Variations of Nb/Ta, Zr/Hf and Yb/La throughout the coal-bearing Nb-Zr-REE ore deposit in the Huayingshan Coalfield. The number in the bench samples is the rare metal contents.

The vertical lines represent the values for world hard coals.
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Fig. 11. 87Sr/%5Sr and '**Nd/"#4Nd ratios for Permian-Triassic volcanic rocks of the Emeishan plume (after Xu et al., 2010; see Fig. 4 and text for other references). Data for the Cenozoic
volcanoclastics from Primorye are shown to demonstrate that the Sr-Nd isotopic variations of felsic rocks from both regions under consideration show a continuous trend characterized by
a wide range of 8”Sr/55Sr but uniform '#*Nd/'**Nd, suggesting a similar mineralization process influenced by mantle melts interacting with the crust.

bearing intraseam tonsteins are thin (generally 3-10 cm) and, thus, can basis for predicting the possibility of thick horizons of REY-bearing tuffs
hardly be considered as raw materials for rare metal recovery. However, outside of coal seams (Seredin and Finkelman, 2008; Dai et al., 2011).
the frequent occurrence of such rare-metal-bearing tonsteins provides a This forecast has been successfully realized in Yunnan Province, China

Fig. 12. SEM back-scattered electron image of Nd-F carbonate in tuffaceous clay in the Nezhino deposit and its ED spectrum. The Cu, Zn, and S peaks are most likely due to sulfides which
are dispersed on the Nd-F carbonate surface.
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Fig. 13. SEM back-scattered electron images of cerium titanate inclusions (white) in the hollandite ore hosted by Cenozoic sediments (A) and in the Al-lithiophorite veinlet of the Pavlovka

coal deposit basement (B).

(Dai et al., 2010) and in the Cenozoic tuffaceous coal-bearing strata in
the southern part of the Russian Far East (Seredin et al., 2011). Within
these tuffs, the REY content varies from 0.07 to 0.17% with a thickness
of up to 10 m. It is believed that similar tuffaceous rare-metal minerali-
zation may be found in many coal basins of various ages worldwide.

A number of different types and modes of occurrence of REY
mineralization have been found in the coals and host rocks of the
Pavlovka coal deposits in South Primorye (Seredin and Finkelman,
2008). For example, the Nezhino deposit is characterized by tuffa-
ceous-hydrothermal Zr-Nb-REE mineralization in tuffaceous-clay-
hosting coal, while the Vostochny open-cast mine in the Pavlovka
deposit is characterized by a stratiform manganese (hollandite) ore
located among the rocks overlying the coal seams (Seredin et al.,
2011; Seredin and Chekryzhov, 2011, 2012b; Seredin and Dai, 2012;
Seredin et al., 2012).

The tuffaceous clay in the Nezhino deposit contains an unusual, as
yet unnamed fluoro-carbonate mineral, which contains Nd but no

other rare earth elements (Fig. 12). Similar REE-bearing minerals,
e.g., Ge- and Dy-bearing minerals as well as REY compounds with
other metals (Sm-Fe-Co, Sn-Ca-Co, Dy-Fe, Y-Ni), have been observed
in the coal and fossilized xylem of the Pavlovka deposit, as well as in
hydrothermal REE ores in the basement of that deposit (Seredin,
1996; Seredin and Mokhov, 2007). Although the Nd-F carbonate miner-
al has not been observed in other coal deposits, this occurrence may be
considered as evidence for the significant fractionation of the trivalent
lanthanides by geological processes, especially in the hydrothermal
alteration (argillization) of tuffaceous horizons (Seredin, 1996; Seredin
and Finkelman, 2008). The presence of fluorine in this mineralization
may also be considered as evidence of Cenozoic redistribution of the
Paleozoic rare-metal and fluorine crustal ores that are abundant in the
Ussuri district (Sato et al., 2003; Kupriyanova et al., 2005).

A thick horizon of hollandite ore was identified in the Miocene
tuffite roof of the coal-bearing strata at the Vostochny open-cast in
the Pavlovka deposit. This was initially considered to be a product of

Fig. 14. SEM back-scattered electron images of native Au (A), Ag (B), and Pt (C) from Ge-rich coals of the Pavlovsk deposit, Luzanovka ore field.
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supergene processes (Seredin, 1998). However, the identification
and modes of occurrence of cerium titanate phases (Fig. 13A) in the
stratiform hollandite ore suggest that the ore was of hydrothermal ori-
gin (Seredin, 1998). Cerium titanate was also identified in quartz-
lithiophorite stockworks occurring at the base of the Pavlovka deposit
(Fig. 13B). The REE-rich coals in the Pavlovka deposit display similar
mineral assemblages to the Ge-bearing coals (include native metals,
metal alloys, sulfides, halogenides, and carbonates of various metals),
indicating hydrothermal input (Seredin, 1998). This hydrothermal
mineralization was formed from gas-saturated H,O-CO, fluids with
temperatures of 138-153 °C (Seredin, 1998, 2005).

Although middle Asia contains the majority of U-bearing coals, some
U-Mo mineralization has also been observed in coal basins of South
Primorye (Seredin and Finkelman, 2008), where it is generally asso-
ciated with Ge enrichment in the coal.

The typical hydrothermal Ge-U-Mo mineralization style is represent-
ed by the Pavlovka coal-hosted Ge ore deposit (Primorye, Russian Far
East). The average Ge content in the Ge-rich coal seams is 1025 pg/g
(Dai et al., 2014b). High concentrations of Ge, U (up to 594 ng/g) and
Mo (up to 101 pg/g) in the Ge-rich coals are related to intense leaching
of the underlying granites by N,-CO,-mixed hydrothermal solutions
(Seredin et al., 2006), which is evidenced by the carbonate mode of U
transfer in the hydrothermal solutions (Naumov, 1998) and by the Eu
enrichment of the coals and coal-bearing rocks. Eu is generally concen-
trated in the K-feldspar of the granite; therefore, intense leaching of this
abundant mineral by hydrothermal solutions passing through the
alkaline basement granites would have led to Eu enrichment in the

solutions (Seredin et al., 2006). Such Eu enrichment has also been ob-
served in hydrothermal water vapors in Yellowstone National Park
(Lewis et al., 1995). The Ge, U, and Mo in the coals are organically-
bound (Seredin et al., 2006; Seredin and Finkelman, 2008). Relative to
the upper continental crust (Taylor and McLennan, 1985), the Pavlovka
Ge-rich coals are characterized by heavy-REE enrichment (Dai et al.,
2014b), also indicating a hydrothermal input (Seredin and Dai, 2012).
In particular, a hydrothermal overprint in the Ge deposit is also
evidenced by abnormally high concentrations of As (up to 117 ug/g)
and Sb (up to 63.5 pg/g) (Seredin et al., 2006). Along with As and Sb,
elements Au, Ag, and Pt are enriched in the Pavlovka Ge-rich coals,
occurring in the form of both native metals (Au, Ag, and Pt; Fig. 14),
as well as organically-associated Au (Bratskaya et al., 2009).

3.2. South China

The rare-metal ore beds in the coal-bearing basins of South China are
mainly argillized tuffs (including those of intra-seam tonsteins) and
metalliferous coals (Dai et al., 2010, 2014a). The rare metals mainly
occur within secondary minerals (e.g., rhabdophane, florencite,
brannerite, and coffinite respectively forming in different ore deposits;
Dai et al., 2014a,c) or are associated with clay minerals and organic mat-
ter (Dai et al.,, 2010; Seredin and Dai, 2012; Dai et al., 2013a).

The common REE-, Zr-, and Nb-bearing minerals (e.g., columbite,
pyrochlore, samarskite, zircon, and hafnon) are rarely observed in
these ore beds, either by XRD or under the optical microscope (Dai
et al., 2010). Rare-metal-bearing minerals identified in the argillized

Fig. 15. SEM images of secondary rare-metal minerals in argillized tuffs from Xuanwei, eastern Yunnan of South China: A-C, zircon; D, Nb-rutile; E, rhabdophane.
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tuffs include rhabdophane, silico-rhabdophane, Nb-bearing anatase (or
rutile), florencite, REE-bearing carbonates, zircon, parisite, and xenotime.
They occur as finely-dispersed grains in clay matrices (Fig. 15A), micro-
crystalline aggregates in the pores of kaolinite (Fig. 15B), or films on ka-
olinite surfaces (Fig. 15C-E). In some cases, they occur as coarse-grained
particles in the ore deposits (Figs. 16, 17, and 18A, B), e.g., distributed in

the clay matrix (Fig. 16), filling cavities of hydrothermally-altered prima-
ry minerals of magmatic origin (Figs. 17 and 18B), or along the cleavage
planes of clay minerals (Fig. 18A). The modes of occurrence of these rare-
metal-bearing minerals suggest that they are of authigenic origin. How-
ever, rare metals rarely occur in the unaltered primary minerals of mag-
matic origin (Fig. 18C) and do not occur in the secondary chlorite of

Fig. 16. SEM back-scattered images of rare-metal-bearing minerals distributed in the clay minerals of Zr(Hf)-Nb(Ta)-REE ore deposits in eastern Yunnan, South China. (A), Parisite in
borehole 1908#:; (B), xenotime in borehole 1908#:; (C), florencite in borehole 1908#; (D), silico-rhabdophane in borehole 301#; (E), zircon in borehole 301#; (F), Nb-rutile in borehole

301#.
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hydrothermal origin (Fig. 18D), the latter being commonly observed in
argillized tuffs in eastern Yunnan.

These authigenic minerals are derived from re-deposition of rare
metals leached from the argillized tuffs by hydrothermal fluids
(Seredin et al., 2011; Seredin and Chekryzhov, 2012a; Seredin et al.,
2012). For example, the mode of rhabdophane occurrence (Fig. 18A)
probably indicates re-deposition from leached REY derived from the
pre-existing volcanic ash. Figs. 19 and 18B respectively show that REE-
bearing apatite and Nb-bearing rutile were partly corroded by hydro-
thermal solutions, and were then coated by authigenic kaolinite and
filled by authigenic chlorite, respectively. This mineralization process
can be classified as a mixed tuffaceous-hydrothermal type. Primary
minerals of magmatic origin have rarely been observed (Fig. 18C),
because they had been leached-out or altered by the hydrothermal
fluids (Figs. 17 and 18B).

Zircon is common in the felsic tonsteins but very rare in the alkali
tonsteins (Zhou et al., 2000; Dai et al., 2011) and argillized tuffs
(Zhang, 2013), although the Zr concentration in the alkali tonsteins
and argillized tuffs (Table 3) is much higher than that in the felsic
tonsteins (e.g., 158 and 329 pg/g in two felsic tonstein layers at Xinde,
eastern Yunnan, Dai et al., 2014d; and 102-840 ng/g with an average
of 433 pg/g in 18 felsic tonstein layers in southwestern China, Zhou
et al,, 2000). It has been deduced that the relationship between Zr and
zircon is poor in alkali tonsteins (Zhou et al., 2000) and in argillized
tuffs (Zhang, 2013). Zirconium occurs mainly as zircon in felsic tonsteins
(Zhou et al., 1994; Dai et al., 2011, 2014d) but is probably associated
with clay minerals in alkali tonsteins, for example, as ion-absorbed
froms (Zhou et al., 2000), and in argillized tuffs (Zhang, 2013). However,
because the alkali tonsteins and tuffs were generally subjected to
leaching by hydrothermal solutions, a large proportion of clay-
associated (e.g., ion-absorbed form) Zr could have been leached out
by hydrothermal solutions and then re-deposited as secondary min-
erals (e.g., authigenic zircon in Fig. 20C).

Zircon, as well as rare earth elements and Nb, leached from volcanic
ashes and then re-deposited has also been observed by Hower et al.
(1999), Crowley et al. (1989), and Dai et al. (2014a). Fig. 10 shows
that the REE-Nb-Zr-rich coals from the Huayingshan Coalfield in south-
western China have higher Nb/Ta, Zr/Hf, and U/Th ratios than the alkali
tonsteins and host rocks (roof and floor strata). This is attributed to
re-deposition of the first elements (Nb, Zr, and Yb) of each element

pair, because of their relatively more active leaching from the tonsteins
and host rocks, and then deposition in the underlying organic matter.

The REE-bearing minerals commonly contain only light REE,
although, in a few cases, xenotime (Fig. 16B), fluor-carbonates, and phos-
phates (Fig. 21) that are enriched in yttrium (up to 0.2%) have been
found in the tuffs. However, ore horizons characterized by HREE enrich-
ment have been generally observed in the ore-bearing tuffs (Fig. 22).

It has been inferred that the heavy REE in the tuffaceous clays are
mainly associated with the clay minerals (e.g., occurring as adsorbed
ions, Seredin and Dai, 2012). From the metallurgical point of view, the
tuffaceous ores in coal basins with carbonate and ion-adsorption
modes of occurrence are favorable for commercial REE utilization. It is
probable that REY sources of the currently exploited ion-adsorption
ores of weathering crusts (currently the major sources for yttrium in
the world, and also for the medium and heavy REEs, the reserves of
which in China will soon run out) will be replaced by those of the tuff-
aceous ores presented in this study.

A number of rare-metal-bearing minerals (e.g., rhabdophane,
silicorhabdophane, Nb-bearing anatase (or rutile), florencite, REE-
bearing carbonates, goyazite, zircon, brannerite, coffinite, apatite, mon-
azite) have been found in metalliferous coals, and these evidently have a
hydrothermal origin (Dai et al,, 2013a,b; Seredin and Dai, 2012; Fig. 20).
There are, however, a few exceptions, represented by monazite, zircon,
and rutile that, in some cases, are detrital materials of terrigenous origin
(Zhuang et al., 2012). The authigenic REE-bearing minerals are either
distributed along bedding planes (e.g., REE-bearing phosphates
and silico-phosphates, which in some cases are also rich in U and Zr;
Fig. 20A), or in collodetrinite and clay minerals. In some cases, REE-
bearing minerals occur as cell-fillings or as veinlets cutting across the
bedding planes (e.g., REE-carbonate mineral; Fig. 20D). Authigenic
brannerite (Fig. 20B) and U-bearing REE phosphate, as well as bed-
cutting veinlets of kaolinite, quartz, strontianite, and calcite (Dai et al.,
2013a,b), have been observed in the coal-hosted U ore deposits of
south China, although U has been reported to be mainly associated
with organic matter in U-rich coals (Dai et al., 2008; Seredin and
Finkelman, 2008; Arbuzov et al., 2012; Dai et al.,, 2015a,b). In addition,
authigenic zircon occurs as veinlet- or cell-fillings coexisting with both
kaolinite and calcite (Fig. 20C).

As with the argillized tuffs, all the REE minerals identified in the
coals are light REE-bearing minerals, although the host coals themselves

Fig. 17. SEM back-scattered images and EDS data for Nb-rutile in borehole 301# from the Zr(Hf)-Nb(Ta)-REE ore deposits of South China. Chlorite fills in the cavities of the hydrother-

mally-altered rutile.
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Fig. 18. SEM back-scattered images of minerals in borehole 301# from the Zr(Hf)-Nb(Ta)-REE ore deposits of South China. (A), Rhabdophane distributed along cleavage planes of clay
minerals and chlorite; (B), Nb,Fe-rutile and chlorite in hydrothermally-altered rutile; (C), rutile of magmatic origin and chlorite of hydrothermal origin; (D), chlorite derived from
vitroclastics by hydrothermal fluids, with authigenic quartz filling in the chlorite cavities.

are rich in heavy REE (Fig. 22). However, heavy REE-bearing minerals suggest a sharp fractionation between light and heavy REE groups dur-

are absent and, thus, the heavy REE are deduced to be associated with ing hydrothermal processes in these organic-rich environments. Exper-
the organic matter of the coal. The different carriers of LREE and HREE iments on sorption of REEs on xylain and humic acid by Eskenazy

Fig. 19. Altered REY-bearing apatite and Nb-bearing rutile in the Fusui ore deposit, South China. SEM back-scattered electron images.
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Fig. 20. SEM back-scattered images of authigenic rare-metal-bearing minerals in the Late Permian coal-hosted ore deposits of South China. (A), silico-rhabdophane distributed along bed-
ding planes in coal sample K1-2b of the Huayingshan Coalfield. (B) Brannerite in coal sample GC-3-1 of the Guiding coal-hosted U(Se, Mo) deposit. (C) Authigenic zircon in veinlets in coal
sample K1-2b of the Huayingshan Coalfield. (D) REE-carbonate minerals in veinlets in coal sample th-k2b-4 of the Songzao Coalfield, southwestern China. Images C and D are from Dai et al.
(2014a) and Zhao et al. (2013), respectively.

(1999) showed that the HREE have a stronger ability to form complexes (1999) showed that 50% of the REY in metalliferous coals occur in the
with organic compounds than the LREE. A greater organic affinity for form of humic complexes and could be leached by a 1% NaOH solution,
HREE than for LREE in coal has also been found by Querol et al. further indicating that the REY are associated with organic matter.
(1995), Palmer et al. (1990), and Goodarzi (1987). Seredin and Shpirt Organically-associated REY are also found in metalliferous coals of the

Fig. 21. SEM back-scattered images of dispersed REE-F-bearing carbonates (white) in argillized tuff from Xuanwei, eastern Yunnan, southwest China. A, general view; B, in detail.
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Fig. 22. REY distribution patterns of the REY-rich No. 1 Coal in the Fusui Coalfield, South
China. C1 and C2 are both channel samples of No. 1 Coal; B-Coal, weighted averages by
thickness of bench sample interval; FC, overall averages of channel and bench samples.
REE data from Dai et al. (2013a). REY are normalized to Upper Continental Crust (UCC)
(Taylor and McLennan, 1985).

Vanchin Graben, Primorye, Russia (to the east of the Ussuri structure),
where REY-bearing minerals are absent in the REY-rich coals, although
REE phosphates and fluor-carbonates have been identified in the host
rocks (Seredin and Shpirt, 1999). Organically-associated REY in coal,
especially as humic complexes, have also been found by Arbuzov and
Ershov (2007), Arbuzov et al. (2012), Shpirt and Seredin (1999), and
Finkelman et al. (1990).

4. Conclusions

(1) The major rare-metal coal deposits in East Asia, mainly contain-
ing Zr(Hf)-Nb(Ta)-REE and U(Mo,Se)-REE ores, in particular
those of South Primorye and South China, initially resulted
from the evolution of plumes ascending from the deep mantle
and/or asthenospheric flows, both of which included reworking
of the continental crust.

(2) This mantle-crust interaction not only led to coal-basin forma-
tion but also played a significant role in the production of exten-
sive volcanism and ore-generation via associated hydrothermal
activity.

(3) Three mineralization styles can be identified for the metalliferous
coal deposits of East Asia: tuffaceous, hydrothermal-fluid, and
mixed tuffaceous-hydrothermal fluid types. The mineralization
process occurred not only in the coals but also in the associated
host rocks, and not only during peat accumulation but also after
the coalification stage.

The rare metals in the metalliferous coal deposits are generally

associated with clay and organic matter, or occur as secondary

minerals derived from decomposition of the primary rare-metal
bearing magmatic minerals.

(5) Itis expected that similar rare-metal mineralization in coal de-
posits, associated with extensive volcanism and hydrothermal
activity and of potential economic significance, may be discov-
ered elsewhere in Russia (e.g., Kuznetsk, South Yakutian, etc.),
China and other coal basins of the world, after further geochem-
ical and mineralogical investigations.

(4

=

Acknowledgments

This research was supported by the National Key Basic Research
Program of China (No. 2014CB238902), the National Natural Science
Foundation of China (Nos. 41420104001 and 41272182), the Program
for Changjiang Scholars and Innovative Research Team in University
(IRT13099), and the Far Eastern Federal University (FEFU) under Agree-
ment with the Ministry of Education and Science of the Russian Federa-
tion no. 14.594.21.0006 of 15/08/2014 “Implementation of Package

Plan on Support and Development of the FEFU Interdepartmental
Center for Analytical Control of Environmental Conditions”.

References

Admakin, LA, 1991. Tonsteins are geo-chronometers of ancient eruptive cycles. Doklady
Akademii Nauk SSSR 320 (5), 1194-1197 (in Russian).

Admakin, L.A., Portnov, A.G., 1987. Tonsteins of Irkutsk basin. Litologija i Poleznye
Iskopaemye 3, 88-98 (in Russian).

Ali, J.R,, Lo, CH., Thompson, G.M., Song, X.Y., 2004. Emeishan basalts Ar-Ar overprint ages
define several tectonic events that affected the western Yangtze platform in the
Mesozoic and Cenozoic. Journal of Asian Earth Sciences 23, 163-178.

Arbuzov, S.I, Ershov, V.V., 2007. Geochemistry of Rare Elements in Coals of Siberia.
D-Print, Tomsk (468 pp. (in Russian)).

Arbuzov, S.I, Ershov, V.V,, Potseluev, A.A., Rikhvanov, L.P., 2000. Rare Elements in the
Coals of Kuznetsk Basin. Publisher House KPK, Kemerovo (246 pp. (in Russian)).
Arbuzov, S.I, Ershov, V.V,, Rikhvanov, L.P., 2003. Scandium in the coals of Minusinskiy
coal basin. Geology of Coal DepositInteruniversity Scientific Thematic Digest vol. 13.

Publisher House UGGA, pp. 216-231 (in Russian).

Arbuzov, S.I, Volostnov, AV, Rikhvanov, L.P., Mezhibor, A.M,, llenok, S.S., 2011. Geochem-
istry of radioactive elements (U, Th) in coal and peat of northern Asia (Siberia,
Russian Far East, Kazakhstan, and Mongolia). International Journal of Coal Geology
86, 318-328.

Arbuzov, S.I, Maslov, S.G., Volostnov, A.V., Il'enok, S.S., Arkhipov, V.S., 2012. Modes of
occurrence of uranium and thorium in coals and peats of Northern Asia. Solid Fuel
Chemistry 46, 52-66.

Arbuzov, S.I, Volostnov, A.V., Mezhibor, A.M., Rybalko, V.L, Ilenok, S.S., 2014. Scandium
(Sc) geochemistry in coals (Siberia, Russian Far East, Mongolia, Kazakhstan, and
Iran). International Journal of Coal Geology 125, 22-35.

Bao, Z., Zhao, Z., 2008. Geochemistry of mineralization with exchangeable REY in the
weathering crusts of granitic rocks in South China. Ore Geology Reviews 33, 519-535.

Blissett, R.S., Smalley, N., Rowson, N.A,, 2014. An investigation into six coal fly ashes from
the United Kingdom and Poland to evaluate rare earth element content. Fuel 119,
236-239.

Bohor, B.F,, Triplehorn, D.M., 1993. Tonsteins: altered volcanic-ash layers in coal-bearing
sequences. Geological Society of America, Special Paper 285 (44 pp.).

Boven, A, Pasteels, P., Punzalan, L.E., Liy, J., Luo, X, Zhang, W., Guo, Z., Hertogen, J., 2002.
4OAr/*°Ar geochronological constraints on the age and evolution of the Permo-
Triassic Emeishan Volcanic Province, Southwest China. Journal of Asian Earth
Sciences 20, 157-175.

Bratskaya, S.Y., Volk, AS., Ivanov, V.V,, Ustinov, AY., Barinov, N.N., Avramenko, V.A., 2009.
A new approach to precious metals recovery from brown coals: correlation of recov-
ery efficacy with the mechanism of metal-humic interactions. Geochimica et
Cosmochimica Acta 73, 3301-3310.

Burger, K., Damberger, H.H., 1985. Tonsteins in the coalfields of western Europe and
North America. In: Cross, A.T. (Ed.), Compte Rundu of 9th International Conference
on Carboniferous Stratigraphy and Geology, Washington, D.C. and Champaign-
Urbana, May 1979Economic Geology—Coal, Oil and Gas vol. 4. Southern Illinois
Univ. Press, Carbondale, pp. 433-448.

Burger, K., Zhou, Y., Tang, D., 1990. Synsedimentary volcanic ash derived illitic tonsteins in
Late Permian coal-bearing formations of southwestern China. International Journal of
Coal Geology 15, 341-356.

Burger, K., Bandelow, FK., Bieg, G., 2000. Pyroclastic kaolin coal-tonsteins of the Upper
Carboniferous of Zonguldak and Amasra, Turkey. International Journal of Coal Geology
45,39-53.

Castillo, P.R.,, 2012. Adakite petrogenesis. Lithos 134-135, 304-316.

Chashchin, A.A., Martynov, Yu.A., Rasskazov, S.V., Maksimov, S.0., Brandt, L.S., Saranina,
E.V., 2007. Isotopic and geochemical characteristics of the late Miocene subalkali
and alkali basalts of the southern part of the Russian Far East and the role of continen-
tal lithosphere in their genesis. Petrology 15, 575-598.

Chashchin, A.A., Nechaev, V.P., Nechaeva, E.V,, Blokhin, M.G., 2011. Discovery of Eocene
Adakites in Primor'e. Doklady Earth Sciences 438, 744-749.

Chekryzhov, L.Yu., 2009. Role of volcanism in the processes of sedimentation and coal
deposition in Cenozoic basins of Primorye. Proceedings of IV All-Russia symposium
on volcanology and paleovolcanology vol. 2. IVS FEB RAS, Petropavlovsk-Kamchatsky,
pp. 832-833 (in Russian).

Chekryzhov, LYu., Pavlyutkin, B.I, Petrenko, T.I, 2010. Characteristics of Cenozoic
sedimentation in the rift-related basins of Primorye. Proceedings of All-Russia scien-
tific symposium “Cenozoic Continental Rifting”. IEC SB RAS, Irkutsk, pp. 203-206 (in
Russian).

Chen, J., 1987. A further study on the coalification model of the Upper Permian carbonate
coal measures in southern China. Proceedings of the Symposium on China's
Permo-Carboniferous Coal-Bearing Strata and Geology. Science Press, Beijing, China,
pp. 217-223 (in Chinese).

Chi, R, Tian, J., 2008. Weathered Crust Elution-deposited Rare Earth Ores. Nova Science
Publishers, New York (288 pp.).

China Coal Geology Bureau, 1996. Sedimentary Environments and Coal Accumulation of
Late Permian Coal Formation in Western Guizhou, Southern Sichuan, and Eastern
Yunnan, China. Chonggqing University Press, Chongqing, pp. 156-216 (in Chinese
with English abstract).

Chou, C.-L.,, 2004. Origins and evolution of sulfur in coals. Western Pacific Earth Sciences 4,
1-10.

Chou, C.-L., 2012. Sulfur in coals: a review of geochemistry and origins. International
Journal of Coal Geology 100, 1-13.


http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0005
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0005
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0010
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0010
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0015
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0015
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0015
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0870
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0870
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0020
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0020
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0875
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0875
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0875
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0025
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0025
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0025
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0025
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0030
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0030
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0030
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0035
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0035
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0035
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0040
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0040
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0045
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0045
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0045
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0880
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0880
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0050
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0050
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0050
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0050
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0050
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0055
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0055
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0055
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0885
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0885
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0885
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0885
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0885
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0065
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0065
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0065
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0070
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0070
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0070
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0075
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0080
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0080
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0080
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0085
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0085
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0890
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0890
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0890
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0890
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0895
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0895
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0895
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0895
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0900
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0900
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0900
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0900
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0100
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0100
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0905
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0905
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0905
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0905
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0110
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0110
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0115
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0115
Image of Fig. 22

S. Dai et al. / Gondwana Research 29 (2016) 60-82 79

Chung, S.L., Jahn, B.-M., 1995. Plume-lithosphere interaction in generation of the
Emeishan flood basalts at the Permian-Triassic boundary. Geology 23, 889-892.
Crowley, S.S., Stanton, RW., Ryer, T.A., 1989. The effects of volcanic ash on the maceral
and chemical composition of the C coal bed, Emery Coal Field, Utah. Organic

Geochemistry 14, 315-331.

Dai, S., Chou, C.-L., 2007. Occurrence and origin of minerals in a chamosite-bearing
coal of Late Permian age, Zhaotong, Yunnan, China. American Mineralogist 92,
1253-1261.

Dai, S., Ren, D., Zhou, Y., Chou, C.-L., Wang, X., Zhao, L., Zhu, X., 2008. Mineralogy and
geochemistry of a superhigh-organic-sulfur coal, Yanshan Coalfield, Yunnan, China:
evidence for a volcanic ash component and influence by submarine exhalation.
Chemical Geology 255, 182-194.

Dai, S., Zhou, Y., Zhang, M., Wang, X., Wang, ], Song, X,, Jiang, Y., Luo, Y., Song, Z., Yang, Z.,
Ren, D., 2010. A new type of Nb (Ta)-Zr(Hf)-REE-Ga polymetallic deposit in the late
Permian coal-bearing strata, eastern Yunnan, southwestern China: possible economic
significance and genetic implications. International Journal of Coal Geology 83,
55-63.

Dai, S., Wang, X., Zhou, Y., Hower, J.C,, Li, D., Chen, W., Zhu, X., 2011. Chemical and
mineralogical compositions of silicic, mafic, and alkali tonsteins in the late Permian
coals from the Songzao Coalfield, Chongqing. Southwest China. Chemical Geology
282, 29-44.

Dai, S., Ren, D., Chou, C.-L., Finkelman, R.B., Seredin, V.V., Zhou, Y., 2012. Geochemistry of
trace elements in Chinese coals: a review of abundances, genetic types, impacts on
human health, and industrial utilization. International Journal of Coal Geology 94,
3-21.

Dai, S., Zhang, W., Ward, CR,, Seredin, V.V., Hower, ].C,, Li, X., Song, W., Wang, X., Kang, H.,
Zheng, L., Wang, P., Zhou, D., 2013a. Mineralogical and geochemical anomalies of late
Permian coals from the Fusui Coalfield, Guangxi Province, southern China: influences
of terrigenous materials and hydrothermal fluids. International Journal of Coal Geol-
ogy 105, 60-84.

Dai, S., Zhang, W., Seredin, V.V., Ward, C.R.,, Hower, ].C., Wang, X, Li, X,, Song, W., Zhao, L.,
Kang, H., Zheng, L., Zhou, D., 2013b. Factors controlling geochemical and mineralogi-
cal compositions of coals preserved within marine carbonate successions: a case
study from the Heshan Coalfield, southern China. International Journal of Coal
Geology 109-110, 77-100.

Dai, S., Luo, Y., Seredin, V.V,, Ward, C.R.,, Hower, J.C,, Zhao, L, Liu, S,, Tian, H., Zou, J., 2014a.
Revisiting the late Permian coal from the Huayingshan, Sichuan, southwestern China:
enrichment and occurrence modes of minerals and trace elements. International
Journal of Coal Geology 122, 110-128.

Dai, S., Seredin, V.V., Ward, C.R, Jiang, J., Hower, ].C,, Song, X,, Jiang, Y., Wang, X.,
Gornostaeva, T., Li, X., Liu, H., Zhao, L., Zhao, C., 2014b. Composition and modes of
occurrence of minerals and elements in coal combustion products derived from
high-Ge coals. International Journal of Coal Geology 121, 79-97.

Dai, S., Wang, P., Ward, C.R, Tang, Y., Song, X,, Jiang, J., Hower, ].C,, Li, T., Seredin, V.V.,
Wagner, N.J,, Jiang, Y., Wang, X., Liu, J., 2014c. Elemental and mineralogical anomalies
in the coal-hosted Ge ore deposit of Lincang, Yunnan, southwestern China: key role of
N2-CO,-mixed hydrothermal solutions. International Journal of Coal Geology http://
dx.doi.org/10.1016/j.coal.2014.11.006.

Dai, S., Li, T., Seredin, V.V., Ward, C.R., Hower, J.C, Zhou, Y., Zhang, M., Song, X., Song, W.,
Zhao, C., 2014d. Origin of minerals and elements in the Late Permian coals, tonsteins,
and host rocks of the Xinde Mine, Xuanwei, eastern Yunnan, China. International
Journal of Coal Geology 121, 53-78.

Dai, S., Yang, J., Ward, C.R., Hower, ].C,, Liu, H., Garrison, T.M., French, D., O'Keefe,
J.M.K., 2015a. Geochemical and mineralogical evidence for a coal-hosted uranium
deposit in the Yili Basin, Xinjiang, northwestern China. Ore Geology Reviews 70,
1-30.

Dai, S, Seredin, V.V., Ward, C.R., Hower, ].C,, Xing, Y., Zhang, W., Song, W., Wang, P., 2015b.
Enrichment of U-Se-Mo-Re-V in coals preserved within marine carbonate succes-
sions: geochemical and mineralogical data from the Late Permian Guiding Coalfield,
Guizhou, China. Mineralium Deposita 50, 159-186.

Ding, Z., Zheng, B, Zhang, ], Long, ]., Belkin, H.E., Finkelman, R.B., Zhao, F., Chen, C., Zhou,
D., Zhou, Y., 2001. Geological and geochemical characteristics of high arsenic coals
from endemic arsenosis areas in southwestern Guizhou Province, China. Applied
Geochemistry 16, 1353-1360.

Editing Committee of Stratigraphy (ECS), 2000. Permian in China. Geological Publishing
House, Beijing (in Chinese with English abstract).

Eskenazy, G.M., 1987a. Rare earth elements in a sampled coal from the Pirin deposit,
Bulgaria. International Journal of Coal Geology 7, 301-314.

Eskenazy, G.M., 1987b. Zirconium and hafnium in Bulgarian coals. Fuel 66, 1652-1657.

Eskenazy, G.M., 1999. Aspects of the geochemistry of rare earth elements in coal: an
experimental approach. International Journal of Coal Geology 38, 285-295.

Ellis, B.S., Wolff, J.A,, Boroughs, S., Mark, D.F., Starkel, W.A., Bonnichsen, B., 2013. Rhyolitic
volcanism of the central Snake River Plain: a review. Bulletin of Volcanology 75 (745),
19.

Feng, Z.Z., Yang, Y.Q., Zin, Z.K., 1997. Lithofacies Paleogeography of Permian of South
China. Petroleum University Press, Beijing (in Chinese with English abstract).
Finkelman, R.B., Brown Jr., R.D., 1991. Coal as a host or as an indicator of mineral
resources. In: Peters, D.C. (Ed.), Geology and Coal Resource Utilization. Techbooks,

Fairfax, Va, pp. 471-481.

Finkelman, R.B., Palmer, C.A., Krasnow, M.R., Aruscavage, P.J., Sellers, G.A., Dulong, F.T.,
1990. Combustion and leaching behavior of elements in the Argonne premium coal
samples. Energy and Fuels 4, 755-766.

Flower, M.F].,, Tamaki, K., Hoang, N., 1998. Mantle extrusion: a model for dispersed
volcanism and DUPAL-like asthenosphere in east Asia and the western Pacific. In:
Flower, M.F]., Chung, S.-L., Lo, C.-H., Lee, T.-Y. (Eds.), Mantle Dynamics and Plate
Interactions in East Asia. American Geophysical Union, Washington, pp. 67-88.

Goodarzi, F., 1987. Concentration of elements in Lacustrine coals from Zone A Hat Creek
Deposit No 1, British Columbia, Canada. International Journal of Coal Geology 8,
247-268.

Graham, L.T,, Sutherland, F.L., Zaw, K, Nechaev, V., Khanchuk, A., 2008. Advances in our
understanding of the gem corundum deposits of the West Pacific continental margins
intraplate basaltic fields. Ore Geology Reviews 34, 200-215.

Guerra-Sommer, M., Cazzulo-Klepzig, M., Santos, J.0.S., Hartmann, L.A,, Ketzer, J.M.,
Formoso, M.L.L.,, 2008. Radiometric age determination of tonsteins and stratigraphic
constraints for the Lower Permian coal succession in southern Parand Basin, Brazil.
International Journal of Coal Geology 74, 13-27.

Guo, F., Nakamura, E., Fan, W., Kobayashi, K., Li, C., Gao, X., 2009. Mineralogical and
geochemical constraints on magmatic evolution of Paleocene adakitic andesites
from the Yanji area, NE China. Lithos 112, 321-341.

Hanan, B.B,, Shervais, ].B., Vetter, S.K., 2008. Yellowstone plume-continental lithosphere
interaction beneath the Snake River Plain. Geology 36, 51-54.

Hart, S.R., 1984. The DUPAL anomaly: a large scale isotopic anomaly in the southern
hemisphere. Nature 309, 253-256.

He, B, Xu, Y.-G., Chung, S.-L,, Xiao, L., Wang, Y., 2003. Sedimentary evidence for a rapid,
kilometer-scale crustal doming prior to the eruption of the Emeishan flood basalts.
Earth and Planetary Science Letters 213, 391-405.

He, B., Xu, Y.G., Huang, X.L.,, Luo, Z.Y., Shi, Y.R,, Yang, Q.J., Yu, S.Y., 2007. Age and du-
ration of the Emeishan flood volcanism, SW China: geochemistry and SHRIMP
zircon U-Pb dating of silicic ignimbrites, post-volcanic Xuanwei Formation and
clay tuff at the Chaotian section. Earth and Planetary Science Letters 255,
306-323.

He, B, Xy, Y.G., Zhong, Y.T., Guan, J.P., 2010. The Guadalupian-Lopingian boundary mud-
stones at Chaotian (SW China) are clastic rocks rather than acidic tuffs: implication
for a temporal coincidence between the end-Guadalupian mass extinction and the
Emeishan volcanism. Lithos 119, 10-19.

Hess, L.C,, Lippolt, H.K., Burger, K., 1999. High-precision “°Ar/>*Ar spectrum dating on
sanidine from the Donets Basin, Ukraine: evidence for correlation problems in the
Upper Carboniferous. I. Geological Society, London 156, 527-583.

Hill, P.A., 1988. Tonsteins of Hat Creek, British Columbia: a preliminary study. Internation-
al Journal of Coal Geology 10, 155-175.

Hou, X,, Ren, D., Mao, H., Lei, ], Jin, K., Chu, P.K,, Reich, F., Wayne, D.H., 1995. Application of
imaging TOF-SIMS to the study of some coal macerals. International Journal of Coal
Geology 27, 23-32.

Hou, T., Zhang, Z., Kusky, T., Dy, Y., Liy, J,, Zhao, Z., 2011. A reappraisal of the high-Ti and
low-Ti classification of basalts and petrogenetic linkage between basalts and mafic-
ultramafic intrusions in the Emeishan Large Igneous Province, SW China. Ore Geology
Reviews 41, 133-143.

Hower, J.C., Ruppert, L.F., Eble, C.F., 1999. Lanthanide, yttrium, and zirconium anomalies in
the Fire Clay coal bed, Eastern Kentucky. International Journal of Coal Geology 39,
141-153.

Hower, J.C., Calder, J.H., Eble, C.F,, Scott, A.C., Robertson, ].D., Blanchard, LJ., 2000. Metallif-
erous coals of Westphalian A Joggins Formation, Cumberland Basin, Nova Scotia,
Canada: petrology, geochemistry and palynology. International Journal of Coal Geol-
ogy 42, 185-206.

Huang, N., Wen, X,, Huang, F., Wang, G., Tao, ], 1994. The Paleosol bed and the coal depo-
sition model in Heshan coal field, Guangxi, China. Acta Sedimentologica Sinica 12,
40-46 (in Chinese with English abstract).

Jaireth, S., Hoatson, D.M., Miezitis, Y., 2014. Geological setting and resources of the major
rare-earth-element deposits in Australia. Ore Geology Reviews 62, 72-128.

Jenney, W.P., 1903. The chemistry of ore deposition. Transactions of the American Insti-
tute of Mining Engineers 33, 445-498.

Jin, H,, Li, J., 1987. The depositional environment of the Late Permian in the Matan area,
Heshan county, Guangxi Province. Scientia Geologica Sinica 20, 61-69 (in Chinese
with English abstract).

Ketris, M.P., Yudovich, Ya.E., 2009. Estimations of Clarkes for carbonaceous biolithes:
world average for trace element contents in black shales and coals. International
Journal of Coal Geology 78, 135-148.

Knight, J.A., Burger, K., Bieg, G., 2000. The pyroclastic tonsteins of the Sabero Coalfield,
north-western Spain, and their relationship to the stratigraphy and structural geolo-
gy. International Journal of Coal Geology 44, 187-226.

Kokovkin, A.A., 2006. Endogenic uranium-polyelemental ore-generating systems in rift
structures of the southern Far East Russia. Otechestvennaya Geologiya 2, 5-12
(in Russian).

Kryukova, V.N,, Vyazova, N.G., Latyshev, V.P., 2001. Distribution of scandium in substances
of Eastern Siberian coals. Solid Fuel Chemistry 35, 63-66.

Kunk, M.].,, Rice, C.L,, 1994. High-precision “?Ar/**Ar age spectrum dating of sanidine from
the Middle Pennsylvanian Fire Clay tonstein of the Appalachian basin. In: Rice, C.L.
(Ed.), Elements of Pennsylvanian Stratigraphy, Central Appalachian Basin. Geological
Society of America Special Paper 294, pp. 105-113.

Kupriyanova, LI, Ryazantseva, M.D., Belyatskii, B.V., Shpanov, E.P., 2005. Geological and
structural conditions of magmatic processes and the formation of large complex de-
posits of the Voznesensk ore district (Primor'e, Russia). Geology of Ore Deposits 47,
113-131.

Large, DJ., Kelly, S., Spiro, B., Tian, L., Shao, L., Finkelman, R., Zhang, M., Somerfield, C.,
Plint, S., Ali, Y., Zhou, Y., 2009. Silica-volatile interaction and the geological cause
of the Xuan Wei lung cancer epidemic. Environmental Science & Technology 43,
9016-9021.

Lei, J., Ren, D., Tang, Y., Chu, X,, Zhao, R., 1994. Sulfur-accumulating model of superhigh
organosulfur coal from Guiding, China. Chinese Science Bulletin 39, 1817-1821.
Lewis, AJ., Palmer, M.R., Kemp, AJ., Sturchio, N.C., 1995. REE behaviour in the Yellowstone
geothermal system. 8th International symposium, Water Rock Interaction. Balkema,

Rotterdam, pp. 91-94.


http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0120
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0120
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0125
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0125
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0125
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0130
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0130
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0130
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0135
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0135
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0135
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0135
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0140
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0140
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0140
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0140
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0145
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0145
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0145
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0145
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0150
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0150
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0150
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0150
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0160
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0160
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0160
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0160
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0165
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0165
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0165
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0165
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0170
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0170
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0170
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0175
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0175
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0175
http://dx.doi.org/10.1016/j.coal.2014.11.006
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0190
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0190
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0190
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0155
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0155
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0155
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0180
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0180
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0180
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0195
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0195
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0195
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0215
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0215
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0200
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0200
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0205
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0210
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0210
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2015
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2015
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2015
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0220
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0220
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0225
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0225
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0225
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0230
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0230
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0235
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0235
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0235
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0235
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0240
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0240
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0240
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0245
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0245
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0245
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0250
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0250
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0250
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0255
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0255
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0255
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0260
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0260
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0265
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0265
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0275
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0275
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0275
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0280
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0280
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0280
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0280
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0280
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0285
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0285
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0285
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0285
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0290
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0290
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0290
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0290
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0290
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0295
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0295
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0300
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0300
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0300
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0305
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0305
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0305
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0305
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0310
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0310
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0310
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0315
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0315
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0315
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0315
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0270
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0270
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0270
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0320
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0320
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0325
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0325
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0330
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0330
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0330
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0355
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0355
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0355
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0340
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0340
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0340
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0345
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0345
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0345
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0350
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0350
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0915
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0915
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0915
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0915
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0915
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0915
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0360
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0360
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0360
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0360
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0365
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0365
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0365
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0370
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0370
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0920
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0920
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0920

80 S. Dai et al. / Gondwana Research 29 (2016) 60-82

Li, W,, Tang, Y., 2013. Characteristics of the rare earth elements in a high organic sulfur
coal from Chenxi, Hunan Province. Journal of Fuel Chemistry and Technology 41,
540-549 (in Chinese with English abstract).

Li, C, van der Hilst, R.D., 2010. Structure of the upper mantle and transition zone beneath
Southeast Asia from traveltime tomography. Journal of Geophysical Research 115,
B07308.

Li, W,, Tang, Y., Deng, X, Yu, X, Jiang, S., 2013. Geochemistry of the trace elements in the
high organic sulfur coals from Chenxi coalfield. Journal of China Coal Society 38,
1227-1233 (in Chinese with English abstract).

Liu, C, Zhu, R,, 2009. Geodynamic significances of the Emeishan Basalts. Earth Science
Frontiers 16, 52-69.

Liu, ], Yang, Z,, Yan, X,, Ji, D., Yang, Y., Hy, L., 2015. Modes of occurrence of highly-elevated
trace elements in superhigh-organic-sulfur coals. Fuel 156, 190-197.

Lo, CH., Chung, S.L, Lee, T.Y., Wu, G.Y., 2002. Age of the Emeishan flood magmatism and
relations to Permian-Triassic boundary events. Earth and Planetary Science Letters
198, 449-458.

Lyons, P.C., Tripplehorn, D.M., Evans, H.T., Congdon, R.D., Capiro, M., Hess, 1.C., Nash, W.P.,
1992. An Appalachian isochron: a kaolinized Carboniferous air-fall volcanic-ash
deposit (tonstein). Geological Society of America Bulletin 104, 1515-1527.

Lyons, P.C,, Krogh, T.E., Kwok, Y.Y., Davis, D.W., Outerbridge, W.F., Evans Jr., H.T., 2006.
Radiometric ages of the Fire Clay tonstein [Pennsylvanian (Upper Carboniferous),
Westphalian, Duckmantian]: a comparison of U-Pb zircon single-crystal ages and
4Ar/*°Ar sanidine single-crystal plateau ages. International Journal of Coal Geology
67, 259-266.

Ma, C, Li, Z., Ehlers, C., Yang, K., Wang, R., 1998. A post-collisional magmatic plumbing
system: Mesozoic granitiod plutons from the Dabie high-pressure and ultrahigh-
pressure metamorphic zone, east-central China. Lithos 45, 431-457.

Maksimov, S.0., Sakhno, V.G., 2008. Geochronology of basalt volcanism on the Shufan Pla-
teau (Primorye). Doklady Earth Sciences 422, 1044-1049.

Maksimov, S.0., Sakhno, V.G., 2011. First data on U-Pb SHRIMP-II isotopic dating based on
zircons of ash sediments from Cenozoic depressions in southwest of Primorie.
Doklady Earth Sciences 439, 919-925.

Maleev, E.F., 1958. Tuffaceous fraction of the Suyfun Suite and regularities of distribution
of useful mineralization in it. Prirodnyye Sorbenty Dal'nego Vostoka (Natural
Sorbents of Far East). Trudy Dal'nevoctochnogo Filiala im. V.L. Komarova. Seria
Chimicheskaya 3. Izd. AN SSSR, Moscow, pp. 55-64 (in Russian).

Mardon, S.M., Hower, ].C., 2004. Impact of coal properties on coal combustion by-product
quality: examples from a Kentucky power plant. International Journal of Coal Geology
59, 153-169.

Martynov, Yu.A,, Khanchuk, A.I, 2013. Cenozoic volcanism of the Eastern Sikhote Alin:
petrological studies and outlooks. Petrology 21, 85-99.

Mastalerz, M., Drobniak, A., 2012. Gallium and germanium in selected Indiana coals. Inter-
national Journal of Coal Geology 94, 302-313.

Meitov, E.S., 2001. Metalliferous coals. Coal Resources of Russia vol. IV. Geoinformmark,
Moscow, pp. 293-301 (in Russian).

Naumov, G.B., 1998. Uranium migration in hydrothermal solutions. Geology of Ore
Deposits 40, 273-289.

Nechaev, V.P., Nechaeva, E.V., Chashchin, A.A., Vysotskiy, S.V., Khanchuk, AL, Yakovenko,
V.V, Graham, LT, Sutherland, F.L.,, 2009. New Isotopic data on Late Cenozoic age and
mantle origin of gem zircon and corundum from placers of Primorye, Russia. Doklady
Earth Sciences 429A, 1426-1429.

Okamura, S., Arculus, RJ., Martynov, Yu.A., 2005. Cenozoic magmatism of the North-
Eastern Eurasian margin: the role of lithosphere versus asthenosphere. Journal of
Petrology 46, 221-253.

Palmer, C.A,, Lyons, P.C., Brown, Z.A., Mee, ].S., 1990. The use of rare earth and trace ele-
ment concentrations in vitrinite concentrates and companion whole coals (hvA bitu-
minous) to determine organic and inorganic associations. In: Chyi, L.L., Chou, C.-L.
(Eds.), Recent Advances in Coal Geochemistry. Geological Society of America, Special
paper 248, pp. 55-63.

Pavlyutkin, B.I., Petrenko, T.I., 2010. Stratigraphy of Paleogene-Neogene sediments in
Primorye. Dalnauka, Vladivostok (164 pp.). (in Russian).

Peate, L.U,, Bryan, S.E., 2008. Re-evaluating plume-induced uplift in the Emeishan large ig-
neous province. Nature Geoscience 1 (9), 625-629.

Pirajno, F., Santosh, M., 2014. Rifting, intraplate magmatism, mineral systems and mantle
dynamics in central-east Eurasia: an overview. Ore Geology Reviews 63, 265-295.

Popov, V.K, Rasskazov, S.V., Chekryzhov, L.Yu, Brandt, LS., Brandt, S.B., 2005. K-Ar dating
and geochemical characterization of Cenozoic trachybasalt and trachyandesite of
Primorye. Proceedings of the scientific school “Alkaline Magmatism in the Earth's
History”. GEOKHI RAS, Moscow, pp. 133-135 (in Russian).

Popov, V.K,, Rasskazov, S.V., Yasnygina, T.A., Chekryzhov, L.Yu, Brandt, LS., Brandt, S.B.,
2006. Geochemistry of Late Cenozoic acidic volcanic ashes of southwestern
Primorye and geodynamic settings of volcanism. Proceedings of Il All-Russia
symposium on volcanology and paleovolcanology “Volcanism and Geodynamics”
vol. 2. Buryatia Scientific Center of the Siberian Branch of the RAS, pp. 273-276 (in
Russian).

Popov, V.K., Maksimov, S.0., Vrzhosek, A.A., Chubarov, V.M., 2007. Basaltoids and
carbonatite tuffs of Ambinsky Volcano (southwestern Primorye): geology and gene-
sis. Russian Journal of Pacific Geology 1, 371-389.

Popov, V.K, Sandimirova, G.P., Velivetskaya, T.A., 2008. Strontium, neodymium, and oxy-
gen Isotopic variations in the alkali basalt-trachyte-pantellerite-comendite series of
Paektusan volcano. Doklady Earth Sciences 419, 329-334.

Prachiti, P.K., Manikyamba, C., Singh, P.K., Balaram, V., Lakshminarayana, G., Raju, K.,
Singh, M.P., Kalpana, M.S., Arora, M., 2011. Geochemical systematics and pre-
cious metal content of the sedimentary horizons of Lower Gondwanas from the
Sattupalli coal field, Godavari Valley, India. International Journal of Coal Geology
88, 83-100.

Qi, H., Rouxel, O., Hy, R, Bi, X,, Wen, H., 2011. Germanium isotopic systematics in Ge-rich
coal from the Lincang Ge deposit, Yunnan, Southwestern China. Chemical Geology
286, 252-265.

Querol, X., Fernandez-Turiel, J.L., Lopez-Soler, A., 1995. Trace elements in coal and their
behaviour during combustion in a large power station. Fuel 74, 331-343.

Rasskazov, S.V., Saranina, E.V., Martynov, Yu.A,, Chashchin, A.A., Maksimov, S.0., Brandt,
I.S., Brandt, S.V., Maslovskaya, S.V., Kovalenko, S.V., 2003. Development of Late
Cenozoic magmatism of active continental margin in South Primorye.
Tikhookeanskaya Geologiya 22, 92-109 (in Russian).

Ren, D., 1996. Mineral matters in coal. In: Han, D. (Ed.), Coal Petrology of China. Publish-
ing House of China University of Mining and Technology, Xuzhou, pp. 67-77 (in
Chinese with English abstract).

Ren, J., Tamaki, K., Lia, S., Junxia, Z., 2002. Late Mesozoic and Cenozoic rifting and its
dynamic setting in Eastern China and adjacent areas. Tectonophysics 344, 175-205.

Ruppert, L., Finkelman, R, Boti, E., Milosavljevic, M., Tewalt, S., Dulong, F., 1996. Origin and
significance of high nickel and chromium in the Pliocene Kosovo Basin lignite, Central
Yugoslavia. International Journal of Coal Geology 29, 235-258.

Saikia, B.K., Ward, CR,, Oliveira, M.L.S., Hower, ].C., Leao, F.D., Johnston, M.N., O‘Bryan, A.,
Sharma, A., Baruah, B.P,, Silva, LF.0., 2015. Geochemistry and nano-mineralogy of
feed coals, mine overburden, and coal-derived fly ashes from Assam (North-east
India): a multi-faceted analytical approach. International Journal of Coal Geology
137, 19-37.

Sakhno, V.G., Maksimov, S.0., Popov, V.K., Sandimirova, G.P., 2004. Leucite basanites
and potassium shonkinites of the Uglovoe Basin, southern Primorye. Doklady Earth
Sciences 399, 1322-1327.

Sato, K., Suzuki, K., Nedachi, M., Terashima, S., Ryazantseva, M.D., Vrublevsky, A.A.,
Khanchuk, A.L, 2003. Fluorite deposits at Voznesenka in the Khanka Massif, Russia:
geology and age of mineralization. Resource Geology 53, 193-211.

Seredin, V.V., 1991. About new type REE mineralization of Cenozoic coal-bearing basins.
Doklady Akademii Nauk USSR 320, 1446-1450 (in Russian).

Seredin, V.V., 1996. REE-bearing coals from Russian Far East deposits. International
Journal of Coal Geology 30, 101-129.

Seredin, V.V., 1998. Rare earth mineralization in Late Cenozoic explosion structures
(Khanka massif, Primorskii Krai, Russia). Geology of Ore Deposits 40, 357-371.
Seredin, V.V., 2004. The Au -PGE Mineralization at the Pavlovsk Brown Coal Deposit,

Primorye. Geology of Ore Deposits 46, 36-63.

Seredin, V.V., 2005. Rare earth elements in Germanium-bearing coal seams of the
Spetsugli Deposit (Primor'e Region, Russia). Geology of Ore Deposits 47,
238-255.

Seredin, V.V., 2010. Metallogeny of Cenozoic coal-bearing structures of Primorye.
Ore-forming processes. New Horizons in the Study of Magma- and Ore-Forming Pro-
cesses. IGEM RAS, Moscow, pp. 153-154 (in Russian).

Seredin, V.V., 2012a. “Dirty” coal and “clean” energy. The Earth's Life 34. Izd. MSU,
Moscow, pp. 190-203 (in Russian).

Seredin, V.V., 2012b. From coal science to metal production and environmental protec-
tion: a new story of success. International Journal of Coal Geology 90-91, 1-3.

Seredin, V.V., Chekryzhov, L.Yu., 2011. Ore potentiality of the Vanchin Graben, Primorye,
Russia. Geology of Ore Deposits 53, 202-220 (in Russian).

Seredin, V.V., Chekryzhov, L.Yu., 2012a. New data on Eocene-Oligocene volcanic rocks and
hydrothermal mineralization of Cenozoic coal-bearing basins in West Primorye.
Diagnosis of volcanogenic products in sedimentary sequences. Proceedings of
the Russian meeting with the international participations. Geoprint, Syktyvkar,
pp. 38-41 (in Russian).

Seredin, V.V., Chekryzhov, L.Yu., 2012b. Oxyhydroxide Fe-Mn mineralization of the
Pavlovka coal deposit, Primorye. Diagnosis of volcanogenic products in sedimentary
sequences. Proceedings of the Russian meeting with the international participations.
Geoprint, Syktyvkar, pp. 165-167 (in Russian).

Seredin, V.V,, Dai, S., 2012. Coal deposits as potential alternative sources for lanthanides
and yttrium. International Journal of Coal Geology 94, 67-93.

Seredin, V., Finkelman, R.B., 2008. Metalliferous coals: a review of the main genetic and
geochemical types. International Journal of Coal Geology 76, 253-289.

Seredin, V.V., Mokhov, A.V., 2007. Mineralogical anomalies in Cenozoic hydrothermal ores
of Primorski Krai, as criterion of their comparison. Role of Mineralogy in Knowledge
of Ore-Forming Processes. IGEM RAS, Moscow, pp. 282-286 (in Russian).

Seredin, V.V., Shpirt, M.Yu., 1999. Rare Earth elements in the humic substance of metallif-
erous coal. Lithology and Mineral Resources 34, 244-248.

Seredin, V.V., Tomson, L.N., 2008. The West Primorye noble-rare metal zone: a new
Cenozoic Metallogenic Taxon in the Russian Far East. Doklady Earth Sciences 421,
745-750.

Seredin, V.V., Danilcheva, Yu.A., Magazina, L.O., Sharova, L.G., 2006. Ge-Bearing Coals of
the Luzanovka Graben, Pavlovka Brown Coal Deposit, Southern Primorye. Lithology
and Mineral Resources 41, 280-301.

Seredin, V.V., Kremenetskii, A.A., Trach, G.N., Tomson, L.N., 2009. New data on the REY
hydrothermal ores with extraordinarily high concentrations of rare earth elements.
Doklady Earth Sciences 425, 403-408.

Seredin, V.V., Chekryzhov, L.Yu., Popov, V.K,, 2011. Rare metal-bearing tuffs of Cenozoic
coal basins of Primorye formed by transform interaction of lithosphere plates. In:
Khanchuk, A.L (Ed.), Geological Processes in Subduction, Collision, and Transform
Environments of Lithosphere Plates Interaction. Dal'nauka, Vladivostok, pp. 375-377.

Seredin, V.V., Dai, S., Chekryzhov, 1.Yu., 2012. Rare-metal mineralization in tuffaceous coal
basins of Russia and China. Diagnosis of Volcanogenic Products in Sedimentary
Sequences. Proceedings of the Russian meeting with the international participations.
Geoprint, Syktyvkar, pp. 165-167 (in Russian).

Seredin, V.V,, Dai, S., Sun, Y., Chekryzhov, L.Yu., 2013. Coal deposits as promising sources of
rare metals for alternative power and energy-efficient technologies. Applied Geo-
chemistry 31, 1-11.


http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0385
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0385
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0385
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0380
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0380
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0380
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0390
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0390
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0390
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0395
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0395
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0400
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0400
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0405
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0405
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0405
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0410
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0410
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0415
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0415
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0415
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0415
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0415
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0415
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0420
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0420
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0420
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0430
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0430
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0425
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0425
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0425
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2020
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2020
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2020
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf2020
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0435
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0435
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0435
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0440
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0440
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0445
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0445
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0925
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0925
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0450
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0450
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0455
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0455
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0455
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0460
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0460
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0460
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0480
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0480
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0480
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0480
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0480
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0465
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0465
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0470
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0470
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0475
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0475
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0930
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0930
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0930
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0930
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0935
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0935
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0935
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0935
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0935
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0490
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0490
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0490
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0495
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0495
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0495
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0500
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0500
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0500
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0500
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0505
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0505
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0505
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0510
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0510
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0515
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0515
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0515
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0520
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0520
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0520
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0525
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0525
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0530
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0530
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0530
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0940
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0940
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0940
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0940
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0540
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0540
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0540
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0545
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0545
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0550
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0550
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0555
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0555
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0560
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0560
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0565
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0565
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0585
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0585
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0585
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0945
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0945
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0945
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0950
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0950
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0580
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0580
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0600
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0600
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0955
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0955
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0955
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0955
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0955
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0960
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0960
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0960
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0960
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0615
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0615
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0605
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0605
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0965
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0965
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0965
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0595
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0595
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0610
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0610
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0610
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0630
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0630
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0630
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0635
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0635
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0635
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0640
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0640
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0640
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0640
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0970
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0970
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0970
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0970
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0650
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0650
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0650

S. Dai et al. / Gondwana Research 29 (2016) 60-82 81

Shao, L., Jones, T., Gayer, R., Dai, S., Li, S., Jiang, Y., Zhang, P., 2003. Petrology and geo-
chemistry of the high-sulphur coals from the Upper Permian carbonate coal
measures in the Heshan Coalfield, southern China. International Journal of Coal
Geology 55, 1-26.

Shellnutt, J.G., 2014. The Emeishan large igneous province: a synthesis. Geoscience Fron-
tiers 5, 369-394.

Shellnutt, ].G., Jahn, B.-M., 2011. Origin of Late Permian Emeishan basaltic rocks from the
Panxi region (SW China): implications for the Ti-classification and spatial-
compositional distribution of the Emeishan flood basalts. Journal of Volcanology
and Geothermal Research 199, 85-95.

Shellnutt, ].G., Zhou, M.-F,, Yan, D.P., Wang, X., 2008. Longevity of the Permian Emeishan
mantle plume: 1 million years; 9 million years or 18 million years? Geological Mag-
azine 145, 373-388.

Shpirt, M.Ya., Seredin, V.V., 1999. Mode of occurrence REE in coals. Solid Fuel Chemistry 3,
91-92.

Sia, S.-G., Abdullah, W.H., 2012. Enrichment of arsenic, lead, and antimony in Balingian
coal from Sarawak, Malaysia: modes of occurrence, origin, and partitioning behaviour
during coal combustion. International Journal of Coal Geology 101, 1-15.

Song, D., Qin, Y., Zhang, J., Wang, W., Zheng, C., 2007. Concentration and distribution of
trace elements in some coals from Northern China. International Journal of Coal
Geology 69, 179-191.

Song, X.-Y., Zhou, M.-F., Tao, Y., Xiao, ].-F., 2008. Controls on the metal compositions of
magmatic sulfide deposits in the Emeishan large igneous province, SW China.
Chemical Geology 253, 38-49.

Spears, D.A., 2012. The origin of tonsteins, an overview, and links with seatearths, fireclays
and fragmental clay rocks. International Journal of Coal Geology 94, 22-31.

Stone, R.W., 1912. Coal near the Black Hills Wyoming-South Dakota. U.S. Geological
Survey Bulletin 499, 1-66.

Sun, Y., Lai, X., Wignall, P.B., Widdowson, M., Ali, J.R., Jiang, H., Wang, W., Yan, C., Bond,
D.P.G., V'edrine, S., 2010. Dating the onset and nature of the Middle Permian
Emeishan large igneous province eruptions in SW China using conodont biostratigra-
phy and its bearing on mantle plume uplift models. Lithos 119, 20-33.

Sun, R, Liy, G,, Zheng, L., Chou, C.-L,, 2010. Geochemistry of trace elements in coals from
the Zhuji Mine, Huainan Coalfield, Anhui, China. International Journal of Coal Geology
81, 81-96.

Sun, Y.Z, Zhao, C.L, Li, YH., Wang, ] X., Zhang, ].Y,, Jin, Z., Lin, M.Y., Kalkreuth, W., 2013.
Further information of the associated Li deposits in the No.6 Coal Seam at Jungar
Coalfield, Inner Mongolia, Northern China. Acta Geologica Sinica-English Edition 87,
1097-1108.

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust: Its Composition and Evolution.
Blackwell, London (312 pp.).

Tian, L., Dai, S., Wang, J., Huang, Y., Ho, S.C,, Zhou, Y., Lucas, D., Koshland, C.P., 2008.
Nanoquartz in Late Permian C1 coal and the high incidence of female lung
cancer in the Pearl River Origin area: a retrospective cohort study. BMC Public
Health 8, 398.

Wang, L.T., Lu, Y.B., Zhao, S.J., Luo, J.H., 1994. Permian Lithofacies Paleogeography and
Mineralization in South China. Geological Publishing House, Beijing (in Chinese
with English abstract).

Wang, C.Y., Zhou, M.-F,, Keays, R.R., 2006. Geochemical constraints on the origin of the
Permian Baimazhai mafic-ultramafic intrusion, SW China. Contributions to Mineral-
ogy and Petrology 152, 309-321.

Wang, W., Qin, Y., Sang, S., Jiang, B., Zhu, Y., Guo, Y., 2007. Sulfur variability and element
geochemistry of the No. 11 coal seam from the Antaibao mining district, China. Fuel
86, 777-784.

Wang, W., Qin, Y., Liu, X., Zhao, J., Wang, J., Wu, G., Liu, J., 2011. Distribution, occurrence
and enrichment causes of gallium in coals from the Jungar Coalfield, Inner
Mongolia. Science China Earth Sciences 54, 1053-1068.

Wang, X,, Dai, S., Chou, C.-L, Zhang, M., Wang, ]., Song, X., Wang, W., Jiang, Y., Zhou, Y.,
Ren, D., 2012. Mineralogy and geochemistry of Late Permian coals from the
Taoshuping Mine, Yunnan Province, China: evidences for the sources of minerals.
International Journal of Coal Geology 96-97, 49-59.

Ward, CR., 2002. Analysis and significance of mineral matter in coal seams. International
Journal of Coal Geology 50, 135-168.

Xiao, L., Xu, Y.G., Mei, HJ., Zheng, Y.F., He, B,, Pirajno, F., 2004. Distinct mantle sources of
low-Ti and high-Ti basalts from the western Emeishan large igneous province, SW
China: implications for plume-lithosphere interaction. Earth and Planetary Science
Letters 228, 525-546.

Xu, Y.G., Chung, S.L,, Jahn, BM., Wu, G.Y., 2001. Petrologic and geochemical constraints on
the petrogenesis of Permian-Triassic Emeishan flood basalts in southwestern China.
Lithos 58, 145-168.

Xu, Y.G,, Luo, Z.Y., Huang, X.L,, He, B, Xiao, L., Xie, LW., Shi, Y.R., 2008. Zircon U-Pb and Hf
isotope constraints on crustal melting associated with the Emeishan mantle plume.
Geochimica et Cosmochimica Acta 72, 3084-3104.

Xu, Y.G., Chung, S.-L., Shao, H., He, B., 2010. Silicic magmas from the Emeishan large
igneous province, Southwest China: petrogenesis and their link with the end-
Guadalupian biological crisis. Lithos 119, 47-60.

Xu, Y.G., He, B, Luo, Z.Y., Liu, H.Q., 2013. Study on mantle plume and large igneous
provinces in China: an overview and perspectives. Bulletin of Mineralogy, Petrology
and Geochemistry 32, 25-39 (in Chinese with English abstract).

Yang, J., 2006. Concentrations and modes of occurrence of trace elements in the Late
Permian coals from the Puan Coalfield, southwestern Guizhou, China. Environmental
Geochemistry and Health 28, 567-576.

Yin, A., 2010. Cenozoic tectonic evolution of Asia: a preliminary synthesis. Tectonophysics
488, 293-325.

Yossifova, M.G., 2014. Petrography, mineralogy and geochemistry of Balkan coals and
their waste products. International Journal of Coal Geology 122, 1-20.

Zeng, R., Zhuang, X., Koukouzas, N., Xu, W., 2005. Characterization of trace elements in
sulphur-rich Late Permian coals in the Heshan coal field, Guangxi, South China. Inter-
national Journal of Coal Geology 61, 87-95.

Zhang, B.B., 2013. Geochemistry of Nb-polymetallic deposit in the Late Permian Xuanwei
formation from Zhengxiong in eastern Yunnan province (Ph.D. Thesis), China Univer-
sity of Mining and Technology, Beijing (in Chinese with English abstract).

Zhang, J., Ren, D., Zheng, C,, Zeng, R., Chou, C.-L., Liu, J., 2002. Trace element abundances in
major minerals of Late Permian coals from southwestern Guizhou Province, China.
International Journal of Coal Geology 53, 55-64.

Zhang, J., Ren, D., Zhu, Y., Chou, C.-L., Zeng, R., Zheng, B., 2004. Mineral matter and poten-
tially hazardous trace elements in coals from Qianxi Fault Depression Area in south-
western Guizhou, China. International Journal of Coal Geology 57, 49-61.

Zhao, L., Ward, C.R,, French, D., Graham, L.T., 2013. Mineralogical composition of Late
Permian coal seams in the Songzao Coalfield, southwestern China. International Jour-
nal of Coal Geology 116-117, 208-226.

Zhong, H., Campbell, LH., Zhu, W.G., Allen, CM., Hu, RZ, Xie, LW., He, D.F.,, 2011. Timing
and source constraints on the relationship between mafic and felsic intrusions in
the Emeishan large igneous province. Geochimica et Cosmochimica Acta 75,
1374-1395.

Zhong, Y.T., He, B, Mundil, R., Xu, Y.G., 2014. CA-TIMS zircon U-Pb dating of felsic ignim-
brite from the Binchuan section: implications for the termination age of Emeishan
large igneous province. Lithos 204, 14-19.

Zhou, Y., Ren, Y., 1992. Distribution of arsenic in coals of Yunnan Province, China, and its
controlling factors. International Journal of Coal Geology 20, 85-98.

Zhou, Y., Ren, Y., Bohor, B.F., 1982. Origin and distribution of tonsteins in late Permian coal
seams of southwestern China. International Journal of Coal Geology 2, 49-77.

Zhou, Y., Ren, Y., Tang, D., Bohor, B., 1994. Characteristics of zircons from volcanic
ashderived tonsteins in Late Permian coal fields of eastern Yunnan, China. Interna-
tional Journal of Coal Geology 25, 243-264.

Zhou, Y., Bohor, B.F., Ren, Y., 2000. Trace element geochemistry of altered volcanic ash
layers (tonsteins) in Late Permian coal-bearing formations of eastern Yunnan
and western Guizhou Province, China. International Journal of Coal Geology 44,
305-324.

Zhou, M.-F., Robinson, P.T., Lesher, C.M., Keays, R.R., Zhang, CJ., Malpas, J., 2005. Geochem-
istry, petrogenesis, and metallogenesis of the Panzhihua gabbroic layered intrusion
and associated Fe-Ti-V-oxide deposits, Sichuan Province, SW China. Journal of Petrol-
ogy 46, 2253-2280.

Zhuang, X., Querol, X., Alastuey, A., Juan, R, Plana, F., Lopez-Soler, A., Du, G., Martynov,
V.V,, 2006. Geochemistry and mineralogy of the Cretaceous Wulantuga high-
germanium coal deposit in Shengli coal field, Inner Mongolia, Northeastern China.
International Journal of Coal Geology 66, 119-136.

Zhuang, X,, Su, S, Xiao, M., Li, ]., Alastuey, A., Querol, X., 2012. Mineralogy and geochem-
istry of the Late Permian coals in the Huayingshan coal-bearing area, Sichuan Prov-
ince, China. International Journal of Coal Geology 94, 271-282.

Zi,]., Fan, W,, Wang, Y., Peng, T., Guo, F., 2008. Geochemistry and petrogenesis of the Permian
mafic dykes in the Panxi region, SW China. Gondwana Research 14, 368-382.

Shifeng Dai is a professor at the Key Laboratory of Coal
Resources and Safe Mining, China University of Mining
and Technology (Beijing). He had his Ph.D. (2002) from
China University of Mining and Technology. His research
fields include coal geology, coal geochemistry, and
coal-hosted rare-metal ore deposits. He is the Editor-in-
Chief of International Journal of Coal Geology (2007-)
and the President of The Society For Organic Petrology
(2015-2017). He is the Chief Scientist of National Key
Basic Research Program of China and Changjiang Scholar
Professor of Ministry of Education (China). He published
over 100 research papers, co-authored three books, and
edited several special issues for international journals.
He is a recipient of Distinguished Service Award of The
Society For Organic Petrology, and the National Science Fund for Distinguished Young
Scholars of China.

Igor Yu. Chekryzhov is the Researcher of Geochemistry Labo-
ratory, Far East Geological Institute, Russian Academy of Sci-
ences. His areas of study include stratigraphy, volcanism and
rare-metal mineralization of Cenozoic coal-bearing basins.
He graduated from the Geological Faculty of Far Eastern Poly-
technic Institute in 1998. After that, he has worked for the
Pacific Oceanological Institute from1998 to 2003, and for
the Far East Geological Institute since 2003, both belonging
to Far Eastern Branch, Russian Academy of Sciences. He is
one of the editorial board members of International Journal
of Coal Science and Technology and the co-author of over
100 publications including 2 monographs.


http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0655
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0655
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0655
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0655
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0660
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0660
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0665
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0665
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0665
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0665
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0670
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0670
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0670
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0695
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0695
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0675
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0675
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0675
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0700
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0700
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0700
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0705
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0705
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0705
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0690
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0690
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0680
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0680
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0685
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0685
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0685
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0710
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0710
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0710
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0720
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0720
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0720
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0975
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0975
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0725
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0725
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0725
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0735
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0735
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0735
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0740
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0740
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0740
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0745
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0745
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0745
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0750
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0750
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0750
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0755
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0755
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0755
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0730
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0730
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0760
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0760
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0760
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0760
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0765
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0765
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0765
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0770
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0770
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0770
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0775
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0775
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0775
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0780
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0780
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0780
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0785
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0785
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0785
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0790
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0790
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0795
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0795
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0800
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0800
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0800
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0980
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0980
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0980
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0805
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0805
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0805
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0810
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0810
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0810
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0815
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0815
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0815
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0820
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0820
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0820
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0820
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0825
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0825
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0825
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0830
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0830
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0835
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0835
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0840
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0840
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0840
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0845
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0845
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0845
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0845
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0850
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0850
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0850
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0850
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0855
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0855
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0855
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0860
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0860
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0860
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0865
http://refhub.elsevier.com/S1342-937X(15)00161-6/rf0865
Unlabelled image
Unlabelled image

82

S. Dai et al. / Gondwana Research 29 (2016) 60-82

Vladimir V. Seredin earned his M.Sc. degree at Moscow
State University in 1974 and his Ph.D. at the Institute of
Geology of Ore Deposits, Petrography, Mineralogy and
Geochemistry, Russian Academy of Sciences (IGEM RAS)
in 1983. He worked in the IGEM RAS from 1974 till his
passing on Jan 27, 2014, representing a forty-year profes-
sional career devoted to research in earth science, espe-
cially trace-element geochemistry and coal geology. He
joined the Editorial Board of the International Journal of
Coal Geology in 2008. Through his many publications
and extensive collaborations, he made many great scien-
tific contributions to trace-element geochemistry, coal
geology, ore deposit geology, and general geochemistry.
As a scientific project leader, Vladimir was in charge of

a number of projects, including the International Geoscience Program, Russian Foun-
dation for Basic Research, and Scientific Program of Presidium of RAS.

Victor P. Nechaev is a Senior Researcher of Mineralogy
Laboratory. His areas of study include geological evolution,
geodynamics, geochemistry and mineralogy of ore deposits.
In 1977, he graduated from Faculty of Geology and Geogra-
phy, Rostov State University. In 1977-1982, he participated
in gold prospecting in the South Ural region and then turned
to Earth's sciences at the Far East Geological Institute,
Far Eastern Branch, Russian Academy of Sciences. In 1982-
1991, heavy mineral assemblages as indicators of tectonic
settings were a main subject of his study. In 1991, he
defended his Ph.D. Thesis “Cenozoic geodynamic settings of
the Pacific Ocean floor from the heavy-mineral assem-
blages.” Later, his research became wider, including geology
of gem corundum and amber, precious metals in carbon-

bearing rocks, petroleum geology, and galactic influence on the earth's evolution. Since
2014, he has also been working as a Assistant Professor at the Engineering School,
Far Eastern Federal University. His major publications are presented at , https://www.
researchgate.net/profile/Victor_Nechaev.

Ian Graham is a Senior Lecturer in Earth Sciences at the
University of New South Wales, Sydney. He obtained his
BAppSc (hons) from the University of Technology, Sydney
in 1991 and Ph.D. from the University of Technology, Sydney
in 2000. His areas of research interests include ore deposit
genesis, igneous petrology, geochronology, gem deposits,
applied geochemistry and mineralogy, intraplate volcanism
and LIP's. He has worked on ore deposits throughout
Australia, Indonesia, Papua New Guinea, Laos, Greece and
South Africa. He is currently the SW Pacific regional councilor
of IAGOD and is an Associate Editor of Mineralogical
Magazine.

James C. Hower is the manager of the Applied Petrology
Laboratory at the University of Kentucky Center for Applied
Energy Research (CAER). He is also an adjunct professor in
the University of Kentucky Department of Earth and
Environmental Science. He has been with the CAER since
1978, starting upon completion of his Ph.D. at The Pennsylva-
nia State University. Jim was editor of International Journal of
Coal Geology from 1999 through 2008 and currently is the
editor of Coal Combustion and Gasification Products. He has
been awarded the International Committee for Coal and
Organic Petrology Reinhardt Thiessen Medal (2003), the
Geological Society of America Coal Geology Division Gilbert
Cady Award (2006), and The Society for Organic Petrology
John Castafio Honorary Membership Award (2008).

Colin R. Ward is a Visiting Professorial Fellow in the School
of Biological, Earth and Environmental Sciences at the Uni-
versity of New South Wales (UNSW) in Sydney, Australia,
an appointment conferred following retirement as Professor
of Geology at the same university in 2006. His main area of
research is the characterization, formation and behavior of
mineral matter in coal, including the relations between
mineralogy and trace element geochemistry as well as
mineral interactions associated with coal utilization. Colin
received his BSc degree with the University Medal from
UNSW in 1967 and his Ph.D. from the same university in
1971. He has been author or editor of several books on coal
geology, and produced over 120 refereed journal articles
describing his research activities. His contributions have
been recognized by the Award for Excellence from the Coalfield Geology Council of New
South Wales, the Gilbert H. Cady Award from the Coal Geology Division of the Geological
Society of America, and the Ralph J. Gray Award and the John Castafio Honorary Member
Award from the Society for Organic Petrology.

Deyi Ren is a professor at the Key Laboratory of Coal
Resources and Safe Mining, China University of Mining
and Technology (Beijing). His main area of research is
coal macerals, valuable and toxic trace elements in coal,
coal metamorphism, formation and behavior of minerals
in coal, as well as modes of occurrence and enrichment
mechanism of sulfur in coal. From 1951 to 1956, he had
studied coal geology in Leningrad Institute of Mining
and Technology (the Soviet Union), and he returned to
China University of Mining and Technology (Beijing) for
his teaching and researching of coal geology in 1956.
He has been author or editor of several books on coal
geology, and published more than 100 refereed papers
describing his research activities. His contributions have
been recognized by the several awards from Ministry of Coal Industry (China) and
Ministry of Education (China).

Xibo Wang is a lecturer at the Key Laboratory of Coal
Resources and Safe Mining, China University of Mining
and Technology (Beijing). His research fields include coal
geology, coal mineralogy, trace-element geochemistry of
coal, coal petrology, and coal-hosted ore metal deposits.
He received his BSc degree from China University of Min-
ing and Technology (Beijing) in 2007 his Ph.D. from the
same university in 2011. He published over 20 research
papers in international and local journals. His co-authored
paper “Mineralogical and geochemical compositions of the
Pennsylvanian coal in the Adaohai Mine, Daqingshan Coal-
field, Inner Mongolia, China: Modes of occurrence and origin
of diaspore, gorceixite, and ammonian illite” (Int ] Coal Geol,
2012, 94, 250-270) was also recognized as being among
“The Most Influential 100 International Papers in 2012 in China,” selected from 190,100
published international papers in 2012.


Unlabelled image
Unlabelled image
https://www.researchgate.net/profile/Victor_Nechaev
https://www.researchgate.net/profile/Victor_Nechaev
Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image

	Metalliferous coal deposits in East Asia (Primorye of Russia and South China): A review of geodynamic controls and styles o...
	1. Introduction
	2. Regional tectonic and magmatic control of ore deposits
	2.1. South Primorye
	2.1.1. General characteristics of the Ussuri concentric structure and its regional position
	2.1.2. Evolution of the Ussuri concentric structure
	2.1.3. Ore mineralization of the Ussuri structure

	2.2. South China
	2.2.1. General characteristics of the Emeishan mantle plume
	2.2.2. Control of ELIP on coal-hosted ore deposits
	2.2.3. Differences of Emeishan and Ussuri structures on coal-hosted ore deposits


	3. Rare-metal mineralization in metalliferous coal deposits
	3.1. South Primorye
	3.2. South China

	4. Conclusions
	Acknowledgments
	References


