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The giant Dahutang tungsten (W) deposit has a total reserve of more than 1.31 Mt WO;. Veinlet-
disseminated scheelite and vein type wolframite mineralization are developed in this deposit, which are
related to Late Mesozoic biotite granite. Four major types of alterations, which include albitization,
potassic-alteration, and greisenization, and overprinted silicification developed in contact zone. The mass
balance calculate of the four alteration types were used to further understanding of the mineralization
process. The fresh porphyritic biotite granite has high Nb, Ta, and W, but low Ca and Sr while the Jiuling
granodiorite has high Ca and Sr, but low Nb, Ta, and W concentrations. The altered porphyritic biotite
granite indicated that the Nb, Ta, and W were leached out from the fresh porphyritic biotite granite,
especially by sodic alteration. The low Ca and Sr contents of the altered Neoproterozoic Jiuling
granodiorite indicate that Ca and Sr had been leached out from the fresh granodiorite by the fluid from
Mesozoic porphyritic biotite granites. The metal W of the Dahutang deposit was mainly derived from the
fluid exsolution from the melt and alteration of W-bearing granites. This study of alteration presents a new

Jiangnan Orogenic Belt
South China

hydrothermal circulation model to understand tungsten mineralization in the Dahutang deposit.

©2021 China Geology Editorial Office.

1. Introduction

Hydrothermal ore deposits commonly show close
relationships with hydrothermal alteration. Thus, alteration is
imperative for ore metal mineralization, especially for a
granite-related metal deposit. Currently, there are many
granite-related ore systems, such as granite-pegmatite, skarn,
greisen-veins and porphyry deposits (Sial AN et al., 2011). To
establish the granite-related ore systems genetic models
cannot avoid the study of ore-forming metal transport and
deposition by fluid-rock reactions. Each ore system has a
distinctively different alteration process. Porphyry deposits
are characterized by several representative alteration
assemblages (potassic, propylitic, phyllic, and argillic
alteration), and high-grade mineralization typically occurs in
the potassic-altered centre of the deposit (Lowell JD and
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Guilbert JM, 1970; Gustafson LB and Hunt JP, 1975; Sillitoe
RH, 1997, 2010). Porphyry mineralization occurs
predominately by fluid-rock interaction to form large
accumulations of sulphides, and the alteration types of ores.
The alteration and evolution processes of porphyry systems
are relatively well understood (Kusakabe M, 1984; Kusakabe
M et al., 1990; Wolfe R et al., 1996; Corbett GJ and Leach
TM, 1998; Watanabe Y and Hedenquist JW, 2001; Harris AC
and Golding SD, 2002; Cooke DR, 2005; Seedorff E et al.,
2005; Sillitoe RH, 2000; Hou ZQ et al., 2007, 2012; Cooke
DR et al, 2014). The most important are the metals
accumulated by crustal-scale hydrothermal fluid circulation,
which originates from the porphyry/granite system (Weisheit
A et al., 2013; Nadeau O, 2015; Pliimper O et al., 2017a,
2017b).

However, research on the relationship between tungsten
mineralization and alteration type is comparatively weak
compared to that of the porphyry systems. Granite-related
tungsten deposits host more than 99% tungsten resource in the
world, characterized by various types of alteration zones due
to granite intrusion, and almost spatially associated with
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greisenization, and silicification (Mao JW et al., 1996; Hu SX
et al., 2004; Pirajno F, 2013; Soloviev SG and Kryazhev S,
2016, 2017; Wang H et al., 2016; Soloviev SG and Kryazhev
S, 2017). The fluid-rock interaction is decisive for the
formation of tungsten deposits (Lecumberri-Sanchez P et al.,
2017). Such fluid-rock interactions are direct records of the
alteration rocks at the tungsten deposit.

The Dahutang W deposit is exceptional is one of a few
giant tungsten deposits, with a reserve of more than 1.31 Mt
WO; (with an average grade of 0.03%), 0.78 Mt Cu (with an
average grade of 0.06%), and 0.06 Mt Mo (with an average
grade of 0.01%). The ratio of scheelite to wolframite is
approximately 1.0 (Zhang Y et al., 2018a). This deposit has
comprehensive, complicated alteration zones characterized by
a large area (approximately 10x15 km?) of alkaline alteration,
overprinted locally by acidic alteration. The alkaline
alterations have different characteristics in the Mesozoic
porphyritic biotite granite and Jiuling Neoproterozoic
granodiorite.

Tungsten mineralization in the Dahutang deposit is
spatially related to the Cretaceous porphyritic biotite granite
and fine-grained biotite granite. Drill records show that
tungsten mineralization occurs at the contact zone between
the Late Mesozoic granite stocks (about 150 Ma; Mao ZH et
al., 2015) and the Jiuling Neoproterozoic granodiorite
batholith (about 820 Ma; Zhong YF et al., 2005; Li XH et al.,
2003) or the Neoproterozoic slate. A majority of the known
work on the Dahutang tungsten deposit focused on the
petrogenetic and metallogenic geochronology and obtain
many important and meaningful research results (Mao ZH et
al., 2013; Huang LC and Jiang SY, 2013, 2014; Xiang XK et
al., 2013a; Jiang SY et al., 2015; Zhang ZY et al., 2015b;
Zhang Y et al., 2015a, 2017; Zhang MY et al., 2016a).

Trace elements and Sr-Nd isotopes of scheelite from the
Shimengsi segment in the Dahutang deposit indicate that
tungsten was derived from the ore-forming fluids exsolved
from the granitic melt (Sun KK and Chen B, 2017).
Nevertheless, Li isotopic data suggests that extensive W, Sn,
and Cu may be derived from fluids exclusively from the
activity of coeval metamorphic fluids and/or high temperature
circulating fluids around the granite pluton (Chen B et al.,
2018). In situ oxygen isotope and trace element characteristic
of quartz and mica from the Dahutang deposit not only traces
the processes of W enrichment by magmatic differentiation
but also traces the leaching of W by the hydrothermal fluids
(Zhang ZY et al., 2019; Yin R et al., 2019). The origin of the
ore-forming fluids is controversial.

In addition, the principal in alteration and fluid
composition-related processes of the Dahutang W deposit
need to be examined (Zhang Y et al., 2018a). The source of
different type of alteration contributing to tungsten
mineralization is not clear. While the mechanism of tungsten
enrichment and mineralization were granites crystallization
differentiation or hydrothermal fluid circulation is unclear.
The delicate alteration process and has prevented a good
understanding of the genesis of the giant W deposit due to the
intrusion of the Late Mesozoic granite system. Therefore, a
new model for understanding the ore-forming process of the
Dahutang W deposit is proposed, to theorize a new

perspective to understand this giant tungsten deposit.

In this study, the geology and litho-geochemistry of the
Cretaceous porphyritic biotite granite of the Dahutang
tungsten deposit is described. The gain/loss ore-forming
element, especially Ca, Sr, Nb, Ta, and W, during the
alteration processes of fresh/altered hand specimens is
examined in detail. These studies are used to develop a
genetic model for the Dahutang W deposit.

2. Geological background
2.1. Jiangnan Orogenic Belt

The Jiangnan Orogenic Belt is adjacent to the boundary
between the Cathaysia Block and the Yangtze Craton (Mao
JW et al., 2006, 2011; Pan YM and Dong P, 1999) (Fig. 1),
and is one of the important polymetallic/metallogenic belts in
China.

The Shuangqgiaoshan Group is an important stratigraphic
unit in this belt; it is a Neoproterozoic, low-grade sedimentary
stratum approximately 880 Ma (Wang XL et al., 2008b). The
Jiangnan orogenic belt experienced multiple orogeneses from
the Middle Proterozoic to the Mesozoic (Xu XB et al., 2009;
Liu YY et al,, 2012; Zhang YQ et al., 2012; Zhang Y et al.,
2018a).

Many porphyry-skarn, porphyry-epithermal, skarns/Kiruna
style, tin-tungsten, and hydrothermal gold deposits are related
to Indosinian-Yanshanian magmatism in the Jiangnan
Orogenic Belt (Zaw K et al., 2007). The most significant
tungsten deposit is the giant Zhuxi, giant skarn scheelite
deposits (Chen GH et al., 2012; Liu SB et al., 2017a). The
Xianglushan is another scheelite skarn deposit (Zhang JJ et
al., 2008; Xiong X et al., 2015; Fig. 1).

2.2. Jiuling Area

Neoproterozoic granitoids are present in the Jiuling
batholith. The Neoproterozoic Jiuling granodiorite intrusion is
the largest composite granitoid complex (approximately
820 Ma) in south-eastern China (Fig. 1), intruding into the
Shuangqiaoshan Group (Li XH et al., 2003; Zhong YF et al.,
2005). The Huashandong tungsten deposit formed 805 + 5 Ma
(Re-Os isochron age) (Liu JX et al., 2015), and may
correspond to the Jiuling granodiorite intrusive event. The
batholith is a biotite-rich, cordierite-bearing granodiorite.
Granodiorite is the dominant rock type and comprises
approximately 99% outcrops of the batholith.

The Early Yanshanian tectonic event commenced during
the late Middle Jurassic, resulting in the formation of an
approximately 1300 km wide, NE-NNE-trending fold-and-
thrust system in South China (Xu XB et al., 2009). Cretaceous
granitic rocks in the study area are present as multiple small
stocks that intruded into both the Neoproterozoic granodiorite
batholith and Precambrian strata (Mao ZH et al., 2013) (Figs.
2,3). The granodiorite porphyry was formed about 170—-160
Ma (Ding X et al., 2005; Lou FS et al., 2005; Hu ZH et al.,
2015). The S-type porphyritic biotite granites formed
approximately 150 Ma (Liu J et al., 2008; Huang LC and
Jiang SY, 2014; Li Y et al., 2014; Jia LQ et al., 2015b; Mao
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ZH et al., 2015; Zhang MY et al., 2016a). Most of the S-type
fine-grained biotite granites formed approximately 144 Ma
(Ding X et al., 2005; Lou FS et al., 2005; Huang LC and Jiang
SY, 2014; Mao ZH et al., 2015; Jia LQ et al., 2015a), and
intruded into the porphyritic biotite granites, although there
were also some intrusions were emplaced into the
Neoproterozoic granodiorite batholith. The porphyritic granite
and granite porphyry are granite emplaced at approximately
130 Ma (Ding X et al., 2005; Lou FS et al., 2005; Huang LC
and Jiang SY, 2014).

2.3. Geologic characteristics of the Dahutang tungsten
deposit

The Dahutang deposit is composed of four segments,
Shimensi, Dawutang, Shiweidong, and Kunshan (Fig. 2),
situated in Wuning County of Jiangxi Province,
approximately 120 km NW of Nanchang (Zhang Y et al.,
2018a). The Shuanggiaoshan Group was intruded by the
Jiuling granitic batholith of granodiorite (Fig. 2). Both the
Shuangqiaoshan Group and the Jiuling granodiorite were
intruded by a Cretaceous granite series, including the
porphyritic biotite granite (151.7 £ 1.3 Ma to 147.4 = 0.58 Ma)
and the fine-grained biotite granite (146.1 = 0.64 Mato 144.7 +
0.47 Ma) (Jiang SY et al., 2015; Mao ZH et al., 2013; Xiang
XK et al., 2013a; Huang LC and Jiang SY, 2014; Mao ZH et
al.,2015; Zhang MY etal.,2016a; Zhang Y etal., 2018a; Fig. 3).

The mineralized and altered stock of the Dahutang area is
part of a surface outcrop of approximately 20 km?* (Fig. 2) and
is elongated within a 10 km long N-NE-trending corridor and
consists compositionally of three different granite-style
intrusive phases. The spatial relationship of the concessions of
114°30'E

115°00'E

all four representative segments can be see directly in a
sectional view (Fig. 3).

Fig. 3 shows that the Dahutang deposit has two
mineralization ages, but the main mineralization age is
approximately 144 Ma. Only the Shimengsi segment has
molybdenite Re-Os isochron ages of 139.18 + 0.97 Ma (Mao
ZH etal. 2013), 143.7 £ 1.2 Ma (Mao ZH et al. 2013), 143.7 +
1.2 Ma (Feng CY et al., 2012), and 149.6 = 1.2 Ma (Xiang
XK et al, 2013a). The Dawutang segment has a Re-Os
isochron molybdenite age of 137.9 + 2.0 Ma (Zhang Y et al.,
2017). The Shiweidong segment has a Re-Os isochron
molybdenite age of 140.9 + 3.6 Ma (Feng CY et al., 2012).
The Kunshan segment has a Re-Os isochron molybdenite age
of 151.0 £ 1.3 Ma (Zhang MY et al, 2016a). These
mineralization ages correspond to two Cretaceous granites,
the porphyritic biotite granite (approximately 150 Ma) and the
fine-grained biotite granite (approximately 144 Ma). The
mineralization in the Dahutang tungsten deposit is
characterized by: (1) Disseminated veinlet-type tungsten
deposits (approximately 95% of the total reserve) that are
associated with the porphyritic intrusion (Figs. 2b, 3), (2) the
occurrence of wolframite, scheelite, chalcopyrite, and
molybdenite hydrothermal crypto-explosive breccia ores
(about 4%), and (3) wolframite-scheelite quartz veins and
stockworks (about 1%) (Fig. 3).

The Dahutang tungsten deposit is a mostly disseminated-
/veinlet-type tungsten mineralization where scheelite and
wolframite co-exist and their ratios are approximately equal.
Wolframite and scheelite are wrapped and disseminated with
each other at the Dahutang W deposit. The mineral impurities
of wolframite and scheelite are ubiquitously distributed in the
disseminated veinlet-type tungsten deposits (Figs. 4k, 1), and
are identical at the quartz vein deposit. This character of
115°30'E
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Fig. 1. Schematic geological map and granite-related metal deposit of the Jiuling area (after Li XH et al., 2003; Yang MG et al., 2004; Zhong

YF et al., 2005; Wang XL et al., 2008b; Zhang Y et al., 2018a).
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mineral impurities also restricts the mineral separation
required to implement industrial production.

The most intensely mineralized zone occurs within an 800 m
wide cone in the Shimengsi segment with reserves of more
than 0.74 MT WO; (Xiang XK et al., 2013b), where the
Cretaceous porphyritic biotite granite is surrounded by
granodiorite, which forms a large biotization + greisenization =
silicification alteration halo (Figs. 2, 3). This is surrounded by
a semi-round circumnuclear intrusive dome (roof) of the
porphyritic biotite granite, of approximately 500 m radius and
a vertical height of 250 m. The tungsten mineralization is
mostly concentrated on the alteration superposed zone as the
biotization + silicification altered granodiorite. The alteration
superposed zone centre is a disseminated veinlet-type cut by
quartz veins, spatially to the dome of the porphyritic biotite
granite.

The mineralized granodiorite of the Dawutang segment is

233

spatially analogous to the superposed altered dome of the
porphyritic biotite granite with hydrothermal crypto-explosive
breccia, like the Shimensi segment (Zhang Y et al., 2018a).
The Dawutang segment is a recently discovered and currently
explored tungsten depsoit, with reserves of more than 0.25 Mt
WO; (Zhang Y et al., 2017), and has alteration and tungsten
mineralization similar to the Shimensi segment (Zhang Y et
al., 2018a; Fig. 2). The intrusion in the Dawutang segment has
a core of porphyritic biotite granite, which is cut off by fine-
grained granite, and later cut by granite porphyry (Zhang Y et
al., 2018a).

The Shiweidong segment with reserves of 0.31 Mt of
WO; (Jiang SY et al., 2015) consisting of large quartz veins
(30-100 cm width) and disseminated veinlets (several meters
along the quartz vein) in the upper part, with quartz,
wolframite, scheelite, molybdenite, chalcopyrite, bornite, and
pyrite assemblages (Zhang Y et al., 2018a). The density of the
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Fig. 2. Schematic geological map of the Dahutang tungsten deposit and Shimensi, Dawutang, Shiweidong, and Kunshan deposits, and their

mining boundary (modified from Zhang Y et al., 2018a).
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disseminated veinlets system is less than approximately 20—
30/m, while the veinlet range is from 1-10 mm in width
(Zhang Y et al., 2018a). The phyllic + greisenization altered
halo of the external contact zone in the Shiweidong segment
formed from the Cretaceous porphyritic biotite granite
intruded into the granodiorite and the intrusion contact
interface of the granodiorite to the Shuangqiaoshan Group.
The granodiorite having intruded into the Shuangqiaoshan
Group and exposure half of the surface area at the Shiweidong
segment (Zhang Y et al., 2018a). Cretaceous porphyritic
biotite granite could only be found in the audit but did not
occur at the surface (Zhang Y et al., 2018a).

3. Sampling and analytical methods

3.1. Sampling

Sampling location, host lithology, and type of altered rock
are available in the Supplementary material. Four drill cores
for the Dahutang tungsten deposit were logged and sampled.
The wunaltered porphyritic biotite granite samples were
obtained from the elevation (610.5 m to 676.5 m) lower than
the elevation containing altered samples (764.2 m to 1546.2 m)
and far away from ore body at the Dawutang segments. All
samples, nearly from 0.5-1.0 kg in size, were collected for

Zhao et al. / China Geology 2 (2021) 230-244

more than 300 specimens from localities near the ore deposits
and the ores were located in the Shimengsi, Dawutang,
Shimeidong, and Kunshan districts. A representative sample
selected for detailed analysis consisted of 150 thin sections
and 40 major and trace element analyses of the whole rock
sample. Those select unaltered and altered porphyritic biotite
granite samples from drill holes were located at the Dawutang
segment, at ZK9-1 (E 114°56'30", N28°55'31"; elevation:
1632.46 m), ZK77 (E114°56'39 ", N 28°55'33 "; elevation:
1598.45 m), and ZK13-5 (E114°57 23 ", N 28°56 '26 ",
elevation: 1564.77 m).

3.2. Analytical methods

All the bulk samples were analysed at the Analytical
Laboratory Beijing Research Institute of Uranium Geology.
The major elements were analysed using X-ray fluorescence
spectrometry (XRF) (Zhang FX et al, 2009); ferric and
ferrous iron measurements were determined by wet chemical
analyses (titration). The analytical precision for major oxides,
which is based on certified standards (GSR-1, GSR-3) and
duplicate analyses, were expressed in terms of relative
percentages and ranges from + 0.01% to = 0.20%. The trace
elements were determined using the inductively coupled
plasma mass spectrometry (ICP-MS) solution at the
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Fig. 3. Diagrammatic sketch of the alteration halo for the representative deposits of the Dahutang tungsten deposit (modified from Zhang Y et

al., 2018a).
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Analytical Laboratory Beijing Research Institute of Uranium
Geology. Approximately 50 mg rock powders were weighed

followed based on Liang Q and Grégoire DC (2000) and Gao
JF et al. (2003). Two standards (granite GSR-1 and basalt

and dissolved in a mixture of distilled HF and 0.5 mL of GSR-3) were used to monitor the analytical quality of the
HNO; (1.41 g/mL) in a Teflon-lined stainless, sealed bomb. data.

The sealed bombs were then placed in an oven and heated to
190°C for 24 h. After cooling, the bombs were opened and
placed on a hotplate for evaporation at 60°C to dryness. The
residue was dissolved using a 30% HNO; solution, resealed
and heated at 130°C for 3 h. The final solutions were
transferred into plastic beakers and diluted prior to the 4.1.1. Unaltered porphyritic biotite granite

analysis. The detailed sample preparation methods, instrument The Cretaceous granites are compositionally and
operating conditions and calibration procedures were structurally categorized as porphyritic biotite granite, fine-

4. Result

4.1. Petrography of porphyritic biotite granite

' (© b Potassic altered p-or-phyritic biotite gi'ani_tre &

Fig. 4. Photomicrographs in transmitted light of the unaltered and altered porphyritic biotite granite and the ore mineral assemblage. a—un-
altered porphyritic biotite granite specimen. b—transmitted light of the unaltered porphyritic biotite granite, and its distinct mineral grain bound-
aries. c—potassic porphyritic biotite granite. d—transmitted light of the potassic porphyritic biotite granite, and the K-feldspar alter the plagio-
clase. e—sodic porphyritic biotite granite specimen. f—transmitted light of the sodic porphyritic biotite granite, the albite altered K-feldspar, and
the sericite altered plagioclase. g—greisenization porphyritic biotite granite. h—transmitted light of the greisenization porphyritic biotite granite. i,
j—wolframite and scheelite quartz veins. k, 1-disseminated veinlet-type tungsten deposits. Qz—quartz, Pl-plagioclase, Kfs—K-feldspar, Bt—bi-
otite, Mus—muscovite, Ccp—chalcopyrite, Wol-Wolframite, Sch—Scheelite.
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grained granite, coarse-grained biotite granite, and granite
porphyry dikes. The porphyritic biotite granite is the most
abundant and it is cut by subordinate fine-grained granite;
coarse-grained granite is the central phase of the fine-grained
granite, mostly seen deep of the drillcore just below the fine-
grained granite. The granite porphyry dikes are younger than
both the porphyritic biotite granite and fine-grained granite
(Mao ZH et al., 2015).

The unaltered porphyritic biotite granite is grey to white in
colour (Figs. 4a, b), with up to approximately 35%-50%
modal percent phenocrysts. The phenocrysts are
approximately 35%-40% in volume, 1-3 mm in diameter;
approximately 35% K-feldspar, 0.5-4 mm in diameter;
approximately 10%—15% plagioclase; and 10% biotite in a
fine-grained matrix (Zhang Y et al., 2018a). The matrix is
composed of quartz, K-feldspar, plagioclase, and biotite. The
phenocrysts are multiple metasomatic altered by the
hydrothermal fluid, thereby displaying jagged edges and a
sieve-like texture (Zhang Y et al., 2018a). The major
accessory minerals include apatite, zircon, garnet, ilmenite,
magnetite, monazite, epidote, tetrahedrite, and arsenopyrite
(Zhang Y et al., 2018a).

4.1.2. Alteration types of the porphyritic biotite granite

Four alteration types have been identified for the
Dahutang deep alteration zone in the porphyritic biotite
granite. Type I: Sodic alteration comprised of albitization/
microclinite (Figs. 4e, f); Type II: Potassic alteration
comprised of K-feldspar (Figs. 4c, d); Type II:
Greisenization, the weak alkaline hydrothermal alteration,
mostly muscovite and some quartz (Figs. 4g, h), that occurred
following the potassic and sodic alteration, as the mineral
deposition began with some wolframite + scheelite; Type IV:
Silicification (Fig. 41) comprised of muscovite + quartz +
wolframite + scheelite & sulphide.

(i) Sodic alteration (perthites + albitization). Sodic
alteration is the first alkaline alteration at the lowest elevation
of all four-alteration types. It is characterized by Na-bearing
minerals (perthites, albite, and paragonites), which show
replacement relationships with the primary magmatic
minerals. The replacement of alkaline feldspar by albite
(albitization or Na-feldspathization) is the common form of
sodic alteration (Figs. 4e, f). This replacement may proceed
from pre-existing perthites, or by direct replacement of K-
feldspar with newly formed albites.

(i) Potassic alteration (K-feldspar + muscovite). The
potassic alteration occurred after the sodic alteration and is
characterized by a secondary K-feldspar (perthite), mostly in
the Neoproterozoic granite. In addition, secondary biotite
grains, mostly in the porphyritic biotite granite can be found
in this formation (Figs. 4c, d). Moreover, most of the formed
biotite are dark and small, many are 0.1-1.0 mm, in hand
specimen. The potassic alteration manifested by the
replacement of pre-existing phenocrysts within ground mass
or crystallization of secondary veinlets in the Jiuling biotite
granodiorite. A secondary biotite, K-feldspar, muscovite,
sericite, chlorite, ilmenite, chalcopyrite, pyrite, molybdenite,
and magnetite assemblage represents this alteration.

Secondary K-feldspar occurs as a replacement for plagioclase
and quartz phenocrysts (Figs. 4c, d).

(iii) Greisenization (muscovite + quartz). Greisenization is
a potassic alteration that differs from a traditional definition.
A zone of mostly muscovite and some quartz is close to
muscovitization (Hu SX et al., 2004; Pirajno F, 2013), which
developed at the depth of the porphyritic biotite granite far
from the roof zone at Dawutang. The muscovites from the
greisen sample are mostly Li-phengite and zinnwaldite as
determined by an electron probe microanalysis. The
greisenization was overprint by later silicification events
(Figs. 4f, g). The greisenization is characterized by the
replacement of most of the rock-forming silicates such as
plagioclase, biotite, and amphibole by muscovite + quartz, but
some are accompanied by variable amounts of sericite,
chalcopyrite, and pyrite. These alterations have resulted in a
colour change of the rock surface from relatively dark grey to
light grey and light green.

(iv) Silicification (quartz = muscovite). Silicification is at
the highest elevation, spatially, of the tungsten mineralization,
and close to the upper superposition, in the biotization +
greisenization altered Jiuling biotite granodiorite, the main ore
(Zhang Y et al., 2018a). The silicification overprints not only
the core biotite but also the peripheral greisenization
alteration zones and forms a halo around the mineralized
biotite or sericite zone, mostly showing a reduction in biotite
and feldspar (Figs. 4e, h). It is characterized by the occurrence
of secondary quartz, muscovite, wolframite, scheelite,
chalcopyrite, molybdenite, and pyrite. These alteration
minerals are formed most commonly by the replacement of
primary and secondary minerals as the hydrothermal fluid
permeates the geologic body. Primary and secondary biotite
phenocrysts partially alter to become muscovite or sericite.

4.2. Whole rock geochemistry of porphyritic biotite granite

4.2.1. Unaltered porphyritic biotite granite

The unaltered porphyritic biotite granite samples have
characteristically high SiO, content measured as fraction by
weight  (72.17%-73.61%, average 72.66%), Na,O
(3.58%—4.31%, average 3.82%), and K,O (3.76%—5.46%,
average 4.77%). While there are characterized by low TiO,
(0.05%-0.14%, average 0.11%), AlL,O; (14.35%—14.91%,
average 14.65%), Fe,O; (0.26%—0.43%, average 0.38%),
MnO (0.05%—-0.07%, average 0.06%), MgO (0.11%-0.26%,
average 0.21%). Moreover, the unaltered porphyritic biotite
granite samples are characterization of low CaO
(0.40%-0.71%, average 0.58%), P,0s (0. 25%-0. 30%,
average 0.28%), FeO (1.78%-2.22%, average 1.89%). (see
Supplementary Table S1)

The trace elements from the porphyritic biotite granite
samples had high W content (average 1020 x 107%), Nb (21.36
x 107%), Ta (13.41 x 10°%) (Table S1). In particular, low Sr
(average 32.06 x 107°) content indicates a slightly non-fluid
rock reaction, as the initial host-rock composition is unaltered
porphyritic biotite granite.

4.2.2. Altered porphyritic biotite granite
Samples with sodic alteration have characteristically
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lower SiO, content (63.10%—67.86%, average 65.48%), FeO
(1.99%-2.04%, average 2.02%), and K,O (2.26%—2.57%,
average 2.42%) content compared to those of the fresh rocks
(the unaltered porphyritic biotite granite; Table S1). They had
higher ALO; (17.17%-20.95%, average 19.06%), Fe,O4
(0.29%-0.52%, average 0.41%), MgO (0.42%-0.45%,
average 0.81%), CaO (1.09%-1.38%, average 1.20%), Na,O
(6.17%—7.69%, average 5.98%), and P,Os (0.19%—0.74%,
average 0.82%) content compared to those of the fresh rocks.
The samples are enriched in most trace elements Sr (111.00 x
1076-166.00 x 1076, average 138.50 x 10°®), compared to the
fresh samples, but obviously depleted in W (12.2 x 10°-29.9 x
1076, average 21.05 x 10°%), and Nb (11.3 x 10°-16.3 x 10°°,
average 13.80 x 107, and Ta (2.75 x 107°-5.94 x 107,
average 4.35 x 107%).

In addition, samples with potassic alteration have lower
SiO, (54.94%—-66.00%, average 60.47%) and Na,O
(0.25%—0.34%, average 0.30%) content; however, the have
higher AL,O; (18.23%-25.16%, average 21.72%), Fe,04
(0.68%—1.05%, average 0.86%), MgO (0.81%—0.89%,
average 0.85%), CaO (1.20%—1.28%, average 1.24%), K,O
(5.98%—7.84%, average 6.91%), and P,Os (0.61%—0.82%,
average 0.72%) content (Table S1). Those samples are
enriched in the trace elements Sr compared to fresh samples,
while gradually deplete W (94.90 x 107%), Nb (16.40 x 10°°),
and Ta (8.13 x 107).

While samples with greisenization present low content of
Si0, measured as fraction by weight (average 71.37%), Al,0;
(average 14.22%), and Na,O (average 1.85%) content and
higher Fe,O; (average 0.53%), MgO (average 0.42%), CaO
(average 1.05%), K,O (average 5.03%), P,0Os (average
0.23%), and FeO (average 3.12%) compared to that of the
fresh rocks (Table S1). They were enriched in the elements Sr
(average 88.78 x 107°), nevertheless gradually depleted in W
(average 326 x 107, Nb (average 12.67 x 107, and Ta
(average 1.77 x 107°) compared to the fresh rock.

Finally, samples with silicification display obviously low:
Al,O; (average 12.03%), Na,O (average 3.08%), K,O
(average 3.25%), and P,05 (average 0.18%) and higher SiO,
(average 76.85%), MgO (average 0.23%), CaO (average
0.64%), and FeO (average 2.44%) content to the fresh rock.
Silicification are enriched in elements W (average 1370
x107%) to the fresh samples, yet gradually depleted in Nb
(average 11.74 x10°%), and Ta (average 4.46 x10°%) (Table
S1). It confirms the enrichment of element W to
mineralization by hydrothermal alteration.

5. Discussion
5.1. Mass balance calculation of alteration systems

Mass balance calculation provides an important and useful
method to understand the geological process, especially the
absolute mass gain/loss of elements in hydrothermal systems
(Zhang Y et al., 2018a). Gresens RL (1967) was first reported
the idea modelling of mobility/immobility in a system, and
the immobile element approaches were developed by Maclean
WH (Maclean WH et al., 1987; Maclean WH, 1988, 1990).
Choosing an accurate immobile element is difficult (Zhang Y

et al., 2018a), therefore, in this study, the binary correlation
plots by Klammer (Klammer D, 1997) to determine the
immobile elements during the hydrothermal alteration at the
Dahutang tungsten deposit, which is used to choose the
immobile elements (Table S1). In this study, the authors had
chosen the TiO,, Ni, V, Sc, Lu, and Co as the immobile
elements.

The main advantages of the graphical methods are their
rapid implementation and the clarity of the diagrams (Durand
C et al., 2015). The isocon method of Grant JA (1986) was
used to demonstrate potential chemical changes between
altered wall rocks and their corresponding “protoliths/unaltered
rocks ”. Therefore, in this study a user-friendly interactive
Microsoft Excel spreadsheet program by Lopez-Moro (Lopez-
Moro FJ, 2012) was chosen.

All the calculations follow Grant’s approach (Grant JA,
1986):

AC = (c/Cr)-cr-C"

where C' and C* are the concentrations in the fresh (F) and
altered (A) sample, respectively; AC denotes the gain or loss
in grams per 100 g of rock for major elements or in parts per
million for trace elements; and “i” is the immobile element
(Zhang Y et al., 2018a). The results are presented in Table 1.

Samples with sodic, and potassic alterations samples
exhibited strongly depleted SiO, and W; while bits of reduce
in Nb, and Ta, the compounds of Al,O3;, MgO, Fe,0;, CaO,
Na,O, and P,0Os increased (see Table 1). It indicates that a
large number of Si, W and some Nb, Ta migrated into the
fluid system (Table 1; Fig. 5). Distinctively, the silicification
sample shows strong diminution on Al,03, Na,O, K,0, P,0s,
Nb, and Ta, but an obvious increase of W (AC; = 352.12 x
10°°) (see Table 1). Silicified samples are the only ones that
gained a large amount of W among the four alteration
processes.

The elements Mg, Ca, and Sr exhibited strong mobility
(AC/Cy>1.0) into the sodic, potassic and greisenization
alteration rock during the alkaline alteration process.
Especially, the elements of Nb, Ta, and W exhibited strong
mobility (—1<AC/C, <-0.5), and moved to the fluid from the
alkaline altered rock. The elements of Al, Na, K, P and Fe**
exhibited moderate mobility (1.0>AC/Cy>0.1 or —0.5<AC;/C,
< —0.1) (Table 1; Fig. 4), which was confirmed by the
formation of a secondary albite/K-feldspar/muscovite. While
the elements Mg and Sr exhibited strong mobility (AC/Cy>
1.0), Ca and W exhibited moderate mobility (1.0>AC/C,>
0.5), those elements are deposited from the ore-forming fluid
into the silicification rock. While the Nb and Ta present
strong mobility (-1<AC/Cy<-0.5), migrated out of the
porphyritic biotite granite into the hydrothermal fluid during
the silicification alteration process. Yet the elements Si, Al
Na, K, P and Fe*" ions, exhibited moderate mobility (1.0>AC/
C»>0.1) which was confirmed by the formation of a secondary
muscovite, wolframite, and sulphides (Table 1).

Samples with sodic alteration lost a large quantity of W
during the alteration process; as a result, they have the lowest
content compared to the samples with potassic alteration and
greisenization. This is due to the K,O loss into the fluid, while
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Table 1. Selected elements mass change (Gain/Loss) of the altered porphyritic biotite granite in the Dahutang tungsten deposit.

Alteration type  Strongly potassic Strongly sodic Greisenization Strongly silicification
(K-feldspar) (perthites + albite) (muscovite + quartz) (quartz + muscovite)
arithmean AC/C? AC; arithmean AC/C? AC; arithmean AC/C? AC; arith.mean ACy/C;? AC;
@ @ €] 3

Major oxides

/%

Sio, 66.00 -0.09 —6.43 65.48 -0.10 -7.32 71.75 -0.01 -0.43 76.85 0.06 4.42

Al,O4 18.23 0.25 3.64 19.06 0.30 4.36 14.22 -0.02 -0.34 12.03 -0.18 -2.59

Fe,0; 0.68 0.77 0.30 0.41 0.05 0.02 0.53 0.40 0.15 0.38 0.00 0.00

MgO 0.81 291 0.60 0.44 1.10 0.23 0.42 1.04 0.21 0.23 0.13 0.03

CaO 1.20 1.07 0.62 1.24 1.11 0.65 1.05 0.81 0.47 0.64 0.11 0.06

Na,O 0.25 -0.93 -3.57 6.93 0.81 3.09 1.83 -0.52 -1.98 3.08 —-0.19 -0.74

K,0 5.98 0.26 1.23 242 -0.49 -2.36 5.03 0.06 0.29 325 -0.32 -1.51

P,05 0.82 1.99 0.55 0.46 0.68 0.19 0.23 -0.16 -0.04 0.18 -0.35 -0.10

LOI 2.53 3.62 1.99 1.13 1.04 0.57 1.29 1.36 0.75 0.60 0.10 0.06

FeO 3.02 0.60 1.14 2.02 0.06 0.12 3.12 0.66 1.25 2.44 0.30 0.56

Trace

elements/107°

Sr 64.7 1.02 32.86 138 3.31 106.14 88.8 1.79 57.3 26.1 —0.18 —-5.85

Nb 19.9 —0.06 -1.39 13.8 —-0.36 -7.59 12.7 —0.40 -8.60 11.7 —0.45 -9.58

Ta 10.8 —-0.19 -2.58 435 —0.68 -9.08 1.77 —0.87 -11.6 4.46 —0.67 -8.94

w 130 —0.87 —891 21.1 —-0.98 -1001 325 —0.68 —694 1370 0.34 352

*AC; and AC/C{ Calculated using the excel program from Lopez-Moro FJ, 2012; LOI means ignition loss; the “Arith. mean (2)” means average value, and the
number in brackets mean the number of analyses.
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Fig. 5. Selected elements mass-change calculations of four types of alteration in the Dahutang deposit. a—trace elements of altered porphyritic
biotite granite; b—major elements of altered porphyritic biotite granite; c—trace elements of altered Jiuling granodiorite (data from Zhang Y et
al., 2018a, 2018b); d—major elements of altered Jiuling granodiorite (data from Zhang Y et al., 2018a, 2018b).
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the solubility of the K,WO, (76.05% by weight, 18°C) was
almost twice that of the Na,WO, (42.59% by weight, 25°C)
(Liu YJ and Ma DS, 1987); thus, an enriched K fluid can
leach substantial quantities of element W from the porphyritic
biotite granite more than an enriched Na fluid. Therefore,
sodic alteration samples can lose quantity of element W more
than the potassic alteration and greisenization.

The elements of Al, Mg, Ca, P, and Fe’' ions transferred
into the sodic, potassic altered rock and a large quantity of Si,
K, and W transferred out, which indicates an oxidized high-
temperature  alkaline  solution, in elevation from
764.16-1369.4 m in the Dahutang deposit. The elements Al,
Fe, Mg, Ca, K, and P also mobilized into the altered rock to
form a large number of K-feldspar and apatite as storage on
the downside (deep), released later by acidic alteration,
changing to form quartz, and transferred to the upside to form
wolframite and scheelite in the altered rock (Table 1; Fig. 5).
A large number of Nb, Ta, and W were leached out from the
porphyritic biotite granite and migrated into the fluid.

However, Si, Mg, Ca, and Fe?* were transferred into the
silicified rock, but the Fe**, Al, K, and P were leached out,
which indicated a lower oxygen fugacity and high-
temperature acidic solution. High oxygen fugacity during the
alkaline alteration processes is a disadvantage for wolframite
deposition. Lower oxygen fugacity during the greisenization
favours deposition, which corresponds to the oxygen fugacity
variation recorded in the apatite of the granite of the Dahutang
tungsten deposit (Han L et al., 2016).

The elements Al, Mg, Ca, Na, P, and Sr were transferred
in, but Si, Nb, Ta and W were transferred out from the
porphyritic biotite granite during the sodic, potassic and
greisenization alteration processes. Whereas, the elements of
Si, Mg, Ca, Sr W and Fe?", migrated in, while Al, Na, K, P,
Nb, and Ta migrated out of the porphyritic biotite granite
during the greisenization process. The elements of Ti, Mn, Ni,
V, Sc, and Lu exhibited weak mobility (immobile) during all
four alteration processes.

5.2. Relationships between hydrothermal circulation and
tungsten mineralization

Transport elements are subject to gain/loss by
volatile/liquid components of the hydrothermal alteration,
which are responsible for alteration and mineralization
processes. For example, the alteration of biotite to
muscovite/quartz in granite can release a mass of elements
such as Sn and W (Barsukov VL, 1957; Shcherba GN, 1970;
Taylor RG, 1979; Pirajno F, 1982; Eugster HP, 1985; Lentz
D, 1992; Neves LJPF, 1997, Yang P and Rivers T, 2000;
Chen YW et al, 2010; Li J et al,, 2015) and also major
elements such as Fe and Mn. The alteration of plagioclase,
which is enriched in Li, Rb, Cs, Sr, Ba, Pb and REE
(Gonzalez-Acebron L et al.,, 2012; Sun CG et al., 2017,
Bédard JH, 20006), can release not only ore-forming elements
but also major elements such as Ca and Na (Oliver NHS et al.,
2004; Parsons I et al., 2009; Hu SX et al., 2004; Sun CG et
al., 2017). It was done effectively by the superposition of
alkaline alteration by acidic alteration, as the most important
natural geologic process. This is especially important for

scheelite and wolframite mineralization in the Dahutang to
form a giant tungsten deposit. It is a new perspective for the
granite-related tungsten deposit exploration.

5.2.1. The role of alkaline hydrothermal alteration on W
enrichment and precipitation

Alkaline hydrothermal alteration commonly occurs in the
deep parts of granite related W-Sn deposits, such as the foot
floor of the “Five floor” model of vein-type tungsten deposits
in the Nanling region (Liu XC et al., 2017b; Wang JC et al.,
2008a; Hu SX et al, 2004). Characteristics of tungsten
content in alkaline alteration shows that much less than the
unaltered granite, it forms a zonation of low tungsten content
(Hu SX et al., 2004). The Dahutang tungsten deposits, which
are more likely the vein-type tungsten deposits in the Nanling,
alkaline hydrothermal alteration commonly occurs at the foot
floor of the vein-type tungsten deposits, and the porphyritic
biotite granite of the Dahutang tungsten deposits (Zhang Y et
al., 2020a). The element loss/gain from the altered porphyritic
biotite granite reveals an alkaline alteration zonation of low
tungsten content. This low tungsten zonation may be caused
by the hydrothermal extracts of tungsten from wall rock.

The  unaltered porphyritic  biotite  granite is
characteristically enriched in Nb (21.4x107%), Ta (13.4x10°°)
and W (1020x10°%), but lower in CaO (0.58%) and Sr
(32.1x10°%) at the Dahutang tungsten deposit. The alkaline
alteration of the porphyritic biotite granite at deep level
underground leach Nb, Ta, and W out during post-magmatic
stage. In particular, during the sodic alteration, the fluids
leach Nb about 7.59x107°, Ta about 9.08x107%, and W about
1000x107 to form a more W-enriched ore-forming fluid
(Fig. 5a, b).

The unaltered Jiuling biotite granodiorite is enriched in
CaO (2.24%) and Sr (121x10°%), but lower in Nb (11.0x10°%),
Ta (1.45x107%), and W (9.65x10°°) (Zhang Y et al., 2018a).
The shallow alkaline alteration process of the Jiuling biotite
granodiorite, such as the biotization and phyllic alteration
leaches Si, Ca, and Sr out to the hydrothermal fluid (Zhang Y
et al.,, 2018a, 2018b; Figs. 5b—d). This alkaline alteration
process can make the K- and Fe-rich fluid more enriched in
Ca and Sr, and might migrate deeper to the the porphyritic
biotite granite, and mix with the post-magmatic hydrothermal
to form the deep alkaline alterations, possibly as a storage of
Ca in the form of apatite and albite (Fig. 6; Zhang Y et al.,
2018a).

The in-situ trace element geochemical characteristics of
Nb, Ta, Mo, and Sr in scheelite from Dahutang W deposit
record the evolution of ore-forming fluid from early magmatic
hydrothermal fluid to late mixing fluid with input of meteoric
water (Zhang Y, 2018, 2020b). The mineralogy and trace
element characteristics of scheelite in veinlet disseminated
tungsten mineralization displays zoning texture and show two
generations. The early generation has magmatic hydrothermal
characteristics of higher Nb, Ta and Mo, but low Sr (44x10°°
to 95x107%) (Zhang Y et al., 2020b). In contrast, the scheelite
at the Xi’an W deposit has low Nb, Ta and Mo, but high Sr
(582x107 to 861x107°) and is possibly originated from a
metamorphic fluid (Zhang Y et al., 2020b). The composition
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of the late generation of scheelite from Dahutang is between
early generation of Dahutang to Xi’an W deposit. The mineral
chemistry characteristics of scheelite indicates that ore-
forming fluids of Dahutang is dominant by magmatic
hydrothermal fluid in the early stage and have addition of
meteoric water during fluid evolvement (Zhang Y et al.,
2020D).

Those results correspond to the chemical zoning of
muscovite (Li-micas) at the Dahutang W deposit. The Li-
micas not only traces the processes of W enrichment by
magmatic differentiation and volatiles but also traces the
leaching of W by the fluids at the Dahutang W deposit (Yin R
et al., 2019). The late-stage, high-temperature, water-rich,
high ¢'%0, alkalimetal-rich, low oxygen fugacity, and acidic
nature of the hydrothermal fluids that formed the Dahutang
deposit promoted the transportation and further deposition of
tungsten (Zhang ZY et al., 2019). In addition, the Li isotopic
data (Chen B et al., 2018), which suggest that the extensive
tungsten mineralization accompanying the evolved granites
may not only be derived from significant fluid exsolution
from the granite itself as traditionally thought, but rather, from
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the activity of coeval metamorphic fluids and/or high
temperature circulating meteoric originating fluids.

Therefore, the genetics of the Dahutang tungsten deposit
may not concur with traditional thought. It is mainly a
magmatic fluid enriched in W and had experienced a fluid
circulation to extract much of the W from the porphyritic
biotite granite through fluid-rock reactions. The four types of
altered wall rock at the Dahutang tungsten deposit recorded
all the evolution process.

5.2.2. Hydrothermal circulation and superimposed alteration
events

For the superimposed alteration events, alkaline-by-acidic
controls the regional distribution of the main alteration types
at the Dahutang tungsten deposit. The alkaline and acidic
alteration might correspond to two magmatic events (Zhang Y
et al., 2018a), the porphyritic biotite granite (about 150 Ma;
Zhang MY et al., 2016a) and fine-grained biotite granite
(about 144 Ma; Mao ZH et al., 2015; Fig. 3). The
hydrothermal circulation and superimposed alteration process
may be as follows.
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The deep alkaline alterations (albitization, potassic
alteration and greisenization) leaches the Nb, Ta, and W from
the porphyritic biotite granite, especially during the sodic
alteration process (Table 1; Fig. 5a). This alkaline alteration
process can make the fluid more enriched in K, Fe, Nb, Ta,
and W, and migrate to the upside (the Jiuling biotite
granodiorite), to form another most important alteration, the
biotization (Fig. 6), As a result, a massive hydrothermal
biotite presents as a storage of Fe and W (Zhang Y et al.,
2018a).

Simultaneously, the upper alkaline alteration that leached
Si, Ca and Sr from the biotite granodiorite into the fluid
(Zhang Y et al., 2018a, 2018b), generated the hydrothermal
fluid enriched in Si, W and Sr, and circuited down to the deep
side, the porphyritic biotite granite, and converged with the
magmatic fluid, to form the greisenization (Fig. 6).

Finally, the alkaline hydrothermal fluid s pH might
become acidic, probably due to K and Na consumption by
fluid/rock activity and possibly associated with the acidic
fluid from the fine-grained biotite granite (about 144 Ma)
magmatic (Fig. 6). This acidic ore-forming fluid migrated to
the upper biotization rock. In addition, the elements of Si, W
and Sr deposit, to form wolframite, scheelite, and quartz,
respectively  after fluid/rock action. During acidic
(silicification) alteration, the biotite changes to muscovite and
can release significant quantities of Fe-Mn and some W to
form wolframite. The fluid that has insufficient Ca forms a
single scheelite deposit, because of the large quantities of Fe
and Mn released from the alteration of biotite to
muscovite/quartz. The result is the formation of a
scheelite/wolframite (about 1) deposit (Fig. 6).

This hydrothermal circulation model of the Dahutang
tungsten deposit offers a deeper understanding of the element
behaviour in alteration processes and tungsten mineralization.

6. Conclusion

The elements of Ti, Mn, Ni, V, Sc, and Lu exhibited
immobility during all four-alteration processes. The
albitization of porphyritic biotite results in Mg, Ca, Na, P, and
Sr gain, and Si, K, Nb, Ta, and W loss. However, the Fe’" and
Fe’* ions exhibited immobile. The potassic alteration of
porphyritic biotite granite is characterized by Fe**, Mg, Ca, P,
and Sr gain, and Si, Na, Nb, Ta, and W loss. The
greisenization of porphyritic biotite granite is featured by
Fe3+, Mg, Ca, K, and Sr gain, and Si, Na, Nb, Ta, and W loss,
and immobility of P. The silicification of porphyritic biotite
granite has characteristics of Si, Mg, Ca, Fe%, Sr and W gain,
and Na, K, P, Nb and Ta loss.

The fresh porphyritic biotite granite has high Nb, Ta, and
W, but low Ca and Sr contents, while the Jiuling granodiorite
have high Ca and Sr, but low Nb, Ta, and W contents. The
altered porphyritic biotite granite indicated that the Nb, Ta,
and W, leached out from the fresh porphyritic biotite granite,
especially by sodic alteration. The low Ca and Sr contents of
the altered Neoproterozoic Jiuling granodiorite indicate that

Ca and Sr had been leached out from the fresh granodiorite by
the fluid around Mesozoic porphyritic biotite.
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