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A B S T R A C T

The Niujuan Ag-Au-Pb-Zn deposit is located in the northern Hebei Province of North China, which is hosted by
Permian coarse-grained granite. The orebodies are controlled by a NE striking fault. Chloritization is the most
extensive alteration with increasing alteration intensity from the distal to proximal end of the orebody. Chlorite
and biotite from twenty-one altered samples from different depths of four drill holes were analyzed using
electron microprobe (EMPA) and laser ablation inductively-coupled plasma mass spectrometry (LA-ICPMS).
Empirical geothermometry shows that chlorite formed at 206–340 °C. Through comparing with compositions of
unaltered biotite, two biotite converted to one chlorite (2Bt→ 1Chl) is the main chloritization mechanism in
weakly and moderately altered granites during the hydrothermal alteration in the Niujuan deposit. During the
alteration, hydrothermal fluid mainly brought in Fe, Sr, Th, Pb and CO2 and took out Mg, Ti, Si, F, K, Li, Zn, Sc,
Ga, Co from the biotite, which was accompanied by the formation of quartz, rutile, calcite and fluorite during the
chloritization. Chlorite in quartz-chlorite veins was precipitated directly from the hydrothermal fluids. Veined
chlorite in intensely altered granites formed by the dissolution-transport-precipitation mechanism. Under the
high fluid/rock conditions, veined chlorite has nearly the same compositions as chlorite in quartz-chlorite veins.
According to the compositions of chlorite from intensely altered granites and quartz-chlorite veins, we infer that
the hydrothermal fluid had low HFSEs and transition elements, such as Ti, Ga, Sc and V, and low fO2. From weak
to intense chloritization granites, FeO, Sr, Th and Pb contents of chlorite increase, while MgO, TiO2, Li, Zn, Sc,
Ga, V, Co and Nb contents decrease. The composition variations of chlorite are controlled by the composition of
biotite, the compositions of fluids and the intensity of fluid-rock interaction during alteration. This indicates that
the chemical variations of chlorite could be as a tool for mineral exploration in the moderate-low temperature
Ag-Au-Pb-Zn deposit. Comparison with chlorite of different genesis shows that compositions of chlorite mainly
differ in Mg, Fe and AlIV, which are mainly controlled by the composition of host rocks and the formation
temperature.

1. Introduction

Extensive alteration develops around hydrothermal deposits which
are typically centered within an alteration halo that displays char-
acteristic mineralogical and chemical zoning patterns (Lowell and
Guilbert, 1970). The alteration patterns provide a key guide for a target
area of exploration. Recent researches showed that compositions of
alteration minerals are useful indicators for hydrothermal centers,
especially in porphyry systems. EMPA and LA-ICPMS analyses of
chlorite, epidote and alunite for porphyry systems revealed lateral and

vertical composition variations from distal to proximal end of the ore-
body, which can be used as proximity indicator to the porphyry systems
(Chang et al., 2011; Wilkinson et al., 2015; Xiao et al., 2017).

Chlorite, a hydrous phyllosilicate, is a common product of diagen-
esis, low-grade metamorphism and hydrothermal alteration and can
form in a variety of rocks (De Caritat, 1993; Vidal et al., 2001; Yavuz
et al., 2015). In most hydrothermal systems, chlorite is a major mineral
occurring as an alteration of the surrounding rocks (Martinez-Serrano
and Dubois, 1998). The structure of chlorite is characterized by reg-
ularly alternating tetrahedral-octahedral 2:1 sheets and interlayer
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octahedral sheets. A general crystallochemical formulation of chlorite
has been suggested to be: (Rx

2+Ry
3+□6-x-y)6VI(Si4-zRz

3+)4IVO10(OH)8,
where Rx

2+=Fe2+, Mg2+, Mn2+, Ni2+, Co2+, Zn2+ and Cu2+;
Ry

3+=Al3+, Fe3+,±Cr3+,±V3+; □=octahedral vacancy;
Rz

3+=Al3+,±B3+,± Fe3+ (Zane and Weiss, 1998). Chlorite has a
wide range of non-stoichiometric compositional variations depending
on bulk rock composition and physicochemical conditions prevalent at
the formation (Inoue et al., 2010). Therefore, chemical compositions of
chlorite are valuable to get information on the physicochemical con-
ditions of the formation and on the exploration of deposits. The use of
chlorite composition for estimating the formation temperature called as
chlorite geothermometry has been used and discussed by many re-
searchers (Cathelineau, 1988; Jowett, 1991; Zang and Fyfe, 1995; De
Caritat, 1993; Xie et al., 1997; Vidal et al., 2006; Inoue et al., 2009;
Bourdelle et al., 2013). Except for temperature, several other factors,
including the bulk chemical composition of the host rock, the coexisting
mineral assemblage, and the chlorite crystal structure, also influence
the chemical variation of chlorite (Curtis, 1985; Bailey, 1988; Hillier
and Velde, 1991; Xie et al., 1997). Chloritization of biotite via local
dissolution-reprecipitation reactions is a common way to form chlorite,
especially in intermediate-felsic igneous rocks. Several mechanisms
have been proposed for the process of chloritization (Ferry, 1979;
Veblen and Ferry, 1983; Parneix et al., 1985; Yuguchi et al., 2015),
which is essential for recognizing the inflow and outflow components in
the hydrothermal fluid. In addition, the compositions of chlorite in
hydrothermal alteration zones change systematically with proximity to
fluid pathways and hydrothermal veins and it can be used to trace the
fluid compositions (Walshe 1986; Halter et al., 1998; Lanari et al.,
2014). An important finding in exploration is that chlorite shows lateral
and vertical composition variations from distal to proximal end of the
orebody (Wilkinson et al., 2015; Xiao et al., 2017; Maydagán et al.,
2018). However, since published data on the compositional variations
of chlorite are mainly for high temperature porphyry ore-forming

system, it is unclear whether these variations exist in moderate to low
temperature deposits such as Pb-Zn or Ag-Au deposits. Besides, few
studies have documented in detail the origin of chlorite in the alteration
zone and its link with the mineralization. Chlorite of hydrothermal
origin records the chemical characteristics of the hydrothermal fluid,
which therefore provide an important clue to the mass transfer due to
hydrothermal fluid advection in the pluton (Yuguchi et al., 2015), and
are thus useful to determine alteration processes, fluid compositions
and physicochemical conditions of mineralization (Bryndzia and scott,
1987a; Zang and Fyfe, 1995).

The Niujuan Ag-Au-Pb-Zn deposit is located in the northern Hebei
province, North China. The orebody is hosted by Late Permian biotite
monzogranite, which is controlled by the F1 fault (Nie et al., 2007).
Chloritization is the most extensive alteration with the alteration in-
tensity increasing from the distal to proximal end of the orebody (Li and
Wang, 2002). The compositionally homogeneous host rock (granite)
makes it possible to evaluate the influence of hydrothermal alteration
on the chlorite composition, which is crucial to place a tight constraint
on the nature of ore-forming fluids and their effects on chlorite com-
position. In this paper, we report EMPA and LA-ICPMS analyses of
chlorite from drill holes in the Niujuan Ag-Au-Pb-Zn deposit, aiming to
clarify the origin of chlorite and implications for the exploration tools.

2. Geological setting

Eastern Asia is mainly underlain by four ancient cratonic blocks: the
Tarim, North China, South China and Siberian cratons, with each se-
parated by intervening Phanerozoic orogenic belts (Hart et al., 2002).
The orogenic belt between the North China and Siberian cratons is
known as the Mongolian Great Hinggan fold belt, which is part of the
Central Asian Orogenic Belt (Fig. 1a). A 1500 km-long EW-trending Au-
Ag-Pb-Zn belt occurs at the northern margin of the North China Craton
(NCC), which hosts a metal resource of ca. 900t Au and 20Mt Pb-Zn

Fig. 1. (a) Main tectonic and structural elements of eastern China (modified after Hart et al., 2002). (b) Regional geological map of the Niujuan Pb-Zn-Ag-Au deposit,
northern Hebei Province (modified after the geological map from the Yanshan Silver Corporation).
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(Hart et al., 2002; Miller et al., 1998; Zhang and Zhu, 2016). Most
polymetallic deposits lie in the so-called Inner Mongolia Axis, which is
defined by the Junggar-Hegen fault zonein the north and the Fengning-
Longhua fault in the south (Hart et al., 2002; Fig. 1a). The complex
patterns of extensional and compressional structural features in the
Inner Mongolia Axis are believed to have been caused by the collision
between the NCC and Siberian craton and the subsequent circum-Pa-
cific plate subduction beneath the East Asia (Davis et al., 1998). The
eastern part of the NCC became tectonically active in the Late Mesozoic
(known as the Yanshanian orogen), with large-scale magmatism, basin
development, ductile deformation and movement on large-scale faults
(Yang et al., 2003), which was associated with the westerly oblique
subduction of the Izanagi plate. Intra-cratonic NNE-trending faults,
represented by the Tan-Lu strike-slip fault and the Taihang fault, were
related to this transpressive regime (Griffin et al., 1998).

Most deposits are hosted within Precambrian metamorphic rocks,

but some deposits are hosted within Paleozoic or Mesozoic intrusions
(Cook et al., 2009). The Precambrian metamorphic rocks consist of
Neoarchean TTG gneiss and mafic rocks, Paleoproterozoic mafic meta-
igneous rocks and meta-sedimentary rocks, and a small amount of Pa-
leoproterozic carbonate rocks. The Precambrian metamorphic rocks are
covered unconformably by the Middle Carboniferous to Triassic fluvial
and deltaic sediments, and the Jurassic to Cretaceous and younger se-
diments and volcanic rocks.

Mafic to felsic granitoid batholiths, stocks and dykes are common
throughout the northern margin of the NCC. These plutons were formed
during the Proterozoic, Hercynian and Yanshanian orogens. The
Hercynian orogen contains many Late Carboniferous to Early Permian
diorite-quartz diorite-granodiorite plutons along the northern margin of
the NCC (Zhang et al., 2009), which were intruded by the younger
Yanshanian granitic intrusions. These Hercynian plutons show features
of continental arc magmatism that could be associated with the
southward subduction of the Paleo-Asian oceanic plate beneath the
northern margin of the NCC during the Late Carboniferous to Early
Permian period (Zhang and Zhao, 2013).

3. Ore deposit geology

The Niujuan Ag-Au-Pb-Zn deposit is located in the central part of
the Inner Mongolia Axis. Twenty-six ore bodies were discovered in the
Niujuan deposit, of which the No. 2 deposit is the main ore body. The
northern part of the deposit is mainly composed of Ag and Au ore
bodies. And the southern part is mainly composed of Pb-Zn ore bodies
(Fig. 1b). Ore reserve in the Niujuan deposit is Ag 358t, Au 1.1t, Pb
85127t and Zn 105739t (Yanshan Silver Corporation). The Early Pa-
leoproterozoic Hongqiyingzi group is the oldest lithological unit in this
area and mainly comprises graphite biotite plagioclase gneiss, garnet
biotite plagioclase gneiss, amphibolite and migmatic gneiss. The Hon-
gqiyingzi group was covered by Cretaceous volcanic rocks which
comprise andesite, dacite, rhyolite and rhyolitic tuff. The oldest intru-
sion in this area is the Late Paleoproterozoic mega-phenocryst coarse-
grained biotite monzogranite. The Paleoproterozoic Hongqiyingzi
group and mega-phenocryst monzogranite were intruded by Permian
medium-coarse-grained biotite monzogranite, diabase dyke and fine-
grained biotite monzogranite. The orebodies of the Niujuan are hosted
in the Permian medium-coarse-grained biotite monzogranite (Fig. 2).
The medium-coarse-grained monzogranite contains mainly K-feldspar
(20–30%), plagioclase (35–55%), quartz (25–30%) and biotite
(5–10%). Accessory minerals are zircon, apatite and magnetite (Fig. 3).
The K-feldspar is commonly perthitic. Quartz and biotite are anhedral,
being interstitial to K-feldspar and plagioclase, indicating they are the
late-stage phases. The biotite was partially altered to chlorite because of
the hydrothermal alteration. The fine-grained monzogranite occurs as a
stock to the west of the deposit, intruding into the medium-coarse-
grained monzogranite. The fine-grained monzogranite is composed of
K-feldspar (45–55%), plagioclase (15–25%), quartz (30–35%) and
biotite (3–5%), and accessory zircon, apatite, fluorite and allanite.

The orebodies are controlled by the F1 fault and hosted by the al-
tered fractured granite (Fig. 2), occurring as “S” shape in the plane. The
F1 fault zone is 8 km long and 10–34m wide, striking 25–35° and
dipping 52–65° SE (Wei, 2000), and is composed of the breccia and
fault gouge. The breccia is the main ore-bearing rock unit, showing
features of fragmentation, recrystallization and metasomatism textures.
Fragments of the breccia include the medium-coarse-grained granite,
early silicic rocks and detrital quartz and feldspar with irregular and
angular shape (Fig. 3a). Matrix of the breccia is mainly the aphanitic
quartz, part of which recrystallized to microcrystalline quartz. There
are 40 orebodies along the ore zone. Single orebodies occur as lenses or
dikes 40–450m long and 0.73–8.1m thick with 180–350m down-dip
extensions (Nie et al., 2007; Shen et al., 2012). Pyrite, galena and
sphalerite are the most important metallic minerals, along with minor
chalcopyrite, argentite, silver, gold, arsenopyrite, pyrrhotite,

Fig. 2. (a) Simplified geological map of the Niujuan Pb-Zn-Ag-Au deposit
(modified after Nie et al., 2007). (b) Geological cross section of the Niujuan
deposit (modified after the geological map from the Yanshan Silver Corpora-
tion).
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pyrargyrite, tetrahedrite, argentite and polybasite. Pyrite is the most
widely distributed mineral present in all ore-forming stages and is the
main host of Ag and Au. Besides, some Ag and Au are preserved in
sphalerite, galena and arsenopyrite. Gangue minerals include quartz,
mica, fluorite, feldspar, carbonates and clay minerals.

Silicification, sericitization and chloritization are the main altera-
tions within the Niujuan deposit (Nie et al., 2007; Li et al., 2017; Fig. 2).
The silicification zone is distributed in the core of the deposit, which
constitutes the main orebody. The alteration minerals consist of apha-
nitic/microcrystalline quartz and minor sericite, hydromica and mon-
tmorillonite. The sericitization zone, extending wider than the silicifi-
cation zone, formed in the breccia and the granite, which is composed
of sericite with minor hydromica and aphanitic quartz. The granite
around the orebodies shows extensive chlorite alteration, which is the
most common alteration in the deposit. Chlorite is the main mineral in
the chlorite alteration with minor calcite and pyrite.

Chloritization is the most extensive alteration type and shows dif-
ferent intensity from the proximal to distal end of the orebody.
Generally, intense chloritization occurs in the proximal end of the ore
body and weak chloritization occurs in the distal end (Fig. 4). Intense
chloritization granite is dark green (Fig. 3b), in which chlorite is in the
form of veinlets or lumps (Fig. 5). The associated minerals are quartz,
fluorite, rutile and muscovite (Fig. 5). Moderate chloritization granite is
light green to pinkish (Fig. 3c), in which biotite was totally converted to
chlorite (Fig. 6a, b). Part of the chlorite is in the form of veinlets. Weak
chloritization granite is pinkish (Fig. 3d), in which biotite was partly or
totally converted to chlorite (Fig. 6c, d). The alteration is associated
with the formation of rutile, quartz and potash feldspar in the chlor-
itization part of biotite (Fig. 6e, f). In addition, quartz-chlorite veins
(Fig. 3b) are widely distributed in the drill holes (Fig. 4). Quartz and
chlorite are the predominant minerals with minor calcite, muscovite,
potash feldspar, fluorite, magnetite (Fig. 7). Sphalerite, magnetite and
pyrite appear in quartz-chlorite veins (Fig. 7c, d), indicating they
formed during the mineralization.

4. Sampling and methods

Twenty-one granite samples with varied intensity of chloritization
were collected from different depths of four drill holes in the Niujuan

ore district. Sampling localities are shown in Fig. 4. Samples were
prepared as thin sections for SEM backscattered electron imaging,
electron microprobe analysis (EMPA) and laser ablation inductively-
coupled-plasma spectrometry (LA-ICPMS).

Electron microprobe analyses of chlorite and biotite were carried
out at the Ore Deposit and Exploration Centre (ODEC), Hefei University
of Technology, China, using a JXA-8230 electron microprobe.
Operating conditions were an acceleration voltage of 15 kV and a beam
current of 1×10−8 A. The nominal spot diameter was 2 μm. The
analytical accuracy is 1–5 percent.

Trace elements of chlorite and biotite were measured at the In situ
Mineral Geochemistry Lab, Ore deposit and Exploration Centre (ODEC),
Hefei University of Technology, China, using the Agilent 7900
Quadrupole ICP-MS connected with a Photon Machines Analyte HE
193-nm ArF Excimer Laser Ablation system. A squid signal smoothing
device is included in this laser ablation system. Helium was applied as a
carrier gas. Argon was used as the make-up gas and mixed with the
carrier gas via a T-connector before entering the ICP. The in situ ana-
lyses were carried out on thin sections. Each analysis was performed by
a uniform spot size diameter of 35 μm at 8 Hz with energy of ∼2 J/cm2

for 40 s after measuring the gas blank for 20 s. Standard reference
materials GSE-1g, GSC-1g, BCR-2G and NIST 612 were used as external
standards to plot calibration curve. The preferred values of element
concentrations for the USGS reference glasses are from the GeoReM
database (http://georem.mpch-mainz.gwdg.de/). Standard reference
materials were run after each 10–15 unknowns; detection limits were
calculated for each element in each spot analysis. The off-line data
processing was performed using a program called ICPMSDataCal (Liu
et al., 2008). Si concentrations obtained by EPMA were used as internal
standard. Each spectrum was inspected in detail. Segments of the
spectrum related to inclusions were removed. Analytical error for mi-
neral for most major and trace elements are 5% and 10%, respectively.

5. Results

Microprobe analyses and trace-element compositions of chlorite are
given in supplementary table 1 and Supplementary table 2, respec-
tively. To avoid contamination by other phyllosilicate minerals, chlorite
analyses with more than 0.5% (Na2O+K2O+CaO) were rejected

Fig. 3. Field photographs of ore and altered gran-
ites. (a) Silicic breccia from the open pit of Niujuan,
with quartz fragment and pyrite and sphalerite mi-
neralization, which is the main ore-bearing rock. (b)
Intense chloritization granite (ZK80-5-15) showing
dark green in color, which is cut by a quartz-chlorite
vein. (c) Moderate chloritization granite (ZK72-5-
46) showing light green in color. (d) Weak chlor-
itization granite (ZK72-5-59) showing pinkish in
color. Py, pyrite; Sp, sphalerite; Qtz, quartz; Chl,
chlorite; Kfs, potash feldspar; Bt, biotite.
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(Vidal and Parra, 2000). In LA-ICPMS analyses, for the large spot size,
part of data were filtered by the standard of
Na2O+K2O+CaO < 1%. Most of the data (> 80%) have a
Na2O+K2O+CaO content less than 0.5%. Because of the widely
distributed mineral inclusions of titanium dioxide (Fig. 6b, e, f), we use
the Ti contents analyzed by EMPA with 2 μm spot size rather than by
LA-ICPMS with 35 μm spot size.

Chlorite at Niujuan has high FeO content (32.19–41.85%) and re-
latively low MgO (2.32–8.30%) and SiO2 (22.26–28.36%) contents. In
the classification of Foster (1962), chlorite corresponds mainly to
chamosite and thuringite, with Fe/(Fe+Mg+Mn)= 0.68–0.90
(Fig. 8a). The FeO content increases, and MgO and SiO2 contents de-
crease from chlorite in the weakly altered samples to those in the in-
tensely altered samples (Fig. 9). Chlorite from quartz-chlorite veins has
similar compositions to chlorite in intensely altered samples (Fig. 9).

Small variations are observed for Al2O3 (16.61–21.39%) in different
samples (Fig. 9d). The contents of F are various and indistinguishable
between different intensity of chloritized samples (Supplementary
Table 1). Similarly, chlorite from variably altered zones have distinct
trace elements. Chlorite from the intensely altered samples and quartz-
chlorite veins has lower Li (175–550 ppm), Zn (218–1369 ppm), Sc
(0–11.84 ppm), Ga (27.8–73.6 ppm), Co (16.2–37.2 ppm) and Nb
(0.15–4.58 ppm, except for the abnormally high values of sample ZK72-
5-10) contents than those from the weakly altered samples (Fig. 10),
but have high Sr (5.0–120.9 ppm), Th (0.22–5.07 ppm) and Pb
(0.26–12.98 ppm) contents (Fig. 10a–c).

Chlorite shows a wide range of compositional variations due prob-
ably to the three main substitutions: Mg2+↔ Fe2+, Tschermark
Si+ (Mg2+, Fe2+)↔AlIV+AlVI and di-trioctahedral □+2AlVI↔
3(Mg2+, Fe2+) where □=octahedral vacancy, controlled by fluid

Fig. 4. Geological section map of four drilling holes of the Niujuan deposit, showing the sampling localities.
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physicochemical properties and the bulk rock composition (Bourdelle
et al., 2013; Yavuz et al., 2015). Chlorite from weak and intense
chloritization samples has different cation substitutions. The Mg→ Fe
substitution dominates the octahedral substitution in weak chloritiza-
tion samples, as revealed by the negative relationships in Fig. 11a. AlIV

enters chlorite through the Tschermark substitution. Part of the value of
AlVI is smaller than the value of AlIV (Fig. 11b), indicating that addi-
tional octahedral R3+, such as Fe3+, may have replaced AlVI. Most
chlorite in intensely altered and quartz-chlorite samples has higher Fe
and AlVI than weakly altered samples (Fig. 11b, c). In addition, most
AlVI values are greater than AlIV in these samples (Fig. 11b). This sug-
gests that the di-trioctahedral substitution, 3(Fe2+, Mg2+)→
□+2AlVI, prevails in intensely altered and quartz-chlorite samples.

Microprobe analyses and trace-elements of biotite are given in
Supplementary table 3 and Supplementary table 4, respectively. Biotite
from the Niujuan ore deposit are characterized by relatively Fe-rich and
Mg-poor compositions, close to annite end member in the diagram of
mica classification (Rieder et al., 1998), showing lower Fe/
(Fe+Mg+Mn) ratios than chlorite (Fig. 8b). Biotite has relatively
uniform compositions, with SiO2=36.09–37.49%,
MgO=5.56–6.43%, TiO2=2.59–3.47%, FeO=24.78–27.28% and

Al2O3=12.26–13.32% (Fig. 9). In trace elements, biotite shows high Li
(490–898 ppm), Sc (77.5–106 ppm), V (79–121.7 ppm) and Nb
(147–323 ppm) contents, but low Sr (0.406–6.61 ppm), Th
(0–0.36 ppm) and Pb (2.36–19.2 ppm) contents (Fig. 10).

6. Discussion

6.1. Chlorite geothermometry

Chlorite shows large non-stoichiometric compositional variations
influenced by the bulk rock composition and physicochemical condi-
tions during the process of chloritization. Therefore, compositional
variations of chlorite are valuable to acquire the physicochemical
conditions. Three approaches of chlorite geothermometry have been
proposed: (1) polytype geothermometry based on the structural
changes which may be partly temperature-dependent (Hayes, 1970;
Walker, 1993); (2) empirical calibrations between the AlIV occupancy
and/or the octahedral vacancy and the measured temperature in geo-
thermal systems and homogenization temperatures of fluid inclusions
in geothermal systems (Cathelineau and Nieva, 1985; Cathelineau,
1988; Hillier and Velde, 1991); and (3) thermodynamic calculation

Fig. 5. Microphotographs and backscattered electron (BSE) images of chlorite from the intense chloritization granites. (a, b) Chlorite in the form of veinlet from
sample ZK72-5-38, in which chlorite coexists with potash feldspar, quartz and fluorite. (c, d) Chlorite in the form of veinlet from sample ZK72-5-10, in which chlorite
coexists with sericite and quartz. (e, f) Chlorite in the form of lump from sample ZK72-5-10. Sericite is present in the edge of chlorte. Chl, chlorite; Qtz, quartz; Fl,
fluorite; Rt, rutile; Kfs, potash feldspar; Zrn, zircon; Ap, apatite; Ser, sericite; Mus, muscovite; Plag, plagioclase; Ab, albite.
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based upon the activities of end-member components of chlorite, con-
sidering the tschermakite and di-tri substitutions as functions of for-
mation temperature (Walshe, 1986; Vidal et al., 2001; Inoue et al.,
2009). Among these approaches, the AlIV geothermometry was widely
used in the past decades. McDowell and Elders (1980) and Jahren and
Aagaard (1989) reported that AlIV increases with increasing chlorite
formation temperature. The AlIV geothermometry was first proposed by
Cathelineau and Nieva (1985) and modified by Cathelineau (1988),
which is an empirical calibration based on a linear increase of AlIV

content with chlorite formation temperature from the Los Azufres and
Salton Sea geothermal system. Several authors argued that the AlIV

content in chlorite also depends on the bulk-rock composition, gen-
erally showing a positive correlation with Fe/(Fe+Mg) ratios (De
Caritat, 1993; Jiang and Peacor, 1994). Considering the effect of the
bulk-rock composition, several tentative corrections based on the Fe/
(Fe+Mg) ratio were introduced in the empirical equations (Kranidiotis
and McLean, 1987; Jowett, 1991; Zang and Fyfe, 1995; Xie et al.,
1997). We calculated the temperatures using different empirical equa-
tions (Fig. 12). The thermometers of Cathelineau and Nieva (1985)
yield comparable calculated T with a maximum temperature of
206–340 °C, which are consistent with the homogeneous temperatures

of fluid inclusion in quartz associated with mineralization from the
Niujuan deposit (230–310 °C; Chen et al., 2007). The thermometers
with significant Fe/(Fe+Mg) correction on the calculated temperature
(Hillier and Velde, 1991; Zang and Fyfe, 1995; Xie et al., 1997) give
results significantly lower or higher than the homogeneous tempera-
tures of fluid inclusions (Fig. 12), which indicates that the correction of
Fe/(Fe+Mg) may not be necessary in our samples. Therefore, we be-
lieve that the temperatures calculated by the method of Cathelineau
and Nieva (1985) represent the temperatures of chlorite formation.
From the results, different chloritization intensity samples show the
similar range of formation temperature, suggesting that they formed in
the same hydrothermal event.

6.2. Chloritization process of biotite

The textures show that chlorite in weakly and moderately altered
samples formed by chloritization of biotite (Fig. 6a, c). Biotite chlor-
itization occurs under a wide temperature range below about 400 °C
(De Caritat, 1993). The chloritized biotite is coupled with various sec-
ondary phases, such as muscovite, corrensite, smectite, calcite, epi-
dotes, Ti-oxides and sulfides (Parneix et al., 1985; Yuguchi et al., 2015).

Fig. 6. Microphotographs and backscattered electron (BSE) images of chlorite from the moderate-weak chloritization granites. (a, b) Totally chloritized biotite from
sample ZK72-5-46. (c–f) Partially chloritized biotite from sample ZK72-5-59. Chlorite, quartz, rutile, calcite and potassium feldspar are preferentially along cleavage
planes in biotite. Bt, biotite; Chl, chlorite; Qtz, quartz; Fl, fluorite; Rt, rutile; Kfs, potash feldspar; Cal, calcite; Ap, apatite; Ab, albite; Mus, muscovite; Mag, magnetite.
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Biotite is altered to chlorite through mechanisms as below: (1) layer-by-
layer replacement which is characterized by metasomatic textures of
chlorite, and (2) dissolution-transport-precipitation process which re-
sults in the formation of relatively coarse-grained aggregates of chlorite
or veined chlorite along the fissure (Jiang and Peacor, 1994). Chlorite

partially or totally replacing biotite, but preserving the crystal form of
biotite, in weakly and moderately altered samples, probably formed as
a result of layer-by-layer replacement mechanism. The conversion of
biotite to chlorite, quartz, rutile, calcite and potassium feldspar takes
place preferentially along cleavage planes in biotite (Fig. 6e, f).

Fig. 7. Microphotographs and backscattered electron (BSE) images of chlorite from quartz-chlorite veins. (a and b) are from sample ZK76-12-38. (c and d) are from
sample ZK78-10-22. (e and f) are from sample ZK78-10-58. Chl, chlorite; Qtz, quartz; Cal, calcite; Mag, magnetite; Fl, fluorite; Kfs, potash feldspar; Mus, muscovite;
Sp, sphalerite; V., vein.

Fig. 8. (a) Classification diagram of chlorite from the Niujuan deposit (after Foster, 1962). (b) Classification diagram of unaltered biotite from the Niujuan deposit
(after Rieder et al., 1998).
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Two different chloritization mechanisms are responsible for forming
a single layer of chlorite in biotite. One is 1Bt→ 1Chl, meaning that one
biotite layer is transformed into one chlorite layer, forming a brucite-
like layer into the interlayer region between two TOT biotite layers.
This mechanism requires inflow of substantial materials (including
metallic ions, like Al, Fe and Mg, and H2O/H+) and outflow of inter-
layer potassium and results in an increase in volume (Veblen and Ferry,
1983; Yuguchi et al., 2015). The other one is 2Bt→ 1Chl, meaning that
two biotite layers becomes one chlorite layer, forming a brucite-like
layer by removal of the tetrahedral sheets of one TOT biotite layer. This
mechanism requires inflow of H2O/H+ and outflow material (including
tetrahedral components, like Si and Al, octahedral components, like Ti,
Fe and Mg, and interlayer potassium) from the crystal and results in a
decrease in volume (Veblen and Ferry, 1983; Yuguchi et al., 2015). In
order to disclose the chlorizization mechanisms and the inflow and
outflow of chemical components during chloritization in the Niujuan
samples, we calculate the simulated compositions of chlorite formed by
the above two chloritization mechanisms (Supplementary Table 5),
respectively, and make a comparison with the analyzed biotite and
chlorite compositions (Fig. 13). We suggest that the mechanism 2Bt→
1Chl is the main alteration mechanism for reasons as below. Firstly, the
compositions of chlorite by mechanism 2Bt→ 1Chl have Fe, Si and AlIV

similar to that from the weak chloritization samples (Fig. 13a, b, d).
While the compositions of chlorite by mechanism 1Bt→ 1Chl show
significantly lower Fe and Mg than that from the weak chloritization
samples (Fig. 13a). This means that large amounts of Fe and Mg need to
be introduced into the process of chloritization, but the biotite (1Bt→

1Chl) could not provide extra Fe and Mg. Moreover, no other mafic
minerals in the granite of the Niujuan ore deposit can provide such
large amounts of Fe and Mg components for the chloritization. Sec-
ondly, petrological data show that abundant quartz formed during the
process of chloritization of biotite (Fig. 5d, f, Fig. 6e, f), suggesting
outflow of considerable amounts of Si during the chloritzation, which is
the case for the mechanism 2Bt→ 1Chl rather than for 1Bt→ 1Chl
(Fig. 13b). In addition, no deformation signature in the chloritized
biotite rules out the possibility of the mechanism 1Bt→ 1Chl. Volume
decrease caused by 2Bt→ 1Chl is compensated by the newly formed
quartz. Thirdly, two biotite layers have the same Al as one chlorite layer
analyzed (Fig. 13b). This suggests Al is conserved in the biotite-chlorite
system during chloritization, which is consistent with previous studies
that Al is less mobile in fluid (Shriver and Maclean, 1993). But in the
case of 1Bt→ 1Chl, a lot of Al is required to be introduced into chlorite
from other Al-bearing minerals. Although Al could be released from
surrounding feldspar during sericitization and part of which could be
introduced to biotite-chlorite system (Morad et al., 2009), the me-
chanism 2Bt→ 1Chl seems more reasonable than 1Bt→ 1Chl.

In the process of chloritization (2Bt→ 1Chl), AlIV removed from the
tetrahedral sites of biotite is not carried away by the hydrothermal fluid
but occupies the octahedral sites of new chlorite, which agrees with the
homogeneity of Al content in chlorite (Fig. 13b–d). Large amounts of
AlVI in chlorite, much more than biotite, are required for (1) electro-
static bonding between the hydroxide interlayer and the TOT layer and
(2) neutralization of negative charge on the tetrahedral sheets (Ryan
and Reynolds, 1996). The considerable amounts of Al occupying the

Fig. 9. Plots of major elements concentrations in chlorite as a function of depth. To eliminate the influence of various F1 fault depths of different drill holes, Relative
sample depth is used in this figure, which is sample depth normalized to the deepest F1 fault of 945m. F1 fault represents the center of hydrothermal fluid and
mineralization.
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octahedral sites exclude Ti from both octahedral sheets in chlorite
(Fig. 9e). The released Ti formed platy rutile nanoparticles between
biotite/chlorite layers (Fig. 5f, 6f). Titanium occurring as oxides (rutile)
rather than in silicates (e.g. titanite) may have been attributed to the
high oxygen fugacity, temperatures and the effect of CO2 (Jiang and
Peacor, 1994; Ryan and Reynolds, 1997; Papoulis et al., 2009). The
presence of calcite in alteration minerals (Fig. 6b, e, f) indicates that

CO2 was brought in by the hydrothermal fluid, which is supported by
the abundance of CO2-rich fluid inclusions in the orebody (Chen et al.,
2007). Part of Mn and most K and F of biotite were released during
chloritization. Fluorine reacts with Ca from break-down of plagioclase,
forming fluorite in the altered granites (Fig. 5b). Potassium was mostly
taken away by the hydrothermal fluids, some may be hosted in the
newly formed potassium feldspar (Fig. 5b, Fig. 6f; Chayes, 1955;

Fig. 10. Plots of trace elements concentrations in chlorite as a function of depth. To eliminate the influence of various F1 fault depths of different drill holes, Relative
sample depth is used in this figure, which is sample depth normalized to the deepest F1 fault of 945m. F1 fault represents the center of hydrothermal fluid and
mineralization.
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Eggleton and Banfield, 1985; Yuguchi et al., 2015). In some cases,
potassium was preserved by the newly formed muscovite (Fig. 5c, e).

As discussed above, Al2O3 content should keep constant during the
alteration from biotite to chlorite during weak chloritization. Hence, a
correction coefficient could be defined by average Al2O3 content of
chlorite divided by average Al2O3 content of biotite, which is about 1.4.
This means that the reaction of 2Bt→ 1Chl in stoichiometry is
equivalent to 1.4Bt→ 1Chl in mass fraction. When we discuss the mass
transfer of chemical components in the biotite-chlorite reaction, we
compare data between 1.4Bt and 1Chl in the mass fraction. Nearly all
Fe, Al and Mn of biotite entered new formed chlorite during alteration
(Fig. 9a, d, f). Little Mg and abundant Si and Ti were lost during
chloritization (Fig. 9b, c, e). A small amount of Li and Sc were also lost
during chloritization (Fig. 10d, e), indicating that Li and Sc were par-
tially mobile in fluid. While, weak and moderate chloritization samples
have similar contents of Zn, Ga, V and Co with 1.4Bt (Fig. 10f–i), in-
dicating these elements retained in chlorite during chloritization. The

different variations of trace elements in chlorite may result from the
different element mobility in hydrothermal fluid. We can conclude that
compositions of chlorite in weak and moderate chloritization samples
were mainly controlled by the compositions of biotite and the element
mobility in hydrothermal fluid.

6.3. Formation of veined chlorite and implications for the hydrothermal
fluid

For chlorite in quartz-chlorite veins (Fig. 7), we believe that it was
not formed by the alteration of biotite, but was precipitated directly
from the hydrothermal fluids (cf. Beaufort et al., 2015). This suggests
that the chlorite chemistry formed as a result of open-space precipita-
tion from a fluid, which is consistent with our data that chlorite in
quartz-chlorite veins shows significantly lower fluid immobile ele-
ments, such as Ti, Nb, Sc, Ga, V, Co and Ni, contents than altered
chlorite (Figs. 9, 10). On the contrary, fluid mobile elements, such as
Th, Pb and Sr, are relatively enriched in veined chlorite (Fig. 10).
Sphalerite, magnetite and pyrite are present in quartz-chlorite veins
(Fig. 7b, d), suggesting that the veins were formed during the miner-
alization. The ore-forming fluid should have high Zn, Pb, Co, V and Ni
contents because of abundant sulfide minerals, which are significant
hosts of Zn, Pb, Co, V and Ni (Brzozowski et al., 2018), in the orebody.
However, these elements in chlorite from quartz-chlorite veins are de-
pleted except for the slightly Pb enrichment (Fig. 10). We infer that
these elements were sequestered by the precipitation of sulfide minerals
near the F1 fault. Subsequently, quartz-chlorite veins formed from the
upward migration of residual ore-forming fluid.

Chlorite in veinlets from intensely altered samples should be formed
by the dissolution-transport-precipitation mechanism, indicating a
strong hydrothermal activity and high water/rock ratios conditions.
Different from weakly and moderately altered samples, in which Mg→
Fe substitution dominates the octahedral substitution, the di-triocta-
hedral substitution, 3(Fe2+, Mg2+)→□+2AlVI, controls the chemical
variations of chlorite from intensely altered samples (Fig. 11). The
compositional differences presumably reflect different modes of
chlorite growth. In intensely altered samples, some biotite was altered
to muscovite which connected with the veined chlorite (Fig. 5a). The
veined chlorite distributes along the fractures in these samples. This

Fig. 11. Scatter diagrams of major cations (atoms
pfu). (a) Fe and Mg have a negative relationship in
moderate-low chloritization granites, and have a flat
relationship in intense chloritization granites. (b)
The data with AlIV greater than AlVI indicate that
additional octahedral R3+, such as Fe3+, may have
replaced AlVI. The data with AlIV smaller than AlVI

suggest the octahedral R3+ in excess of AlIV have
replaced R2+ in a 2:3 ratio. (c) Intensely altered
granites and quartz-chlorite veins show relatively
higher AlVI content than weakly altered samples. (d)
There is no obvious relationship between Fe and
AlIV.

Fig. 12. Calculated temperature of chlorite formation using method of
Cathelineau and Nieva (1985), compared to other chlorite geothermometers
and homogenization temperature of fluid inclusion in the Niujuan deposit. T-
CN85, from Cathelineau and Nieva (1985); T-KM87, from Kranidiotis and
McLean (1987); T-C88, from Cathelineau (1988). T-J91, from Jowett (1991); T-
HV91, from Hillier and Velde (1991); T-ZF95, from Zang and Fyfe (1995); T-
X97, from Xie et al. (1997); T-Fl, homogenization temperature of fluid inclusion
in the Niujuan deposit (Chen et al., 2007).

Z. Wang et al. Ore Geology Reviews 101 (2018) 398–412

408



texture implies that the Fe and Mg migrated with fluid from biotite to
veined chlorite. Al in biotite may be kept in muscovite, hence Al in
veined chlorite probably came from the hydrothermal fluid or the
surrounding plagioclase. The view that Al came from the surrounding
plagioclase is supported by the presence of chlorite-sericite veinlets,
which are connected with the intensely sericitized plagioclase (Fig. 5c,
d). Abundant Al was released during the sericitization may account for
the slightly high Al content of chlorite from intensely altered granites
(Fig. 13b). Chlorite in veinlets in intensely altered samples has the
nearly same compositions as in quartz-chlorite veins, such as low Mg,
Ti, Sc, Ga and V contents, and high Fe, Sr and Th contents. We propose
that when hydrothermal fluid passed through the host rock in high
intensity, Mg and Fe were removed from biotite and participated in the
neighboring fractures. Because most high field strength elements and
transition elements were locked in the altered assemblage, such as
muscovite+ rutile+ Fe-Oxide, veined chlorite was depleted in these
elements and mainly reflected the composition of the fluid.

The Fe/(Fe+Mg) ratios in chlorite increase from the weakly al-
tered granites to intensely altered granites (Fig. 8). Experimental stu-
dies and related thermodynamic calculations showed that the Fe/
(Fe+Mg) ratios increase with decreasing fO2 (Bryndzia and Scot,
1987a, b). Whole-rock compositions also control the Fe/(Fe+Mg) ra-
tios of chlorite with positive correlation between them (Bevins et al.,
1991; Xie et al., 1997). The host rock is homogeneous in our study, thus
the increasing trend of Fe/(Fe+Mg) can be attributed to oxidation
processes. In summary, the original ore-forming fluid was reduced and
enriched in silicon and metal elements. After the precipitation of sulfide
minerals, the upward migrating fluid was reduced and depleted in
metal elements, which subsequently altered the surrounding granite. In
the proximal end, the granite was intensely altered with high fluid/rock
ratios, where chlorite mainly was in the form of veinlets along the
fractures. Chlorite is mainly controlled by the fluid compositions with
low Ti, Sc, Ga and V contents and formed under the reduced condition
with high Fe/(Fe+Mg) ratios. In the distal end or the part lacking
fractures, the granite was weakly altered with low fluid/rock ratios,
chlorite inherited part of the compositions of biotite, showing higher Ti,
Sc, Ga and V contents. When migrating upward, the fluid mixed with

the oxidized meteoric fluid, which has been revealed by the H and O
isotopes (Li et al., 2017), hence the chlorite have relative low Fe/
(Fe+Mg) ratios.

6.4. Vertical chemical variations of chlorite in the drill hole and implications
for exploration

Our chlorite chemical data show systematic vertical variations from
weak to intense chloritization granites from the drill holes (Figs. 9, 10).
With increasing chloritization intensity of granites, the MgO, TiO2, Li,
Zn, Sc, Ga, V and Co contents of chlorite decrease, while FeO, Sr, Th and
Pb contents and Fe/(Fe+Mg) ratios increase. The compositional var-
iations of chlorite are controlled by the composition of biotite, the
compositions of fluids and the intensity of fluid-rock interaction during
alteration. As hydrothermal fluid migrated through the pluton, strong
fluid and rock interaction resulted in the intense chloritization, which
made the veined chlorite enriched in Fe, Sr, Th and Pb, and depleted in
HFSEs and transition elements. While, weak and moderate chloritiza-
tion inherited the compositions of biotite to some extent. Generally,
samples from the proximal end of the ore body show intense chlor-
itization, and the distal samples show weak chloritization. Hence, this
systematic chemical variation of chlorite could be used as an indicator
of detecting the mineralization center of Ag-Au-Pb-Zn deposits.

Previous work on chlorite revealed compositional change from
center to rim of porphyry deposits, e.g. Batu Hijau porphyry Cu deposit
in Indonesia (Wilkinson et al., 2015) and Yangdong porphyry Cu de-
posit in NW China (Xiao et al., 2017). Wilkinson et al. (2015) found that
Ti, V and Mg contents decrease with increasing distance from the
porphyry hydrothermal center, whereas Fe, Li, Sr, Co and Zn contents
increase. In Yangdong porphyry Cu deposit, Ti, Au, Sn decrease with
increasing distance from the orebody, while Zn increases (Xiao et al.,
2017). The variation trends of Li, Sr, Co, Zn of chlorite from the Niujuan
ore deposit are consistent with previous work. However, opposite
trends are observed in Ti, Mg, Fe, Sr and V between our data and the
two porphyry Cu deposits (Wilkinson et al., 2015; Xiao et al., 2017). We
suggest that this may be caused by the difference between the hydro-
thermal fluid composition and the host rock composition. Elements

Fig. 13. Diagrams of major cations (atoms pfu) in chlorite. In order to clarify the chloritization mechanism in the Niujuan samples and the compositions brought in
by the hydrothermal fluid, composition of chlorite calculated by the mechanism 1Bt→ 1Chl and 2Bt→ 1Chl and composition of biotite are added to make com-
parisons.
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brought in by the hydrothermal fluid will result in the high contents of
these elements near the orebody. The composition of chlorite is con-
trolled by the composition of the host rocks, in which Fe, Mg and Al
were widely discussed by previous works (Zang and Fyfe, 1995; Xie
et al., 1997; Lanari et al., 2014).

Overall, compositions of chlorite from different ore systems all show
systematic variations, but with different trends. These studies suggest
that (1) chlorite is a potential exploration tools both in high tempera-
ture porphyry Cu deposits and moderate-low temperature hydro-
thermal deposits; (2) different mineralization system have different
compositional varieties of chlorite because of different compositions of
host rocks and hydrothermal fluids. Therefore, we should build a cri-
terion of composition varies of chlorite for the aimed mineralization
system. We recommend paying more attention to the variations of fluid
mobile elements, such as Sr, Th and Pb, and fluid immobile elements,
such as HFSEs and transition elements.

6.5. Comparison with chlorite of different genesis

Chlorite is a common mineral found in a variety of geological en-
vironments including sedimentary, low-grade metamorphic and hy-
drothermally altered rocks (De Caritat, 1993). As shown in Fig. 14,
chlorite from various geological environments has different composi-
tions. Chlorite formed at low temperatures, such as diagenetic, low-
temperature metamorphic environments and Pb-Zn deposits, has higher
Si content than those formed at relatively high temperatures, such as
Cu, Mo, W-Sn and Au deposits, which is probably related to the less
Tschermark substitution (Si+ Fe→AlIV+AlVI) in chlorite at low
temperatures (Cathelineau, 1988; Bourdelle et al., 2013). Less AlVI is
expected for the less Tschermark substitution. However, chlorite
formed under low temperature conditions have higher AlVI contents
(low octahedral occupancy; Fig. 14b) than those formed at high tem-
peratures, which indicates that, except for the Tschermark substitution,

Fig. 14. Chemical variation of chlorite from dif-
ferent environments in terms of cations Si, Mg and
Fe (a), and R2+ and Si (b, after Wiewiora and Weiss,
1990). Data of diagenetic chlorite are from Curtis
(1985), Hillier and velde (1991), Hillier (1994),
Jiang and Peacor (1994), Ryan and Reynolds (1997)
and Barrenechea et al. (2000); Data of low-tem-
perature metamorphic chlorite are from Bevins et al.
(1991), Tulloch (1979) and Tarantola et al. (2009);
Data of chlorite from the Cu deposits are from
Melfos et al. (2002), Panigrahi et al. (2008), Li et al.
(2012), Sun et al. (2015), Maydagán et al. (2016)
and Xiao et al. (2017); Data of chlorite from the Pb-
Zn deposits are from Ai and Liu (1998), Chinchilla
et al. (2016), White et al. (2016) and this study; Data
of chlorite from the Ag deposits are from Xiao et al.
(1993), Zang and Fyfe (1995), Klein et al. (2007),
Saravanan et al. (2009) and Zhang and Zhu (2016);
Data of chlorite from the W-Sn deposits are from
Zhao et al. (2005), Liao et al. (2010), Zhao et al.
(2011) and Zhang et al. (2014); Data of chlorite
from the Mo deposits are from Li (2011) and
Ciesielczuk (2012).
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the di-trioctahedral substitution 3(Mg2+, Fe2+)→□+2AlVI prevails
at low temperatures. Compared with low temperature environments,
chlorite from the hydrothermal deposits has low AlVI contents (high
octahedral occupancy), which is attributed to the di-trioctahedral
substitution □+2AlVI→ 3(Mg2+, Fe2+) for the generally high me-
tallic elements in the ore-forming fluids. Substantial substitutions of Fe
and Mg for Al reduce the octahedral vacancies in chlorite.

Chlorite from hydrothermal deposits has large variations of Fe and
Mg contents and relatively uniform Si and Al contents. Chlorite from
porphyry Cu deposits has high Mg and low Fe contents when compared
with those from W-Sn deposits. The variations probably reflect the host-
rock compositions, since the porphyry Cu deposits and the W-Sn de-
posits are genetically related with Mg-rich intermediate-felsic rocks and
Mg-poor felsic rocks, respectively. This is consistent with the previous
study that the chemical compositions of chlorite show good correlation
with MgO of rock (e.g. Xie et al., 1997). Moreover, as an alteration
mineral, chlorite usually occurs as an alteration mineral after primary
igneous biotite and hornblende. The compositions of chlorite are in-
fluenced by the composition of these igneous minerals. The hornblende
and biotite in intermediate-felsic rocks have higher MgO and lower FeO
than the felsic rocks. The main data from Au deposits are concentrated
in the relatively Mg-rich end-member, overlapping with those in por-
phyry Cu deposits (Fig. 14a), which suggest that Au deposits are more
closely related with porphyry Cu deposits. As we discussed above, redox
states could be another factor in controlling the Fe-Mg enrichment-
depletion patterns. The W-Sn deposits and the Ag-Au-Pb-Zn deposit of
this study with reduced systems develop Fe-rich chlorite, and the Cu
deposits with oxidized system develop Mg-rich chlorite.

Mo deposits include Mo-dominated, W-Mo(-Sn-Bi) and Cu-Mo de-
posits (Zhong et al., 2017). Different types show different compositions
in chlorite. The chlorite from the Mo deposits accompanied by Cu mi-
neralization show Mg-rich features, while those from the Mo deposits
accompanied with W-Sn mineralization are relatively Fe-rich.

7. Conclusions

(1) In the processes of chloritization of granite, evidences suggest that
two biotite converted to one chlorite (2Bt→ 1Chl) is the main al-
teration mechanism. Hydrothermal fluid mainly brought in Fe, Sr,
Th, Pb and CO2, and took out Mg, Ti, Si, F, K, Li, Zn, Sc, Ga, Co from
the biotite during the alteration.

(2) Chlorite in quartz-chlorite veins was precipitated directly from the
hydrothermal fluids. Veined chlorite in intensely altered granites
formed by the dissolution-transport-precipitation mechanism. The
hydrothermal fluids should have low fluid immobile elements, such
as Ti, Ga, Sc and V and were reduced fluids.

(3) From weak to intense chloritization granites, FeO, Sr, Th and Pb
contents increase, and MgO, TiO2, Li, Zn, Sc, Ga, V, Co and Nb
contents decrease. Compositional variations of chlorite are useful
exploration tools of detecting moderate-low temperature deposits,
such as the Niujuan Ag-Ag-Pb-Zn deposit.

(4) Compositions of chlorite from various geological environments
mainly differ in Mg, Fe and AlIV, which are mainly controlled by the
compositions of host rocks and the formation temperature.
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