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The Nanling Range located in South China is a world-class tungsten province. Those tungsten deposits are
spatially and temporally associated with the granitic magmatism during the Late Mesozoic (J2-K2). It is common
that alteration halos decrease with increasing depth at the vein-type tungsten deposits. However, the mecha-
nisms forming the alteration characteristics are still enigmatic. In this contribution, we investigate the influences
of variablefluid density and viscosity on thefluidflowand species diffusion from fractures to adjacentwallrock at
the Dajishan tungsten deposit using finite element based numerical experiments. Fluid density has a negative
influence on the transient pressure-driven fluid flow at Dajishan. Large-density fluids slow fluid flow and heat
transfer. High-viscosity fluids flow slowly. Variations of fluid viscosity at Dajishan are large and influence
hydrothermal fluidflow and species diffusion from fractures to surroundingwallrock. Depth-dependent porosity
and permeability of wallrock are effective mechanisms forming the alteration halos at Dajishan. Hydraulic
and geometric characteristics of joint zones influence diffusion of chemical species at the initial stages of hydro-
thermal fluids injected into fractures. High-permeability narrow joint zones favor formation of thick alteration
halos at shallower levels. Depth-dependent wallrock porosity also impedes diffusion of metals from fractures
to adjacent wallrock increasing ore formation efficiency at Dajishan.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Nanling Range is a world-class tungsten province in China (Mao
et al., 2013). Tungsten deposits in this area have a close spatial and
temporal relationship to granitic magmatism during the Late Mesozoic
(J2-K2) (Mao et al., 2013; Zhou et al., 2006). The veins at those tungsten
deposits are often subvertical and have narrow zones of wallrock alter-
ation, which is independent of thewallrock types (Chen et al., 1989; Liu
andMa, 1993;Wei et al., 2012; Zhu et al., 1981).Moreover, thewallrock
alteration is weaker at the deeper levels, which is closer to the source to
the hydrothermal fluids (Chen et al., 1989). A view of the alteration
characteristics is that the magmatic-hydrothermal fluids are between
silicates and aqueous solutions and have variable physical properties
(Chang et al., 2006; Chen et al., 1989; Lin et al., 1986; Zhang, 1987;
Zhu et al., 2014, 1981). However, existing fluid inclusion data suggest
that the mineralized fluids are aqueous NaCl solutions (e.g. Cao et al.,
2009; Gong et al., 2015; Liu et al., 2011; Ni et al., 2015; Wang et al.,
ological Processes and Mineral
ina; University of Geosciences

.edu.au (H. Xing),
2013b; Wei et al., 2012). The formation of magmatic-hydrothermal
deposits involves complicated fluid flow mechanisms and processes (e.g.
Hayba and Ingebritsen, 1997; Ingebritsen and Appold, 2012; Ingebritsen
et al., 2010). Previous studies have focused on the geochemical behaviors
of magmatic-hydrothermal fluids at the tungsten deposits in this area
(e.g. Chang et al., 2006; Chen et al., 1989; Hu et al., 2012; Wang et al.,
2003; Wei et al., 2012; Yang et al., 2013; Zhu et al., 2014); however, it is
poorly understood how the physical properties of magmatic-
hydrothermal fluids influence the fluid flow and mineralization.

Two fluid physical parameters are present in Darcy's equation that con-
trols the fluid flow in porous media, fluid density and viscosity (Phillips,
1991). Fluid density is related to gravity, which is a component of the
force driving fluid flow in rocks (Chi and Xue, 2011; Hubbert, 1953). Fluid
density differences produce buoyancy influencing theflowstrength anddi-
rection (Bachu, 1995; Hack et al., 2007). However, previous studies on por-
phyry copper deposits suggest that the buoyancy-driven convective flow
controlled by fluid density is suppressed by pressure-driven flow when
magmatic-hydrothermal fluids are released from a fluid-saturated magma
(e.g. Gerdes et al., 1998; Hanson, 1995; Weis, 2015). It is unclear whether
such a conclusion from porphyry copper deposits is applicable at the tung-
sten deposits in the Nanling Range.

Fluid viscosity is a parameter influencing fluid velocity for a given
driving force and diffusion of chemical species in aqueous solutions
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(Adams and Bachu, 2002; Li and Gregory, 1974). A few empirical
formulas derived by fitting laboratory data suggest that the viscosity
of basin brines varies by one order of magnitude (Adams and Bachu,
2002). Moreover, silicate-rich aqueous fluid inclusions or silicate melts
coexisting with aqueous fluids are found in some ore-related granites
and pegmatites (e.g. Davidson and Kamenetsky, 2001; Kamenetsky
et al., 1999; Thomas and Davidson, 2012; Thomas et al., 2000; Veksler,
2004). The viscosity of silicate-bearing aqueous fluids varies several
orders ofmagnitude (Audétat and Keppler, 2004). Therefore, it is neces-
sary to examine the influences of fluid density and viscosity variations
on fluid flow at magmatic-hydrothermal conditions.

In this contribution, we investigate how temperature- and pressure-
dependent fluid density and viscosity influence the fluid flow and alter-
ation halos at the Dajishan tungsten deposit using finite element based
numerical experiments. We find that fluid density has a negative
influence on pressure-driven flow and fluid viscosity affects fluid flow
and fluid-wallrock alterations significantly at the temperature and
pressure ranges of the deposit. Depth-dependent porosity and perme-
ability of the wallrock are effective mechanisms forming the alteration
characteristics at Dajishan.

2. Geological background

The Dajishan tungsten deposit is a granite- and vein-type tungsten
polymetallic deposit in the Nanling Range, South China (Fig. 1). The
mineralized granite is locally called the Number 69 Muscovite Granite.
The vein-type deposit has a total of approximately 160,000 tonnes of
WO3 with an average grade of 2.04% (Mao et al., 2013).

The granites at Dajishan include biotite granite, two-mica granite,
and muscovite granite (Fig. 1). The Wuliting biotite granite is exposed
in the north of the deposit and has an exposed area of approximately
100 km2 (Zhou, 2009). The granite is composed mainly of plagioclase,
microcline, biotite, quartz, and allanite (Zhuang et al., 1991). The
contact relationship between the biotite granite and the other granites
is unknown. The zircon U–Pb ages of the biotite granite are 238.4 ±
1Ma and 237.5 ± 4.8 Ma (Qiu et al., 2004; Zhang et al., 2004), whereas
its whole-rock Rb–Sr age is 167 ± 1 Ma and its biotite K–Ar ages are
160.3 ± 3.0 Ma and 164.2 ± 3.5 Ma (Jiang et al., 2004; Sun, 1989).

The medium-grained two-mica granite is present below the 240 m
level and consists of plagioclase, K-feldspar, perthite, quartz, muscovite,
and biotite (Zhuang et al., 1991). The veins are present above this
granite. The two-mica granite has a whole-rock Rb–Sr age of 161 Ma
and a muscovite K–Ar age of 160.6 ± 2.8 Ma (Jiang et al., 2004; Sun,
1989).
Fig. 1. (a) A regional geological map of the Dajishan tungsten deposit, revised from Sun (1
A–A', revised from Sun (1989). 69 is the Number 69 Muscovite Granite. 1, granite; 2, uncon
feldspar-quartz veins. γ, granite; γ5

2-1, two-mica granite; γ5
2-2, muscovite granite; Q, Quaternar
The muscovite granite is present from the 517 m to 0 m levels and
consists of five small intrusions, the largest one of which is Ta–Nb–W–
Be mineralized and locally called the Number 69 Granite. Major
rock-forming minerals of the muscovite granite include microcline,
albite, quartz, muscovite, columbite–tantalite, wolframite, sheellite,
Nb-aeschynite (Zhuang et al., 1991). The Number 69 Granite is sickle-
shaped and has an area of approximately 0.04 km2. The contact relation
suggests that themuscovite granite is emplaced later than the two-mica
granite but earlier than the veins (Zhou, 2009). The Number 69 Granite
has a whole-rock Rb–Sr age of 159 ± 5 Ma and a zircon U–Pb age of
151.7 ± 1.6 Ma (Sun, 1989; Zhang et al., 2006).

Themuscovite granite has two textural zones: a marginal pegmatite
zone and a fine-grained zone (Fig. 2). The pegmatitic unit or
stockscheider has a sharp contact relation to the wallrock and is
composed of coarse-grained microcline and quartz (Lu et al., 1974).
The stockscheider is a few cm to 1 m thick, reaching the maxima at
the horizontal contact. The grain size of the microcline varies from 5
to 10 cm.

The two-mica and muscovite granites are enriched with respect to
Si, Na, Mn, HREE and are depleted with respect to Ti, Fe, Mg, Ca, LREE
compared to the biotite granite (Lu et al., 1974; Qiu et al., 2004; Sun,
1989). The stockscheider is enriched with respect to Si and K compared
to the fine-grained muscovite granite (Lu et al., 1974). Previous geo-
chemical studies suggest that the two-mica and muscovite granites
have a closer relationship to the mineralization than the biotite granite
(Qiu et al., 2004; Sun, 1989).

The mineralization in the veins has a molybdenite Re–Os age of
160 ± 1 Ma (Zhang et al., 2011), muscovite K–Ar ages of 152.2 ±
2.4 Ma and 158.1 ± 2.8 Ma (Jiang et al., 2004), and muscovite
40Ar–39Ar ages of 147 and 144 Ma (Zhang et al., 2006). Hydrogen,
oxygen, carbon, and sulfur isotopic data indicate that the ore fluids
have a magmatic origin at the main mineralization stage, and then are
mixed with meteoric waters at late stages (Sun, 1989; Zhang et al.,
1997; Zhuang et al., 1991).

The ore fluids are in NaCl–H2O±CO2 systems (Ni et al., 2015;Wang
et al., 2013a; Xi et al., 2008). The fluid inclusions at room temperature
are mainly two-phase aqueous-rich. The fluid inclusions in wolframite
have a homogenization temperature range from 240° to 369 °C, where-
as the homogenization temperatures of fluid inclusions in quartz vary
from 176° to 325 °C (Ni et al., 2015; Wang et al., 2013a; Xi et al.,
2008). The fluid inclusions in wolframite have salinities from 4.3 to
9.0 wt.% NaCl equivalent, and those in quartz range from 0.2 to
12 wt.% NaCl equivalent (Ni et al., 2015; Wang et al., 2013a; Xi et al.,
2008). Some aqueous-carbonic inclusions in quartz are trapped under
989) and Yang et al., (2009); (b) A cross section of the Dajishan deposit along the line
formity; 3, tungsten-bearing quartz veins; 4, the locations of the stockscheider and the
y; D, Devonian; Є, Cambrian.



Fig. 2. The stockscheider in the margin of the muscovite granite at Dajishan. (a) The stockscheider shows a sharp contact with the fine-grained muscovite granite at 417 m level. View to
upwards. (b) A closer view of the photo (a) showing the coarse-grained microcline inserted into the granite. Abbreviations: Mc, microcline; Granite, fine-grained muscovite granite.
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fluid immiscibility, and the trapping pressures are from 114 MPa to
132 MPa (Xi et al., 2008).

3. Alteration halos at Dajishan

The veins at Dajishan are parallel and subvertical. These veins are
divided into three vein sets based on their locations andmineral assem-
blages: the north, the middle, and the south vein sets (Fig. 1). The
average thickness of veins increases downwards from less than 1 cm
thick at 985 m level to 0.2 m below 467 m level with the maximum
reaching 2 m (Liu et al., 2014). Ore minerals in the veins include
wolframite, scheelite, tungstite, bismuthinite, native Bi, and molybde-
nite, and gangue minerals have quartz, feldspar, muscovite, calcite,
and tourmaline (Zhou, 2009).

Most veins in themiddle vein set are present in diorite and the veins
in the north and south vein sets are present at the metamorphosed
Cambrian sandstone. Alteration is generally confined to the vein
fringes and characterized by the mineral assemblage of silica-pyrite-
biotite-muscovite in sandstone and the mineral assemblage of pyrite–
tourmaline–chlorite–epidote in diorite (Que and Xia, 1988; Sun,
1989). Previous studies indicate that the alteration halos are thicker at
shallower levels than those at deeper levels, which is independent on
the specific alteration and wallrock lithology (Que and Xia, 1988).
Note that the veins are intensively mineralized at deeper levels, where-
as the veins at shallower levels are barren (Que and Xia, 1988). Fig. 3
shows the sharp contact between a thick vein and weakly altered
sandstone.

Alteration halos are produced after a volume of reactive fluids
injected into fractures alters the surrounding rocks (cf. Cathles and
Shannon, 2007). Alteration halo width depends on the physical
and chemical properties of fluids and rocks, the diffusion rate, and
the duration (e.g. Cathles and Shannon, 2007; Geiger et al., 2002;
Fig. 3.Photos of themineral assemblages at theDajishan deposit. (a) Tabularwolframite is prese
early quartz is enveloped by the late pyrrhotite in a thick vein at 417 m. View to upwards. Abb
Steefel and Lichtner, 1998). Neither alteration in sandstone nor in
diorite varies significantly at the different levels at Dajishan. Therefore,
it seems inappropriate to attribute the physical properties of
the wallrock to the alteration feature at Dajishan. When the physical
and chemical properties of fluids and rocks are constant, alteration
halo width decreases as reactive fluids flow away from the source
(Cathles and Shannon, 2007; Steefel and Lichtner, 1998). Moreover,
the reverse zonation of the mineral assemblages at Dajishan suggests
that the late-stage ore fluids flowed only at deeper levels. Thus, it is
problematic to attribute the flow duration to the different alteration
halo width.

Fluid properties and diffusion rate are left to be potential factors
influencing the alteration halos at Dajishan. Que and Xia (1988)
envisage that the ore fluids may be silica-rich and have a relatively
high density and viscosity. An important basis for this is that feldspar-
quartz veins are present at deeper levels of the middle vein set
(Fig. 4). Feldspar aggregates in these veins are massive and often
contain orthoclase, microcline, and plagioclase (Zhou, 2009). The
contact relation between quartz and feldspar is different from the
graphic intergrowth in granitic pegmatite (e.g. London, 2014). The
problem of Que. and Xia's point is that melt inclusions have not been
found neither in the feldspar-quartz veins and nor in the stockscheider
(Lu et al., 1974; Ma and Chen, 1984). Moreover, the feldspar–quartz
veins are absent in the north and south vein sets. Therefore, the alter-
ation characteristics at Dajishan may not be related to the silica-rich
fluids. Diffusion rate of chemical species is controlled by the diffusion
coefficient and concentration gradient according to Fick's first law (Li
and Gregory, 1974). The diffusion coefficient of chemical species in
aqueous solutions depends on fluid viscosity and temperature (Li and
Gregory, 1974). Therefore, it is necessary to re-examine how fluid
properties influence the fluid flow and fluid-wallrock interaction at
Dajishan as temperature and pressure change.
ntperpendicular to the veinwalls at 417m level (Liu et al., 2014). View toupwards. (b) The
reviations: Po, pyrrhotite; Qtz, quartz; Wol, wolframite.



Fig. 4. Photos of the feldspar-quartz veins in the middle vein set at Dajishan. (a) A segment of the locally called the Number 6 Vein at 417 m level. The vein segment contains over 90%
feldspar, massive quartz, and tabular wolframite. View to NWW. (b) A closer view of the photo (a) showing the contact relation between irregular quartz and tabular feldspar. There is
also a small cavity adjacent to the contact between quartz and feldspar. Abbreviations: Cavity, cavity; Fsp, feldspar; Qtz, quartz; Wol, wolframite.
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4. Numerical modeling at Dajishan

4.1. Mathematical theories

The simulation tool we used is called PANDAS (Parallel Adaptive
Nonlinear Deformation Analysis Software), which is an in-house finite
element based supercomputer simulator. The developers and users of
PANDAS have made much progress in understanding the coupled
hydraulic–thermal–mechanical behaviors in fault systems, ore forming
processes, and geothermal reservoirs (Li and Xing, 2015; Xing, 2014;
Xing et al., 2015, 2007; Xing and Makinouchi, 2002). This simulator
was employed to investigate the hydrothermal fluid flow at Dajishan.

The simultaneous partial differential equations solved by PANDAS
include continuity equation and Darcy's equation (Xing, 2014). An
equivalent continuous medium was used in this paper (e.g. Oda,
1985). For the conservation of non-deformable rock mass with a
constant porosity ϕ, the continuity equation is expressed as:

ϕβm
∂P
∂t

þ ∇∙ ρνð Þ ¼ 0 ð1Þ

where βm is the effective compressibility, P is the fluid pressure, ρ is the
fluid density, andν is thefluid velocity.βm=ϕβf+βr(1-ϕ),whereβf,βr

are the compressibility of fluid and rock matrix, respectively. The bold
symbols are used for vectors, tensors, and matrix variables throughout
this paper.

Groundwater flow in porous media is commonly assumed to follow
Darcy's law (Phillips, 1991). In this study, the fluid flow follows Darcy's
equation (Xing, 2014):

ν ¼ � k
μð ∇P � ρg∇Dð Þ ð2Þ
Fig. 5. Fluid density (a) and viscosity (b) derived from the functions used in this paper. The expe
The viscosity derived from the viscosity function in this paper is close to the experimental d
equivalent. For the numerical and experiment data at 150 MPa, the fluid salinity is 19.12 wt.%
where k is the intrinsic permeability tensor of the porousmedia, μ is the
dynamic viscosity, g is the gravitational acceleration, and D is the depth.

The conductive-convective heat transfer in porous media is
described as:

ρCð Þm
∂T
∂t

¼ �∇∙ �λm∇Tð Þ � ρCð Þ fν∙∇T þ Qe ð3Þ

where (ρC)m=(1-ϕ)(ρC)r+ϕ(ρC)f, ρ is density, C is specific heat
capacity; heat conductivity λm=ϕλf+(1-ϕ)λr; T is the temperature;
Qe is the energy source term. The subscripts r, f, and m denote rock
matrix, fluid, and mixture, respectively (Xing, 2014).

NaCl–H2O systems are liquid-phase at the temperature, pressure,
and salinity ranges recorded by the fluid inclusions at Dajishan (c.f.
Fournier, 1999). Both density and viscosity of aqueous NaCl solutions
depend on temperature, pressure, and salinity (e.g. Adams and Bachu,
2002). The density model fitted by Batzle and Wang (1992) is accurate
inwide temperature and pressure conditions (Adams andBachu, 2002).
Phillips et al. (1981) develop a good viscosity model for NaCl solutions.
His viscosity model requires accurate viscosity of pure water. To save
computational cost, we used the simplified water viscosity model
developed byMao and Duan (2009) (See Appendix A). The comparison
between the numerical viscosity and experimental data in Pepinov et al.
(1977) and Semenyuk et al. (1977) suggests that the viscosity model
used in this paper is in agreement with the experimental data (Fig. 5).
Therefore, the viscosity and density models above were incorporated
into the simulator code. The fluid density and viscosity curves shown
in Fig. 5 suggest that both density and viscosity depend mainly on
temperature, and pressure has a minor influence on the two
parameters.
riment data at 30MPa and 150 are from Pepinov et al. (1977) and Semenyuk et al. (1977).
ata. For the numerical and experiment data at 30 MPa, the fluid salinity is 10 wt.% NaCl
NaCl equivalent.



Fig. 6. The geometric model of the Dajishan tungsten deposit. The geometric model is
2.0 km × 1.6 km. X axis is perpendicular the veins at Dajishan. Z axis represents the
depth. The model has four units, the contact zone Є1, the intact host rock Є2, the lower
part of the joint zones J1, and the upper part of the joint zones J2. The two profiles cover
the joint zones and adjacent wallrock. The initial and boundary conditions are described
in Section 4.

57X. Liu et al. / Journal of Geochemical Exploration 163 (2016) 53–69
The Péclet number is a dimensionless number characterizing the
ratio of advective transport rate to diffusive transport rate (Lester
et al., 2012):

Pe ¼ L νj j
De

ð4Þ

where L is the fracture aperture, ν is the flow velocity, and De is the
effective diffusion coefficient of chemical species in porous media.
Pe N 1 means that advection dominates over diffusion; otherwise,
diffusion prevails over advection. Chemical reactions are dominated
by reaction–diffusion processes when Pe b 1 (Lester et al., 2012). The
effective diffusion coefficient of chemical species in porous media is a
function of the porosity ϕ and the diffusion coefficient Ds in aqueous
solutions:

De ¼ Dsϕn ð5Þ

where n is a constant ranging from 2 to 3 (e.g. Boving and Grathwohl,
2001; Van Loon and Mibus, 2015). For rocks with a porosity of less
than 0.1, the constant n approaches the lower bound 2; for rocks with
a higher porosity, the constant may reach its upper bound 3 (Van
Loon and Mibus, 2015). The cubic law links the fracture aperture to
the permeability in Eq. (2) (Oda, 1985; Snow, 1969).

Findings from porphyry systems suggest that formation of alteration
halos is at time scales of decades and hundred years (e.g. Cathles and
Shannon, 2007; Geiger et al., 2002). A function proposed by Cathles
and Shannon (2007) was used to quantify the alteration halo width
normal to veins:

Z tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2Det
G

r
ð6Þ

where Z is the width of alteration halos formed during the time t and G
is a dimensionless parameter that equals the volume (m3) of fluid
required to alter 1 m3 rock.

4.2. Model assumptions

The following simplifications were made to investigate transient
flow at reasonable computational cost. First, high-pressure fluids were
accumulated at the contact zone between fluid-saturated magma and
host rock at Dajishan. This treatment was based on the close relation-
ship between the granite and tungsten mineralization at Dajishan (see
Section 2). Second, the numerical experiments were run for a short
period of time. Findings from previous studies suggest that the fluid
flow in fractured rocks is significantly influenced by the competition
between permeability creation processes and permeability destruction
processes in hydrothermal systems (e.g. Cann et al., 2015; Cox et al.,
2001; Ingebritsen and Manning, 2010; Rutqvist, 2015; Stober and
Bucher, 2015; Weis, 2015). Thus, the second treatment was made to
mimic the transient flow without the influences of other physical and
chemical processes. Third, the fluid flow was driven by a constant
fluid pressure. This treatment was based on the high pressure recorded
in the fluid inclusions at Dajishan. It is plausible to fix the driving pres-
sure for a short geological time.

4.3. A 2-D numerical model at Dajishan

A 2-D numerical model was established by the geological and struc-
tural characteristics at Dajishan (Fig. 6). Z axis is vertical and X axis is in
an orientation of NNE, which is normal to the veins. The size of the
model is 2.0 km × 1.6 km. The model is at a depth from 4.0 km
to 5.6 km, which is calculated from the trapping pressure of fluid
inclusions and the lithostatic pressure gradient of 27 MPa/km (Xi
et al., 2008).
The model has four units. Є1 is the contact zone between the
crystallized granite and host rock. Є2 is the wallrock. J1 and J2 are the
joint zones where the veins are present now. Only one vein set was
considered in the model. Abundant joints are present close to the
veins at Dajishan. Our previous studies suggest that the preferred
oriented joints are parallel to the veins and potential conduits for
mineralized fluids (Liu et al., 2014). Both vein and joint densities
decrease downwards (Liu et al., 2014). The vein set width is approxi-
mately 60 m at shallower levels but decreases to 20–30 m at 267 m
level. Thus, the joint zones are ladder-shaped in the model. The lower
and upper bases are 20 m and 40 m, respectively. J1 has a height
of 400 m and J2 has a height of 600 m. Two profiles are used to charac-
terize the fluid flow in the joint zones and surrounding wallrock. One
profile is at a depth of 5.4 km and the other is at a depth of 4.6 km.
The model was discretized into 25,200 elements and 38,613 nodes.

4.4. Model parameters

We focused on the transient flow after the joint zones have higher
permeability than the surrounding wallrock. Both J1 and J2 have a
porosity of 10% and a permeability of 1.0 × 10−12 m2. The constant
zone Є1 has a porosity of 0.4% and a permeability of 1.0 × 10−17 m2.
The permeability of the wallrock Є2 follows a depth-dependent
function fitted by Ingebritsen and Manning (2010):

log k≈ � 11:5� 3:2logZ ð7Þ

where the permeability scalar k is in m2 and the depth Z is in km. The
permeability is assumed to have a cubic law relationship to the porosity
(Walder and Nur, 1984):

k
k0

¼ ϕ
ϕ0

� �3

ð8Þ

where k0 and ϕ0 are the reference permeability and porosity, respec-
tively. k0 = 1.0 × 10−16 m2 and ϕ0=0.01 were used in the model.

The effective compressibility depends on the compressibility of rock
and fluid. The fluid compressibility was fixed at 6.0 × 10−10 Pa−1 (c.f.
Rogers and Pitzer, 1982). The average rock compressibility of sandstone



Table 1
Key parameters and their variations in the six numerical experiments.

Experiments Density Viscosity Є2 permeability (m2) J1,J2 permeability (m2) J1,J2 width (m)

E1 T–P-dependent 1.0 × 10−16 1.0 × 10−12 20
E2 Constant T–P-dependent 1.0 × 10−16 1.0 × 10−12 20
E3 T–P-dependent Constant 1.0 × 10−16 1.0 × 10−12 20
E4 T–P-dependent Depth-dependent 1.0 × 10−12 20
E5 T–P-dependent Depth-dependent 2.0 × 10−12 20
E6 T–P-dependent Depth-dependent 2.0 × 10−12 Ladder-shape

Other parameters not shown in this table are identical in the six numerical experiments.
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at Dajishan is 2.8 × 10−11 Pa−1 (see Appendix B). Silification is the prin-
ciple alteration at Dajishan. We used the diffusion coefficient of silica in
aqueous solutions to calculate the Péclet number (see Appendix B).
Fig. 7. Thefluid flowand heat transfer in the twoprofiles in thefirst numerical experiment: (a),
and the Péclet number after 1 year, respectively. The temperature and Péclet number have bee
The average density ofwallrock atDajishan is 2.8×103 kg/m3 (Zhou,
2009). The specific heat capacity of rock and fluid are 1000 J·(kg·K)−1

and 4200 J·(kg·K)−1, respectively. The thermal conductivity of
(b), (c), (d), (e) and (f) are thefluid pressure, velocity, temperature,fluid density, viscosity,
n logarithmically transferred.
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rock and fluid are 2.0 W·(m·K)−1 and 0.6 W·(m·K)−1, respectively
(Bobertson, 1988).

The contact zone Є1 has a constant fluid pressure of 150 MPa and a
constant temperature of 400 °C. The model top is fixed at a fluid pres-
sure of 40 MPa and a temperature of 100 °C. The model has an initial
fluid pressure of 40 MPa and an initial temperature of 100 °C. The
fluid salinity is 10 wt.% NaCl equivalent.

5. Results

Six numerical experiments were conducted to investigate how fluid
properties affected the hydrothermal flow and alteration halos at
Dajishan. The key parameters and their variations in the six numerical
experiments are listed in Table 1. The first numerical experiment (E1)
is the reference experiment where the density and viscosity models
were used. The next five experiments were designed to investigate
the influences of fluid density, viscosity, depth-dependent permeability
of wallrock, the hydraulic and geometric characteristics of joint zones,
respectively. In the second numerical experiment (E2), fluid density is
constant but viscosity is as variable as in E1. In the third numerical
experiment (E3), fluid viscosity is constant but density is as variable
as in E1. In the fourth numerical experiment (E4), the wallrock Є2 has
a depth-dependent porosity and permeability compared to E1. In the
fifth numerical experiment (E5), the joint zones J1 and J2 have higher
porosity and permeability than those in E4. In the sixth numerical
experiment (E6), the joint zones are ladder-shaped compared to E5.
The results in the two profiles were output.

5.1. Numerical experiment with variable fluid density and viscosity

In the first numerical experiment, the fluid density and viscosity
functions in Section 4.1 were used. The joint zones J1 and J2 have the
same width and permeability and the contact zone (Є1) and the
wallrock (Є2) has a constant porosity and permeability.

The fluid pressure in the profile at 5.4 km depth increased to higher
levels (148.8–149.2 MPa) than that at 4.6 km depth (137.8–142.7 MPa)
after 1 year (Fig. 7). Fluids flowed vertically in the joint zones with a
velocity of approximately 6.0 × 10−5 m/s. Fluids also flowed from
the joint zones into adjacent wallrock and the flow velocity was
4.5 × 10−9 m/s at 5.4 km depth and 5.1 × 10−8 m/s at 4.6 km depth.
The temperature in the profile at 5.4 km depth was higher than that at
4.6 km depth. The temperature in the wallrock adjacent to the joint
zones reached 294 °C at 5.4 km depth and 230 °C at 4.6 km depth. The
fluid density in the profile at 5.4 km depth varied between 799 and
Fig. 8. The effective diffusion coefficients of silica in the first numerical experiment afte
1073 kg/m3 and the fluid viscosity was between 1.3 × 10−4 and
4 × 10−4 Pa·s. For the joint zones, the Péclet number reached 7.9 in
the profile at 5.4 km depth and 7.8 in the profile at 4.6 km depth. This
indicates that the fluid flow in the joint zones were dominated by
advection (Lester et al., 2012). In contrast, the Péclet number in the
wallrock parts of the two profiles was much lower than 1, suggesting
that the chemical reactions were dominated by reaction–diffusion
processes (Lester et al., 2012).

The initial effective diffusion coefficients of silica De were equal in
the twoprofiles because of the same initial viscosity and constant poros-
ity. The De in the profile at 5.4 km depth increased to higher levels than
that at 4.6 km depth after 1 year (Fig. 8). After 2 years, the De in the pro-
file at 4.6 km depth increased but was still lower than that in the profile
at 5.4 km depth.

5.2. Numerical experiment with variable viscosity and constant density

In the second numerical experiment, the fluid viscosity was as
variable as in the first numerical experiment but the fluid density was
fixed at 1073 kg/m3. The constant density was the maximum in the
first numerical experiment. The other parameters were the same as in
the first numerical experiment.

The fluid pressure increased to 147.4–148.9 MPa in the profile at
5.4 km depth and 129.6–140.2 MPa in the profile at 4.6 km depth after
1 year (Fig. 9), which was lower than the corresponding pressure in
the first numerical experiment. The fluid velocity in the joint zones
was approximately 4.1 × 10−5 m/s, which was smaller than that in
the first numerical experiment. The temperature in the wallrock
adjacent to the joint zones reached 286 °C at 5.4 km depth and 192 °C
at 4.6 km depth. Therefore, the heat transfer was slower than that in
the first numerical experiment. The Péclet number was approximately
5.0 in the joint zones, which was lower than that in the first numerical
experiment.

5.3. Numerical experiment with variable density and constant viscosity

In the third numerical experiment, the fluid density was as variable
as in the first numerical experiment, but the fluid viscosity was fixed
at 4 × 10−4 Pa·s. The fixed viscosity was the maximum in the first
numerical experiment. The other parameters were the same as in the
first numerical experiment.

The fluid pressure increased to 147.2–149.5 MPa in the profile
at 5.4 km depth and 135.2–144.3 MPa in the profile at 4.6 km depth
after 1 year (Fig. 10). Fluid flow in the joint zones had a velocity of
r 1 year (a) and 2 years (b). The coefficients have been logarithmically transferred.



Fig. 9. The fluid flow and heat transfer in the second numerical experiment after 1 year: (a), (b), (c), (d), (e) and (f) are the fluid pressure, velocity, temperature, fluid density, fluid
viscosity, and the Péclet number in the two profiles, respectively. The temperature and Péclet number have been logarithmically transferred.
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1.2 × 10−5 m/s in the profile at 5.4 km depth and 2.0 × 10−5 m/s in the
profile at 4.6 km depth, which was significantly slower than that in the
first numerical experiment. The temperature of the profile at 5.4 km
depth increased up to 242 °C, whereas the temperature in the profile
at 4.6 km depth increased little compared to its initial values. Corre-
spondingly, the profile at 5.4 kmdepth had different density and viscos-
ity distributions from that at 4.6 kmdepth. The distribution of the Péclet
number suggests that the fluid flow regime did not change compared
that in the first numerical experiment.

5.4. Numerical experiment with depth-dependent permeability wallrock

In the fourth numerical experiment, the permeability and porosity of
thewallrockЄ2were depth-dependent. The other parameters were the
same to those in the first numerical experiment. The permeability of Є2
decreased from 10−16 to 10−17 m2 downwards, and the corresponding
porosity reduced from 1% to 0.46%. Thus, the wallrock was less perme-
able than that in the second numerical experiment. The permeability
and porosity in the wallrock parts of profile at 5.4 km depth were
10–16.9 m2 and 0.54%, respectively. The permeability and porosity in
the wallrock parts of profile at 4.6 km depth were 10–16.4 m2 and
0.75%, respectively.

The fluid pressure reached 147.3–149.2 MPa in the profile at 5.4 km
depth and 134.6–142.8 MPa in the profile at 4.6 km depth (Fig. 11),
which was slight lower than that in the first numerical experiment.
The fluid flow from the joint zones to adjacent wallrock had a velocity
of 2.7 × 10−9 m/s at 5.4 km depth and 3.4 × 10−8 m/s at 4.6 km
depth, which was slower than that in the first numerical experiment.



Fig. 10. Thefluidflow and heat transfer in the third numerical experiment after 1 year: (a), (b), (c), (d), (e) and (f) are thefluid pressure, velocity, temperature,fluid density,fluid viscosity,
and the Péclet number in the two profiles, respectively. The temperature and Péclet number have been logarithmically transferred.
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The temperatures in the wallrock adjacent to the joint zones reached
294 °C at 5.4 km depth and 219 °C at 4.6 km depth. The Péclet number
was approximately 8.0 in the joint zones and less than 1 in thewallrock,
suggesting that the fluid regime did not change compared to the first
numerical experiment.

The initial effective diffusion coefficients De of silica were
1.2 × 10−14 m2/s and 2.7 × 10−14 m2/s in the wallrock parts of profiles
at 5.4 kmdepth and at 4.6 kmdepth, respectively. TheDe in thewallrock
parts of the profile at 4.6 km depth increased to levels slightly
higher than that at 5.4 km depth after 1 year (Fig. 12). The De in the
wallrock adjacent to joint zones continued to increase after 2 years.
The wallrock parts of the profile at 4.6 km depth had a maximum De
of 1.1 × 10−13 m2/s, whereas the maximum De in the wallrock parts of
the deeper profile reached 5.4 × 10−14 m2/s.

5.5. Numerical experiment with high-permeability joint zones

In thefifth numerical experiment, the permeability of the joint zones
increased to 2 × 10−12 m2 and its porosity increased to 12.6%. The other
parameters were the same to those in the fourth numerical experiment.

The fluid pressure varied from 147.4 to 149.2 MPa in the profile at
5.4 km depth and from 135.4 to 142.9 MPa in the profile at 4.6 km
depth, whichwas slight higher than that in the fourth numerical exper-
iment (Fig. 13). The fluid velocity (1.2 × 10−4 m/s) in the joint zones



Fig. 11. The fluid flow and heat transfer in the fourth numerical experiment after 1 year: (a), (b), (c), (d), (e) and (f) are the fluid pressure, velocity, temperature, fluid density, fluid
viscosity, and the Péclet number in the two profiles, respectively. The temperature and Péclet number have been logarithmically transferred.

62 X. Liu et al. / Journal of Geochemical Exploration 163 (2016) 53–69
was approximately two times that in the fourth numerical experiment
(6.5 × 10−5 m/s). The wallrock adjacent to joint zones had a maximum
temperature of 310 °C at 5.4 km depth and 290 °C at 4.6 km depth,
which were higher than those in the first four numerical experiments.
The Péclet number was approximately 14 in the joint zones, which
was higher than that that in the fourth numerical experiment.

Thewallrock parts of the profile at 4.6 kmdepth had higher effective
diffusion coefficients De of silica than that at 5.4 km depth after 1 year.
The De in the two profiles increased by a small amount after 2 years.
The wallrock parts of the shallower profile reached a maximum De

of 1.2 × 10−13 m2/s, which was over two times the maximum
(5.5 × 10−14 m2/s) of the deeper profile (Fig. 14).
5.6. Numerical experiment with ladder-shaped joint zones

The joint zones were ladder-shaped in the sixth numerical experi-
ment. The other parameters were the same as in the fifth numerical ex-
periment. Thewidth of the joint zones was 22m in the profile at 5.4 km
depth and38m in the profile at 4.6 km,whichwaswider than thewidth
of the joint zones in previous numerical experiments. Red and blue dot-
ted lines were used to show the boundary between the joint zones and
adjacent wallrock in the profiles at 5.4 km depth and at 4.6 km depth,
respectively.

The fluid pressure changed from 147.7 MPa to 148.9 MPa in the
profile at 5.4 km depth and varied from 130.5 MPa to 142.0 MPa in



Fig. 12. The effective diffusion coefficients of silica in the fourth numerical experiment after 1 year (a) and 2 years (b). The coefficients have been logarithmically transferred.
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the profile at 4.6 kmdepth after 1 year. The pressure levels of the profile
at 4.6 km depth were lower than those in the fifth numerical experi-
ment (Fig. 15). Fluid flow in the joint zones had a velocity of up to
4.2 × 10−5 m/s. The wallrock adjacent to joint zones had a temperature
of 271 °C at 5.4 km depth and 109 °C at 4.6 km depth, which was signif-
icantly lower than that in the fifth numerical experiment. The Péclet
number varied from 5 to 12 in the joint zones and was below 1 in the
wallrock parts.

For the wallrock parts adjacent to joint zones, the effective diffusion
coefficientsDe of silica in the profile at 5.4 km depth increased to higher
levels than those at 4.6 km after 1 year (Fig. 16). The De of the profile at
4.6 km depth did not exceed that at 5.4 km depth until after 4 years.
After 6 years, the De of the profile at 4.6 km depth reached a maximum
of 8.2 × 10−14 m2/s, whereas the maximum De at 5.4 km depth was
5.8 × 10−14 m2/s.

6. Discussions

6.1. Influences of fluid density and viscosity on hydrothermal flow at
Dajishan

The fluid density variation driven by a gradient in temperature or
salinity is an effective mechanism to initiate and maintain free convec-
tion of basin brines and form hydrothermal deposits (e.g. Brown,
2014; Cui et al., 2012; Garven et al., 2001; Koziy et al., 2009;
Raffensperger and Garven, 1995; Yang et al., 2004, 2006). However,
the significance of the density-related gravity effect depends on the
relative magnitude of the gravity-related versus the pressure-related
flow components (Davies, 1987).

Fluid density in our first numerical experiment varied from 703 to
1074 kg/m3 in the given temperature and pressure ranges. Note that
the temperature and pressure ranges used in this paper are typical at
the tungsten deposits in South China (Ni et al., 2015; Wang et al.,
2011). The fluids had a gravity-driven gradient of 7–11 MPa/km,
which accounted for at most 15% of the transient pressure gradient
(73 MPa/m). Some fluid inclusions with a lower density (200–
600 kg/m3) have been found at other tungsten deposits in South
China and Australia (e.g. Audétat et al., 2000; Wei et al., 2012). These
low-density fluids have weaker gravity effect. The comparison between
our first and second numerical experiments suggests that fluids with a
larger density slowed fluid flow and heat transfer because gravity and
the pressure gradient were in opposite directions. This is in contrast
to the role of gravity in buoyancy-driven convection. Fluid density
has a negative influence on the transient pressure-driven fluid flow
at Dajishan. The significance of this negative influence depends on
the relative magnitude of the gravity effect versus the pressure
gradient.

Fluids with a higher viscosity flow slower (e.g. Hack et al., 2007;
Thomas and Davidson, 2012). Fluid flow and heat transfer in our third
numerical experiment was significantly slower than the first one
because of having a higher viscosity. This is consistent with the
traditional understanding. The fluid viscosity varied from 1 × 10−4 to
4 × 10−4 Pa·s in the temperature and pressure ranges at Dajishan.
The variation of fluid viscosity was relatively wide compared to that of
fluid density. Our first numerical experiment suggests that the viscosity
change also has amajor influence on the diffusion of silica from the joint
zones to wallrock. Thus, fluid viscosity is a key parameter controlling
formation of the alteration halos at Dajishan. Fluid viscosity is often
fixed at a constant value in reactive transport models applied to the
study of ore deposits (e.g. Aghbelagh and Yang, 2014; Cathles and
Shannon, 2007; Geiger et al., 2002; He et al., 1999). However, our
numerical experiments suggest that T–P–X dependent viscosity is
important to capture the evolution of fluid-rock reactions.

Our current knowledge of viscosity of magmatic-hydrothermal
fluids is limited compared to fluid density. Density of magmatic-
hydrothermal fluids can be accurately calculated either by the equation
of state or by formulated correlations (e.g. Driesner, 2007; Driesner and
Heinrich, 2007; Gottschalk, 2007; Lewis and Lowell, 2009). However,
experimental viscosity data and empirical formulas for brines at
magmatic-hydrothermal transition are relatively lacking (Mao and
Duan, 2009). Moreover, fluid-rich melt inclusions have been found in
the quartz veins of the Xihuashan tungsten deposit and the
stockscheider at the Dahutang tungsten deposit, South China (Gong
et al., 2015; Huang et al., 2006). Viscosity of H2O-bearing silicate melts
decreases by 16 orders of magnitude when water concentration
increases from 0 to 100% (Audétat and Keppler, 2004). The actual
variation of fluid viscosity at Dajishan may be higher than that in our
numerical experiments. Therefore, it is important to quantify viscosity
of magmatic-hydrothermal fluids for deciphering the fluid-rock
reactions at Dajishan and other magmatic-hydrothermal deposits
further.

6.2. Implications for the alteration halos at Dajishan

The mechanisms forming the alteration halos at Dajishan are
enigmatic for a few decades. Previous studies ascribed the alteration
halos to magmatic-hydrothermal transitional fluids (Que and Xia,
1988), which is not supported by existing fluid inclusion studies (Ni
et al., 2015; Wang et al., 2013a; Xi et al., 2008). Our numerical experi-
ments provide some implications for formation of the alteration halos.



Fig. 13. Thefluid flow and heat transfer in thefifth numerical experiment after 1 year: (a), (b), (c), (d), (e) and (f) are thefluid pressure, velocity, temperature, fluid density,fluid viscosity,
and the Péclet number in the two profiles, respectively. The temperature and Péclet number have been logarithmically transferred.
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The comparison of the alteration halo width at the two profiles was
made based on Eq. (6). If G in Eq. (6) is assumed to be constant, the
silificationwidth normal to veins at Dajishan for a given time is positive
correlated with the effective diffusion coefficient of silica De.

In our first numerical experiment, the wallrock adjacent to joint
zones had a constant porosity and permeability. The fluid flow in
the wallrock adjacent to joint zones was controlled by diffusion and
chemical reactions were dominated by reaction–diffusion processes.
The wallrock parts of the deeper profile had a higher De than that of
the shallower profile because of having higher temperature. In this
case, alteration halo width increases with increasing depth, which is
inconsistent with the alteration characteristics at Dajishan.
In the fourth numerical experiment, wallrock porosity decreased
with increasing depth. This counterbalanced the influence of tempera-
ture on the effective diffusion coefficient of silica because the effective
diffusion coefficient was positive correlated with porosity squared.
In this case, De decreased with increasing depth and it may form the
alteration characteristics at Dajishan. Therefore, depth-dependent
wallrock porosity and permeability are effective mechanisms forming
the alteration halos at Dajishan.

Depth-dependent porosity is facilitated by the wallrock lithology at
Dajishan. The wallrock at Dajishan is low-porosity metamorphosed
sandstone, diorite, and granite. Laboratory experiments in the field of
hydrogeology and rock engineering indicates that the porosity and



Fig. 14. The effective diffusion coefficients of silica in the fifth numerical experiment after 1 year (a) and 2 years (b). The coefficients have been logarithmically transferred.
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permeability of low-porosity crystalline rocks decrease with increasing
compressive stresses due to the closure of microcracks, but those of
porous sedimentary rocks are insensitive to compaction (e.g. David
et al., 1994; Heiland, 2003). Thus, the wallrock lithology at Dajishan
favors formation of depth-dependent porosity and permeability. Also,
joint density decreases downwards (Liu et al., 2014), suggesting that
the wallrock are more intensively fractured at shallower levels than
that at deeper levels. This is another reason why the porosity and
permeability of wallrock are higher at shallower levels.

The hydraulic and geometric characteristics of joint zones also
influence on the alteration halos at Dajishan. Our fifth numerical
experiment suggests that an increase in joint zone permeability acceler-
ated hydrothermal flow in joint zones and changed De in adjacent
wallrock faster. High-permeability joint zones favor formationof thicker
alteration halos at shallower levels. Vein systems at Dajishan are
wedge-shaped. Our sixth numerical experiment indicates that an
increase in joint zone width decelerated hydrothermal flow in joint
zones and slowed the change De in adjacent wallrock. It should be
noted that hydraulic and geometric characteristics of joint zones affect
De only at the initial stages of hydrothermal fluids injected into joint
zones, and species diffusion is finally controlled by the wallrock
porosity.

6.3. Initial pressure and temperature conditions

Ourmodels are across 1.6 kmbut have a constant initial temperature
and pressure. The fluid pressure above the contact zone between the
magma andwallrockmay be at hydrostatic levels. In this case, the initial
pressure at the bottom of our model reaches 55 MPa, which are higher
than that in our models. It can be seen from Fig. 5 that this pressure
deviation has a minor influence on fluid properties. However, an initial
pressure of 55 MPa decreases the transient pressure gradient and
increases the relative significance of the gravity effect compared to an
initial pressure of 40 MPa. Therefore, an initial pressure of 40 MPa
leads to skew results but does not change the conclusions in the
previous section.

The initial temperature at deeper levels should be higher than those
at shallower levels but the realistic temperature distribution before
high-pressure fluids release is unknown. It can be seen from Fig. 5 that
the initial temperature has an influence on initial fluid properties. This
leads to some deviation from our numerical results. Because the fluid
flow and heat transfer is mainly controlled by the high-pressure fluids
and high-permeability joint zones, this deviation does not severely
skew the results. Also, the initial diffusion coefficient Ds of silica at
deeper levels may be higher than those at shallower levels. Because
the effective diffusion coefficient De depends on Ds and porosity
squared, the porosity distribution in vertical dimension is still the key
variable controlling formation of the alteration halos at Dajishan.
Treatment of a constant initial temperature indeed skews the results
during the initial steps but does not affect the conclusion that depth-
dependent wallrock porosity is one of the effective mechanisms
forming the alteration halos at Dajishan.

6.4. Ore formation efficiency at Dajishan

The averageWO3 grade is 2.04% at Dajishan (Mao et al., 2013),which
is 103 times the average concentration (5.87 ppm) of stream sediments
in the Cathaysian Block and 104 times the Clarke value (0.6 ppm) for the
crust in eastern China (Chi et al., 2012). It is important for the formation
of an economic ore body to precipitatemetals efficiently (Blundell et al.,
2005; Heinrich et al., 2005; Henley and Berger, 2000; Polya, 1988). The
Dajishan deposit should have efficient mechanisms to form the high
grade of WO3. Previous studies of fluid inclusions in wolframite suggest
that wolframite deposition is attributed to a simple cooling process at
Dajishan (Ni et al., 2015). Findings from the tungsten deposits else-
where suggest that fluid–wallrock interactions decrease the efficiency
of tungsten precipitation, therefore requiring more volumes of ore
forming fluids (Heinrich, 1990; Heinrich et al., 1996; Polya, 1988). Our
numerical experiments indicate that a rise of temperature increases
the effective diffusion coefficients of chemical species in ore forming
fluids, therefore accelerating the diffusion of metals from the joint
zones to adjacent wallrock. This reduces the ore formation efficiency.
However, this negative influence of temperature on ore formation
efficiency is counterbalanced by depth-dependent permeability
and porosity because the effective diffusion coefficients of chemical
species are positive correlated with porosity squared. Low-porosity
wallrock at deeper levels limits the fluid-wallrock interactions
and improves the transport efficiency of tungsten from the fluid
sources to precipitation sites, favoring formation of high-grade ores at
Dajishan.

7. Conclusions

The mechanisms forming the alteration halos at Dajishan have been
debated for a few decades. We investigate how variable fluid properties
influence hydrothermal fluid flow and silica diffusion from fractures to
adjacent wallrock using finite element based numerical experiments.
The fluid density and viscosity are related to temperature and pressure



Fig. 15. Thefluidflow and heat transfer in the sixth numerical experiment after 1 year: (a), (b), (c), (d), (e) and (f) are thefluid pressure, velocity, temperature,fluid density,fluid viscosity,
and the Péclet number in the two profiles, respectively. Normal and bold dotted lines are the boundary between the joint zones and adjacentwallrock in the profiles at 5.4 kmdepth and at
4.6 km depth, respectively. The temperature and Péclet number have been logarithmically transferred.
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in the numerical experiments. The effective diffusion coefficient of silica
is dependent on temperature, fluid viscosity, and rock porosity. Al-
though the hydrothermal fluid flow is non-reactive, our numerical
experiments provide the following implications for transient thermal
flow and formation of the alteration halos at Dajishan:

1. Fluid density exerts a negative influence on the transient pressure-
driven fluid flow at Dajishan. Whether this negative influence is
significant depends on the relative magnitude of the gravity effect
versus the pressure gradient. This is different from the role of fluid
density in some hydrothermal ore deposits controlled by free
convection of basin brines.

2. Fluid viscosity varies greatly at the temperature and pressure
ranges recorded by the fluid inclusions at Dajishan. Fluids with a
higher viscosity flow slow. Variations of fluid viscosity also have a
major influence on diffusion of silica from fractures to adjacent
wallrock.

3. Constant-porosity wallrock forms alteration halos opposite to
those at Dajishan. Depth-dependent wallrock porosity and per-
meability are effective mechanisms forming the alteration halos
at Dajishan.

4. Hydraulic and geometric characteristics of joint zones affect the
species diffusion at the initial stages of hydrothermal fluids injected
into fractures. High-permeability narrow joint zones favors forma-
tion of thick alteration halos at shallower levels.

5. Depth-dependent wallrock porosity and permeability impede diffu-
sion of metals from fractures to surrounding wallrock and increases
ore formation efficiency at Dajishan.



Fig. 16. The effective diffusion coefficients of silica in the sixth numerical experiment: (a) after 1 year; (b) after 2 years; (c) after 4 years; (d) after 6 years. Normal and bold dotted lines are
the boundary between the joint zones and adjacent wallrock in the profiles at 5.4 km depth and at 4.6 km depth, respectively. The coefficients have been logarithmically transferred.
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Appendix A. Fluid density and viscosity models

Batzle and Wang (1992) present a function for brine density ρ
by calculating the fresh water density ρw at a given temperature
and pressure first and then adjusting ρw with the contribution of
the dissolved solute ρs:

ρ ¼ ρw þ ρs: ðA� 1Þ

Both ρw and ρs are polynomials of temperature, pressure, and
salinity. Because the polynomials are very long, their expanded forms
are not shown here.
Phillips et al. (1981) propose the following expression for viscosity
of NaCl solutions:

μ ¼ μw 1þ 0:0816mþ 0:0122m2 þ 0:000128m3 þ 0:000629T 1� e�0:7m� �� �
ðA� 2Þ

where μ is the viscosity of NaCl solutions mPa·s, μw is the viscosity of
water, m is the molality of NaCl in mol/kg, T is the temperature in °C.
1 Pa·s = 1000 mPa·s. Water viscosity is accurately described by the
formulation of the International Association for the Properties of Water
and Steam (Huber et al., 2009). However, this formulation is complicated
and inconvenient for practical calculations.We used a simplified viscosity
model for water developed by Mao and Duan (2009):

lnμw ¼ ∑
5

i¼1
diT

i�3 þ∑
10

i¼6
ρwdiT

i�8: ðA� 3Þ

The water density ρw can be obtained from Eq. (A-1). The ten
constants di are listed in Mao and Duan (2009).

Appendix B. Rock compressibility and diffusion coefficients

The compressibility of rock matrix βr is the reciprocal of its bulk
modulus K (Zimmerman, 1990). Bulk modulus of rock matrix K is a
function of Young's modulus E and Possion's ratio ν:

K ¼ E
3 1� 2νð Þ : ðB� 1Þ
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Therefore,

βr ¼
3 1� 2νð Þ

E
: ðB� 2Þ

Zhou (2009) presents four groups of mechanical data of the meta-
morphosed sandstone at Dajishan. The four groups of data are
63,580 MPa (Young's modulus) and 0.1 (Poisson's ratio), 77,430 MPa
and 0.174, 79,060 MPa and 0.141, 71,230 MPa and 0.139. The average
compressibility of rock matrix is 2.8 × 10−11 Pa−1.

Diffusion coefficient of chemical species in aqueous solutions Ds

follows a function derived from the Stokes–Einstein equation:

Dsμ
T

� �
T1

¼ Dsμ
T

� �
T2

ðB� 3Þ

where Ds and μ are the diffusion coefficient and fluid viscosity at a given
temperature T, respectively (Li and Gregory, 1974; Simpson and Carr,
1958). The diffusion coefficient of dissolved silica in dilute aqueous
solution is approximately 1.0 × 10−9 m2/s at 25 °C (Applin, 1987;
Rebreanu et al., 2008; Wollast and Garrels, 1971). This value was used
as the reference diffusion coefficient in Eq. (B-3). The viscosity was
calculated using the viscosity function of viscosity in Eq. (A-2).
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