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Abstract

The Shuikoushan district, in Hunan Province, South China, contains major Pb–Zn–Au–Ag polymetallic mineralisation. Two
groups of numerical models have been constructed to study the interactions between deformation and fluid flow in the district
during the Yanshanian compression event (180 to 90 Ma). The first group includes district-scale conceptual models of coupled
deformation and fluid flow during folding. The models show that fluid flow patterns are controlled by deformation within the fold
system inferred for the district. During regional shortening and folding, fluids are generally focused towards the fold hinge/core
areas along higher permeability layers (in particular Permian limestone units), in preference to flowing across the low permeability
seal units (Permian and Jurassic terrestrial sequences). The efficiency of this fluid focusing can only be significantly increased if
these folded seal units are allowed to undergo permeability increase as a result of tensile failure. The modelling results show that
permeability enhancement localises mostly at fold hinges, dominantly within the silicified zone on the top of the Permian limestone
unit. This process results in increased flow velocities and facilitates fluid focusing towards fold hinge/core locations at this silicified
rock horizon. The second group includes deposit scale models for the Kangjiawan deposit, which is one of the two major deposits
in the Shuikoushan district. The models show patterns of tensile failure, permeability creation, fluid focusing and mixing, and
fracture development along a selected exploration cross section through the deposit. These results are consistent with the observed
brecciation and mineralisation features. Regions of maximum brecciation in the district are associated with: (1) a combination of
fold hinge and fault intersection locations (structural); and (2) the silicified zone and Permian limestone unit (lithological). Such
brecciation zones are associated with extensive fluid focusing and mixing, and therefore represent the most favourable locations for
mineralisation in the district. On the basis of this work, ideas for future research work and mineral exploration in the district are
proposed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The South China Block is a globally-significant
terrane for polymetallic mineralisation, with numerous
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W, Sn, Mo, Bi, REE, U, Nb, Ta, Pb, Zn, Au, Ag, Cu and
Sb deposits known (e.g., Zhuang et al., 1988; Hua and
Mao, 1999; Ma, 1999; Pirajno and Bagas, 2002; Li et
al., 2002; Pašava et al., 2003; Khin Zaw et al., 2007-this
volume). In particular, these (mostly hydrothermal)
deposits have a close association with structural
processes and magmatic activities during Indosinian–
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Yanshanian tectonic events (e.g., Tao et al., 1999; Hua
and Mao, 1999; Ma, 1999; Zhou et al., 2002),
demonstrating critical tectonic and magmatic controls
of mineralisation (e.g., Guo, 1987; Wu, 1994; Yang,
1996; Zhai and Deng, 1996; Pirajno et al., 1997; Zhou et
al., 2002; Wang et al., 2002a, 2003a). There have been
several summary papers about mineralisation in South
China (e.g., Gu et al., 1993; Pirajno and Bagas, 2002; Li
et al., 2002; Zhou et al., 2002; Hou et al., 2007-this
volume; Chen et al., 2007-this volume; Gu, 2007-this
volume) and also a number of studies dealing with
Fig. 1. (a) Location of the Shuikoushan mineralisation district (Hunan Prov
northwest boundary of the South China Block (after Yin and Nie, 1993). (b)
Laiyang–Linwu tectonic belt (adapted from Liu and Tan, 1996b).
specific deposits in the region (e.g., Gu et al., 1992;
Pirajno et al., 1997; Jiang and Zhu, 1999; Pašava et al.,
2003). Further district-scale detailed studies of key
mineralising districts, focusing on structural and/or
magmatic controlling factors, are necessary, to advance
understanding of mineralisation in South China.

The Shuikoushan district, Hunan Province, is one of
the most important mineralised districts within the
South China Block (Fig. 1). The region has been an
important producer of Pb and Zn in China for over 100
years, and, more recently, has become important in the
ince) within the South China Block. The thick line shows the north–
Structural outline of the Shuikoushan mineralisation district within the
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production of other metals such as Au, Ag and Cu.
Mining operations represent the main industry in the
local economy. Because of excellent mineral exploration
potential, the district has recently attracted new foreign
investment for the exploration of Au.

The Shuikoushan district contains two major
deposits, the Kangjiawan Au–Ag–Pb–Zn and the
Shuikoushan Pb–Zn–Au–Ag deposits. These are
about 2.5 km apart (Fig. 2) and are owned by the
Shuikoushan Non-Ferrous Mining Corporation, Limit-
ed. The Kangjiawan deposit is currently the most
Fig. 2. Geological map of the Shuikoushan mineralisation dis
actively mined deposit in the district; exploration of the
deposit was completed in 1982 and mining began in
1989. The deposit has total metal contents in excess of
1 MOz Au (Chen et al., 2007-this volume give the
grade as 3.65 g/t Au), 0.5 Mt each of Pb and Zn, and
50 MOz Ag. Zeng et al. (2000) indicated that the grade
of the ore averages 3.9% Pb, 4.5% Zn, 86.8 g/t Ag and
2.68 g/t Au. The Shuikoushan Pb–Zn–Au–Ag deposit
is an old and famous deposit in China. Mining there
began in 1896, and its ore reserve is now almost
exhausted.
trict, Hunan, China (adapted from Liu and Tan, 1996b).
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There have been several studies on mineralisation in
the Shuikoushan district. However relevant publications
are all in Chinese. A summary description of the features
of stratigraphy, magmatic intrusions, structures and ore
textures in the Shuikoushan deposit can be found in
Zhang (1999), who suggested that the mineralisation is
closely associated with intrusive bodies (mainly grano-
diorite) and is subject to strong structural control
(folding, faulting and brecciation) (see also Liu and
Tan, 1996a,b). All the other studies are mainly on
geochemical features of the deposits. Liu (1994)
analysed the geochemistry of fluid inclusions in both
the Kangjiawan and the Shuikoushan deposits. He
suggested that mineralising fluids were likely derived
from the mixing of magmatic fluids with meteoric
waters, and that the precipitation of metals was
controlled by brecciation structures. Liu and Tan
(1996a) simulated chemical reaction and mineral
precipitation in the Kangjiawan deposit using a
numerical approach, providing information on the
chemical evolution of mineralising fluids and the
mineral precipitation sequence. Yu and Liu (1997)
detailed the lithological and geochemical features of
intrusive rocks in the Shuikoushan district and estab-
lished the genetic relationship between mineralisation
and intrusion.

In summary, the previous studies on the Shuikoushan
district mostly focused on the geochemical features of
the mineralising system, assisted by information from
geological observations. These studies have established
the following understanding: (1) mineralisation in the
district is hydrothermal (see more information in the
following section); (2) mineralisation is related to
magmatic intrusions and the mineralising fluids are at
least partially derived from the intrusive bodies; (3)
mineralisation is structurally controlled and occurs
mainly at regions of brecciation in folded rocks.
However, all the previous studies failed to address the
development of rock brecciation and the detailed
patterns of fluid flow that evolved during folding in
the region. Therefore, this study aims to explore the
interaction between deformation and fluid flow associ-
ated with mineralisation in the district, using a numerical
modelling approach. More specifically, we explore: (1)
how rocks deform and brecciation develops in a folding
system; (2) how mineralising fluids flow through a
multi-layer folded sequence containing impermeable
units, and what are the associated fluid flow patterns.
Our aim is to generate new understanding of the issues
above and to assist future mineral exploration in the
district. A brief summary of the current results can also
be found in Zhang et al. (2004).
2. Geological background

The Shuikoushan district is located about 40 km south
of Hengyang City, Hunan Province, China. Geological-
ly, it is situated at the northern end of the N–S trending
Laiyang–Linwu tectonic belt and at the southwestern
margin of the Hengyang Cretaceous red-bed basin (Fig.
1b). The geological structures of the district constitute a
component of the South China orogenic belt, which is
the product of the Indosinian Orogeny (270 to 210Ma) in
combination with the later Yanshanian tectonic event
(ca. 180 to 90 Ma) (e.g., Gilder et al., 1996; Pirajno and
Bagas, 2002; Wang et al., 2003b, 2005). In a plate
tectonics context, the Indosinian event saw the collision
between the North China and South China Blocks. The
later Yanshanian event, starting from the Early Jurassic,
is believed to be related to oblique subduction of the
Pacific Plate under the Eurasian Plate along the eastern
margin of China. This tectonothermal event led to
extensive deformation and magmatic activities in China,
in particular, Southeast China. There are, however,
recent suggestions that the Yanshanian tectonic–mag-
matic activities represent an intra-plate deformation
event (Chen, 1999; Yan et al., 2003).

The stratigraphic sequence exposed in the district
(Fig. 2) consists of Carboniferous limestone–dolomite
(C1–3), Permian limestone with a silicified zone at the
top (P1q and P1d), a Permian terrestrial sand–silt–clay
package (P2dl and P2c; mainly shale with coal seams and
marl layers), Triassic limestone with marl and shale
layers (T1d), a Jurassic conglomerate–sandstone–
muddy siltstone package (J1g and J2), and Cretaceous
sandstone–siltstone–conglomerate rocks (K1d). Two
major unconformities separate the Permian/Triassic
and Early Jurassic units, and the Cretaceous and Early
Jurassic units. There are numerous intrusive bodies
exposed in the district but most are small. The only
major intrusive body, which has direct contact relation-
ship with the orebodies in the Shuikoushan deposit, is
the Shuikoushan granodiorite (exposed in the mine
itself). There are no intrusive bodies exposed in the
Kangjiawan deposit. There is speculation that miner-
alisation in Kangjiawan is more distantly related to the
granodiorite body (Liu and Tan, 1996a), or that there
might be one or more concealed intrusions at depth
(Wang, Y.J., personal communication, 2004). Recent
U–Pb zircon chronology data (Wang et al., 2002a,
2003a) suggests that the age of the Shuikoushan
granodioritic intrusions is ca. 172 Ma, an age consistent
with the Yanshanian event.

Fold structures are well developed (Fig. 1b), as a
result of the Indosinian and Yanshanian tectonic events.
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These are N–S to NNE–SSW trending and form five
main anticline–syncline alternating fold systems in the
district, all overturned. Faults are also well-developed in
the district, mostly along overturned fold limbs. These
structures are mostly reverse faults and have dominant
N–S to NNE–SSW trends, similar to the fold trends. In
some cases, faults are almost bedding parallel. The F22
fault in the Kangjiawan deposit and the F1 fault in the
Shuikoushan deposit are the faults most relevant to
mineralisation, as demonstrated by the observation that
some orebodies are directly hosted within fault zones
(Fig. 2; see also Liu and Tan, 1996a).

All the rocks in the district are fractured or brecciated
to various degrees. The most severe brecciation is
observed in the following three situations: (1) the
silicified limestone zone at the top of the Permian
limestone unit (P1q), particularly when it intersects with
faults and is in unconformable contact with Early
Jurassic rocks; (2) the contact zones between the
granodiorite intrusive body and the Permian limestone
and shale–marl units (P1q, P1d) (Shuikoushan deposit);
and (3) near the unconformity below the more rigid
Jurassic sandstone.

Ore body–host rock contact relationships differ
between the Kangjiawan and Shuikoushan deposits. At
Kangjiawan (Figs. 2 and 3), orebodies are mainly hosted
Fig. 3. Structure, stratigraphy and ore body locations in exploration sectio
exploration profile from the 217 Geological Team of Hunan Geology and E
in the brecciation zones developed in the silicified
section of the Permian limestone (P1q), particularly at
intersecting sites between the F22 fault, the silicified zone
and fold hinge locations (note that the Lower Permian
limestone (P1q) is under the cover of the Jurassic–
Cretaceous rocks in the area). The breccia zones along
the unconformity at the base of the Early Jurassic unit are
another favourable ore location, particularly where the
silicified limestone zone is in direct contact with the
unconformity. Ore bodies are predominantly lens-
shaped (Fig. 3), generally 600 to 1200 m long and, on
average, 6.8 m thick, and are composed of sulphide ores
with massive, disseminated, breccia and fine-vein ore
textures. Major ore minerals are galena, sphalerite and
pyrite, with a small amount of pyrrhotite, hematite,
chalcopyrite, arsenopyrite, bornite and chalcocite.

In the Shuikoushan deposit (Fig. 2), ore bodies are
mainly hosted in the breccia contact zones between the
granodiorite intrusive body, the Permian limestone (P1q,
in particular the silicified zone at the top) and shale–
marl unit (P1d), and in faults (e.g., F1), situated in the
core of an overturned anticline. The Permian rocks are
also under cover in the deposit. Lens-shaped ore bodies
are composed of sulphide ores with dominant massive
and breccia ore textures. Major ore minerals are
sphalerite, galena, pyrite and chalcopyrite, with a
n P104, Kangjiawan Au–Ag–Pb–Zn deposit (based an unpublished
xploration Bureau, China).
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small amount of magnetite, hematite, pyrrhotite,
scheelite, bismuthinite, molybdenite, bornite, chalco-
cite, uraninite and stannite.

Previous studies (Liu, 1994; Liu and Tan, 1996a; Yu
and Liu, 1997; Zhang, 1999) all suggest that the
Kangjiawan and Shuikoushan deposits are genetically
linked to the Shuikoushan granodiorite intrusion. The
Kangjiawan deposit is described as a hydrothermal
replacement deposit involving magmatic and meteoric
fluids, while the Shuikoushan deposit is a contact
metasomatic skarn deposit involving only magmatic
fluids (Liu, 1994; Liu and Tan, 1996a). Mineralisation
temperatures in the Kangjiawan deposit (120 to 250 °C)
are inferred to be lower than in the Shuikoushan deposit
(215 to 430 °C) (Liu and Tan, 1996a). These point to a
possible scenario where the migration of magmatic-
sourced ore-bearing fluids is from the Shuikoushan
intrusion or deposit towards the Kangjiawan deposit. It
is then suggested that mineralisation in the Kangjiawan
deposit may be somewhat later than in the Shuikoushan
deposit (Liu and Tan, 1996a). This scenario is consistent
with the fact that the Shuikoushan deposit is in direct
contact with the intrusion, while the Kangjiawan deposit
is about 2.5 km away from it.

The structural-mineralisation history of the Shui-
koushan district is summarised as follows: (1) an early
folding/faulting event at approximately 220 Ma, during
the Indosinian orogeny, leading to the development of
folds and faults and some brecciation in the rock units
up to late Triassic; (2) the development of an
unconformity, followed by deposition of the Early
Jurassic rocks (J1); (3) the second folding/faulting event
from ca. 180 Ma during the early Yanshanian tectonic
event, leading to broad/gentle folding of the J1 rocks,
further folding of earlier rock sequences, fault reactiva-
tion, and enhanced rock brecciation; (4) granodiorite
intrusion at/after about 172 Ma, also within the early
Yanshanian event; and (5) mineralisation occurring at,
or after, about 172 Ma.

The deformation and fluid flow models in the
following sections simulate a part of this history. Our
focus is on the interaction between rock deformation,
brecciation and fluid flow during the Yanshanian
folding/faulting event, immediately before mineralisa-
tion in the district.

3. Description of numerical models

3.1. Brief model introduction

We describe here two groups of numerical models,
designed to explore the above scenarios. The first group
is based on a conceptual district-scale deformation-fluid
flow model simulating the coupled deformation-fluid
processes during the Yanshanian folding event for the
whole Shuikoushan district. The model is not a
reconstruction of an actual geological profile, but
simulates a conceptual cross section with a synthetic
stratigraphic assembly for the district. The second group
is at the deposit scale, and focuses on a specific
exploration cross section in the Kangjiawan deposit.
Furthermore, this group consists of continuum coupled
deformation-fluid flow models and a discrete mechan-
ical fracturing model. Details of these models are
provided below.

3.2. Modelling technique

A finite difference code, FLAC (Fast Lagrangian
Analysis of Continua; Cundall and Board, 1988; Itasca,
1998), has been used in this study to simulate the
interactions between deformation and fluid flow.
Materials are represented by elements, which form a
mesh to fit the geometries of the geological structures to
be simulated. Each element behaves according to
prescribed mechanical and hydraulic laws in response
to the applied boundary conditions. The material can
yield and flow, and the grid deforms and moves with
the material. This explicit, Lagrangian, computation
scheme, together with the mixed-discretisation tech-
nique adopted in FLAC, ensure that plastic failure and
flow are modelled accurately. This code has previous-
ly been successfully applied to the fields of structural
geology, tectonics and economic geology (e.g., Hobbs
et al., 1990; Ord and Oliver, 1997; Zhang et al., 2000;
Ord et al., 2002; Sorjonen-Ward et al., 2002; Wang et
al., 2002b; Zhang et al., 2003).

The mechanical behaviour of the model is governed
by the Mohr–Coulomb elastic–plastic constitutive law
(Jaeger and Cook, 1979, p. 228; Vermeer and de Borst,
1984). A Mohr–Coulomb material undergoing defor-
mation behaves initially elastically until the stress
reaches a critical value known as the yield stress, at
which point it begins to deform plastically, and
irreversibly, to high strain. The yield of such material
may be expressed as a yield function, f, given by

f ¼ sm þ rmsin/−Ccos/;

where τm is the maximum shear stress and σm is the
mean stress, ϕ is the friction angle, and C is the
cohesion. The material is in an elastic state if f<0 (the
stress state is not touching the yield surface), and is in
a plastic state if f=0 (the stress state is touching the
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yield surface). The plastic potential function, g, is
given by

g ¼ sm þ rmsinw−Ccosw;

where ψ is the dilation angle. The current models
adopt ϕ≠ψ, resulting in a non-associated flow rule
(see Vermeer and de Borst, 1984; Ord, 1991). As a
Mohr–Coulomb elastic–plastic material deforms in a
plastic manner, it may change in volume. The amount
of dilation (plastic volume change) is defined by the
dilation angle. On a micro scale, such dilation can be
considered as the consequence of the sliding of
crystalline grains over one another, or the formation
of pore space and fractures (Vermeer and de Borst,
1984; Hobbs et al., 1990; Ord and Oliver, 1997).

Fluid flow in these models is governed by Darcy's
Law (see Bear and Verruijt, 1987), given by

qi ¼ −ka
ijA=AxjðP−qwgkxkÞ;

where qi is the specific discharge vector or Darcy fluid
velocity (m s−1), kij

a (m2) is the apparent mobility
matrix, which is a function of permeability and
saturation, P is the pressure, ρw is the fluid density, g
is gravity, and xi is the position of a material point. Fluid
velocities are therefore a function of gradients in pore
fluid pressure, or hydraulic head with gravity present,
and permeability. Deformation and fluid flow are
interactively coupled during modelling. This interaction
is reflected in the following ways: (1) pore fluid pressure
affects plastic yielding as described in the Mohr–
Coulomb yield criteria; (2) volumetric strain developed
due to deformation is instantaneously related to fluid
pore pressure changes (volume increase or dilation leads
Fig. 4. Initial geometry of the district-scale deformation and fluid flow model
of the units.
to a pore pressure decrease, while volume decrease or
contraction results in pore pressure increase); (3) the
generation of any topographic elevation or depression,
as a result of bulk deformation, can also lead to changes
in fluid flow patterns.

The development of a deformation and fluid flow
model requires the specification of rock properties
relevant to the described rheology including rock density,
elastic moduli (bulk modulus and shear modulus), plastic
parameters including cohesion, tensile strength, friction
angle, and dilation angle, and fluid-related parameters of
fluid density, permeability and porosity. Deformation and
hydrological boundary conditions (e.g., loading velocity
and initial pore pressure) must also be defined.

As a comparative analysis to the continuum approach
described above, a discrete-approach model has also
been constructed to simulate explicitly the mechanical
development of fracture and brecciation, using a finite
element code, ELFEN (Rockfield Software Limited,
2001). Similar to the continuum modelling, this discrete
model simulates Mohr–Coulomb elastic–plastic rheol-
ogy but also incorporates a failure law stating that the
material will fail in tension and fracture if the maximum
tensile stress reaches a critical value.

3.3. Model geometry, mechanical and hydrologic
parameters and boundary conditions

The initial geometry of the district-scale fluid flow-
folding model consists of 14 stratigraphic units (Fig. 4)
and a thin zone associated with the unconformity. The
stratigraphy and architecture of the model represents a
simplified, conceptual synthesis of the fold structures
present in the district before the main mineralisation
. Numbers denote unit no. See Table 1 for the rock types and properties



Table 1
Mechanical and hydrological properties of the models

ρ — density; K — bulk modulus; G — shear modulus; C — cohesion; σt tensile strength; ϕ — friction angle; k — permeability; a dilation angle
of 2° is used for all the units.

Fig. 5. Reconstructed geometry of structures of the P104 profile in the
deposit scale model. See Table 1 for rock types and properties of the
units. See text for additional information.
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stage, i.e., the second folding event considered to be
related to the Yanshanian orogenic period. Since the
purpose of the model is to simulate fluid flow patterns
during folding rather than fold initiation and develop-
ment, we have started the model with some existing fold
structures, reflecting the framework of the five anticline–
syncline fold systems in the district. Note that the pre-
Jurassic units (1 to 10) below the major unconformity
have tighter folds, reflecting the effects of two folding
events (the Indosinian and Yanshanian events), while the
units (12 to 14) above the unconformity have much
gentler folds, showing the effects of early folding in the
second folding event. The models are initialised with a
lithostatic pore fluid pressure gradient (Ord and Oliver,
1997) and are subjected to horizontal shortening to
simulate further folding and associated fluid flow.

The rock types and mechanical–hydrological prop-
erties of the units are given in Table 1. These property
values are based on the mechanical characteristics of
each rock type, using established data from the literature
wherever possible (Clark, 1966; Turcotte and Schubert,
1982). Two scenarios are modelled. In the first scenario,
all parameter values are kept constant. In the second
scenario, the permeability is allowed to increase when
tensile failure occurs, representing permeability change
due to deformation mechanisms such as hydrofracturing
and brecciation (e.g., Zhang et al., 1999; Zhang and
Cox, 2000). This numerical approach to permeability
change has been used in several previous studies (e.g.,
Ord et al., 2002; Sorjonen-Ward et al., 2002).

The deposit-scale cross-section model is based on the
structure of the east–west exploration profile (P104)
through the Kangjiawan deposit (see Fig. 3); note that
this section does not have the complete stratigraphic
sequence of the district. The modelling procedure
comprises two steps. Firstly, backward geometrical
modelling is carried out to recover some shortening
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deformation along the profile, based on cross section
balancing principles. Secondly, the geometrical structure
from the first step (i.e., the pre-mineralisation geometry
of the section) is reconstructed for numerical modelling,
as shown in Fig. 5. Some simplification has been made
for the Jurassic rock units. Stratigraphic unit labelling on
the section and relevant rock properties are consistent
with those given in Table 1 (also see Fig. 4). The
permeability of the F22 fault is 2×10

−15 m2, the highest
in the section. Two different numerical simulations were
performed. One is a coupled deformation and fluid flow
model using FLAC. The other is a discrete mechanical
fracture/brecciation simulation using ELFEN.

4. Modelling results

4.1. Conceptual district-scale deformation-fluid flow
model

In the first model (see Fig. 4), fluid flow patterns
associated with shortening of a pre-existing fold system
are explored for their possible association with miner-
alisation. The permeabilities assigned to rock units are
kept constant throughout the simulation. The model is
shortened horizontally by 9% (the simulation stopped for
numerical reasons at this stage, because the mesh is
locally severely deformed). The deformed geometry, and
patterns of shear strain and volumetric strain, are
presented in Fig. 6. It is noted that folds in the conceptual
profile continued to grow in response to bulk shortening.
There are no changes in the number of waveforms, as the
initial fold amplitudes are already “finite” and control
any further fold amplification (Zhang et al., 1996, 2000).
The fold trains in the rock sequences below the
unconformity become tighter with steeper fold limbs,
and the folds in the Jurassic rocks above the unconfor-
mity still exhibit broad fold geometry with gently-
dipping limbs. The distribution of shear strain in the
folded sequences is inhomogeneous. There is shear
strain localisation along bedding planes, particular at
fold limbs, reflecting intensive layer-parallel shearing
during folding (Hobbs et al., 2000a). This is consistent
with the observation that severe deformation (fracturing,
brecciation and foliation) occurs along bedding, and
some small faults develop along bedding. Volumetric
strain distribution is also inhomogeneous. It is noted that
there is widespread volume increase or dilation in the
system, a consequence of the buckling process. High
dilation is predominantly localised at fold hinges, as a
result of differential buckling between different units,
and also along bedding at fold limbs as a consequence of
shear deformation (Ord and Oliver, 1997).
Darcy fluid flow velocities in the central part of the
model are given in Fig. 7. The fluid flow field is
dominated by intra-layer, bedding parallel flow, with
strong fluid focusing into fold hinge areas. We note that
fluid flow in this multi-layer fold system is essentially
isolated. The main flow is confined to the aquifer units
of limestone, dolomitic limestone, conglomerates and
sandstone, while several other units (shale, mudstone
and siltstone) act as “seals” and show little fluid flow.
Fluid flow rates in the system are very slow, as indicated
by the maximum fluid flow rate of 1.94×10−9 m s−1.
Folding leads to the development of some low
topographic relief near the surface, and this generates
downward fluid flow, potentially representing the input
of meteoric water. However, such flow is confined to the
top sandstone unit, because of the presence of a
mudstone seal unit underneath. All these features
show that the fluid flow field for the model represents
a very inefficient system for mineralisation.

The assumption of constant permeability can be
problematic, because there are several deformation-
related mechanisms (e.g., hydrofracturing, brecciation
and grain size/compaction changes), which can change
rock permeability in nature. In the next model, we
explore the effect of deformation-enhanced permeability
on fluid flow patterns, by incorporating an algorithm
that causes the permeability of rock units to increase to a
value of 2×10−15 m2 when the material fails in tension.
The high permeability distribution and Darcy fluid flow
velocities for the central region of the model at 9%
shortening is illustrated in Fig. 8. The results show that
tensile failure and permeability enhancement mainly
occur at fold hinges (or fold core regions in a multi-layer
folding systems) and limbs. Most of the low-permeabil-
ity units (e.g., unit 5 — the silicified limestone unit in
particular) are breached with the development of high
permeability zones (representing fracturing/breccia-
tion). The above results in a much more efficient flow
field where fluids can be transported across low
permeability units for a longer distance and focus into
fold hinge/core areas. Fluid flow velocities, with a
maximum rate of 2.142×10−8 m s−1, are also much
greater than those in the previous (constant permeabil-
ity) model. There seems to be two types of locations for
significant fluid focusing. The first includes fold hinge/
core locations in the silicified zone plus limestone and
dolomitic limestone rocks (units 2 to 4 and unit 5 in the
tensile failure/fractured state) below the relatively low-
permeability units (6 to 9) of the siltstone–mudstone–
shale–marl package. The second includes fold hinge/
core locations of units 9 to 11 beneath the unconformity
zone. These features are consistent with the ore



Fig. 6. Deformed fold geometry of the district-scale deformation-fluid flow model at 9% bulk shortening (a). The dash-line box defines the area for
illustrating distributions of shear strain (b) and of volumetric strain (dilation) (c). See Table 1 for the rock types and properties of the units.
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positions observed in both the Kangjiawan deposit and
the Shuikoushan deposit. It is also noted that downward
fluid flow associated with low topographic relief at the
surface penetrates the mudstone seal layer (unit 14) and
reaches deeper sequences. This would potentially
facilitate influx of meteoric water and fluid mixing, a
scenario suggested by Liu (1994) based on the
geochemical characteristics of fluid inclusions.

4.2. Deposit-scale deformation and fluid flow model

The deposit-scale model (see Figs. 3 and 5) for the
exploration cross section P104 in the Kangjiawan Au–
Ag–Pb–Zn deposit uses the same mechanical and
hydrological properties and rock unit sequence numbers
as the district scale models (Table 1). In addition, the
model incorporates the structure of a fault (F22). The
fault has the following properties: density=2100 kg m−3,
bulk modulus=1.666×1010 Pa, shear modulus=1.25×
1010 Pa, cohesion=1×107 Pa, tensile strength=0.5×
107 Pa, friction angle=25° and permeability=2×10−15 m2.
A lithostatic initial fluid pore pressure gradient is
adopted. As in the models described above, we have
incorporated an algorithm that allows the permeabilities
of rock units to increase to 2×10−15 m2 when materials
fail in tension. The model is horizontally shortened by
about 5%. The locations of tensile failure, the
developed high permeabilities and Darcy fluid flow



Fig. 7. Instantaneous Darcy fluid flow velocities in the central area of the district-scale model (see the dash-line box in Fig. 5a) at about 9% bulk
shortening. See Table 1 for the rock types and properties of the units; “U” denotes the unconformity zone. Permeability is kept constant in the model.
The maximum fluid flow rate is 1.99e-9 m s−1.
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velocities for the central area of the model are shown
in Fig. 9. It is interesting to note that tensile failure
(effectively representing brecciation) and high perme-
ability creation are dominantly localised in the fold
hinge/core area where the silicified zone and limestone
intersect with the F22 fault. The overturned limb of the
fold (the silicified zone and limestone units) also
seems to show more tensile failure and associated
permeability creation. As a result of tensile failure and
permeability creation, fluids are strongly focused
towards these locations. In the meantime, some
downward fluid flow along the F22 fault is also
directed towards these locations. Such fluid flow
patterns create an ideal scenario for fluid mixing,
favourable for mineralisation (Hobbs et al., 2000b;
Zhang et al., 2003). Furthermore, the pattern of fluid
mixing predicted by this model explicitly replicates
the conceptual fluid mixing scenario of Liu (1994) for
the Shuikoushan district.
The results from the model above are generally
consistent with the observations of rock brecciation and
ore body distributions in the cross section through the
Kangjiawan deposit. Underground observations, how-
ever, indicate that the silicified zone on the top of the
limestone unit seems to be more severely brecciated
than the limestone unit, while the silicified zone in the
model shows relatively less tensile failure. This is
probably due to the high tensile strength of 4×107 Pa
used for the unit in the model (the highest value of the
model, see Table 1). The rocks in the silicified zone are
actually very brittle, and should have higher cohesion
(as used in the model) and lower tensile strength. To
explore this scenario, we have constructed another
model with the modification of tensile strength from
4×107 to 1×107 Pa.

The resulting tensile failure locations, high perme-
ability creation and Darcy fluid flow velocities for the
modified model are presented in Fig. 10. It can be seen



Fig. 8. Instantaneous Darcy fluid flow velocities in the central area of the district-scale model (see the dash-line box in Fig. 5a) at about 9% bulk
shortening. See Table 1 for the rock types and properties of the units; “U” denotes the unconformity zone. Permeability is allowed to increase when
tensile failure occurs. Shaded areas indicate the locations of permeability enhancement as a result of tensile failure. The maximum fluid flow rate is
2.14e-8 m s−1.
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that the area of tensile failure in the silicified unit
became more extensive. The rocks at the fold hinge and
overturned-limb locations have failed extensively. The
limestone unit underneath also shows extensive tensile
failure. These features are consistent with the observa-
tion of severe fracturing — brecciation and mineralisa-
tion at the corresponding structural location in the
Kangjiawan deposit. The fluid flow pattern is consistent
with that described for the previous model, that is, strong
fluid focusing (maximum rate=1.67×10−7 m s−1) and
mixing at the fold hinge location or the “brecciated” areas
within the silicified zone and limestone unit, where the
F22 fault cuts through.

We note that there are also some other small areas
showing tensile failure and permeability increase (see
Figs. 9 and 10). But fluid flow at these locations is
insignificant because these small high permeability
areas are isolated.
4.3. Deposit-scale discrete fracture-brecciation model

The Elfen discrete fracture-brecciation model for
the P104 profile uses properties consistent with those
used in the FLAC continuum approach modelling
described above. The model uses a low tensile
strength for the silicified unit, and is also subject to
horizontal shortening. It is interesting to note that
fracture development in the model is remarkably
consistent with the pattern of tensile failure predicted
by the continuum deformation-fluid flow models (Fig.
11; also see Figs. 9 and 10) and coincides well with
ore body locations on the P104 exploration profile in
the Kangjiawan deposit. Extensive fractures develop
in the silicified zone and limestone unit, but are
predominantly confined to the fold hinge location;
fracturing in the other areas of the model is minimal.
This is consistent with the observation of severe rock



Fig. 9. Instantaneous Darcy fluid flow velocities in the central area of the deposit-scale model for the P105 profile in the Kangjiawan deposit at about
5% bulk shortening. See Table 1 for the rock types and properties of the units. Shaded areas indicate the locations of permeability enhancement as a
result of tensile failure. The maximum fluid flow rate is 2.15e-7 m s−1.
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brecciation and mineralisation at such locations in the
Kangjiawan deposit.

5. Discussion

In the Shuikoushan district, brecciation has been
considered the most important mechanical control on
mineralisation sites, based for example on the occur-
rence of ore bodies in the breccia zones along the
silicified zone of the Permian limestone in the
Kangjiawan deposit. Except for some general descrip-
tions of brecciation features and locations (e.g., Liu,
1994; Liu and Tan, 1996a; Zhang, 1999), there is no
detailed discussion of the development of breccias in the
district. The current models have, for the first time,
explored the folding and fluid flow process, showing
how brecciation could have developed as a consequence
of folding and faulting. Our results show that tensile
failure and fracturing were the most likely processes
controlling the brecciation. These effects are closely
related to the pore fluid pressure gradient (high fluid
pressures facilitate brecciation; see Sorjonen-Ward et
al., 2002), the mechanical properties (for example, high
cohesion and low tensile strength, i.e., more brittle rock
which is easier to brecciate), and structural locations
(e.g., fold hinge, limb and fault intersections). In the
Shuikoushan district, the silicified zone together with
the underlying Permian limestone unit represent the
lithological control on brecciation; and the fold hinges
and limbs (especially when overturned) represent the
structural control, particularly where these locations
intersect with major faults. This understanding is also
consistent with observations of brecciation or fracture-
related vein structures in many other mineral deposits in
the world (e.g., Schaubs and Zhao, 2002; Ord et al.,
2002; Potma et al., 2003).

Fluid flow in folded systems is an important issue
relevant to mineralisation in many regions (e.g., Ord et



Fig. 10. Instantaneous Darcy fluid flow velocities in the central area of the deposit-scale model for the P105 profile in the Kangjiawan deposit at about
5% bulk shortening. This model uses a lower tensile strength for the silicified zone than the previous model (see text for detailed description). See
Table 1 for the rock types and properties of the units. Shaded areas indicate the locations of permeability enhancement as a result of tensile failure. The
maximum fluid flow rate is 1.67e-7 m s−1.
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al., 2002). For the Shuikoushan district, the general
perception of previous workers (e.g., Liu, 1994; Yu and
Liu, 1997; Zhang, 1999) is that fluids would flow
predominantly upward from the fluid source (one or
more intrusions) to mineralizing sites in the system.
However, folds in the district involve a complex
stratigraphic assembly ranging from very impermeable
rock types (shale, mudstone and siltstone) to more
permeable lithologies (sandstone, conglomerates and
limestone). The presence of low permeability layers will
tend to limit fluid transport in the system. These results
show that the fluid flow regime in the Shuikoushan
district would have been characterised by inefficient,
isolated, intra-bed flow if the permeabilities of rock
units did not change with deformation. In nature,
however, permeabilities did change with deformation,
particularly as a result of tensile failure. The results
presented in this study show intense, localised shearing
on fold limbs, dilation in fold hinges, and tensile
fracturing of the more brittle rocks in regions of high
pressure and buckling-related tensile, or low minimum
principal, stresses. These processes led to the creation of
high permeability in the system and the breaching of low
permeability “seal” units. As a result of these coupled
processes, fluid flow in the system became connected
and more efficient, enabling transport of fluids through
the multi-layer package and fluid focusing into fold
hinge/core locations.

Fluid mixing and the involvement of meteoric waters
in the mineralising fluids for the district, proposed by
Liu (1994), is a likely scenario. The current results show
that low topographic relief, generated by folding,
promoted the downward flow of meteoric water,
assisted by the breaching of “seal” units. Furthermore,
the cross section model clearly demonstrates that, in
addition to pervasive flow through rock sequences



Fig. 11. Brecciation pattern developed in the deposit-scale discrete fracture-brecciation model. Short black lines/mesh illustrate the fracture geometry.
Ore body locations on the P104 exploration profile in the Kangjiawan deposit are illustrated in the diagram inset at top-left (see Fig. 3 for details).
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(assisted by rock tensile failure and permeability
creation), fluids also migrated upward (deep levels)
and downward (shallower levels) preferentially along
the F22 fault. Such fluid flow patterns promoted the
development of fluid mixing sites in the fold hinge area
(see Figs. 9 and 10). Therefore, the role of major faults
in transporting fluids during mineralisation in the district
was critical. This role is consistent with the understand-
ing of the relationship between faults and fluid flow
(e.g., Knipe, 1993; Sibson, 1994; Oliver, 1996; Zhang et
al., 2003).

It has been widely recognised that numerous
polymetallic deposits in the South China Block are
genetically related to the Yanshanian tectono-magmatic
event from ca. 180 to 90Ma (e.g., Guo, 1987; Wu, 1994;
Yang, 1996; Zhai and Deng, 1996; Pirajno et al., 1997;
Hua and Mao, 1999; Tao et al., 1999; Zhou et al., 2002).
Extensive magmatic activity and structural reworking
over the period provided excellent conditions for the
evolution and transport of mineralising hydrothermal
fluids. As such, South China still represents a highly
prospective terrain for mineral exploration as demon-
strated by increased exploration activity in recent years.
However, it needs to be recognised that mineralisation
conditions (structural and thermal) during the Yansha-
nian period can be very different from region to region
within South China. For example, Hunan Province (the
most important polymetallic province in South China)
consists of several broad polymetallic zones, each with
different mineralisation temperatures (from low to high
temperature mineralisation) and different mineral
assemblages. The Shuikoushan district is located in
the intermediate temperature ore belt of this system. The
development of such lateral mineralisation temperature
gradients may have been the result of several different
tectonic processes, such as magmatic underplating,
crustal scale thrusting and broad crustal thickening.
Careful research is needed to discriminate these
scenarios. The preliminary work of Zhang et al.
(2004) has already highlighted the important role of
crustal thrusting in the development of lateral geother-
mal gradients. The work of Wang et al. (2002b) also
described the role of thrusting and related inhomoge-
neous crustal thickening in the formation of granites in
South China.

6. Conclusions

Coupled district-scale deformation-fluid flow models
show that fluid flow patterns for the fold system inferred
for this region were controlled by deformation within
fold structures. Fluids were generally focused towards
the fold hinge/core areas. Fluids flow along higher
permeability layers towards the hinges in preference to
flowing across the low permeability seal units. The
efficiency of the system was probably significantly
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increased where folded rock units experienced perme-
ability increases as a result of tensile failure. These
results show that new permeability development
localised mostly at fold hinges, dominantly within the
silicified zone on the top of the Permian limestone unit.
This process resulted in increased flow velocities and
facilitated fluid focusing towards fold hinge/core
locations.

The deposit scale cross-section models predict the
patterns of tensile failure, permeability creation, fluid
focusing and mixing, and fracture development. These
predictions explain brecciation and mineralisation
features observed on a selected profile. Locations of
brecciation in the district are characterised by: (1)
combination of fold hinge and fault intersection
locations (structural) and (2) the silicified zone and
limestone unit (lithological). Such brecciation zones are
associated with extensive fluid focusing and mixing,
and therefore represent the most favourable locations for
mineralisation in the district.

Based on these results, future exploration in the
district should focus on identifying the locations where
the silicified zone and the Permian limestone package is
folded and intersected by major F22-like faults, and is
covered by a low permeability terrestrial sand–silt–clay
sequence (seal). The presence of intrusive bodies in
near-by areas or at deeper levels will increase the
probability of mineralisation. On this basis, the south
margin of the Hengyang basin and the regions south of
the Shuikoushan district (the central part of the
Laiyang–Linwu tectonic belt) appear to be prospective
and deserve more attention (see Fig. 1b). Furthermore,
detailed geophysical work to establish the locations and
geometries of concealed intrusive bodies and further
detailed structural–geophysical work to establish the 3D
structural architecture of the district will enhance the
possibility of success in mineral exploration in the
district in the future.
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