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Abstract—Fluid flow and deformation in regions of fractured rock around extensional faults have been modelled
using distinct element methods (UDEC code). The basic methodology is described in terms of a simple model of a
planar normal fault zone, at the Earth’s surface. The model is then modified to simulate deformation at greater
depths and to investigate irregularities in fault shape (including dilational and anti-dilational fault jogs). The
results obtained show that the deformation of a faulted region resulted in significant variation in fracture dilation
(porosity), stress distribution, fluid pressure and fluid flow.

The geometry of models and the applied boundary conditions had important effects on deformation and fluid
flow. At shallow depth, dilation and fluid flow occurred both in the fault zone and the hangingwall, with little
change in the footwall. At greater depth, the higher compressive stresses tended to close all fractures, except
within the fault zone where the-shear displacements caused local dilation. The presence of anti-dilational bends
reduced the dilation and fluid flow in the fault zone, but promoted greater deformation in parts of the
hangingwall. The dynamic response of fracture aperture, pore pressure and shear displacement to fault slip was
also studied. The modelled results are in reasonable correspondence with observed natural examples and have

practical significance for evaluating fluid fiow and deformation in regions which exhibit normal faulting.

INTRODUCTION

Faults are found nearly everywhere in the upper crust
and may act as major channel-ways for concentrated
fluid flow. A range of phenomena from earthquakes to
hydrocarbon migration and hydrothermal ore deposits
are directly related to faulting, fluid flow and their
interaction. In addition, there is abundant evidence that
the passage of fluids in faulted areas is episodic and
linked to increments of fault slip (Sibson 1990). Such
evidence includes reservoir-induced seismicity, earth-
quakes triggered by fluid injection, forced oil recovery
and waste disposal (Healy et al. 1968, Raleigh et al. 1976,
Das & Scholz 1981, Talwani & Acree 1985, Knipe 1993).
Hence, it is fundamentally important to have a quanti-
tative understanding of fracture dilation, fault slip and
fluid pressure variation during periods of deformation.
Moreover, it is desirable to evaluate the permeability
and porosity (opening between blocks) within a faulted
region both during and after movement.

In this work, movement on an extensional fault is
simulated by distinct element methods using a version of
the Universal Distinct Element Code (UDEC), devel-
oped by P.A. Cundall and marketed by ITASCA Con-
sulting Group Inc., of Minneapolis, Minnesota, U.S.A.
The source code was available, thus allowing modifi-
cations to be made.

The models were developed to simulate a normal fault
affecting a fractured (jointed) layer above a basement
block. Displacement of the basement block induces
deformation with resultant dilation and slip within the
fractured rock mass. Fluid pressure and fluid flow in the
region were investigated quantitatively. The modelling

technique is described for an initial model involving a
relatively simple planar fault zone at shallow depths (0-
40 m), where the fluid pressure is assumed to be hydro-
static. The behaviour at greater depths (2 km), with
supra-hydrostatic fluid pressures, is then discussed. The
geometry of the fault zone was modified to incorporate
dilational and anti-dilational jogs. Finally, the dynamic
response of fluid dilation interactions is discussed.

OUTLINE OF MODELLING

Basic geometry—model A

The initial geological model comprises two types of
structures (Fig. 1).

(1) A major extensional faultisrepresentedasa2.5m
wide zone, dipping at 65°, and is modelled as a highly
fractured zone with two sets of fractures (parallel and
orthogonal to the fault zone) defining blocks of 0.833 x
0.833 m.

(2) Regional scale fractures (joints) are represented
as two sets of fractures having the following features:

(a) A sub-vertical set (+2°) of extensional fractures,
consistent with o3 being sub-horizontal in exten-
sional regions. Some fractures of this set were
allowed to extend to the lower boundary. The
lengths of the fractures were sampled from a
power-law distribution with an exponent (D) =
1.6, with a lower limit of the fracture length of 5
m. Heffer & Brown (1990) stated that the power-
law exponent (fractal dimension) of fracture size
approaches 3 in a two-dimensional case, but other
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Fig. 1. Geometry of model A which consists of a faulted region with a

straight fault zone and regional joints above an unjointed basement;
numbers refer to monitoring system, see text.

investigators have noted fractal dimensions be-
tween 0.9 and 1.7 (Segall & Pollard 1983, Barton
& Hsieh 1989, Sanderson & Zhang unpubl. ob-
servations).

(b) A flat-lying set of shorter cross-fractures are hori-
zontal (£5°) and generally abut the sub-vertical
set. In the models the probability of a cross-
fracture stopping at a pre-existing sub-vertical
fracture was set at 0.9, a value consistent with
some natural examples given by Lorenz et al.
(1991) and Lorenz & Finley (1991). As a result,
the length distribution of the flat-lying fractures is
mainly dependent on the spacing of the sub-
vertical fractures.

For both sets of fractures, their mid-points were
randomly located with a uniform distribution in both the
x and y directions. The sub-vertical fractures were
assigned a larger hydraulic aperture, twice that of the
cross-fractures, because the sub-vertical fractures are
longer and normal to the minimum principal stress os.

The size of the simulated region was 40 m in height
and 50 m in width (Fig. 1). It is relatively easy to change
the scale of the model and adjust the boundary con-
ditions on the free surface to simulate greater depths, as
discussed later.

UDEC implementation

In UDEC modelling, the deformation of the fractured
rock consists of the elastic deformation of blocks of
intact rock and of displacements along and across frac-
tures (Cundall et al. 1978). The amount of normal and
tangential displacement between two adjacent blocks
can be determined directly from block geometry, and
block centroid translation and rotation. The force—
displacement law relates incremental normal and shear
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forces (0F,, oF;) to the amount of relative incremental
displacements (3U,, aU;):

oF, = K, aU, (1
aF, = K, aU, 2)

where K, and K; are the contact normal and shear
stiffness respectively. Such force—displacement relation-
ships allow the evaluation of shear and normal forces
between the intact blocks in a deformed region of
fractured rock. The deformability of the interface be-
tween blocks and frictional characteristics are rep-
resented by spring-slider systems with prescribed force—
displacement relations which allow evaluation of shear
and normal forces between blocks.

In UDEC, a fully coupled mechanical-hydraulic
analysis is performed, where fracture conductivity is
dependent on mechanical deformation and displace-
ment, and conversely, fluid pressure affects the mechan-
ical behaviour (Pine & Cundall 1985, Last & Harper
1990). For a closely packed system of blocks, there exists
a network of domains, each of which is assumed to be
filled with fluid under pressure and to communicate with
its neighbours through contacts.

When a pressure differential, Ap, exists between
adjacent domains, flow will take place. The flow rate is
calculated in two different ways depending on the type
of contact. For a point contact (i.e. corner-edge or
corner—corner), the flow-rate, g, is:

q=—k.Ap (3)

where k. is a contact permeability parameter, related to
the geometry of a domain. At edge-edge contacts,
calculation is based on the cubic law of flow in fractures
(Snow 1968, Louis 1969, Witherspoon et al. 1980,
Barton et al. 1985). The flow rate is then given by:

q =—kja3 Ap/l 4)

where £;j is a joint permeability factor; a is the hydraulic
aperture, and / is the contact length.

In the absence of gravity, Ap is given by the pressure
differential between the domains. Where gravity is
taken into account, Ap is given by:

Ap =p1 —p> — pug(y2 — y1) (5)

where py, p; are the hydraulic pressures of two adjacent
domains, y;, y, are the y-coordinates of the domain
centres, and p,, is fluid density.

The hydraulic aperture, a, is given by:

a=ay+ uy (6)

in which ag is the aperture at zero normal effective stress,
and u,, is the contact normal displacement.

A minimum value, a,, is assumed for an aperture,
beyond which mechanical closure does not affect the
contact permeability. Where pore pressure exceeds the
normal stress acting on a fracture, it is possible to open
the fracture so that the aperture is larger than a¢. Hence,
a compressive effective stress can cause apertures to
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close and a tensile effective stress can cause apertures to
open. Thus, normal displacement is given by:

(M

u, = ok, + aqg

where k, is a factor related to rock property.

Boundary conditions and material properties

Elastic constitutive behaviour of the material was
selected, which means that the deformation was accom-
modated by elastic strain of the blocks and dilation and
slip between blocks. In the models, the rock parameters
were selected to represent a tight sandstone (Table 1),
based on data taken from a number of sources (Rosso
1976, Jaeger & Cook 1979, Barton et al. 1985, Pine &
Cundall 1985, Yoshnaka & Yamabe 1986, Last &
Harper 1990).

During the deformation, the vertical stress g; was
caused by gravitational loading and o3 was in a horizon-
tal direction. The ratio between the horizontal stress
(03) and overburden stress (o) was 0.45. The base of the
hangingwall block was allowed to move with a constant
velocity parallel to the fault. No vertical movement of
the base of the footwall was allowed, thus generating a
relative displacement of the two blocks.

At shallow crustal depths, the head of fluid pressure in
the model was selected to be hydrostatic (4,, = 0.4), i.e.
10 MPa km™' (Yerkes er al. 1985, Sibson 1990). The
hydraulic pressure along the top and bottom boundaries
was set to 0 and 400 KPa, respectively, with a downward
linear increase in hydraulic pressure applied along the
left and right boundaries. Note that the magnitude of
fluid pressure was a little iower than that of the horizon-
tal compressive stress, so that the effective stress in that
direction (o3) was still compressive. However, o3 had a
very small value (0.05 overburden), while the value of
effective stress of in the vertical direction was much
higher (0.6 overburden), as shown in Fig. 2.

Table 1. Material propertics used for modelling

Value Units
Block property
Density 2500 kgm™?
Shear modulus 13.46 GPa
Bulk modulus 243 GPa
Young’s modulus 35 GPa
Poisson’s ratio 0.26
Fracture property
Tensile strength 0 MPa
Cohesion 0 MPa
Friction angle 35 degree
Dilation angle 5 degree
Joint normal stiffness 24.3 GPam™!
Joint shear stiffness 13.46 GPam™'
Residual aperture
(vert. fracture) 0.0002 m
(cross-fracture) 0.0001 m
Zero stress aperture
(vert. fracture) 0.001 m
(cross-fracture) 0.0005 m
Fluid property
Density 1000 kgm™?
Viscosity 0.00035 Pas
Bulk stiffness 3 GPa
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Fig. 2. Mechanical and hydraulic boundary conditions at a shallow

depth in model A. The vertical stress ¢, is due to gravity (overburden)

and the laterally compressive stress o3 is 0.45 oy; fluid pressure is

applied along the left and right boundaries and increases linearly

downwards; the effective stress in the horizontal direction (03%) has a
small compressive value of 0.05 overburden.

Monitoring system

The UDEC allows a number of physical parameters,
such as stress, displacement, dilation, flow rate and fluid
pressure, to be monitored during modelling. In this
study, a total of 40 monitors were set at eight points, to
monitor pore pressure, dilation of fractures, slip, shear
stress and normal stress. There were four locations in the
fault zone, together with two in the footwall and two in
the hangingwall. The selection of monitored positions
was designed to cover different areas (fault zone, foot-
wall and hangingwall), levels (near to the top surface,
near to the basement rocks) and fracture types (exten-
sional fracture, cross fracture). The fracture positions
monitored are shown in Fig. 1.

In the models, the ‘porosity’, Py, is defined as the
ratio:

Py= O,/R, ®

in which O, is the sum of all openings and R, is the area
of the studied region. Clearly such a parameter, Py, is
directly related to the dilation of fractured rocks, and is
indirectly related to the pore pressure and permeability
of fractured rocks.

Modelling was carried out on an IBM RS-6000 work-
station; typical modelling runs lasted 6 h.

STRESS DISTRIBUTION AND FLUID FLOW IN
MODEL A AT A SHALLOW DEPTH WITH A
HYDROSTATIC FLUID PRESSURE

The results from model A (Fig. 1) will be described in
some detail in this section, since they both demonstrate
the general approach to modelling using UDEC and
show much of the intrinsic value of such models in the
interpretation of fluid flow as a result of extensional
faulting in general. The other models will be described in
relation to this basic model, with discussion limited to
significant variations in procedure or result.
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Stress redistribution and dilation

Once the basic geometry and properties of the model
have been specified, an initial stage in the modelling
involves the achievement of steady-state mechanical and
hydraulic conditions. The basement beneath the area
was fixed so that no movement occurred in the vertical
direction. All blocks were gravitationally loaded until an
approximate mechanical balance was achieved. Hydro-
static pressure was then applied along the boundaries.
Figure 3 shows the stress distribution around the free
surface and the basement of the modelled region. The
stress within the region is approximately uniform, being
dominated by the gravitational loading, but block geom-
etry produces some significant modifications, particu-
larly near to the fault zone.

Faulting was simulated by allowing movement of the
basement beneath the hangingwall region to a total
throw of 0.4 m. This subsidence was achieved in 1 s and
was monitored for a further second, during which the
recovery of stress, dilation and fluid pressure in the fault
region began.
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Fig. 3. Principal stress distribution of local regions of model A before
fault movement. The directions and magnitudes of two principal
stresses at an element are indicated with a cross. The basement
beneath this area was fixed so that no movement occurred in the
vertical direction. All blocks were subjected to the gravitational
loading until an approximate mechanical balance was achieved, then
hydrostatic pressure was applied. The resulting stress state has been
modified by the fracture geometry and fluid flow. (a) Principal stress
distribution at the surface; the maximum value of major principal
stress is 0.277 MPa. (b) Principal stress distribution at the base; the
maximum value of principal stress is 1.1 MPa.
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The amounts of dilation, slip, fluctuation in fluid
pressure and associated permeability change as a result
of the subsidence and extension of the hangingwall.
Figure 4 shows the geometry and stress redistribution of
the same local areas as in Fig. 3.

The maximum stress was 0.277 MPa near the surface
and 1.11 MPa at the base prior to faulting (Fig. 3), and
0.568 MPa around the surface and 14.28 MPa around the
base after faulting (Fig. 4).

The distribution of aperture throughout the model
prior to fault slip is shown in Fig. 5(a). During fault
movement, relative displacement occurs between
blocks, producing changes in the aperture of fractures
(Fig. 5b). It is interesting to note that dilation occurred
mainly within the fault zone and the hangingwall, with
little in the footwall. One of the reasons for this is that
the shear resistance of the sub-horizontal fractures
within the fault zone and hangingwall is reduced, allow-
ing greater opening and displacement, which in turn
allowed opening of the sub-vertical fractures (Fig. 5);
note that Fig 5(a) represents aperture values =0.0012 m,
whereas Fig. 5(b) shows apertures =0.004 m. In addi-
tion to dilation, slip on fractures in the fault zone and
hangingwall produced some block rotation and accom-
panying dilation (Fig. 4).

(b)

Fig. 4. Internal structures and stress redistribution in local regions of

model A after fault slip, which produced significant movement and

rotation of the blocks. Compared with the stress distribution in Fig. 3,

there is an increase due to compressive contacts around some blocks

and a reduction due to openings around others. (a) Stress state at the

surface; the maximum value of stress is 0.568 MPa. (b) Stress state at
the base; the maximum value of stress is 14.28 MPa.
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(a)

(b)

Fig. 5.(a) The apertures before fault slip show a uniform distribution;

each line represents an aperture value of 0.0012 m and only those

apertures which exceeded this value are shown. (b) After fault slip,

apertures increase in the fault zone and hangingwall; each line indi-

cates an aperture value of 0.004 m and only those apertures which
exceeded this value are shown.

Porosity and permeability changes

Quantitative comparisons of the porosity of the foot-
wall, fault zone and hangingwall regions of the model
are shown in Fig. 6(a). The initial extensional fractures
were set at the same aperture, so the initial porosity was
determined by the density and connectivity of the frac-
tures. Before faulting, the fault zone had a relatively
high porosity of 0.4% and the country rocks had rela-
tively low values of 0.04 and 0.066% for the footwall and
the hangingwall, respectively. After faulting, the ‘poro-
sity’ of the fault zone and the hangingwall increased
greatly to 1.76 and 0.25%; 4.4 and 3.73X higher than
values before faulting. The ‘porosity’ of the footwall was
little changed.

Many geological phenomena may be related to such
changes in the capacity of the fractures to store fluids,
ranging from the fracture porosity of hydrocarbon reser-
voirs to potential sites for precipitation from ore-bearing
fluids. It should be noted that dilation occurred on both
vertical and horizontal fractures, and in many cases
shear produced localized dilational jogs. These phenom-
ena and their significance in fault tectonics and mineral-
ization have been discussed by Sibson (1989a) amongst
others.

After faulting, the apertures of fractures within the
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Fig. 6.(a) Quantitative comparisons of percentage porosity in differ-
ent areas (footwall, fault zone and hangingwall). After fault slip, the
porosity of the fault zone and hangingwall increased to 1.76 and
0.25%, respectively (approximately 4X higher than before faulting);
the porosity of the footwall changed little. (b) Quantitative compari-
son of flow rates before and after fault slip. The average flow rate in the
fault zone and hangingwall increased by two orders of magnitude after
fault slip.

fault zone and the hangingwall increased greatly and, at
the —15 m level, were approximately one order of
magnitude higher than those within the footwall. Corre-
sponding to this increase in aperture, the fluid pressure
at this level had a slight decrease (from 0.152 to 0.149
MPa), probably due to the opening of extensional frac-
tures at rates faster than fluids could flow in to restore
equilibrium. Such fluid pressure reduction in local areas
is consistent with the suction-pump mechanism of Sib-
son (1989a, 1990).

The flow rate within the fault zone and the hanging-
wall had an abrupt increase due to the increase in
aperture. Figure 7(a) shows the pathways and directions
of fluid flow before faulting; there was a fairly uniform
flow rate through fractures in the whole region. How-
ever, after faulting, the fluids mainly flowed through the
fault zones and hangingwall, as shown in Fig. 7(b}); note
that the minimum value of flow rate shown in Fig. 7(a) is
10 x 107°m3 s™! m™?!, whereas it is 50 X 107° m> s™!
m~! in Fig. 7(b). A summary of average flow rates
(volume rates of flow per area) before and after faulting
is shown in Fig. 6(b). This average flow rate is the mean
value of three measurements of flow rate through the
top boundary, the bottom boundary and the middle
section. The average flow rate in the footwall was three
times higher than before fault slip. However, the flow
rate in the fault zone and hangingwall was two orders of
magnitude higher after faulting than before. The flow
rate between parallel plates is dependent on the cube of
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(a)

(b)

Fig. 7. Pathways and directions of fluid flow. (a) Before fault slip,
fluids flowed upwards at a fairly uniform flow rate throughout the
whole region; the minimum value of flow rate in an individual fracture
was 10 X 107° m® s™' m~!. (b) After fault slip, fluids mainly flowed
through the fault zone and hangingwall; the minimum value of flow

rate in an individual fracture was S0 X 107 ®m3s™ ! m™!.

the aperture, hence a large permeability increase is
expected for any significant increase in dilation. It is
important to note that the dilational structures created
in the vertical section are also likely to form channels
normal to the plane of section, which, in the presence of
out-of-plane hydraulic heads, may significantly enhance
permeability in this direction.

These model results support the considerable body of
evidence that fluid migration is broadly associated with
regions of active faulting (Sibson 1989a). However, for
fractured rock masses, the model indicates that
enhanced fluid flow is not necessarily confined to the
fault zone, but may extend into the hangingwall at
shallow depths.

COMPARISON OF MODEL A WITH A SUPRA-
HYDROSTATIC FLUID PRESSURE AT A
GREATER DEPTH

Hydraulic boundary conditions at depth

The hydraulic boundary condition in Fig. 2 was used
to simulate a fault region at shallow depth, where
fractures were interconnected through to the surface.
However, a transition towards supra-hydrostatic fluid
pressure at depths of a few kilometres is reported in
many sedimentary basins (Fertl et al. 1976, Sibson 1990).

X. ZHANG and D. J. SANDERSON

An alternative hydraulic boundary condition has been
used to simulate the deformation and fluid flow at a
depth of 2 km below the surface, based on the geometry
of model A. ’

At such a depth, the total stress in the vertical direc-
tion, o1, was 50 and 51 MPa along the top and bottom
boundaries, respectively. The total stress in the horizon-
tal direction, o3, increased downwards along both the
left and right boundaries from 24 to 24.48 MPa because
of a lateral pressure ratio of 0.48. A hydrostatic fluid
pressure of 0.4 was selected for the first 1500 m below the
free surface and a supra-hydrostatic fluid pressure of 0.6
below 1500 m. Hence, the fluid pressure along the top
boundary was 22.5 MPa and 23.1 MPa along the bottom
boundary. The fluid pressure along both the left and
right boundaries increased downwards from 22.5 to 23.1
MPa. Note that the effective stress was still compressive
in all directions.

Comparison in characteristic behaviour

At greater depth, the fault region experiences a larger
vertical stress and fluid pressure. During the period of
fault slip, which was equivalent to 0.6 s real time, the
hangingwall subsided by 1.1 m. Figure 8(a) shows the
geometry after faulting.

Within the fault zone, a fairly uniform distribution of
shear displacement existed. Many openings were
created around the basement within the zone with ro-
tation of blocks, as shown in detail in Fig. 8(b). There
were rather different features of aperture distribution
from the model at shallow depth. The apertures devel-
oped mainly within and around the lower part of the
zone (Figs. 8c & d). From these distributions, it is evi-
dent that some fractures in local areas (including the
fault zone, footwall and hangingwall) closed and others
opened in response to local stress and fluid pressure
changes around the blocks. The fractures in the lower
part of the fault zone developed rather large apertures
and would serve as the main channels for fluid flow
(Figs. 8a & b). Again, such structures would increase the
permeability greatly out of the plane studied here.

The porosity and average flow rates before and after
faulting may be compared (Fig. 9). Increased porosity
only developed within the fault zone, with slight de-
creases in the footwall and hangingwall. It is interesting
to note that the average flow rate within the footwall and
hangingwall decreased greatly and the flow rate within
the zone only increased a little (Fig. 9b). This is due to
stress concentrations reducing the apertures to the resi-
dual minimum value (4, = 0.0005 m for sub-vertical
fracture and 0.0001 m for sub-horizontal fractures). Asa
result, some obstructions formed locally in the pathways
of fluid flow, and the average flow rate decreased.

EFFECTS OF IRREGULARITIES IN FAULT
ZONE

Fault jogs are of interest because they have important
effects on various geological processes. For example,



Effects of fault slip on fluid flow

— ]
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Fig. 8.(a) Geometry of model A, after fault slip, at a depth of 2000 m below the free surface. (b) Detail to show the stress

redistribution and openings created around the base of the fault zone, with the formation of a channel along the basement/

cover interface due to block movement. (c) Aperture distribution in this model, with greatest dilation near the base of the

fault zone; each line represented an aperture of 0.0016 m. (d) Detail showing the aperture distribution around top of the
fault zone; each line represented an aperture of 0.001 m.

jogs are important sites for earthquake initiation and
termination, and for aftershock activity (King & Nabe-
lek 1985). The structures which develop at jogs can make
them important locations for hydrocarbon migration
and entrapment (Larson 1988, Morley er al. 1990, Pea-
cock & Sanderson 1994) and for mineralization (Dun-
ham 1988). However, dilational jogs and anti-dilational
jogs may play rather different roles in slip transfer along
faults (Segall & Pollard 1980, Sibson 1987, Peacock &
Sanderson 1991, 1992). In this study, the basic extensio-
nal fault model has been modified to include these
features. Model B (Fig. 10a) shows the fault region with
a dilational jog and model C (Fig. 11a) shows the fault
region with an anti-dilational jog. The geometrical fea-
tures and stress distributions from the UDEC models
have been compared with structures developed around
small-scale fault jogs (Peacock & Zhang 1994). The
effect of dilational and anti-dilational jogs on defor-
mation and fluid flow will be discussed in this section.
The models differ from the basic geometry of model A
only in the shape of the fault zone. The movement
direction of basement in model B (Fig. 10a) and model C
(Fig. 11a) is the same as that in Model A (Fig. 1) and the
boundary conditions in Fig. 2 are applied so that the

effects of irregularities on deformation and fluid flow
can be compared.

Dilational fault jog

The geometry before fault slip is shown in Fig. 10(a);
boundary conditions were applied as in Fig. 2. Fault slip
occurred for a period of one second, producing 0.65 m
subsidence of the hangingwall (Fig. 10b).

Relatively large openings developed in the fault zone
and the hangingwall along fractures in two directions
with marked rotation of blocks (Fig. 10b). The main
difference from model A (straight fault zone) was that
dilation developed rather more variably, particularly
along the fault zone and within the hangingwall (Fig.
10c). Another distinct characteristic of the aperture
distribution was that large dilations developed along
some sub-horizontal fractures. This can be attributed to
non-uniform subsidence at different levels in the
hangingwall caused by the jog of the fault zone. As a
result, large surface displacement occurred at some
distance from the fault zone (Fig. 10b). These phenom-
ena, including thickening, block rotation, void forma-
tion and stress decreases, are similar to those results
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Fig. 9(a) Comparison of porosity before and after fault slip for model
A at 2000 m depth. Only the fault zone developed high porosity
(increasing from 0.56 to 1.88%), with the footwall and hangingwall
showing little change. (b) Comparison of average flow rates before and
after fault slip. The average flow rate within the footwall and hanging-
wall are reduced and that within the fault zone only increases slightly.

obtained from earlier models of dilational fault jogs
(Peacock & Zhang 1994).

Anti-dilational (or contractional) fault jog

For model C (Fig. 11a) with boundary conditions as in
Fig. 2, fault slip occurred for a period of one second,
producing 0.5 m subsidence of the hangingwall. The
geometry after fault slip is shown in Fig. 11(b).

The aperture distribution of this model after fault slip
is shown in Fig. 11(c), from which it is evident that the
main dilation occurred within the fault zone and
hangingwall. In the restraining jog itself, dilation was
reduced due to the high compressive stress. This is
compatible with the thinning of beds and radial fractures
at contractional jogs on faults at Flamborough Head,
England (Peacock & Zhang 1994). On the other hand,
large dilations developed in the steeper, dilational sec-
tion along adjacent sub-horizontal fractures, which
resulted from the non-uniform slip at different heights in
the hangingwall block. The main difference from model
B is that fractures developed more variable apertures
within the fault zone and generally lower values within
the hangingwall.

DISCUSSION OF DYNAMIC RESPONSE OF
FLUID-DILATION INTERACTIONS

Dynamic behaviour has received relatively little
attention in the literature. For example, Sibson (1989a)
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Fig. 10.(a) Geometry of model B before fault slip; the fault region
consists of a fault zone with a dilational jog and regional joints. (b)
Geometry after fault slip at a shallow depth (the boundary conditions
in Fig. 2 were applied). Some openings were created within the fault
zone and the hangingwall due to initial loading. Surface displacement
occurred away from the fault zone. (c) Aperture distribution for this
model after fault slip; the main dilation is within the fault zone and
hanging wall.

noted that “. .. most structural geologists and mining
geologists have traditionally viewed fault zones in a
somewhat static manner, paying much attention to the
stress fields responsible for their initiation and viewing
their evolution in terms of smooth progressive defor-
mation . . .”. Some reasons which inhibit such investi-
gations may be attributed to the difficulty of obtaining
evidence of dynamic processes in ancient tectonic struc-
tures and in carrying out physical simulation of such
processes. However, numerical modelling can provide a
powerful approach to such dynamic simulation as long as
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Fig. 11.(a) Geometry of model C, before fault slip; the fault region

consists of a fault zone with an anti-dilational jog and regional joints.

(b) Geometry after fault slip at a shallow depth. (c) The aperture

distribution shows closing of fractures in the fault zone at the anti-

dilational jog and the opening of fractures in the hangingwall adjacent
to the steeper, dilational sections of the fault zone.

it is based on correct constitutive relationships and
reasonable boundary conditions.

That fluids are intimately involved in the faulting
process is clear from examples of earthquakes triggered
by pore pressure increases (for example, Talwani &
Acree 1985) and observations of post-seismic fluid dis-
charge (Briggs & Troxell 1955, Sibson 1981). Dynamic
faulting, associated with fluid flow, is also important to
the understanding of hydrothermal mineral deposition
(Newhouse 1942, Sibson 1990).

During a period of tectonic activity, fluid flow through
a faulted region is controlled by fluid pressure variation
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Fig. 12. Variations in (a) pore pressure, (b) aperture and (c) shear
displacement with time in Model A. Symbols M1-8 refer to various
monitored sites, see Fig. 1.

and the dilation or closure (anti-dilation) of fractures.
Thus, fluid flow, deformation and slip on active faults
are controlled not only by the geological and tectonic
setting, but also by the coupled mechanical and hy-
draulic behaviour of the rock mass. The UDEC models,
although designed mainly to compare stress and fluid
flow before and after fault slip, can be used to gain some
insight into the dynamic response during the period of
fault slip.

Figure 12 shows the dilation, fluid pressure and shear
displacement at eight monitored fractures during the
period of the simulation in model A at a shallow depth.
There were generally two main phases of fluid pressure
fluctuation at each monitored fracture. During the fault
slip, fluid pressure dropped (Fig. 12a) and then tended
to rise gently until the end of the simulation. The fluid
pressure did not completely recover after faulting, due
to the short duration of monitoring.
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In the fault zone (M1, M2, M3 and M4) and hanging-
wall (M7 and MB8), pressure fluctuations were most
pronounced, and can be attributed to local block move-
ments. The pressure variation in the footwall (M5 and
M6) was much smoother. It is interesting to note that the
variations of fiuid pressure at different positions moni-
tored in the same local area were very similar to each
other.

During the fault slip, there were rapid fluctuations in
the apertures of the fractures (Fig. 12b), particularly in
the fault zone and hangingwall. Both the aperture and
shear displacement (Fig. 12¢) reached a steady state at
the end of the 2 s monitoring period, i.e. within a time
span equivalent to the period of slip. The greatest finite
change in aperture and shear displacement occurred on
the steep fractures within the fault zone (M1, M2 and
M3), which also showed the most fluctuation during the
period of slip.

In the early stage of faulting (0-0.6 s), the slip was
accompanied by rapid dilation, but with only limited
shear displacement. The dilation of fractures was trans-
ferred by limited slip within the fault zone. At a later
stage (0.6-1.2 s), steep fractures within the fault zone
developed high shear displacement with varying rates.
Comparison of the shear displacement history of M1,
M2 and M3 suggests a longer duration of the slip event
(rupture time) as one passes up the fault plane. Towards
the end of the monitoring period, there was little change
taking place in aperture and shear displacement,
although fractures in the hangingwall and fault zone
display a finite opening. Recovery of fluid pressure was
not achieved over the period of monitoring.

Similar features were seen in the other models, with a
concentration of dilation and shear displacement within
the fault zone being more apparent at greater depth.
More extensive monitoring within the models and the
use of longer periods of slip might provide more detailed
information, especially on the variation of fluid flow
around jogs in the fault zone and on the linkage of the
flow in the hangingwall and fault zone. The changes are
also of great significance for the development of hydro-
thermal veins, where dilation created during fault slip
and the transient pressure drops might allow influx of
fluids into the fault zone. The progressive increase in
duration of the shear displacement and dilation up the
fault zone might also facilitate rapid fluid transport
along the zone.

Textures characteristic of incremental vein growth are
increasingly recognized in fault-related mineralization
(Cox & Etheridge 1983, Cox 1987, Sibson 1989b). The
development of arrays of sub-vertical hydrothermal
extensional veins in the vicinity of normal faults might be
a major factor contributing to the association of epither-
mal mineralization within extensional fault systems.

CONCLUSIONS

The UDEC has been used to model fluid flow and
deformation in extensional fault regions. The results

X. ZHANG and D. J. SANDERSON

observed from these models suggest that fault slip has
significant effects on distribution of dilation (‘porosity’),
fluid pressure fluctuation, stress redistribution and fluid
flow. The dynamic fluid-fault interactions during a
single faulting episode are complex. Although aimed at
an understanding of mineralization in extensional fault
regions, the methodology and results presented here
have wide implications in other fields. Some points can
be drawn from these models:

(1) After fault slip, local dilation of fractures occurs
within the fault zone. This result is largely independent
of the geometry of the fault zone and produces marked
increases in the ‘porosity’ and permeability of the fault
zone, particularly in the third dimension because exten-
sional structures likely form a highly permeable channel
out of the vertical section studied here; the latter may
increase by several orders of magnitude in the models
studied.

(2) At shallow depths, dilation of fractures and
associated fluid flow extends into the hangingwall,
although this effect is much less pronounced at depth.

(3) Jogsin the fault zone cause major variations in the
distribution of stress and dilation. Anti-dilational jogs
may be sites for reduced dilation and flow within the
fault zone, but local stress concentrations and block
movements can generate dilation in the hangingwall,
even at greater depth.

(4) Fault slip can cause transient fluctuations in dila-
tion and fluid pressure locally, with pressure drops 0f (0.2
MPa at shallow depth and 2.7 MPa at 2 km depth. These
induced pressure differentials may be important in
drawing fluid into a fault zone and may explain the
suction-pump mechanism of Sibson (1989a).

(5) Where the fluid flow is accompanied by migration
and precipitation of ores, the models predict that high
level mineralization (epithermal, Mississippi Valley
type, etc.) will be preferentially developed in the
hangingwall and fault zone, where dilation is greatest.
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