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Abstract

Field measurements were made of 1717 mineral-filled veins in the damage zone of an active dextral strike-slip fault zone in Iceland. Most
veins are composed of quartz, chalcedony and zeolites, strike roughly parallel or perpendicular to the fault zone, and are members of dense
palaeo-fluid transporting networks. A common vein frequency in these networks is 10 veins per metre. Cross-cutting relationships indicate
that 79% of the veins are extension (mode I) cracks and 21% are shear cracks. The apertures of most veins, measured as mineral-fill
thicknesses, are from 0.1 to 85 mm, and the aperture frequency distribution is a power law. The outcrop trace lengths of 384 veins (of the
1717) could be measured accurately. These 384 veins are mostly small and range in length from 2.5 to 400 cm, in aperture from 0.01 to
0.9 cm, and have an average length/aperture ratio of about 400. Simple analytical models are derived and used to make rough estimates of the
volumetric flow rates in hydrofractures of dimensions equal to those of typical veins. The results indicate that volumetric flow rates for a
horizontal fracture and a vertical fracture in a rigid (non-deforming) host rock would be around 1.5 10™* and 8.9 X 10™* m’s ™, respec-
tively. The volumetric flow rate in a vertical fracture of equal size but in a deforming host rock, with buoyancy added to the pressure gradient,

is around 1.3 X 10> m’s ™', Thus, vertical fluid transport is favoured under these conditions. © 2001 Elsevier Science Ltd. All rights

reserved.

1. Introduction

There is increasing evidence for a close interaction
between fluids and faulting (e.g. Hickman et al., 1995;
Ingebritsen and Sanford, 1998; Haneberg et al., 1999; Hard-
ebeck and Hauksson, 1999). Not only are fluids commonly
driven to, and flow along, fault zones, but overpressured
fluids may trigger fault slip in these zones (e.g. Hickman
etal., 1995). This interaction is important in various fields of
earth sciences, including structural geology, petroleum
geology, seismology and hydrogeology. Because of this
importance, detailed studies have been made of the perme-
ability structures of fault zones, using laboratory and
theoretical approaches (e.g. Chester and Logan, 1986;
Caine et al., 1996; Sibson, 1996; Evans et al., 1997; Seront
et al., 1998; Caine and Forster, 1999; Haneberg et al., 1999),
as well as direct field measurements (e.g. Ahlbom and
Smellie, 1991; Barton et al., 1995; Braathen et al., 1999).

Notwithstanding this work, fluid flow in and towards fault
zones is a topic that is still not well understood. For exam-
ple, during periods prior to mainshocks, there are commonly
hydraulic changes in the host rock, such as those regarding
spring yields and water-table levels, out to great distances
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from the faults (Roeloffs, 1988). By contrast, other
active faults that produce equally large earthquakes lack
concurrent major hydraulic changes. Similarly, fault slips
associated with some earthquakes result in large temporary
hydraulic changes, whereas other slips, related to earth-
quakes of equal or greater magnitude, do not lead to notice-
able changes (Muirwood and King, 1993; Rojskczer et al.,
1995).

The two main hydrogeological structures of major fault
zones (Fig. 1) are the core, consisting mainly of breccia and
other cataclastic rocks, and the fault damage zone, consist-
ing mainly of fractures of various sizes (e.g. Bruhn et al.,
1994; Caine et al., 1996; Evans et al., 1997; Seront et al.,
1998). Fluid transport in the damage zone is through
fractures that commonly form dense networks (Caine et
al., 1996; Sibson, 1996, 2000). In a well-exposed network,
accurate measurements can normally be made of the
fracture attitudes, but accurate measurements of fracture
outcrop lengths and apertures are normally much more
difficult. For fracture outcrop length measurements to be
useful in analytical models, the fracture must be continuous
and both its ends exposed and unrestricted by other discon-
tinuities. Similarly, apertures of small-scale fractures such
as are abundant in the damage zones of fault zones are
commonly at or below the resolution limit of field measure-
ments and difficult to define accurately. When fractures are
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Fig. 1. Schematic infrastructure of a large-scale strike-slip fault zone. Fault slip occurs mostly along the core, which consists primarily of breccia and other
cataclastic rocks. The damage zone contains numerous faults and fractures. For a major fault zone, the core thickness is up to several tens of metres and the
damage-zone thickness up to several hundred metres (data from Chester and Logan, 1986; Smith et al., 1990; Bruhn et al., 1994; Caine et al., 1996; and the

authors’ observations).

studied in road cuts or in tunnels, there is the additional
problem of aperture increase during the road construction.

Many models of the flow of crustal fluids in rock fractures,
particularly those dealing with flow of groundwater in
fracture systems in the uppermost part of the crust (e.g.
Bear, 1993; Taylor et al., 1999), assume the host rock to
be perfectly rigid. This implies that the host rock does not
deform during the fluid transport, so that the potential effects
of buoyancy on the pressure gradient of the fluid can be
neglected. At deeper crustal levels, particularly in active
and often weak fault zones, the fluid sources are likely
to deform when the fluid is transported, in which case
buoyancy should be taken into account.

This paper has two principal aims. First, to provide
detailed field data on mineral-filled veins that constitute
an important part of the palaeofluid-transporting fracture
network in the damage zone of an active strike-slip fault
zone in North Iceland (Fig. 2). In particular, the paper
presents the results of aperture measurements of 1717
fault-related veins and outcrop-length measurements of
384 veins. Second, to use these data, conceptualised as
individual vertical and horizontal hydrofractures, to provide
simple, quantitative models of fluid transport during flow in
the damage zone of a typical, major active strike-slip fault
zone.

2. Fracture networks

When fluid-transporting fractures in fault zones gradually
become sealed with minerals, their damage zones may
develop dense networks of mineral-filled fractures, referred
to as veins. To study the geometry of fluid-transporting
systems in active fault zones, we measured 1717 mineral-
filled veins in the on-land parts of the Husavik-Flatey Fault

in North Iceland (Fig. 2). A dextral strike-slip fault with a
cumulative displacement of roughly 60 km (Gudmundsson,
1995a; Rognvaldsson et al., 1998), the Husavik-Flatey Fault
forms a part of an oceanic transform fault, the Tjornes
Fracture Zone. The Husavik-Flatey Fault, initiated at 7-9
Ma, is still one of the most active seismic zones in Iceland
(Gudmundsson, 1995b; Rognvaldsson et al., 1998). The
studied outcrops are at the coast of the Flateyjarskagi
Peninsula, where the crustal depth is estimated at roughly
1500 m below the initial top of the 10- to 12-Ma-old basaltic
lava pile that the fault dissects.

The damage-zone veins, primarily composed of quartz,
chalcedony and zeolites, form dense networks in the basaltic
lava flows (Fig. 3). The average intensity in the studied
networks is around 10 veins per metre of the measured
profile. The geometrical parameters, such as attitude,
aperture, type of displacement, cross-cutting relationships
with other veins and amygdales, and the variation in
aperture along selected veins, were measured in subvertical
and subhorizontal profiles trending roughly perpendicular to
the main trends of veins (Fig. 3).

Of 829 studied cross-cutting relationships between the
veins (Fig. 4), only 21% show evidence of shear displace-
ment, whereas 79% appear to be extension (mode I) cracks.
All the veins with shear displacement are strike-slip faults;
in 12% the displacement sense is sinistral, in the remaining
9% it is dextral.

Most veins strike either subparallel, or subperpendicular
(Fig. 5), to the main trend, N65°W, of the fault zone (Fig. 2).
As is common in transform faults (Gudmundsson, 1995b),
the Husavik-Flatey Fault is partly a graben structure, and thus
subject to transform-perpendicular extension, in addition to
being subject to transform-parallel displacement. The NNE-
trending veins (Fig. 5) strike roughly perpendicular to the
time-averaged spreading vector, and may thus be largely
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Fig. 2. The Husavik-Flatey Fault, an active dextral strike-slip fault partly exposed on land on the Flateyjarskagi Peninsula, runs parallel with the spreading
vector in this part of Iceland and is the main structure of the Tjornes Fracture Zone transform fault (modified from Gudmundsson, 2000).

explained by a spreading-generated minimum horizontal
stress that is subparallel with the Husavik-Flatey Fault. By
contrast, the W-trending veins may be largely related to the
transform-perpendicular extension during graben formation
along the fault.

In the measured networks, most veins range in aperture
from 0.1 to 85 mm (Fig. 6), but outside the networks the
apertures of some veins reach 100 mm. Many veins show

evidence of reactivation and repeated injections of fluids, as
is common (e.g. Ramsay, 1980; Fisher and Brantley, 1992).
The frequency distribution of a vein aperture is interpreted
as a power law over the sample-size range (Fig. 6); thus,
there are many thin veins but very few thick ones. Most
veins belong to networks where they commonly cross-cut.
These veins have restricted lengths (Figs. 3 and 4) in the
sense that they reach the surface of the body within which

Fig. 3. Veins in the damage zone of the Husavik-Flatey Fault (Fig. 2) form dense networks. The veins were measured in profiles (like the one along the white

measuring tape). See the person at the right margin of the photograph for scale.
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Fig. 4. Close-up view of the central part of the vein network in Fig. 3. Cross-cutting relationships indicate that most veins are extension fractures, whereas

some are small-scale strike-slip faults. See the camera lens for scale.

they occur or meet with other fractures or discontinuities
(Nicol et al., 1996), and cannot be used for estimating fluid
pressure (Gudmundsson, 1983, 1999).

Of the 1717 measured veins, however, 384 unrestricted
veins could be used to estimate fluid overpressure, being
mode I cracks with both (mostly lateral) ends visible.
Defining the vein-outcrop length as the linear distance

(A)

n=1330

®

Fig. 5. Stereo plot (A) and rose diagram (B) of 1333 veins in the damage
zone of the Husavik-Flatey Fault. (A) The plot is an equal area, lower
hemisphere, conventional plot of the projection of poles to the veins. The
contours are at intervals of 13.3%. (B) The class limits (widths) are 5° and
the circle radius is 3%.

between its two ends, so that all discontinuous veins are
regarded as separate veins, these veins range in length
from 2.5 to 400 cm (Fig. 7), and in aperture from 0.01 to
0.9 cm. The average ratio between vein-outcrop length and
the maximum aperture is roughly 400 (Fig. 8). These results
can be used to estimate the average fluid overpressure
during vein emplacement.

3. Fluid flow in fault zones

Fluid flow along a single fracture modelled as flow
between parallel, smooth plates is a well-known special
solution to the Navier—Stokes equation for the flow of a
viscous fluid (e.g. Milne-Thompson, 1996; Nakayama and
Boucher, 1999). It is widely used in hydrogeology, where it
is commonly referred to as the cubic law (Bear, 1993). Here,
we use this solution as a basis for an analytical study of fluid
flow in vertical and horizontal fractures in the damage zone
of a fault zone.

Consider flow in a fracture, of any attitude, with aperture
b and width Win a direction that is perpendicular to the flow
direction (Fig. 9). The cross-sectional area of the fracture
perpendicular to the flow is thus A = bW. The volumetric
flow rate Q, i.e. the volume of fluid flowing in unit time
through the fracture, is then given by:

bW
_ ﬂVh,

C="",

ey
wherep,, is the density of the water (or other fluid), g
the acceleration due to gravity, w the dynamic (absolute)

viscosity of the water and VA the gradient of the hydraulic
head h, defined by:

P
h= — +z% 2)
w8
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Fig. 6. Aperture frequency distribution (also shown as numbers above most classes) of 1333 veins in the fracture networks of the damage zone of the Husavik-
Flatey Fault. These veins range in thickness from 0.1 to 85 mm.
160 -
140
120

100 ~

Frequency
©
S

60 -

40

20
2 1.2 2 9 1 9 o 1 o0
0 T _ T T T T T

2 9 9 9 9 o 9 9 9 9O O O o o o o o o 9 9o 9

S ¢ & & & & © © & 6 6 & & o6 & o6 & o © o o

- ® » K & = ® » K & - 6 »w K & = e m K~ & =

- - - - - o & d4 o4 a4 ® ®m o oo o <

Length (mm)

Fig. 7. Outcrop-length frequency distribution of 384 veins in the damage zone of the Husavik-Flatey Fault.
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Fig. 8. Outcrop length versus aperture of 384 veins in the damage zone of the Husavik-Flatey Fault. The average aspect ratio (Iength/aperture) of these veins is
around 400. The linear regression line (forced through the origin) has a coefficient of determination of R? = 0.66 and thus a linear correlation coefficient of

R=0.8I.

where P is the total fluid pressure at the bottom of a drillhole
(piezometer), located at a certain elevation z* (elevation
head) above a reference level (usually sea level in hydro-
geology). Q is a function of both location and time. Crustal
fluids flow in the direction of decreasing total head, as given
by Eq. (2); thus, Eq. (1) includes a minus sign.

3.1. Vertical flow

Consider now the flow of fluid in a vertical fracture from a
fluid reservoir or a source in a fault zone. Many subhorizon-
tal veins—water sills (Sun, 1969; Fyfe et al., 1978)—may

A

have acted as sources for the subvertical veins (Gudmunds-
son, 1999, Fig. 2) and vice versa. For convenience, we will
here take the source of a vertical hydrofracture as a hori-
zontal fluid-filled fracture, a sill (Fig. 9), but the general
modelling results do not depend on that source geometry.
If the sill is subject to internal fluid excess pressure, p, (in
excess of the compressive stress on the roof of the sill), the
condition for the rupture and initiation of a hydrofracture is:

pitp.=o03+ T, (€))
where p; is the lithostatic stress at the depth of the sill,

B

Fig. 9. Schematic models of a vertical hydrofracture being supplied with water from a horizontal water sill. The aperture, b, half the width, W, volumetric fluid
flow, Q, and excess fluid pressure, p,, are indicated. (A) In a rigid host rock. (B) In an elastic host rock.
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p. = P — p, is the excess fluid pressure, which is the differ-
ence between the total fluid pressure, P, in the sill at the time
of its rupture and the lithostatic pressure, o5 is the minimum
compressive (considered positive) principal stress, acting
perpendicular to the hydrofracture, and 7, is the in situ
tensile strength of the host rock in the roof of the sill.
Because it is the pressure during rupture of the sill roof
which is of concern here, the datum or reference level
used in defining the total head in Eq. (2), usually set at
sea level, coincides here with the roof of the sill (the
rock—fluid contact). Furthermore, the fluid pressure
inducing the hydrofracture is measured at this same level,
so that the elevation head z* in Eq. (2) is zero. Differentiat-
ing Eq. (2) with respect to the vertical coordinate, z, and
with z* =0, we get:

ﬁh_r?(P)_L(?_P @)

pwg

pug %
where, from Eq. (2) and taking into account the excess
pressure in Eq. (3) at the site of hydrofracture initiation,
the total fluid pressure P is:

0_1 Jz

P = —p,gz +p,, )

where the minus sign is because z is positive upwards.

The rock can respond to the propagation of a vertical
hydrofracture in two basic ways. First, the resulting fracture
(and its fluid source, the sill) may be entirely self-support-
ing, non-deforming, in which case the host rock would be
rigid (Fig. 9a). Second, the host rock, including the sill, may
respond to the water transport by deforming, commonly in
an elastic way, as the fluid pressure changes (Fig. 9b).

Consider first the case of vertical fluid flow in a self-
supporting fracture, an assumption frequently made in
considering groundwater transport in hydrogeology (Bear,
1993). For the volumetric rate Q (Fig. 9a), we use the
subscript z to denote the direction of the flow and the super-
script s to indicate that the fracture is self-supporting. Then,
from Egs. (1), (4) and (5), we obtain:

bW ap
S = — - e, 6
0:= 13, (pwg az) (©6)

Because the first two terms on the right side of the equation
are initially negative, on multiplication they become
positive, whereas the third term becomes negative.

Consider next the case where the walls are free to deform
as the fluid is transported from the sill and up through the
vertical fracture (Fig. 9b). Then, the weight of the rock
above the sill must be supported by its internal fluid pressure
and, because the density of the host rock, p,, is different
from that of the fluid, p,,, a buoyancy term must be added
to Eq. (5), which then becomes:

P=—(p, = p)8z + - @

Using the subscript z to denote the direction of the flow and
the superscript e to indicate that the vertical fracture is being
supplied with fluid from an elastically deforming source,

from Egs. (1), (4) and (7), the volumetric rate of fluid flow
in a vertical fracture is:

_DW

o _ _ 9.
Qz - m[(pr pw)g ] (8)

0z

In this equation, the fracture aperture, b, is assumed
constant, whereas it would normally depend on the fluid
pressure in the fracture and the state of stress in the elastic
host rock. These effects are discussed in the section on fluid
pressure and fracture shape (cf. Valko and Economides,
1995).

3.2. Horizontal flow

We again use the model of flow between smooth, parallel
plates. Here, we consider only horizontal flow (along the x-
axis) of a fluid of viscosity w in a self-supporting (rigid)
fracture of aperture b and width W (measured along the y-
axis) perpendicular to the flow. In this case, the first term on
the right side of Eq. (5) is zero, so that P = p,. Using the
subscript x to denote the direction of the flow and the super-
script s to denote a self-supporting fracture, from Eq. (1),
and by analogy with Eq. (6), we obtain:

_ bW ap,
12 dx’

0, = 9)
where the minus sign is because the horizontal fluid flow is
in the direction of decreasing pressure.

4. Fluid pressure and fracture shape

The shape of a fracture in a rigid host rock does not
depend on its fluid pressure, whereas that of a fracture in
an elastic (or otherwise deforming) host rock does. For
example, for a circular (penny-shaped) interior crack, the
displacement or half the aperture, u, varies along the radial
coordinate, 7, as (e.g. Sneddon, 1951):

2
u(r) = 4P,(1 — v )(a2 _ r2)1/2, (10)
7E

where a is the radius of the hydrofracture, v is Poisson’s
ratio of the host rock, E its Young’s modulus and P, is a
measure of how much the fluid pressure exceeds the stress
normal to the fracture, which for the mode I cracks under
consideration is the minimum principal compressive stress
o3. P, depends on the excess pressure p, in the source, on
the buoyancy effect and the state of stress in the host rock,
and is the pressure available to drive the fracture walls open
at a particular point. P, is variously referred to as net
pressure (Valko and Economides, 1995), driving pressure
(Pollard and Muller, 1976; Pollard and Segall, 1987),
driving stress (Pollard and Segall, 1987; Vermilye and
Scholz, 1995) and overpressure (Amadei and Stephansson,
1997; Bonafede and Rivalta, 1999; Gudmundsson, 1999;

Sibson, 2000). We refer to P, as overpressure. It is not to
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be confused with an abnormal pore pressure in formations
(Hubbert and Rubey, 1959; Chapman, 1981; Dahlberg,
1995). Hydrostatic pressure is then regarded as normal,
and formation pressures that are less than hydrostatic are
commonly referred to as subnormal, whereas those that are
greater than hydrostatic are referred to as supernormal
(Selley, 1998).

Most veins that we studied in the fault damage zones are
mode I cracks. Such hydrofractures propagate in a principal
stress plane which includes the maximum compressive
stress, o1, and is perpendicular to the minimum compressive
stress, 03. From Eq. (10), the maximum aperture of a hydro-
fracture, b, = 2u,,, Occurs in its centre (at r = 0), and is
given by:

by = LD, (an
wE

Egs. (10) and (11) are appropriate for horizontal sill-like

hydrofractures located at depths below the free surface

that are large in comparison with the maximum dimension

(strike or dip dimension) of the fracture itself.

Consider next a two-dimensional crack that goes right
through the elastic body which contains it, i.e. a through-
the-thickness crack (e.g. Atkins and Mai, 1985). If the strike
dimension, L, is less than the dip dimension (so that L is here
identical to W as defined in Eq. (1)), then the aperture b, is
related to the strike dimension of the hydrofracture through
the equation (Sneddon, 1951; Sneddon and Lowengrub,
1969):

2P,(1 — V)L
b, = 2Ll = VL (12)
E
Solving Eq. (12) for the fluid overpressure, we obtain:
DaxE
p = max” 13
0 20(1 — 1P) (13)

When the fluid overpressure has been obtained from Eq.
(13), and using the aspect ratios of measured veins (Fig.
8) and the appropriate elastic moduli of the host rock, the
depth A, to the source of the fluid that formed the vein (the
dip dimension or the height of the vertical hydrofracture)
can be obtained roughly as (Gudmundsson, 1999):
hs=P0_(p“+Ud), (14)
(P — Pw)g

where o; = 0| — 03 is the difference between the principal
stresses in the host rock at the crustal depth of the exposure
where the veins are measured.

5. Application

We now use the analytical formulae derived in the
sections above to obtain numerical results on the volumetric
flow rates in vertical and horizontal fractures in a damage
zone, as well as to make crude estimates of the fluid

overpressure at the time of vein emplacement. The assump-
tions and limitations of these approaches are presented in
the Discussion. The basic aim of these numerical examples
is to show how very simple analytical models can be used to
obtain crude estimates on several parameters related to
transport of fluids in active fault zones.

Some of the parameters used in these calculations can
vary considerably. These parameters include the in situ
tensile strength, T, which is used to estimate the fluid
excess pressure, p,, and Young’s modulus, E. Also, the
dynamic viscosity of the crustal fluid that is being trans-
ported depends on its temperature. For example, if the
temperature decreases from around 50°C, used in these
examples, to around 4°C, a common temperature of cold
water springs in Iceland, the dynamic viscosity increases
by a factor of nearly 3.

5.1. Fluid transport in vertical and horizontal fractures

Normally, when the excess fluid pressure in the sill
reaches the local in situ tensile strength of the rock in its
roof, there will be rupture and initiation of a hydrofracture
(Fig. 9). The in situ tensile strength of a basaltic lava pile is
estimated at 0.5-6 MPa (Haimson and Rummel, 1982;
Schultz, 1995), and similar results are obtained for solid
rocks of different composition (Amadei and Stephansson,
1997, p. 174). Thus, a typical excess fluid pressure would be
close to 3 MPa.

The most common outcrop length of the 384 measured
veins is from a few centimetres to 1 m (Fig. 7). We take the
typical length as 0.5 m and substitute it for the parameter W
in Egs. (6), (8) and (9). A common aperture (thickness) of
these veins is 0.1 cm, or 0.001 m (Fig. 6). The temperature
of the water flowing through the networks may have ranged
from that typical of cold water springs in Iceland (around
4°C) to that typical of low-temperature geothermal
springs (up to or exceeding 100°C). We use an average
water temperature of 50°C, for which the dynamic
viscosity is about 55x107*Pas and the density
990 kg m~> (Fetter, 1994, p. 631). The acceleration due to
gravity is g =9.8 m s >. We use the excess fluid pressure
p. = Ty =3 MPa and assume that it has the potential to
drive the water up 1500 m to the surface of the fault zone
to form springs at the time of vein emplacement. It follows
that the pressure gradient is dp,/dz = —2000 Pam ™.

Substituting these values into Eq. (6), we obtain the
volumetric flow rate through a vertical fracture in a rigid
host rock as 0 ~8.9x 10™*m®s™". For the same values,
and an average host rock density of 2500kgm’
(Gudmundsson, 1988), Eq. (8), where buoyancy is taken
into account, gives the volumetric flow rate as
Q°~13%x10""m’s™". Thus, buoyancy has the effect of
increasing the volumetric flow rate through a hydrofracture
of a given size in the damage zone of the Husavik-Flatey
Fault by a factor of around 1.7. Other things being equal,
the buoyancy effect would be greater for crustal fluids



A. Gudmundsson et al. / Journal of Structural Geology 23 (2001) 343—-353 351

originating at greater depths than 1500 m, because the host
rock density increases with depth (Gudmundsson, 1988).

For comparison, consider the flow of water in a horizontal
fracture in a rigid rock. Using all the same relevant numer-
ical values as in the calculations for the flow in a vertical
rigid-rock fracture, and substituting these into Eq. (9), we
obtain the volumetric flow rate as Q° = 1.5x 10 *m?®s™".
Thus, for the boundary conditions discussed here, a vertical
fracture in a rigid host rock yields nearly six times as much
water as a horizontal fracture of equal dimensions in a rigid
rock. Furthermore, the yield of both types of fractures in
rigid rocks is much exceeded by the yield of a vertical
fracture in a host rock that is free to deform and the fluid
subject to buoyancy effects.

5.2. Fluid pressure and depth of sources

The average outcrop length/maximum aperture ratio of
all the 384 veins presented in Fig. 8 is around 400. The veins
are inferred to have formed at crustal depths of roughly
1500 m below the initial top of the basaltic lava pile that
the Husavik-Flatey Fault dissects. Because the velocity of
propagation of a hydrofracture forming a vein is slow in
comparison with the velocity of propagation of seismic
waves, static rather than dynamic moduli should be used
to characterise the elastic response of the host rock to
the fluid overpressure. The static Young’s modulus and
Poisson’s ratio of the uppermost 1500 m of the basaltic
lava pile in Iceland are estimated at 15 GPa and 0.25,
respectively (Gudmundsson, 1988). Using these values
and a b, /L ratio of 1:400, Eq. (13) gives the average
fluid overpressure, with reference to the minimum principal
compressive stress, during the formation of these veins, as
P, =20 MPa.

Using these results, and Eq. (14), a rough estimate of the
depth of the sources of the vertical and horizontal hydro-
fractures (Fig. 9) can be made. In an active fault zone, the
difference between the principal stresses, o, in Eq. (14),
may be limited (by frictional equilibrium on pre-existing,
optimally oriented small-scale faults subject to high fluid
pressure) to a value of o; = 4T, or less (Gudmundsson,
1999; Gudmundsson and Homberg, 1999). If the excess
fluid pressure p, in the sill before rupture is 3 MPa, the
average host rock density 2500 kg m —, the water density
990 kgm > and g =9.8 ms 2, Eq. (14) gives the average
depth of the sills as 338 m.

If the water was hotter than 50°C, its density would be
lower; if colder, its density would be higher. A greater
uncertainty in this depth estimate, however, is the in situ
tensile strength. From Eq. (14) and the condition o, = 4T,
for the depth A, to be positive the tensile strength during vein
formation cannot have exceeded 4 MPa. A lower tensile
strength, however, would increase the estimated depth.
For the lowest value quoted above, p, = T, = 0.5 MPa,
the depth A, would be 1216 m. Thus, all the results indicate
that the studied veins and corresponding hydrofractures

originated at shallow depths below the present exposures.
While the fluid itself may have been flowing subhorizontally
to the fault zone from distances of many tens of kilometres,
the water forming the vein networks is likely to have
accumulated in sources (sills) at shallow depths below the
present exposures in the fault zone.

6. Discussion
6.1. Assumptions and limitations of the fluid-flow models

Irregularities of the fracture walls, as reflected in relatively
great variations in a fracture aperture along its outcrop
length, may lead to flow channelling (Tsang and Neretnieks,
1998), whereby the modelling of the fractures by smooth,
parallel plates becomes less justifiable. The assumption of a
rigid host rock, so that the buoyancy term does not enter into
the fluid pressure gradient, may be poor in many active fault
zones. This is partly because they normally extend to great
depths and elevated temperatures, and partly because they
contain fractured and brecciated fault rocks. Many active
fault zones are thus likely to be relatively weak and act as a
freely deforming host rock to the hydrofractures.

In Eq. (8), we consider only the effects of deformation on
the fluid pressure and volumetric flow rate, but not the
coupling between fracture aperture, host rock elasticity
and fluid pressure. Thus, in the application of this equation
to flow in a vertical fracture, a typical aperture, independent
of the fluid pressure, is used. Several well-known theoretical
models on hydraulically induced fractures consider pressure-
related apertures (e.g. Perkins and Kern, 1961; Geertsma
and de Klerk, 1969; Sun, 1969; Nordgren, 1972; Abe et
al., 1976; Geertsma and Haafkens, 1979). They are all
derived from the classic solution for the opening of a
Griffith crack under internal fluid pressure (Sneddon,
1951; Sneddon and Lowengrub, 1969). Some of these
models have been widely used in analysing hydraulically
induced fractures in petroleum engineering, but none of
them is regarded as entirely satisfactory in the sense of
agreeing with the results of field experiments (Valko and
Economides, 1995). There are also many models on dyke
propagation, but these are beyond the scope of this paper.

The main limitations of these hydraulic fracture models,
from the point of view of problems of fluid flow in active
fault zones, are, first, that they are mostly concerned with
the lateral propagation of a hydraulically induced fracture in
a single layer. Second, with the exceptions of a few models
that consider uplift above water sills (e.g. Sun, 1969), nearly
all these models assume the hydraulically induced fracture
to be vertical and of constant, restricted dip dimension
(height). Thus, vertical flow of the fluid is not considered.
These assumptions are justified in petroleum engineering
because there the main aim is to propagate the fractures
laterally, from a fractured well, into the (horizontal) target
layer and confine it to that layer. Controlled propagation of
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hydraulic fractures in petroleum engineering may thus be
very different from that of naturally occurring hydro-
fractures in an active fault zone, where fractures may
propagate in all directions and through many layers with
different elastic properties and in situ stresses. The elastic
properties and stress fields in different layers have great
effects on the shape (Pollard and Muller, 1976) and propa-
gation pathways of the hydrofractures. Many fractures,
however, eventually reach the top parts of their fault zone
and may transmit large volumes of water to its surface.

6.2. Sizes of hydrofractures

For veins that range in aperture from 0.1 to 100 mm, the
outcrop lengths (using 400 as an appropriate aspect ratio)
would range from 4 cm to 40 m. These results indicate that
the vein lengths are generally much shorter than the
distances of fluid transport for which they act as channels.
The estimates above indicate that the fluid may have been
transported vertically by as much as 1500 m, to the surface
of the fault zone. If these size estimates are correct, this
transport must occur along veins that are mostly from
centimetres to a few metres in outcrop length. Such a result
is expected in the case of interconnected networks, as are
common in the Husavik-Flatey Fault (Figs. 3 and 4).
However, the aspect ratios of the 384 veins are all from
unrestricted veins, namely veins that are not visibly parts
of networks.

Nevertheless, many of these veins must also be inter-
connected, through small necks or channels, even if the
connections are not visible in the outcrops. Probably, part
of the reason for their small sizes is that the veins have very
limited fluid volumes available for propagation at any one
time. They commonly become arrested when they reach
temporary equilibrium lengths, or when they meet with
horizontal joints or contacts. On reaching such limits, the
hydrofractures must wait for increased volumes of fluid
before they can reach the conditions for continuing their
propagation.

7. Conclusions

The Husavik-Flatey Fault, an active dextral strike-slip
fault zone in North Iceland, has a well-exposed damage
zone that contains dense networks of veins, composed
mostly of quartz, chalcedony and zeolites. Field studies
indicate that most of the veins are extension fractures
(mode I cracks), formed perpendicular to the minimum
compressive principal stress, and are steeply dipping to
vertical. The outcrop length/aperture ratio of 384 unrest-
ricted veins is 400. Using this ratio and simple elastic
crack models, it is suggested that the fluid pressure in the
veins at their time of emplacement exceeded the minimum
principal stress by 20 MPa. Modelling fluid flow along
single veins as flow between parallel smooth plates,
volumetric flow in a vertical hydrofracture exceeds that in

a horizontal fracture of the same size by a factor of nearly
6.0 for a rigid host rock. Similarly, the volumetric flow in a
vertical hydrofracture in an elastic (deforming) host rock
exceeds that in a vertical fracture of the same size in a
rigid rock by a factor of around 1.5. The results indicate
that in the damage zone of a strike-slip fault zone such as
the Husavik-Flatey Fault, a large part of the fluid transport is
through dense fracture networks that favour vertical fluid
flow.
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