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Abstract—Small-scale structures along strike-slip fault zones in limestones exposed around the Bristol Channel,
U.K., suggest that pressure solution plays a key role during fault nucleation and growth. Incipient shear zones
consist of en échelon veins. The first generation of solution seams form due to bending of the intact rock (bridge)
between overlapping veins. As the bridge rotates, slip occurs along the seams, linking the veins, causing cm-scale
calcite-filled pull-apart structures to form and allowing fault displacement to increase. A second generation of
solution seams forms at the tip of the sliding seams. As displacement increases further, causing larger rotation, slip
also can occur along these second-generation solution seams, producing the third generation of solution seams as
well as tail cracks (pinnate veins) at their tips. These three generations of solution seams all contribute to the
formation of individual fault segments. Fourth and fifth generations of solution seams occur within larger-scale
contractional oversteps between side-stepping fault segments. The oversteps are breached by slip along these
localized solution seams, eventually leading to the formation of a distinct through-going fault with several metres of
displacement.

The initial en échelon veins, solution seams of various generations and tail cracks progressively fragment the
fault-zone material as fault slip accumulates. Slip planes nucleate on these pre-existing discontinuities, principally
along the clay-enriched, weaker solution seams. This can be observed at a variety of scales and suggests that Mode
II shear fracturing does not occur as a primary fracture mechanism, but only as a macroscopic phenomenon
following Mode I (veins and tail cracks) and anti-mode I (solution seams) deformation. It appears that solution
seams can play a similar role to microcracks in localizing a through-going slip plane. This micromechanical model
of faulting may be applicable to some other faults and shear zones in host rocks which are prone to pressure

solution. © 1997 Elsevier Science Ltd.

INTRODUCTION

Shezar failure leading to the formation of faults in rock is
not well understood. The process of faulting is rather
complex and, once formed, faults obliterate the evidence
of the initial stages as displacement accumulates. The
current understanding of the mechanics of shear failure is
based primarily on experimental data, augmented with a
few field studies (e.g. Martel et al., 1988). One important
outcome of these studies is that shear failure is a
localization phenomenon (Rudnicki and Rice, 1975)
thzt does not adhere to a single model, but rather may
involve a variety of mechanisms.

In porous granular materials, grain comminution, pore
collapse and cataclasis play important roles (Mandl et al.,
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1977; Menendez et al., 1996). In sand-box experiments
with unconsolidated sand, shear bands form by rolling
and sliding of intact grains (Horsfield, 1977; Franssen et
al., 1994). In poorly lithified pelitic rocks, elongate clay
minerals within a narrow zone rotate into an orientation
parallel to the direction of slip (Maltman, 1987, 1994).
Experiments on low-porosity granites and lithified
sandstones indicate that opening-mode microcracking
plays an important role in the initial stages of shear
failure (Brace and Bombolakis, 1963; Brace et al., 1966;
Scholz, 1968, Petit and Barquins, 1988; Zhao et al., 1993;
Moore and Lockner, 1995).

A few field studies have been undertaken to describe
incipient faults and to determine how such faults nucleate
and grow. Many of the mechanisms operating in the
laboratory can also be recognized in the field (Friedman,
1969; Engelder, 1974; Aydin, 1978; Aydin and Johnson,
1978; Knipe and White, 1979; Kanaori et al., 1991;
Antonellini et al., 1994). Field studies also expand
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experimental work: some mechanisms observed in out-
crops have not been reproduced in the laboratory,
perhaps because of the materials used (clay, sand,
quartzite and granite), the limited sample size or the
applied boundary conditions (strain rate, confining
pressure, temperature, etc.). For example, some larger-
scale faults, tens to hundreds of metres long, appear to
nucleate along pre-existing joints and grow by subse-
quent linkage of such sheared joints along mode 1 tail
cracks, also called wing cracks, splay cracks and pinnate
veins (Segall and Pollard, 1983; Hancock, 1985; Hancock
and Barka, 1987; Martel e al., 1988; Engelder, 1989;
Cruikshank et al., 1991).

The purpose of this paper is to describe the nucleation
and growth of strike-slip faults in limestones exposed
along the Bristol Channel, U.K., and to illustrate that
pressure solution can play an important role in the
micromechanics of faulting. After a general description
of the regional geological setting and the mapping
methods employed, the various types of fault-zone
structures and their spatial relationships are documented.
Based on this, on the fault-zone architecture and its
hierarchical evolution, and on rock mechanical argu-
ments, we propose a model for the development of strike-
slip faults zones in limestones. We compare these results
with previous work and conclude that this model may be
appropriate for other rock types. Finally, we comment
upon the intimate relationship between deformation
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mechanisms, rock properties (e.g. rheology, solubility)
and some boundary conditions (e.g. loading rate,
temperature) that accompany faulting.

REGIONAL GEOLOGY AND MAPPING
TECHNIQUES

The strike-slip faults are exposed on sub-horizontal
bedding planes of Lower Jurassic limestones between
East Quantoxhead (grid reference ST122439) and Lil-
stock (ST196462), Somerset, U.K. (Fig. 1). The mean
thickness of the limestone beds is about 0.2 m, while
mudrocks between the limestones are about 0.5 m thick
(Whittaker, 1983; Peacock and Zhang, 1994). The area is
part of the Bristol Channel Basin, which underwent N-S
extension during the Mesozoic (Chadwick, 1986; Brooks
et al., 1988; Donato, 1988) producing E-W-striking
normal faults and calcite-filled veins (Peacock, 1991;
Peacock and Sanderson, 1991; Bowyer and Kelly, 1995).
Late Cretaceous or early Tertiary N-S shortening led to
development of the strike-slip faults described below. The

- N-S contraction also caused E-W-striking thrusts and

reverse reactivation of the E-W-striking normal faults
(McLachlan, 1986; Peacock and Sanderson, 1992;
Bowyer and Kelly, 1995). During this phase, N-S-
striking, sub-vertical calcite-filled veins formed locally in
the close vicinity of the strike-slip, thrust and reverse
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Fig. 1. Location map showing simplified surface geology (after Chadwick, 1986).
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Fig. 2. Equal-area projection of poles to contractional faults and veins

at Kilve, Somerset, related to the N-S contractional event. The mean

great circles for the conjugate strike-slip faults, and the inferred

orientations of the principal stress axes, are shown. The related solution

seams are sub-vertical and strike E-W +20°, but are difficult to measure
(see Peacock and Sanderson, 1992, fig. 7).

reactivated normal faults (Bowyer and Kelly, 1995). The
orientations of these structures are illustrated in Fig. 2.
In the study area dextral and sinistral strike-slip faults
occur, conjugate about the N-S contraction direction
(Fig. 2). These faults have maximum displacements of
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more than 2 m and can be a few hundred metres long
(Peacock and Sanderson, 1995b). Each fault consists of
several side-stepping segments that are several tens of
metres long. Variation in pull-apart widths suggests that
the slip distribution is similar to that measured along
other faults (Fig. 3): slip is greatest in the middle part of
the fault zone and decreases approximately linearly to
zero at the fault tip (Peacock and Sanderson, 1995a).
Slickenside lineations are often slightly oblique to bed-
ding, with minor vertical separation of bedding planes
occurring (Peacock and Sanderson, 1995b). Bedding
planes may be locally rotated in relay ramps between
adjacent fault segments. Peacock and Sanderson (1995b)
describe the geometry of these m-scale relay ramps and
discuss linkage of adjacent segments. In this contribu-
tion, however, we focus on the development of individual
fault segments, and as such we address earlier stages of
fault development in which slip is at most a few hundred
millimetres. The examples described are from strike-slip
faults with displacements of up to several metres, an
example of which is illustrated in Fig. 3. Relicts of these
incipient fault structures are poorly preserved in the walls
of larger-displacement faults.

Along each fault segment there exists a variety of
elementary structures such as veins, pull-aparts, solution
seams and slip planes. The fault zones were mapped at a
scale of 1:1 by tracing the various types of structures onto
sheets of acetate which were taped to the bedding planes.
This method is quick and accurate, except for veins which
are < 0.5 mm wide because the pens used produce lines are
about0.5mm wide. The length of mapped structures varies
from a few centimetres to about 1 m. Fault displacements
were determined by measuring the widths of pull-apartsin
the direction parallel to the slip surfaces with a vernier
calliper (Peacock and Sanderson, 1995a).

-]
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5 Vein array at fault tip
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86" = Vein dip direction
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Fig. 3. Map of a strike-slip fault near Lilstock which dies out into a series of pull-aparts, with en échelon veins beyond the fault
tip. This fault is an E-W-striking normal fault which was reactivated as a sinistral strike-slip fault (Peacock et al., in
preparation). Vertical and horizontal separations are shown.
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OBSERVED FAULT-ZONE STRUCTURES

The structures observed comprise several generations
of veins and pressure-solution seams. Structures with the
simplest geometries occur ahead of the fault tip. These
structures capture the incipient stage of shearing because
there is little or no demonstrable shear displacement
across the zone. Several metres to decimetres ahead of a
strike-slip fault zone, there commonly exists an array of
veins sub-parallel to the fault (Figs 3 & 4a). The veins are
approximately perpendicular to bedding planes (Fig. 2)
and are arranged en échelon, with the angle between the
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average orientation of the array and individual veins
varying from a few degrees to about 45° (Figs 3 & 4).
Some veins are sigmoidal, but most are straight. The vein
length varies from 10 mm to over 1 m. The maximum
vein width is typically from 1 to several mm. The width is
approximately constant along most of the trace of a vein,
but decreases rapidly in the vicinity of neighbouring veins
(Fig. 4a & b). Adjacent veins most commonly overlap. In
some cases, the overlap between veins is much greater
than their spacing. Such overlapping portions of a vein
are generally very slender, forming a tail-like prolonga-
tion of the much wider main vein. Although en échelon

(a)
br',‘
%e vein p
¥ spacing
<---overlap---» 10 mm
— __ =
(b)
’ concave vein
tail
boundary
convex vein
boundary
_.---solution seam
q <
\ N
10 mm
(c)
= .
y #, <incipient pull-apant— #7"
.
50 mm
calcite fill solution seam — slip plane

Fig. 4. En échelon veins. The map in Fig. 3 illustrates the relationship between (a), (b) and (c) at a fault tip. (a) Centimetre-
scale calcite-filled veins. The vein width is approximately constant along most of the central vein, but decreases rapidly in the
regions of overlap with the neighbouring veins (Peacock, 1991). (b) Close-up of a bridge between two overlapping veins.
Solution seams (thin black lines) emanate from the convex-outward side of the veins, where bending of the bridge material
leads to contraction. Note two minor cemented veins (grey) crossing each other in the centre of the bridge. (¢) Thick en échelon
veins with thin, tail-like prolongations where overlapping with neighbouring veins. The bridges between neighbouring veins
are characterized by two symmetrically arranged zones of solution seams, and occasionally by one or more calcite veins. The
central vein in the array may represent the incipient stages of a pull-apart structure (lighter grey shading). From a loose
boulder.
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vein patterns are often regarded as shear-strain indicators
(e.g. McCoss, 1986), there is no measurable shear
displacement across the vein arrays in this stage.

Closer to the fault, pressure-solution seams (also called
stylolites) appear in the bridges between veins (Fig. 4b &
c). The dark, braiding solution seams only occur within
the region of vein overlaps (bridges). They are preferen-
tially located on the convex-outward side of each
boundary vein (see ‘solution seam’ in Fig. 4b). Most
bridges are characterized by two symmetrically arranged
zones of solution seams, but generally only one zone is
well developed. Incipient solution seams terminate within
the bridge (Fig. 4b), but well-developed solution seams
extend from one vein to the other (Fig. 4¢) or occasionally
cross the adjacent vein, forming a dark trace through
white calcite crystals. Such intersections or crossings do
not occur at the concave-inward side of a vein, but more
towards the vein tip.

Pull-aparts occur further away from the fault tips,
representing the first clear indication of shear displace-
ment along the fault zone (Fig. 5). The initial shearing is
accommodated by slip across the solution seams within
the bridges. The amount of shear displacement accom-
modated by the pull-aparts is up to several tens of
millimetres. The widths of pull-aparts increase towards
the centre of a fault zone and decrease toward the tips
(e.g. Fig. 3). The gradual progression towards the centre
of the fault zone from en échelon veins to incipient pull-
aparts is illustrated in Fig. 5(d).

A pull-apart, and therefore a distinct fault, forms when
slip occurs on the solution seams that link a vein with
adjacent vein segments. Opening occurs only along the
central part of the vein, in-between the slipping solution
seams (Fig. 5). The remaining outer parts of the vein do
not experience significant further opening and commonly
form distinct ‘tails’ at two diagonally opposing corners of
the pull-apart (Fig. 5Sa—). In many cases, only one tail is
observed. The slip surfaces that bound incipient pull-
aparts occur within braided networks of dark solution
seams. An example is the middle vein in Fig. 4(c) which
appears in its central part to have widened a few
millimetres due to incipient pull-apart (lighter grey
shading). For another example of incipient pull-apart,
se¢ Peacock and Sanderson (1995b, fig. 4a). With
increased displacement across the fault zone, slip is
concentrated along a single or a few dark seams (Fig.
Sa-c), which in thin section reveal concentrations of clay
material (Peacock and Sanderson, 1995a). The angle
between the slip surfaces and the original veins, which are
postulated to be parallel to the opening sides of the pull-
aparts or the tails extending from them, can be up to 90°.
Pull-aparts show a wide range of geometries, described in
more detail by Peacock and Sanderson (1995b). These are
distinct from sigmoidal veins (e.g. Ramsay and Huber,
1987), which typically have more rounded edges and
which are not linked by distinct fractures.

Further away, at about 0.5 m from the tip of the fault
zone, displacement increases to the centimetre range
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(Figs 3 & 6). The structure along this part of the fault
zone is more complex. Pull-aparts grow wider, and may
overlap and link, forming a fault zone filled by calcite. In
the example shown in Fig. 6, displacements along the
fault increase from zero in the tip region to about 60 mm
in the south. As the slip increases, the pull-aparts merge,
forming a composite pull-apart with continuous calcite
fill. Within the light-coloured calcite cement, individual
pull-aparts can often be distinguished based on the
darker colour of the slipped solutions seams. Although
some ‘tails’ are present, most have been sheared off the
associated pull-apart.

Pressure-solution seams are abundant in the vicinity of
the fault zone shown in Fig. 6. These seams represent the
second generation of solution seams, the density of which
is greater on the western side of the fault zone (contrac-
tional quadrant) compared to the eastern side (exten-
sional quadrant, see also the inset to Fig. 6). The seams
are relatively evenly spaced at some distance from the
fault, but are weakly clustered near the fault zone. Such
clusters of solution seams are located at, and appear to
radiate outwards from, pull-apart corners where slip
planes die out (marked by asterisks in Fig. 6). These
solution seams apparently have also formed in the
contractional quadrant of the short slip planes (see the
inset to Fig. 6). The angle between the slip planes and
solution seams at their termination is generally about 70°.
Very narrow opening-mode veinlets may occur next to,
and parallel to, the opening sides of pull-aparts (dia-
monds in Fig. 6). Most veinlets become wider towards the
slip plane and occur on the side opposite the clustered
solution seams, i.¢. in the extensional quadrant of the slip
planes (see also the inset to Fig. 6).

There is evidence that some of the second-generation
solution seams clustered in the immediate vicinity of the
fault segments experience slip with increasing deforma-
tion. In outcrop, these sheared solution seams often are
preferentially weathered, forming a series of short,
parallel grooves at a high angle to the fault zone (Fig.
7a & b). Slip along these second-generation solution
seams is evident from the third generation of solution
seams and tail cracks that develop in the opposite
quadrants at the tips of the sheared seams. The strike
orientation of the tail cracks is generally within approxi-
mately 30° of the early stage en échelon veins. Slip along
the second-generation solution seams is antithetic to that
of the fault zone, in agreement with the expected sense of
rotation. When densely spaced, high-angle slip planes
can form a bookshelf-type arrangement. In such cases,
tail cracks and third-generation solution seams may link
up, forming a through-going, jagged surface that is
approximately parallel to the local trend of the fault
zone. An incipient stage example of such a jagged
surface, which is not yet fully continuous, is visible in
the lower left of Fig. 7(b).

At this stage, the total displacement across the fault
zone is several tens of millimetres. An irregular contin-
uous fault zone has developed with a complex arrange-
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Fig. 5. Stagesin the development of pull-aparts. (a) A vein array with incipient pull-aparts on the left and right. Slip planes are
indicated by thick black lines. The central bridge is cut by solution seams without demonstrable shear. (b) Intermediate-stage
pull-aparts with tails. Slip planes connecting pull-aparts are associated with solution seams and can be wavy (left of centre) or
straight (right of centre). (c) Well-developed pull-aparts with characteristic tail structures at opposing corners. Displacement
along the slip planes is sufficient to link some pull-aparts. From a loose boulder. (d) Spatial relationship between en échelon
veins (left side), en échelon veins and solution seams (centre), and incipient pull-aparts (right side). Note the increasing density
of solution seams towards the right. From a loose boulder. Note: (a) and (d) are mirror images of the exposures to allow
comparison with Fig. 4(b & c).

ment of vein material, slip planes and solution seams.
Although the fault zone commonly has a near-breccia
appearance, the various types of structures, and their
interrelationships and hierarchy, generally remain recog-
nizable. Further along the strike of the fault, slip across
the fault zone may eventually decrease as the other tip of

the fault segment is approached. Some fault segments die
out into en échelon veins or into an array of tail cracks
(called pinnate veins or horsetail structures by Hancock,
1985; Hancock and Barka, 1987; Engelder, 1989; Pea-
cock and Sanderson, 1995b). More commonly, however,
slip is transferred to the neighbouring fault segment
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/ | second
*. generation

solution seam

sheared first
generation

sheared second
generation |

Fig. 7. Well-developed fault zones. (a) Sheared second-generation solution seams are orientated at a high angle to the fault

zone. Slip along the second-generation solution seams is antithetic to the main fault zone, as indicated by the tail cracks and

third-generation solution seams at their tips. (b) A series of densely spaced second-generation solution seams. Blocks between

some seams appear to have rotated clockwise, causing antithetic shear. The sheared seams below the main fault are so closely

spaced that the tail cracks and third-generation solution seams at the tip of neighbouring sheared seams may intersect, forming

a nearly through-going, jagged discontinuity parallel to the fault zone. The drawings in (a) and (b) are mirror images of the
exposure to facilitate comparison to other figures.

across a relay zone via another complex assemblage of
structures.

In the study area, deformation in m-scale relay zones
between neighbouring fault segments involves formation
of veins, solution seams, and syn- and antithetic faults
(Peacock and Sanderson, 1995b). Adjacent side-stepping
segments form contractional relay ramps. Pressure-
solution seams form preferentially within the contrac-
tional relay ramps, and are orientated oblique to the
adjacent fault segments (Fig. 8). We refer to these
solution seams as the fourth generation. Although no
cross-cutting relationships can be seen with the previous
three generations of solution seams, their occurrence
between fault segments suggests that they are relatively
younger than the segments themselves, i.e. younger than
the three generations of solution seams described earlier.

This fourth generation of solution seams controls
subsequent breaching of the relay zones and linkage of
fault segments to form fault zones hundreds of metres
long. The example shown in Fig. 8 illustrates the common
case in which segment linkage occurs by shearing along
the fourth generation of solution seams. En échelon veins
also occur within the relay ramps and may link, forming
faults that consist of composite pull-aparts. Such faults
accommodate minor amounts of antithetic slip and are
sometimes sigmoidal. At the tips of these antithetic faults,
tail cracks and solution seams may form in the contrac-
tional and extensional quadrants, respectively (Fig. 8).
The solution seams at the tip of the antithetic faults are
sub-parallel to the fourth-generation solution seams, and
the relative timing of the two is uncertain. Tail cracks and
solution seams sometimes occur near the tips of sheared
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Fig. 8. A contractional strike-slip relay ramp between two overlapping fault segments (cf. Peacock and Sanderson, 1995b, fig.
1a). (a) Overview of the relay. Note pull-aparts and long thin calcite veins bounding the relay ramp. (b) Detail of the structures
within the relay ramp. A high density of solution seams (thin black lines) occurs within the relay ramp. These fourth-
generation solution seams are often curved and oriented obliquely to the boundary faults. Some seams have slipped to form a
through-going curved slip surface that links the side-stepping segments. Early en échelon veins have linked to form minor
antithetic faults, some of which are sigmoidal. Solution seams and tail cracks occur at the tips of some of these antithetic faults
and near the ends of slipped fourth-generation solution seams. The diamonds indicate the locations of thin veinlets associated
with some pull-aparts.

fourth-generation solution secams (lower right in Fig. 8b).
These solution seams would be part of the fifth genera-
tion of solution seams. The variety of structures and
geometries in m-scale relay ramps is well illustrated by
Peacock and Sanderson (1995a), although their maps do
not generally illustrate the solution seam patterns.

MODEL FOR FAULT DEVELOPMENT

The spatial distribution of the structures and their
cross-cutting relationships can be synthesized into a two-
dimensional model for temporal fault evolution in the
Somerset limestone. According to this model, strike-slip



1470 E. J. M. WILLEMSE, D. C. P. PEACOCK and A. AYDIN

(a)

(] T o+ g y

s f "‘-‘, 3! npr
(c) | / ¥,
pull-apan
with tails
(d) [ } ”

Bookshelt anologue
for sheared seams

echelor e

e Bl ) b sl i,

faull segment

1ail cracks S —— s

sheared 4!h
(i) . gensolseam

Fig. 9. Schematic model for the development of a single fault-zone segment. (a) Initial stage of en échelon veins. (b)
Development of two symmetrically arranged zones of solution seams in the contractional arches of the bending bridge. (c)
Incipient pull-aparts form because of shear along the solution seams. (d) Continued shear along first-generation solution
seams leads to the development of pull-aparts. (e) Second generation of solution seams, as well as tail cracks, form at the tips of
sheared first-generation solution surfaces. (f) Antithetic slip occurs along second-generation solution seams oriented at a high
angle to the fault zone. (g) Third generation of solution seams, as well as tail cracks, form at the tips of the sheared second-
generation solution seams, forming a complex anastomosing network of discontinuities across the fault zone, with block
rotation occurring. (h) Solution seams and en échelon veins form in a contractional relay ramp between two side-stepping fault
segments. (i) Syn- and antithetic slip along the solution seams and en échelon veins causes the formation of opening-mode tail
cracks and solution seams, progressively fragmenting the relay ramp. A curved, through-going fault may develop along the
fourth generation of solution seams, linking both fault segments.

faulting starts with the formation of an array of en clearly by the tapered shape of the vein in the region of
échelon opening-mode veins (Fig. 9a). As the veins overlap (Delaney and Pollard, 1981; Nicholson and
become longer and wider, they approach one another Pollard, 1985; Peacock, 1991). As the veins open further,
and interact. The effects of interaction are demonstrated the intact rock bridge between them bends and solution
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seams form in the contractional arches of the bridge (Fig.
9b, see inset). With continued vein opening and shear
along the vein array the bridge rotates, and one or more
solution seams extend further. Eventually the solution
seams are subjected to shear due to increased rotation,
and start to slip (Fig. 9¢c). A fault zone is formed by slip
along the solution seams, linking the veins and producing
pull-aparts. Continued shear along the solution seams
widens the pull-aparts, some of which include tails that
represent ends of the original veins (Fig. 9¢ & d).

(amond (1983) discussed the origin of pull-aparts with
tails, and argued that veins initiate as shear fractures
which open up only when they are linked by the later slip
planes. As pointed out by Peacock and Sanderson
(1995b), however, the occurrence of calcite-filled tails,
and the direction of calcite fibres sometimes observed
within the tails, suggest that the veins originate as
opzning-mode fractures. Their conclusion is supported
by the progressive evolution from en échelon veins to
pull-aparts, as shown in Figs 3-5.

There is an important difference between the model
presented here and that proposed by Peacock and
Sanderson (1995b), who recognized the close association
of slip planes and pressure solution. They proposed that
the slip planes that connect en échelon veins originated as
shear fractures due to stress re-orientation in the bridges,
wi-h further stress refraction causing pressure solution on
the shear fractures. Gamond (1983, 1987) and Gratier
and Gamond (1990) also proposed a shear origin for the
slip planes, which they called P-shears. Our observations
in the bridges between overlapping veins, however,
strongly suggest that these slip planes initiated as solution
seams, with slip only occurring later as the bridges rotate
(Fig. 4). The implication of this subtle but important
difference will be discussed later.

As shear increases along the slip planes, the pull-aparts
widen further and the tails may be sheared off. A second
generation of solution seams forms, preferentially con-
centrated at the tips of the slip planes (Fig. 9e, see inset).
Narrow veinlets may also form, but on the other side of
the slip plane. The spatial relationship between the
second generation of solution seams and the veinlets at
the tip of slip planes is like that of stylolites and tail cracks
observed at the tip of some strike-slip faults (Rispoli,
1981; Petit and Mattauer, 1995). The veinlets and tail
cracks form in the extensional quadrant; the solution
seams and stylolites in the contractional quadrant (see
the inset to Fig. 6). Fletcher and Pollard (1981) show that
the orientation and location of the solution seams
compare favourably with the stress field around the tip
of a Mode II crack. In such models, calcite-filled tail
cracks are idealized as a Mode I crack with separating
walls. Points on either side of a solution seam, in contrast,
move towards one another as dissolved material is
removed. Therefore, a solution seam can be idealized by
an anti-Mode I crack for which the crack walls inter-
penetrate. Based on the Mode I and anti-Mode I models,
Pollard and Segall (1987) and Petit and Barquins (1988)
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showed that the pattern of tail cracks and solution seams
at the fault tip is consistent with fracture mechanics
predictions and experiments, respectively.

The second-generation solution seams are orientated
at a high angle to the fault zone. As slip across the zone
increases further, closely spaced sets of these seams may
behave as the sliding surfaces between tilting books on a
bookshelf, causing antithetic slip across the second
generation of solution seams (Fig. 9f, see inset). The slip
associated with this block rotation leads to the formation
of tail cracks and a third generation of solution seams at
the tips of the sheared second-generation solution seams
(Fig. 9g). At this stage, the shear displacement is several
tens of millimetres and an irregular through-going break
has been established. The fault zone, which has been
progressively fragmented by opening-mode fracturing
and pressure solution, contains numerous discontinuities
with a wide variety of angles to the zone. Additional
displacement can accumulate by slip along these sub-
sidiary planes, without necessitating formation of new
breaks.

Strike-slip fauits hundreds of metres long, with several
metres of displacement, form by the linkage of side-
stepping fault segments. This process is illustrated in Fig.
9th & i). The fourth generation of pressure-solution
seams develops preferentially in the contractional relay
zones between side-stepping segments. En échelon veins
may also occur, forming the precursors of minor
antithetic faults (Fig. 9h). Slip along the solution seams
and along the minor antithetic faults can lead to the
generation of other solution seams and tail cracks. In this
way the relay zone becomes progressively more ‘frag-
mented’ as displacement accumulates. Linkage is
achieved along a series of through-going, curved slip
plane(s) that are sheared fourth-generation solution
seams (Fig. 9i). Fault growth by the linkage of smaller
segments has been described along other faults (e.g.
Martel et al., 1988; Cartwright et al., 1995) but involving
mechanisms other than pressure solution.

In this fault model, solution seams play a key role
during the nucleation and growth of individual fault
segments, and subsequently during the linkage of such
segments. At least five generations of solution seams can
be recognized. The distinction of different generations of
solution seams is intended primarily to describe the
hierarchy of structures with respect to one another and
to reflect the sequence of events at one particular location
on the fault zone. It is possible that the different
generations of solution seam may form synchronously
at different locations of a propagating fault. Solution
seams of each of the various generations serve as pre-
existing discontinuities along which slip can occur. In this
case the prime role of pressure solution is to create
potential sliding surfaces, rather than to remove irregula-
rities or asperties on the fault plane (Marshak et al.,
1982).

Observations of Stockdale (1922) and Durney (1974)
show that solution seams form perpendicular to the
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greatest compressive principal stress with no shear
traction to drive slip across the seams. Two hypotheses
can be presented to explain sheared solution seams.
According to the first hypothesis, the fault-zone material
rotates as displacement across the zone increases.
Rotation of solution seams away from the principal
stress plane would result in shear traction across them,
allowing slip to occur. The antithetic sense of slip along
the second generation of solution seams is consistent with
rotation models (Nur ez al., 1986).

According to the second hypothesis, there is a
temporal change in the stress field. Fracturing and slip
may be short-lived processes, for example related to
seismic events. Pressure solution, on the other hand, is a
slower process, more likely to act predominantly in the
inter-seismic period (Gratier and Gamond, 1990). The
location of solution seams and tail cracks at fault tips and
the angles between solution seams and tail cracks both
suggest that these structures developed in a locally
perturbed stress field (Fletcher and Pollard, 1981; Will-
emse and Pollard, in press). It is possible that pressure
solution occurred mainly in the inter-seismic period,
gradually relieving the local stress concentrations and
altering the stress state with time. As the local stress
perturbation decayed with time, it is possible that the
solution seams were subjected to shear traction, perhaps
related to the remote stress field.

Gratier and Gamond (1990) provide a detailed discus-
sion of the role of pressure solution in crustal-scale
faulting and the seismic cycle. They note that the
behaviour of the fault zone depends on rock fluid
content, solubility of certain rock minerals in this fluid,
geometry and length-scale of the mass transfer path,
value of the coefficient of mass transfer (by diffusion or
infiltration), type of limiting process (reaction kinetics,
mass transfer rate), stress level, temperature and confin-
ing pressure conditions. If dissolution—deposition
mechanisms can accommodate the displacement rate
(e.g. imposed along plate boundaries), motion along the
fault is by creep. In this case slip, dissolution and
precipitation can be truly contemporaneous. If accom-
modation by mass transfer is not sufficient, the stress level
increases and an earthquake is likely to occur in the form
of a periodic instability. In this case, slip, dissolution and
precipitation occur in repeated cycles.

Based on the mapped structures and their cross-cutting
relationships it is not possible to determine whether these
faults were creeping or seismically active. The require-
ment that mass must be conserved suggests that the
average slip rate cannot have exceeded the rate at which
mass transfer can accommodate the imposed deforma-
tion. This can be achieved by balancing material sinks
(material dissolved along solution seams, some of which
may be slipping) against material sources (material
deposited in veins and in opening pull-aparts). We believe
that pressure solution, formation of pull-aparts, miner-
alization and the accumulation of slip are intimately
related.
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COMPARISON WITH OTHER STRIKE-SLIP
FAULTS

Brittle failure of rock under compression has been the
subject of numerous experimental studies (see Menendez
et al., 1996 for a recent overview). Propagation of faults in
shear has been observed in sand-box and soil mechanics
experiments in which unconsolidated or poorly lithified
granular materials are deformed under low confining
pressures (less than 5-15 MPa). In these experiments
faults localize by particulate flow, i.e. the sliding, rolling
and rotation of intact grains past one another (Mandl et
al., 1977; Borradaile, 1981; Knipe, 1989; Franssen et al.,
1994). At very high confining pressures, deformation is
not localized on the sample scale and is thus macro-
scopically ductile (Wong, 1990). No distinct faults
develop under such conditions, and deformation may be
accommodated by crystal plasticity (dislocation glide,
climb, crystal twinning, etc.) or by pervasive microcrack-
ing, also called cataclastic flow (Logan, 1987; Hirth and
Tullis, 1994; Menendez et al., 1996). Knipe (1989)
provides a comprehensive review of the various deforma-
tion mechanisms and their relationship to strain rate,
temperature, etc., and describes the microstructure
characteristics of the various failure processes.

In cases other than the above, brittle faulting in
experiments usually is accompanied by dilatancy and
microcracking. Microcracking is observed in samples
covering a variety of rocks such as granites (Peng and
Johnson, 1972; Tapponier and Brace, 1976; Lockner et
al., 1992), sandstones (Dunn et al., 1973; Menendez et al.,
1996) and marbles (Olsson and Peng, 1976; Fredrich et
al., 1989). Localized shear failure appears to be a
progressive process consisting of the initiation, localiza-
tion, propagation and coalescence of opening-mode
microcracks. Microcracks can occur within or along the
boundaries of grains or crystals. The first microcracks
develop randomly within deforming samples but con-
centrate along a damage zone with increasing stress.
Coalescence of microcracks eventually produces a sur-
face along which macroscopic failure takes place (Borg et
al., 1960; Brace and Bombolakis, 1963; Scholz, 1968;
Peng and Johnson, 1972; Dunn et al., 1973; Engelder,
1974; Lockner et al., 1992; Wong et al., 1992; Zhao et al.,
1993). Gay and Ortlepp (1979) infer the same processes
and sequence of events from observations along deep,
mining-induced faults. Along ancient natural faults
microfracturing is also abundant (Friedman, 1969;
Engelder, 1974; Knipe and White, 1979; Kanaori et al.,
1991; Anders and Wiltschko, 1994). Aydin (1978) and
Antonellini et al. (1994) document how microcracking
leads to the development of cataclastic band faults that
are common in some porous sandstones. Although some
details remain unresolved, there is abundant evidence
that brittle fault nucleation and growth occurs by slip
along pre-existing discontinuities such as (coalesced)
microcracks and grain boundaries (Menendez et al.,
1996).
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Fig. 10. Comparison between strike-slip fault models proposed for Sierra Nevada granites (Martel et al., 1988) and the

Somerset limestone. In the Sierra Nevada granites faulting is preceded by an earlier episode of jointing. Actual Sierra Nevada

faults are left-lateral, but are drawn here as right-lateral to facilitate comparison with the other figures. See text for further
discussion.
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Pre-existing opening-mode cracks not only influence
fault nucleation and growth at the microscopic scale, but
also at the macroscopic field scale. Segall and Pollard
(1983) demonstrate that strike-slip faults in the granitic
rocks of the Sierra Nevada nucleated along older,
mineral-filled opening-mode joints (Fig. 10, stages 0 and
1). These m-scale joints were formed during a previous

deformation event, and their pattern cannot be corre-
lated with the subsequent fault zones. The faults
nucleated by slip along these pre-existing joints. Small
opening-mode tail cracks propagated from near the ends
of these faulted joints, at a high angle to the joint plane
(Fig. 10, stage 3). The faulted joints did not propagate in
shear into intact granite, but were linked by the tail
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cracks. The linked faulted joints are longer, and thus can
accommodate more slip than individual faulted joints.
Such extra slip can cause separation of tail crack walls,
forming rhomb-like pull-aparts (Fig. 10, stage 3). This
mechanism for pull-apart formation is different to that
described earlier for the limestones. With increasing
shear, pairs of small faults in the granite linked up side-
to-side to form fault zones, yet the majority of slip was
accommodated on the boundaries of these fault zones
(Fig. 10, stage 4). Slip along fractures connecting the two
boundary faults is generally synthetic, transferring slip
from one boundary fault to the next. In a later paper
Martel er al. (1988) expand this model, suggesting that
the longer faults reduce the shear stresses on adjacent
smaller faults, causing slip on the latter to cease. In this
way, displacement is progressively localized on the longer
faults. The initial phases of the same process, with
sheared joints linking along tail cracks, have been
observed in other granites, schists and gneisses (Granier,
1985), and in sandstones (Cruikshank et al., 1991).

The limestone fault model has both similarities and
differences with the experimental data and with the
granite fault model. The similarity is that in all these
cases, slip planes do not originate in shear; they initiate as
pressure-solution seams (anti-cracks) in the Somerset
limestones, and as opening-mode cracks and joints in
experiments and granites. In the field, this can be noticed
at a variety of scales. This observation has important
fundamental applications for the micromechanics of
faulting. It suggests that Mode II does not operate as a
primary fracture mechanism, but only as a macroscopic
phenomenon following Mode I or anti-Mode I deforma-
tion. Such a role for solution seams has not been
recognized earlier, perhaps because it is difficult to study
experimentally the influence of pressure solution on
faulting.

In the Somerset limestones, slip occurs mainly along
clay-enriched solution seams, and is rare along veins and
tail cracks which are presumably stronger because of the
calcite cement. It is conceivable that the concentration of
clay material along the solution seams encourages slip
along them, as clay gouge may reduce the shear strength
(Summers and Byerlee, 1977). The principle of slip planes
nucleating on pre-existing discontinuities could also
explain why the dihedral angle between conjugate shear
planes is often greater than 90°, at odds with Coulomb
failure theory (Peacock and Sanderson, 1995a); slip along
pre-existing discontinuities can occur at dihedral angles
of up to 120° (Donath, 1961).

There are two interrelated differences between the
limestone and granite models, illustrated schematically
in Fig. 10. In the Somerset limestones incipient shear
causes formation of the N-S veins that are concentrated
in zones and are arranged en échelon with a consistent
sense of step. Their formation is an integral part of the
faulting process. In the Sierra Nevada granites, in
contrast, the joints formed during an earlier event not
related to subsequent faulting. In this case, the joints
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form a more distributed network with no systematic en
échelon arrangement (stages 0 and 1, Fig. 10).

The second difference between the two fault models is
that the slip planes originate as solution seams or veins,
respectively. Solution seams have an opposite displace-
ment sense to opening joints because material points on
either side of a solution seam move towards one another,
rather than away from one another (Fletcher and
Pollard, 1981). These contrasting origins are a direct
consequence of the initial joint or vein configuration. In
the Somerset limestones left-stepping en échelon veins
form due to right-lateral shear. For this sense of step and
shear, linkage across the bridges cannot occur along tail
cracks as these would be directed away from the
neighbouring vein (stages 1-3, Fig. 10). The mechanisms
of linkage and pull-apart shown in stage 3 of Fig. 10 are
different to those observed in the Sierra Nevada granites.
There is no systematic sense of step of the pre-existing
joints. It is to be expected that, depending on the sense of
step, faulted joints may link by tail cracks (right-stepping
joints) or sheared pressure-solution seams (left-stepping
joints; Fig. 10). In the Sierra Nevada granites linkage
appears to occur primarily along tail cracks in exten-
sional steps (Segall and Pollard, 1983), although contrac-
tional relays with mylonitic fabrics also occur (Blirgmann
and Pollard, 1994). In other granites linkage across
contractional steps involves pressure solution. P-shears
that breach contractional steps between adjacent veins
have been described by Gamond (1983, 1987). Gamond
(1987) showed that slip along P-shears must be accom-
panied by local removal of material. Although Gamond
argues, based on Coulomb failure theory, that these P-
planes originated in shear, it is possible that they also
originated as solution seams similar to those observed in
the Somerset limestones.

It is likely that the model for the Somerset faults is
applicable to other faults and rock types. Localization of
solution seams in bridges between en échelon veins occurs
in limestones in the Pyrenees (Ramsay and Huber, 1987,
fig. 26.46). Pull-apart structures with tails have been
reported from limestones along the Basque coast, Spain,
and the Savoie, France (Robert, 1979; Gamond, 1983).
Concentration of solution seams at the corners of some
pull-apart structures also occurs in these areas (Gamond,
1983, fig. 1a). Rispoli (1981) and Petit and Mattauer
(1995) describe sheared stylolites with tail cracks and
solution seams at their tips in limestones of the Matelles
outcrop, Languedoc, France. In the same outcrops a
concentration of solution seams occurs in m-scale
contractional relay zones between strike-slip faults
(Gamond, 1987; Petit and Mattauer, 1995). Ohlmacher
and Aydin (1995) show very similar structures in
carbonaceous shale and siltstone of the Ordovician
Sevier Shale deformed in a thrust faulting environment
in the Appalachians. The micrograph in their fig. 7 shows
solution-seam patterns in a mm-scale contractional relay
zone that are very similar to the m-scale relay zone shown
in Fig. 8. Their fig. 4 shows clusters of solution seams at
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the corners of pull-aparts very similar to those marked in
Fig. 6. Solution associated with slip along the so-called P-
shears can also be demonstrated in Mesozoic meta-
grevwackes and cherts in New Zealand (Spoérli and
Anderson, 1980).

CONCLUSIONS

Detailed study of small-scale structures on the Somer-
set coast suggests that pressure solution plays a key role
during nucleation, growth and linkage of strike-slip fault
zones in the limestones of Somerset. Pressure-solution
seams serve as pre-existing discontinuities along which
slip occurs during various stages of fault development
during progressive deformation. There are at least five
generations of solution seams, related to three different
mechanisms. The first generation forms due to bending of
the intact rock between overlapping opening-mode veins,
wita bending being indicated by the form of the bridge.
As displacement along the fault zone increases, the veins
link by slip along the solution seams, creating pull-aparts.
A second generation of solution scams, as well as
opening-mode tail cracks, form at the tips of the sliding
carly seams. Subsequent shear along this second genera-
tion accommodates additional fault displacement, and
forms at their tips the third generation of solution seams
as well as another generation of tail cracks. These first
three generations all contribute to the formation of
individual fault segments. The fourth and subsequent
generations of solution seams form in relay zones
between fault segments and control the linkage of
segments, forming the next hierarchy of fault structure.
Larger-scale relay zones are also fragmented by the same
processes allowing adjacent fault segments to link,
eventually producing a longer and wider fault zone with
several metres of displacement.

In the fault zones considered here, shear is preceded or
accompanied by the development of en échelon veins, tail
cracks and solution seams. As fault slip accumulates,
these structures form an increasingly denser network of
discontinuities at various hierarchical stages. Such dis-
continuities occur at a variety of orientations and
progressively fragment the fauit-zone material at several
scales. Slip occurs mostly along clay-enriched solution
secams, presumably because they are weaker than calcite-
filled veins.

To conserve mass, opening-mode fracturing, dissolu-
tion and slip along solution seams, mineral precipitation,
and fault slip must be closely interrelated. At least two
possibilities exist for the detailed temporal relationship
among these processes. On the one hand, it is possible
thet vein opening and fault slip occur at a relatively slow
rate (e.g. fault creep). If the deformation rate is slow
enough compared to the rock solubility, mass transfer
may fully accommodate slip accumulation, and slip,
dissolution and precipitation can be truly contempora-
neous. On the other hand, it is possible that fracturing
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and slip occur very rapidly, e.g. during seismic events,
with pressure solution taking place in the longer inter-
seismic period to gradually relieve the local stress
perturbations. At this stage, it cannot be determined
which of these possibilities is most appropriate for the
faults in Somerset.

The notion that slip planes nucleate on pre-existing
discontinuities is in good agreement with other field
studies and with experimental data on the micromecha-
nics of the faulting process. In experiments such pre-
existing discontinuities originate as (coalesced) micro-
cracks or grain boundaries. The field observations
reported here indicate that solution seams can fulfil the
same role as microcracks in localizing shear failure
leading to through-going slip planes. This role for
solution seams has not been recognized earlier and
provides an additional micromechanical model for fault
nucleation. The proposed model may be applicable to
other fault zones because the characteristic structures
have been described along faults in a variety of rock
types. The field data lend further support to the notion
that Mode II does not operate as a primary fracture
mechanism, but only as a comparatively late macroscopic
phenomenon that exploits pre-existing planes of weak-
ness. In the limestones described here, the planes of
weakness are formed by pressure-solution seams.
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