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Abstract-Damage zones are described around small scale normal, strike-slip, and reverse faults cutting 
horizontally-bedded carbonates, shales and siltstones in the Bristol Channel basin, U.K. Two different types of 
brittle damage zone have been recognized: (a) fractures branching directly from the fault tip; and (b) fractures 
forming an en echelon array, which are disconnected from the fault tip. Similar damage zones are repeated at 
regular intervals along the faults and they are interpreted to represent paleo-tip lines or sticking points along fault 
planes. Between these zones there is little visible damage outside the fault planes, which are typically 255100Oym 
thick along small displacement (<O.l m) normal faults. Hence, faults propagated within their own plane at the 
scale of observation (25pm), but dilational out-of-plane fractures are preserved at their arrested tips. Strike-slip 
and thrust faults were observed to produce more variable damage zone geometries compared to those at normal 
fault tips. Damage zone geometries around lateral tips of normal and strike-slip faults indicate that they can form 
by a different mechanism than up- and down-dip tip zones. Subsidiary fracture patterns can be used to recognize 
the direction of fault propagation. 

. . 

INTRODUCTION 

Damage zone geometry around faults can provide infor- 
mation on how faults propagate and are arrested. The 
growth of faults in rocks has been studied in laboratory 
experiments where tensile fractures are developed in the 
damage zone ahead of a propagating tip. Linkage of 
initial microcracks leads to a through-going fault plane 
(e.g. Cox & Scholz 1988, Petit & Barquins 1988). Crack 
development associated with fault growth has been 
extensively studied in theory (e.g. Lajtai 1974, Dey & 
Wong 1981, Segall & Pollard 1983) and small-scale defor- 
mation experiments (e.g. Brace & Bombolakis 1963, 
Friedman & Logan 1970, Tchalenko 1970, Kranz 1979, 
Gamond 1983, Horii & Nemat-Nasser 1986, Cox & 
Scholz 1988, Petit & Barquins 1988). These studies have 
shown that the induced faults do not propagate within 
their own plane, but that they initiate with en kchelon 
fractures developed oblique to the growing fault. En 
Cchelon cracks permit higher stress concentrations to 
build-up in the bridge zones than would occur around 
isolated cracks (Bombolakis 1968), thus facilitating 
through-going fractures which link the isolated cracks. It 
is thought that the linking fractures between the en 
echelon tension cracks produce an irregular continuous 
crack surface which undergoes shear to produce a fault 
plane (e.g. Gamond 1983, Cox & Scholz 1988). The 
geometry of the linking fractures will depend on the 
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geometry of the overlapping en Cchelon cracks, material 
properties and local heterogeneities at the grain scale. 

Despite the large amount of theoretical and experi- 
mental work on fault and crack growth, there is rela- 
tively little published work on the geometry of naturally- 
induced brittle damage zone geometry around fault tips 
in rocks. Accurate analysis of damage zones would 
determine whether experimental and theoretical rock 
deformation studies are applicable to natural fault pro- 
pagation in rocks. Most field observation has been 
focused on lateral (Rispoli 1981, Segall & Pollard 1983, 
Granier 1985, Martel etal. 1988) and up-dip (Einarsson 
& Eirikson 1981, Jackson et al. 1992) tips of strike-slip 
faults. The study area provides a rare opportunity to 
examine and compare normal, reverse and strike-slip 
fault tips and their damage zones in the same rock types. 

This paper describes the geometry of natural damage 
zones around meso-scale faults cutting layered sedimen- 
tary rocks. Crack-seal veins developed in pull-aparts 
along the fault zones and indicate that calcite and gyp- 
sum mineralization accompanied faulting after each 
individual slip event (Davison in press), so that fine- 
scale (<l mm displacement) fracture damage is visible. 

The difference in the extent of lithification and burial 
depth of the rocks during the extensional period in the 
early Jurassic and the inversion period during mid- 
Cretaceous to early Tertiary times is not accurately 
known. The fault and vein textures and temperatures of 
fault-related mineralization inferred from stable isotope 
data suggest that the extensional and contractional faults 
formed at a similar level of approximately 1 + OS km 
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Fig. 1. (a) Sketch of a small normal fault at David’s Way (ST 1290 4390), showing horsetail splays of fractures in the 
hangingwall of the fault at the upper and lower tips. The thicker slightly stippled beds arc impure limestone. (b) Line 
drawing from a photograph showing a vertical cross-section through small normal faults at Kilve Beach (ST 1466 4448). The 
rocks are shales with several 1-5 cm thick layers of impure limestone. There are no fracture splays into the footwall of the 
faults, suggesting that they propagated upwards. (c) Sketch of a small normal fault below the Quadrant Range Hut between 
Kilve and Lilstock (ST 1608 4537). Thicker stippled beds are impure limestone. (d) Line drawing from a photograph 
showing the down-dip tip of a normal fault. X marks the location where the horsetail splays indicate that the fault 
propagated downwards, and above this the fault is interpreted to have propagated upwards. Arrows indicate small bedding- 

plane slip. Location below the pill box at Kilve (ST 1487 4460). 

depth of burial (Hayward 1991, Davison in press). Besides 
brittle faulting there is evidence for plastic deformation of 
the shales, as folds are clearly developed along most 
normal faults without any discernible fracturing (e.g. Fig. 
la). These folds developed due to frictional drag across the 
fault plane accompanied by a component of fault propa- 
gation folding. However, it is not possible to ascertain 
the individual contributions of these two effects. 

All the data presented are two-dimensional analyses 
in vertical section or horizontal map view. Mode 1 
(opening), II (sliding) and III (tear) fracture nomencla- 
ture is used in this paper, where up- and down-dip tips of 
dip-slip faults and lateral tips of strike-slip faults are 

referred to as Mode II, and lateral tips of dip-slip faults 
and up- and down-dip tips of strike-slip faults are Mode 
III (Lawn & Wilshaw 1975). This terminology is usually 
used for cracks with little displacement, but is employed 
here to clarify the sense of shear. A fault tip point is 
defined as the point on the fault plane where visible 
simple shear displacement is zero. 

REGIONAL GEOLOGY OF THE STUDY AREA 

The study area is located on the southern edge of the 
Bristol Channel basin which formed in Triassic-Jurassic 
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times with the accumulation of up to 3.5 km of sediments 
in the centre of the basin, followed by a thin (~500 m) 
post-rift fill of Cretaceous-Tertiary age sediments 
(Kamerling 1979). There is no clear evidence of the 
depth at which normal faulting took place in Late 
Triassic-early Jurassic sedimentary rocks now exposed 
in coastal cliffs between Watchet and Lilstock. It was 
probably in excess of several hundreds of metres in order 
for sufficient compaction and lithification to have taken 
place, which allowed discrete fracturing and calcite 
mineralization during faulting. The basin was inverted 
during Cretaceous and Tertiary times with the formation 
of reverse and strike-slip faults. Vitrinite reflectance 
data from rocks in the study area suggest that inversion 
and subsequent erosion of at least 1.5 km, and possibly 
as much as 3 km, has occurred (Cornford 1986). 

The faults examined between Quantoxhead and Lil- 
stock cut Early Jurassic limestones and shales, with the 
shales making up to 75% of the sequence (Whittaker & 
Green 1983). The grey shales are calcareous and contain 
up to 28% total organic carbon (Cornford 1986). The 
limestones are well-cemented, and they are generally 
laterally persistent (>200 m), but some beds are lenticu- 
lar or nodular and are probably produced by secondary 
diagenetic calcite precipitation. The individual lime- 
stone beds vary from approximately 0.1-0.75 m in thick- 
ness. 

The faults in the shales and limestones were cemented 
with ferroan calcite soon after each fault slip event, 
evidenced by multiple crack-seal textures (Ramsay 
1980) developed in pull-apart zones. Stable isotope 
studies on several of the normal faults indicate there is a 
disequilibrium between the wall rocks and the fluids 
which precipitated the ferroan<alcite fill, suggesting 
that the fluids came from a warmer (by 20-30°C) and 
presumably deeper (-1 km) source than the diagenetic 
fluids in the limestones (Hayward 1991, Davison in 
press). The stable isotopes from the inverted normal 
faults indicate temperatures of mineralization that are 
1&15”C lower than extensional faults (Hayward 1991). 

Faults in the Watchet area cut upper Triassic fine- 
grained reddish marls with occasional calcareous silt- 
stones. The sediments are relatively homogeneous, and 
bedding is outlined by nodular gypsum concentrations 
or green diagenetic bands. The faults are cemented by 
locally-derived gypsum, and associated extensional frac- 
tures are often filled with fibrous gypsum which indicates 
the crack opening direction. For further information on 
faults and veins in this area see Peacock (1990,199l) and 
Peacock & Sanderson (1991,1992,1994). 

GEOMETRY OF FAULT DAMAGE ZONES 

Normal faults 

The general pattern of deformation associated with 
normal faults in the Early Jurassic shales and limestones 
consists of 45-75” dipping, E-W-striking faults which 
steepen to near vertical when they pass through the 

limestone layers (Fig. 1). Evidence from calcite-filled 
pull-aparts indicates that the dip of the normal faults 
changes during the initial formation of the normal faults. 
Extension in the limestones is produced by sub-vertical 
tensile fractures, and by normal faults in the shales; 
which link together to produce an irregular initial fault 
profile. Refraction is probably due to high pore pressure 
and lower strength in the shales (Peacock & Sanderson 
1991, Sibson 1994). The fault profile is subsequently 
smoothed during later fault displacements. Calcite-filled 
fractures branch off the main fault plane at regular 
intervals (Fig. 1). In cross-sections perpendicular to the 
main fault plane, fractures splay from the main fault at 
an angle of approximately 20” then curve to a sub- 
vertical orientation away from the main fault zone. The 
vertical segments of the fractures are Mode I, as there is 
no vertical offset of the bedding (Figs. la & b). The 
fractures often bifurcate at their vertical tips into several 
individual strands (Fig. lb). Spacing between the frac- 
ture splays varies between 30 and 200 mm in Fig. l(b), 
where the faults have a maximum of 40-50 mm of 
displacement. Spacing is constant around 500 mm in Fig. 
lc, where the fault has 750 mm of displacement. The 
fracture length at each splay zone appears constant 
along the fault profiles shown (0.2 m in Fig. lb and 1.5 m 
in Fig, l(c)). Examination of thin sections through 
normal faults between fracture splays indicate that the 
faults grow as very discrete planar fractures with finite 
widths of less than 25 pm (Fig. 2). 

Lateral tips (Mode III edge) of normal faults can be 
observed in horizontal sections exposed on the fore- 
shore (Fig. 3). In these cases the tips are characterized 
by fractures which continue along the same strike as the 
fault, before changing into an en echelon array of 
extensional fractures oriented about 10” oblique to the 
main fault plane (Fig. 3a). The oblique fractures are 
generally shorter and have a greater opening displace- 
ment near the fault tip compared to the most distal 
fractures (Fig. 3a). The fractured damage zone widens 
away from the fault tip and the individual fractures 
become more widely-spaced and slightly more oblique 
(20”) to the main fault. Small extensional faults (dis- 
placement ~0.1 m) occasionally have single fractures 
which extend from the fault tip with the same strike as 
the main fault in map view. These tips are only observed 
in limestones and are due to the faults initiating in the 
limestones as Mode I fractures (see Peacock & Sander- 
son 1992). Hence, the lateral tips of normal faults can 
have different fracture geometries in the limestones, 
where a simple Mode I crack is developed, compared to 
that in the shales where oblique fractures would be 
developed at the Mode III fault edge. 

The trace length of the splay fractures measured at 
lateral tips of normal faults on sub-horizontal limestone 
bedding planes appears to be positively related to maxi- 
mum fault displacement (Fig. 4). The length over which 
fractures propagate beyond fault tips varies greatly for 
faults with similar maximum displacements, and can 
reach up to 45% of the total fault trace length at both 
lateral and down-dip tips (Fig. 1). Very different frac- 
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Fig. 3. (a) Plan view of the lateral termination of a normal fault on the Kilve foreshore (ST 1515 4464). It cuts through a 
horizontal limestone bed which exhibits fracture patterns with a calcite infill. The dotted areas to the left of the ammonite 
are weathered joints. (b) Line drawing of a photograph of a fault zone termination, where there is an adjacent fault (ST 1465 
4448). (c) Line drawing of a photograph showing oblique fractures (mixed-mode) developed near a fault tip in a relay zone 

between two overlapping faults (ST 1349 442.5). 
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Fig. 4. Length of fractures in the damage zone in front of lateral fault 
tips (Mode III) plotted against the maximum displacement observed 
on normal fault traces. All measurements were taken in Early Jurassic 

limestones. 

ture lengths can occur at the two lateral tips of the same 
fault. For example, fractures with lengths of 60 mm and 
1600 mm were recorded beyond the opposite lateral tips 
of a normal fault with a maximum observed displace- 
ment of 520 mm. The maximum extent of fractures 
measured was 5.4 m, ahead of a fault tip where the 
maximum displacement on the fault reached 750 mm. 
The width of the calcite-filled fractures reaches a maxi- 
mum of 12 mm at the fault tip and gradually tapers to 
zero. Unfortunately, it was not possible to observe the 
complete three-dimensional shape of the fractures at 
lateral tips. From two-dimensional observations it is 
inferred that they curve away from the fault tip, from an 
orientation parallel to the fault plane until the fractures 
are parallel to the maximum principal stress (a,) which 
was probably approximately vertical at the time of 
faulting (Fig. 1). 
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1 cm 

Fig. 2. Negative photomicrograph of small normal faults cutting through Early Jurassic limestones. Dark arcas are Fe-rich 
calcite dilation LO~CS along the faults. Where faults dip less steeply (-SO”) no dilation i\ observed and the adjoining wall 
rocks do not exhibit any visible damage. suggesting that in-plane fault propagation has occurred. (Location ST 0360 4.770). 
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Fig. 5. (a) Photograph of a thrust termination at ST 1480 4448, showing a complex series of en tchelon fractures and thrust 
faults formed in the thrust tip damage zone. Numbers refer to the shears measured in Fig. 6(d). (b) Line drawing of the 

thrust fault termination shown m (a). X marks the end of the zone where fractures have been rotated subsequently. 
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Where faults are overlapping in map view, oblique- 
slip faults curve sharply away from the main fault tip 
towards the adjacent fault and terminate in extensional 
fractures (Fig. 3b). This produces high displacement 
gradients at fault tips, and indicates that the principal 
stress orientations are markedly different at tips where 
interference between two faults occurred (compare Fig. 
3a with Figs. 3b & c, see also Peacock & Sanderson 1991, 
1994). 

Thrust faults 

The fault shown in Fig. 5 has a maximum observed 
displacement of 85 mm, and the damage zone ahead of 
the thrust fault tip extends for 2 m beyond the tip. The 
tip deformation zone is defined by calcite-filled faults 
and fractures, and broadens in an irregular way from the 
tip, from 40 mm to 450 mm in width. The strain in the tip 
zone produced the five deformation features described 
below (Fig. 5a). 

(1) En echelon fractures are developed at approxi- 
mately 45” to the main fault plane. 

(2) A second generation of extensional fractures 
formed near to the fault tip parallel to the rotated 
bedding. Their extent is limited by the en echelon 
fractures as they do not appear to be cross-cut by them. 

(3) Pervasive simple shear produced folding near the 
thrust tip, with accompanying clockwise rotation of the 
en echelon fractures and bedding. 

(4) Reactivated original extensional fractures under- 
went shearing with reverse movement and have a maxi- 
mum displacement of 8 mm. 

(5) En echelon isolated synthetic thrust planes devel- 
oped at regular intervals, oriented at approximately 20” 
to the main thrust fault. These limit the base of the 
damage zone and appear to have formed either before 
the en echelon fractures, which terminate against them 
near to the fault tip, or after them farther from the tip 
(Figs. 5a & b). 

Fractures farthest away from the tip are straight and 
do not show any signs of shear parallel to their margins 
beyond point X in Fig. 5(b) and are more widely spaced 
than the fractures nearer the fault tip (Fig. 6a). The 
increase of the damage zone width, and the rapid de- 
crease in the shear strain intensity (Fig. 6b) away from 
the tip indicates that the finite strain distribution is 
similar to the theoretical predictions of elevated stress 
distribution around isolated faults (e.g. Das & Scholz 
1982). Pervasive shear strain (y) in the centre of the 
damage zone reaches a maximum of 2.15 near the fault 
tip and decreases rapidly to 0.5 within a distance of 
350 mm (Fig. 6d). 

Shear strain across the damage zone has been calcu- 
lated assuming that the earliest fractures formed at 45” to 
the shear zone, as they do in the most distal part. The 
central parts of the fractures have been subsequently 
rotated in a clockwise sense by simple shear whilst still 
propagating at approximately 45” to the fault plane at 
their tips (Ramsay & Huber, 1987, Fig. 6b). Traverses 
across the shear zone at every fourth fracture indicate 

that the shear strain decreases away from the fault tip 
and is reduced dramatically where secondary synthetic 
thrust faults occur (Fig. 6d). 

Thin sections from the main fault zone show that it is 
composed of alternating slivers of wall rock and sheared 
and folded calcite veins (Fig. 7). This progressive shear- 
ing of the original fractures makes it difficult to observe 
initial geometries of the damage zone where the fault 
appears to have propagated within its own plane at the 
scale of observation (1-3 mm). 

Simple thrust tips with horsetail fractures are also 
present (Fig. 8). In this example, the fractures curve 
very abruptly away from the fault towards the inferred 
remote principal stress direction, which lies at a high 
angle (75”) to the fault plane (Fig. 8). The fractures have 
a length approximately equal to the maximum displace- 
ment on the fault (40 mm). 

In summary, up-dip Mode II thrust tip zones can be 
more complex than extensional Mode II fault tip zones, 
and larger more intense damage zones are produced. 
However, simple horsetail fractures, similar to normal 
tips, are also observed. 

Strike-slip faults 

Strike-slip faults are seen to terminate up and down 
dip (Mode III) and laterally (Mode II), with fractures 
splaying off the main fault. The fractures branch off at 
intervals along the fault and at fault tips. In plan view, 
they are inclined at angles which vary between 25” and 
80” to the main fault (Fig. 9). Fibrous calcite has grown 
in these fractures and the fibres are oriented at 90” to the 
fracture walls, indicating that they are purely Mode I 
fractures at their tips. These fractures can branch off the 
main fault as straight features at an angle greater than 
45” (Fig. 9a), or curve slightly toward o1 (Fig. 9b). They 
are wedge-shaped with the greatest amount of opening 
at the contact with the main fault (Fig. 9a). This enables 
large fault-parallel displacement gradients to develop at 
the tip. These offshoot fractures are probably aban- 
doned when the fault shears through them. The strike- 
slip faults exhibit prominent pull-apart zones which are 
interpreted to mark the position where two faults linked 
together across a dilational jog. The irregular displace- 
ments, measured by the width of pull-aparts, along these 
faults support the hypothesis that they are formed by 
connection of individual strands (e.g. Fig. 9d, Ellis & 
Dunlap 19%). The strike-slip faults are interpreted to 
have followed pre-existing joints, evidence for this is 
that such faults are not observed in areas where east- 
west joint sets are absent. The regional compression 
direction during strike-slip faulting was oriented 
approximately north-south, at a high angle to these 
faults and thus required an initially weak plane or high 
pore fluid pressure to allow fault movement. Very 
similar strike-slip faults have been described along reac- 
tivated joints in granites from the Sierra Nevada (Segall 
& Pollard 1983). 

Another pattern of strike-slip fault termination in- 
volves continuous bifurcation of the strike-slip faults, 
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Fig. 6. Analysis of the damage zone shown in Fig. S.(a) Plot of spacing of the en Cchelon fractures against distance along the 
damage zone measured from the fault tip. (b) Plot of width of the shear zone defined by fracture length measured 
perpendicular to the main fault plane. (c) Plot of maximum shear strain at the centre of the damage zone against distance 
from the fault tip. (d) Plots of shear strain across the damage zone at regular intervals along the damage zone. Numbers 
under rhe curves are shear displacements calculated in centimetres across the damage zone using the observed relation of 

the fractures which are assumed to have formed at 45” to the shear zone. 
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Fig. 7. Line drawing of a thin section through the thrust fault zone. 
Location of the thin section is shown on Fig. 5(a). Thin screens of wall 
rock are separated by calcite-filled veins which were extension frac- 
tures oriented oblique to the fault. These have been rotated and 
sheared through by later thrusting. Black areas are holes in the section. 

with many fracture splays formed at the tips of the 
smaller faults (Fig. SC). The subsidiary synthetic strike- 
slip faults are regularly oriented at approximately 20” to 
the main fault, and the extensional fracture splays are 
oriented at approximately 45” to the subsidiary strike- 
slip faults (Fig. SC). The example shown here splits from 
a single fault strand to over 30 separate strands in a 
horizontal distance of 1 m. 

The up-dip tips of the strike-slip faults are rarely seen, 
but when observed exhibit a series of bifurcating frac- 
tures, which terminate in the vertical plane parallel to u1 
(Fig. 10). These are interpreted to be Reidel shears 
which splay off from the main fault and have a helicoidal 
geometry (e.g. Naylor et al. 1986). 

Lateral tips of strike-slip faults have been observed 

where there is a change in strike at the end of the fault 
(Fig. lla). They exhibit a damage zone which widens 
away from the fault (Fig. lla). Displacement is trans- 
ferred from the main fault onto antithetic shears and 
Mode I fractures. The Mode I fractures open up at 
approximately 45” to the main sinistral fault plane (Fig. 
lla). Anticlockwise rotation of these fractures occurred 
in this example, so that they were reactivated and 
underwent later antithetic dextral shear. Further frac- 
turing occurred at the tips of the antithetic shears, with 
the most prominent Mode I fractures splaying from the 
shears nearest to the fault tip (Fig. lla). This reacti- 
vation causes triangular wedges to pull-apart at the tips 
of the antithetic shears (Fig. lla). These en echelon 
faults separate what is effectively a series of rotating and 
bending domino blocks (Fig. lib). The main fault 
sheared through the base of the dominoes, with calcite- 
filled dilational zones developed along the contact be- 
tween the dominoes and the main fault (Fig llb). The 
secondary shears have an antithetic shear sense in both 
cases (Figs. lla & b). 

Strike-slip faults appear to produce the greatest ob- 
served variation of damage zone geometries. The reason 
for this is probably that we have observed strike-slip 
fault tips arrested in transpressional, transtensional and 
simple shear stress regimes, 

DISCUSSION 

It is still highly debatable whether true Mode II and III 
in-plane fracturing occurs in natural rocks, as it has 
never been observed in experimental deformation (e.g. 
Petit & Barquins 1988). However, Lawn & Wilshaw 
(1975) suggest this may be possible where large confin- 
ing stresses suppress Mode I fracturing, and Lin & 
Parmentier (1988) also suggest that in-plane Mode II 
and III fault propagation can occur with high confining 
stresses and low rock plasticity. The splays of horsetail 
fractures branch off the main fault at regular intervals. 
In between fracture splays there is little or no fault 
damage visible except within the fault zone, which may 
be as narrow as 25 pm (Fig. 2). Thin sections examined 

Displacement on fault 

Pull aparts, with horsetails 

4 Bedding planes 

Fig. 8. Down-dip thrust fault tip with closely-spaced fractures splaying from the main fault, and with calcite filled pull- 
aparts along the main fault plane (ST 1823 1541, east of Lilstock). 
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Fig. 9. (a) Strike-slip fault termination exposed on a sub-horizontal bedding plane in limestones. The fractures splay from 
the fault tip and pull-apart parallel to the maximum principal stress direction (a,) (ST 1360 4424). (b) Strike-slip fault tip in 
Early Jurassic limestones, with a splay of fractures which gently curve towards the ut direction (ST 1360 4424). (c) Strike-slip 
fault tip in Triassic red marly siltstones characterized by bifurcation of a principal fault into many smaller strands (ST 0783 
4350). (d) Displacement-distance relationship along a strike-slip fault cutting Triassic marl approximately 500 m west of 

Watchet harbour (ST 0780 4340). 
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Fig. 10. Up-dip termination of a vertical section through a strike-slip 
fault, showing a splay of fractures which branch off the main fault at 

angles of 20-40” and curve towards the vertical (ST 1360 4424). 

along the main fault plane in between damage zones in 
the shales and limestones indicate that dilation zones are 
present along most of the main fault zone. Small out-of 
plane Mode I fractures may have been produced ahead 
of the propagating fault tip to produce a finite width of 
the fault zone (~25 pm for faults with less than 10 mm 
displacement). These observations indicate that in- 
plane fault propagation occurred at the scale of thin 
section observation (25 ym) when dynamic rupturing at 
high differential stresses occurred, and when the faults 
were arrested at lower stresses they terminate with out- 
of plane fractures. 

All three models of faulting exhibit Mode II edges 
with horsetail splays of mixed-mode fractures, which 
curve away from the fault towards the regional maxi- 
mum principal stress orientation and terminate as Mode 
I fractures. Experimental work indicates that low differ- 

ential and confining stresses are required to initiate 
crack branching and horsetail formation (Petit & Bar- 
quins 1988, Wawersik & Brace 1971). Yoffe (1951) has 
suggested that for Mode I fracturing in isotropic 
materials crack-branching (out-of plane) can occur 
when the crack reaches its terminal propagation veloc- 
ity. Latjai (1969) has investigated fault branching using 
mechanical theory, and explains crack branching occur- 
ring due to zero or low normal stress acting across planes 
oriented perpendicular to the fault slip direction 
(termed transverse normal stress). The angle that splay 
fractures make with the main fault mainly depends on 
the rock plasticity, stress conditions, and fault surface 
geometry (Lin & Parmentier 1988). 

Experimental work on engineering materials with 
carefully designed rigs has inhibited out-of plane tensile 
fracturing so that Mode II and Mode III fractures grow 
and fracture toughness can be investigated (Chisholm & 
Jones 1977, Agarwal & Giare 1981, Banks-Sills et al. 
1983, Davies, et al. 1985). Photoelastic experiments on 
epoxy resin indicate that Mode II fracture toughness 
(K,,,) is greater than Mode I fracture toughness (Kt,) 
(Chisholm & Jones 1977); and experimental defor- 
mation of randomly oriented glass-fibre composites has 
indicated that Mode III fracture toughness (Km=) is 
greater than Mode II (Agarwal & Giare 1981). If this is 
the case in rocks (Kmc > Km > Kr,), it may explain why 
there is a difference in damage zone geometries at Mode 
II and III normal fault tips, with unlinked en echelon 
fractures forming ahead of Mode III fault tips due to the 
higher stresses required to propagate the fracture front. 

Two basic types of damage zone have been recognized 
with several different types of fracture pattern (Fig. 12). 
The first group consist of fractures which are mainly 
connected to the main fault (wing and horsetail frac- 
tures). The simplest damage zone geometry was ob- 
served on lateral tips of small normal faults in the 
limestone beds (~500 mm displacement) where a single 
dilational calcite-filled fracture continues with the same 
strike as the main fault and progressively decreases in 
width away from the tip (Fig. 12a). Horsetail fractures 
are often present in the shales and they curve away and 
bifurcate from the fault tip. They are interpreted to 
propagate towards the direction of the maximum remote 
princpal stress (a,) (Brace & Bombolakis 1963, e.g. 
Figs. 1, 12b and 13). 

Fig. 11. Map views of strike-slip fault tips. (a) Transpressional fault tip showing a widening zone of en echelon fractures 
away from the fault tip (ST 0477 4366). (b) Dextral strike-slip fault with antithetic second-order shears at the tip formed 

between two branches of the propagating fault (ST 0780 4328). 
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Fig. 12. Summary diagram of observed fracture patterns of fault tip damage zones. (a) Simple vertical fractures, which 
continue with the same strike as the main fault and progressively decrease in width away from the tip. These fractures are 
only observed at lateral tips of normal faults in limestones. (b) Horsetail fractures which curve away from the tip towards the 
maximum principal stress (0,). (c) Wing fractures curving towards the maximum principal stress direction (e.g. Fig. 9a). 
(d) Bifurcating patterns of fractures, produced by interaction of Riedel shears and extensional fractures, which were only 
observed along strike-slip faults (e.g. Fig. SC). (e) En echelon fractures which increase their length and spacing progressively 
away from the fault. These are linked after rotation, due to new fractures formed in cross-cutting orientations almost 

parallel to the main fault plane 

Fig. 13. Schematic sequence of events suggested for the evolution of a Mode II edge strike-slip damage zone. 
(1) Formation of fractures and subsequent rotation and activation as antithetic shears. (2) Locking of the antithetic shears 
and formation of Mode I fractures. (3) Deformation linked along the boundaries of the rotating blocks producing 

dilation in (4). 

Horsetail fractures splaying from the faults may indi- 
cate either paleo-tip points, or sticking points along the 
fault. Horsetails can be used to track the propagation 
direction of the fault (Friedman & Logan 1970). For 
example, all the normal faults shown in Fig. l(b) must 
have propagated upwards from a N-dipping fault below 
them, as all the fracture splays occur in the hangingwall. 
Fracture splays would be present in the footwall of these 
faults if the faults had propagated downwards. Similarly, 
the fault in Fig. l(c) is interpreted to have propagated 
upwards, and the fault shown in Fig. l(d) propagated 
downward from point X. 

Wing fracture patterns were only observed associated 
with strike-slip faults. (e.g. Figs. lla and 12~). Theoreti- 

cal studies and laboratory experiments on glasses and 
ceramics (Brace & Bombolakis 1963, Latjai 1971, 
Shamina et al. 1975, Horii & Nemat-Nasser 1986, 
Pollard & Segall 1987, Petit & Barquins 1988) of Mode 
II fault edges indicate that wing fractures propagate 
from the fault tip at an angle of approximately 70” to the 
main fault and curve to be parallel with the remote 
maximum principal stress (Fig. 12~). Rispoli (1981) has 
also described a similar arrangement of wing fractures at 
Mode II tips of small strike-slip faults in limestones. This 
type of fracture is very rare in the study area, and was 
only observed on strike-slip Mode II fault edges. Experi- 
ments on glass indicate that formation of wing cracks 
occurs in uniaxial compressive tests, whereas horsetail 
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cracks are produced in biaxial compressive tests (Petit & 
Barquins 1988). Hence, tensional stresses are thought to 
induce wing-crack formation which may form in rocks 
under high pore pressure conditions, or low confining 
pressures. 

The other basic type of damage zone consists of shear 
zones with en echelon dilational fracture systems, where 
individual fractures increase their length and spacing 
away from the fault tip (Figs. 4b and 12e). These 
progressively link after rotation, due to subsidiary frac- 
tures formed obliquely to the initial fractures (Fig. SC). 
Shear zones similar to those described have been 
induced in glass at higher differential loading and confin- 
ing pressures than those required to produce horsetails 
and wing cracks (Petit & Barquins 1988). 

Mode II edges of normal faults were observed to 
produce damage zones with out-of plane horsetail frac- 
tures which link directly to the fault tip (Table 1). Mode 
III edges produced isolated en echelon fractures which 
are not directly linked to the tip (Table 1). These 
fractures form at an oblique angle up to lo” from the 
main fault plane, in plan view. This indicates that the 
stress regimes and resulting damage zone geometry are 
different at Mode II and Mode III edges of extensional 
faults. This may be due either to the different mode of 
fracture propagation or the difference in the orientation 
of the layering in relation to the direction of fault tip 
propagation. Strike-slip faults were observed to produce 
horsetail, bifurcating or en Cchelon patterns at lateral 
tips (Mode II), but only bifurcating patterns at up-dip 
(Mode III) tips (no down-dip strike-slip fault tips have 
been observed, Table 1). Thrust faults were observed to 
produce damage zones with either horsetail fractures or 
shear zones with en Cchelon fracture patterns (with up to 
50” obliquity between fractures and the main fault plane 
observed in cross-sections). Lateral thrust tips were not 
observed. 

King & Sammis (1992) have suggested a fault propa- 
gation mechanism where en echelon tension fractures 
separate slabs of rock which are bent due to shearing. 
They suggested this bending would produce a second 
series of extensional fractures oriented at right angles to 
the original set. Our observations of lateral tips of some 
strike-slip faults suggest that the en Cchelon fractures act 
in a similar way to domino faults and rotation causes 
locking of the faults once they are rotated and oriented 
almost orthogonally to the o1 direction. Subsidiary frac- 
tures propagate obliquely or perpendicularly to the first 
en ichelon array according to the local orientation of o1 
(Figs. 11 and 13). 

Table 1. Summary of different types of damage zone fracture geom- 
etries observed at fault tips (shown in Fig. 12) 

Type of fault Up- and down-dip tips Lateral tip 

Normal fault Horsetail Simple, horsetail and 
en Cchelon 

Strike-slip fault Bifurcating Wing, horsetail, 
bifurcating and 
en Cchelon 

Thrust fault Horsetail and en &helm ? 

There is a general linear increase in average length of 
the extent of fractures which continue along strike 
beyond the Mode III lateral tips of normal faults with 
increasing maximum displacement of the fault (Fig. 4). 
This suggests that larger faults exert greater damage. 
Larger faults may be arrested by harder sticking points, 
resulting in greater precursor damage before the fault 
propagates further. 

CONCLUSIONS 

(1) All damage zones in the Watchet-Kilve area ter- 
minate in mixed mode or Mode I fractures. Mixed-mode 
horsetail fractures curve away from the main fault plane 
towards the remote maximum principal stress direction 
to terminate in Mode I cracks (Fig. 14). 

(2) Several basic patterns of damage zone were re- 
peatedly observed, which only occur in either one or two 
of the three basic fault types (Table 1). By comparison 
with experimental deformation tests, wing cracks are 
thought to be produced at low confining or tensile stresses. 
Horsetail fractures are probably produced at inter- 
mediate differential stresses and shear zones with dila- 
tant en Cchelon fractures occur at the highest stresses. 

(3) Thrust and strike-slip faults have more variable 
damage patterns than normal faults. This could be due 
to the higher variations in stress build-up at thrust and 
strike-slip fault tips, but could also be due to the differ- 
ent orientation of the layering in relation to the principal 
stresses in each of the three fault types. The control of 
layering on fault propagation in rocks has still not been 
investigated thoroughly in experimental or theoretical 
studies. 

(4) Faults were observed to propagate within their 
own plane at the scale of thin section observation with 
damage zones less than 25 pm in thickness. Damage 
zones widen and only produce large out-of plane frac- 
tures when the fault is arrested or reaches a barrier. 

Mode I fractures 1 

Fig. 14. Summary of the three dimensional geometry of fractures in 
damage zones around a normal fault which have horsetail splays at the 

Mode II edges and en echelon fractures at the Mode III edges. 
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(5) These observations highlight the apparent paradox 
that natural faults are planar features which appear to 
propagate within plane, although damage zones with out- 
of plane fracturing are consistently observed in rock defor- 
mation experiments and at arrested natural fault tips. 
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