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Abstract-Conjugate strike-slip fault zones that cover metre-scale areas at Beadnell. Northumbria, and Kilve, 
Somerset. were initiated as conjugate vein arrays. Early conjugate faults are linked by the propagation of one 
fault that eventually by-passes the other fault. A model for the development of strike-slip faults is presented, 
using fault and vem geometries and the position of damage zones with respect to the master faults as an indi- 
cation of the propagation direction. This model includes the evolution of networks from (I) the initial random 
development of vein arrays, to (2) the isolated development of several unconnected conjugate fault segments 
that pass into vein arrays, through (3) the intersection of a conjugate set of master faults and linkage with 
minor antithetic faults, and the formation of new vein arrays with extensional geometries after a linked net- 
work of faults is established. to (4) breaching of intersection points by dominant faults. and finally (5) the 
propagation towards oversteps that are breached to form a through-going fault. The geometry of the active 
structures simplifies with time, as strain is localised along the master fault, but the complexities are preserved 
in the fault walls. (’ 1998 Elsevier Science Ltd. AI1 rights reserved 

INTRODUCTION 

Damage zones consist of small faults and veins (strh- 

.rit/iq~ ,fkzc.tures) in the vicinity of larger structures 

(master ,f&/t.s) (Chester and Logan. 1986). Such zones 

are often related to the propagation of the larger fault 

(Scholz et crl., 1993; Reches and Lockner, 1994) and 

processes at fault-tips (McGrath and Davison, 1995). 

In particular, Reches and Lockner (1994) identify a 

process zone, during experimental fracture of Western 

Granite, consisting of an area of extensional (Mode 1) 

fracture at the fault-tip that enhances propagation 

(Fig. 1). The process zone moves with the fault-tip, 

leaving damaged rock in its wake (Scholz et nl., 1993). 

The process zone is asymmetric about a Mode II tip, 

reflecting the propagation direction and sense, and 

controls the location and width of the damage zone. 

Zones of ‘damaged’ rock adjacent to faults may also 

arise from structures that form prior to the develop- 

ment of a through-going fault. Cowie and Scholz 

(1992) demonstrate how a planar fault develops from 

arrays of fractures that coalesce to form an irregular 

fault plane. The asperities are by-passed during displa- 

cement accumulation, leading to the formation of a 
smooth fault plane. On the metre-scale, strike-slip 

relay ramps (Peacock and Sanderson, 1995a) form in 

*E-mail address: Paul.Kelly~~c soc.soton.ac.uk 

contractional zones in between overstepping strike-slip 
fault segments. In their model, a smooth fault plane 
with a contractional bend develops after the relay 
ramp has been breached, and the inactive parts of the 
structure are preserved adjacent to the fault. 

The location and geometry of damage zones are im- 
portant as they may contribute to the compartmentali- 
sation, or provide fracture-controlled fluid flow 
pathways in addition to the master fault in a reservoir 
(e.g. Knott et cd., 1996). The development of strike-slip 
fault zones is of interest in permeability studies, as it 
will be demonstrated that these faults develop initially 
in isolation, and linkage of fractures may occur during 
later evolution. 

The aim of this paper is to show how the develop- 
ment of conjugate strike-slip faults in limestones, over 
scales of millimetres to tens of metres. may be 
described with a common fault evolution model. The 
formulation of the model is based on field observations 
at two locations: Kilve, Somerset, and Beadnell, 
Northumbria (Fig. 2). The justification of using two 
locations and several examples, is based on the range 
of comparable structures in both areas. 

The mechanics of conjugate fault development have 
been the subject of much debate, with particular 
emphasis on the nature of the intersection or offset of 
the conjugate sets. For example, Freund (1974), using 
analogue modelling, identifies geometrical impossibil- 
ities prohibiting intersecting conjugate faults from 
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Process zone 
in 

being displaced synchronously, but Nicol P/ r/l. ( 1995) 

interpret norinal fault geometries on seismic sections 
from the Timor Sea and conclude that synchro~~ous 
iiiw eiiient on coii.jugatc sets is possible (cf. sandbox 

modclling of Horsfield. IWO). Odonnc and Massonnat 
( 199%) model coii_jiigatc ~racti~rcs in parafiin wax and 

show that an inequality in tither length or orientation 
to the m;i.jor principal strain axis of one of the coiiju- 

gate pair can Icad to ollct of the other. wcn during 
synchronous development. High strain areas in the 
acute an$z nd~jacont to a stuck intersection (Peacock, 

I99 I ; Nicol C/ r/l.. 1995) may cause volume loss 
through pressure solution during synchronous rno~‘e- 
ment (Odonnc and Massonnat. 1992b). 

Central to the comparison of the structures at both 

locations is the occurrence in the cor?jusate strike-slip 
fault zones of arrays of &&Ion yeins (Fig. 3). Se\cral 
classifications and mechanical models have been pro- 
posed for Pchelon vein array formation. Reach ( 1975) 
sub-divided conJugatc \,ein arrays into tcvo categories, 
Type I and Type 2 (Fig. 4). Type I \cin arrays have 
con~~crgcnt Lein gconietrics, whereby the wins in one 

conjugate set are parallel to the zone boundary of the 
other set (Fig. 4:~). Type 2 veins are sub-parallel to the 
bisector of conjugate dextral and sinistral urrays 

(Fig. 4b). For tlie purposes of this study the Type I 
and Type 2 classifications (Fig. 4) are adopted as 
strictly geometrical descriptive terms. and do not refei 
to the mode of formation of the vein arrays. Pollard et 
(I/. (19X2) observe that tchelon fractures form at the 
tips of parent cracks. and their orientations reflect the 
remote stress system. Rothery ( 198X) classified exten- 
sional and shear arrays based on the angle between the 
vein strike and the array orientation (the \zin-zone 
angle). us there was inconclusive evidence regarding 
the array formation. Extensional arrays have vein-zone 
angles of < 27 . whilst the vein-zone angles in shear 

arrays are s> 37 (Rothery. 19X8). Olson and Pollard 
( I99 I ) disc numerical niodelling to show wins ma> 
develop at angles to the array ranging from 0 to 55 in 
;I purely extensional cn\ ironinent. In their niodcls. 
sub-parallel microcracks initiate. independcntl> 01‘ 
localised shear or ;I purcnt fracture. from randomly 
distributed Ilaws in the roch. GroLvth of the micro- 
cracks is dependent on the cxtcnt of interaction \\ith 
ad.jacent cracks, lading to a range of apparently 
extensional to shear \,ein array geometries (Olson and 
Pollard I99 I ). 

Garn~~nd ( 19X3) and Peacock and Sanderson ( 1995b) 
denionstratc hoL\ win arrays cIol\c into pull-apart 
arrays through dilation of the \eins between overstep- 
ping ‘P-shears (Fig. ib) that may bc eventually faulted 
(Fig. 3~) (Conic and Scholz. 1991). Pull-aparts OCCIII 
in dilational .jogs between o~crstepping shear fractures 
(Sihson. 19X9) OVCI sc~ei-al orders of magnitude 
(Aydin and Nur. 1982). from the millimetre-scale 
(Peacock and Sanderson. 1995b). to scdimcntnr~ 
basins on the kilometrc-scnlc (e.g. Hcmpton and 
Duane. 19X4). A dilational jo, ‘7 occurs bet\\ eon cithel 
right+tepping dextral faults or Icft-stepping sinistral 
faults (Segall and Pollard. 1980). and niaq also occui 
during movement at ;I releasing bend found at the 

intersection point of oblique fault segment\ (Mann (71 
r/l.. 19X.3: Sibson, 19x9). 

For the purposes of the mctrc-scale maps. the nias- 
ter faults arc those that delinc the triangles 01‘ the con- 
jugatc \cts. are rclatiwly through-going. and have 
larger displaccnicnts ( > IO0 mm in the cuaniples 
mapped). The subsidiary fractures arc the sm;~llcr dis- 
placement faults and \eins adJacent to the master 
faults. The ofl.set of earlier l’aultl and veins. the Icngth 
of pull-aparts. and the strike-scpal.ation of faulted 
pull-aparts may all bc used to estiniatc fault displacc- 
mcnts (Peacock and Sundcrson. I995b). It is easier to 
measure the displaccnicnts on the siibsidiarq I‘ractiiros 
\vithin the mncs. as the pull-aparts arc gcncrally ~3~11 
presert cd. 

To in\cstigate the formation of conjugate strike-slip 
faults in limcstoneb. metre-scale examples arc dcscribcd 
in this paper that hake hem mapped at a scale of I :15. 
using ;I grid do-awn on the rock. The discussion of con- 
jugate strike-slip fault mnc formation at Headncll is 
founded on kinematic analysis of win and pull-apart 
arrays. A network of coiijugntc strike-slip faults 
exposed at Kilve o\~el Llll < arei approxiniatclq 
350 x 200 ni, and mapped at ;I scale of approxiniatcly 
I :500 onto aerial photographs provided the opportu- 
nity to study fault geometry and linkayc at a largeI 
scale. The de\,elopment of conjugate fault 7oneb, at 
both Kilvc and Readncll, has been assessed through 
the appraisal of \ein array gconietrics. l’ault propa- 
gation direction using the asqmmctric distribution of 
fracture density adjacent to the faults (cf. Scholz VI c/l., 
1993; Keches and Lockncr. 1994). and the modilicd 
displacement-gradient tensor method of strain analysis 



Linkage and evolution of strike-slip fault zones 1479 

North 

&z------G 

/ 

Quantock’s 
+J Head . Kilve 

Church 

250 m 
I4 H 

l East Quantoxhead 

I-lg. 2. (a) Map of part of the British Isles showing the locations of (b) Readnell. Northumbria, and (c) Kilvc. Somerset. 
The locations of the strike-slip fault lanes described in the text are also shown. MHW = mean high water. and 

MLW = mean low water. 

(Jamison. 1989; Peacock and Sanderson, 1993). In con- 
clusion, a conjugate strike-slip fault zone evolution 
model has been developed by combining the obser- 
vations at both localities. 

STRIKE-SLIP FAULTS AT BEADNELL, 
NORTHUMBRIA, U.K. 

There are good examples of metre-scale conjugate 
strike-slip fault zones on the upper bedding surfaces of 

Lower Carboniferous limestones that dip gently south- 
east. The faults are conjugate about an approximately 
east-west horizontal compressive axis and are associ- 
ated with N-S-trending anticlines and millimetre-scale 
displacement thrusts that link the master strike-slip 
faults (Fig. 5) (cf. Shiells, 1964). Folds and thrusts are 
generally absent in the unfaulted regions. Structural 
maps of the Sandbanks and Eelwell Limestone sur- 
faces drawn by Shiells (1964, figs 7 and 9) are extre- 
mely detailed, although fault displacements were not 
constrained. The maps show clearly that the strike-slip 
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Fig. 3. Field exnmplcs from Beadncll and Kilcc of (a) and (h) vein 

ur,-ay. (c) ;I pull-apart array. and (d) a strike-slip fault with sheared 

calcite-lilled pull-aparts adjacent to the faults. 

faults are highly clustered and concentrated in almost 
linear zones. In between the fault zones, vein arrays 
(termed tension gash echelons by Shiells, 1964) are 
conjugate about an east -west axis. The majority of the 
veins are straight, but there are examples of slightly 
sigmoidal veins. Rare examples of fibres within the 
veins are sub-perpendicular to the vein walls, indicat- 
ing Mode I opening. Shiells (1964) noted that the vein 
arrays arc not only conjugate to each other, but also 
to the strike-slip faults. The strike-slip faults at 
Beadnell occurred as a result of approximately east- 
west compression during the Variscan Orogeny 
(Shiells, 1964: Collier. 1989), that also caused N S- 
trending folds (Benard ct t/l.. 1990). The compressional 
phase is sandwiched between two extensional phases 
that affected northeast England (Collier. 1989). The 
ENE -WSW- to NE-SW-striking normal faults were 
initiated in the Late Devonian (Shiells, 1964) and 
ceased during the Early Carboniferous (Collier, 1989). 
The Whin Dykes were intruded and some of the 
ENE-WSW normal faults were reactivated during 

post-compressional extension in the Permian (Robson, 
1977; Collier, 1989). The fault traces are exposed on 
the surfaces of limestone units, but their three-dimen- 
sional geometries are more difficult to observe. 

The fault zone shown in Fig. 6(a) contains strike- 
slip faults associated with veins and pull-apart arrays. 
Veins oblique to the strike of the faults are common, 
and usually terminate at the fault. The maximum fault 
displacement, measured parallel to a fault, is 225 mm. 
The faults are irregular, and fault segments often ter- 
minate or link at contractional or dilational oversteps. 
The master fault planes do not link to form a through- 
going network of faults (i.e. a percolating cluster, 
Stauffer and Aharony, 1992), but terminate in the rock 
and are co-linear with arrays of veins and pull-aparts. 
The majority of the arrays form conjugate sets and 
have convergent vein geometries (Type I, Beach, 1975) 
where the veins in one corrjugate set parallel the zone 
boundary of the other conjugate set. There are some 
examples of bisector-parallel veins close to the termin- 

Vein arrays 

(a) We 1 

(W Type 2 
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Fig. 5. Data from the mapped fault zones at Beadnell, Northumbria. 
(a) Equal-area stereogram of poles to planes of sinistral (II = 15) 
and dextral (>I = 1 I) strike-slip faults. and of thrusts (n = 4). 
Lineation data and synoptic great circles for the faults are also 
shown. (b) Rose diagram of’ the vein array orientations within these 
fault zones (II = 100). The data can be divided into three groups 
based on orientations: (i) NW-SE. (ii) ENE-WSW and (iii) -E-W. 
The first two form a conjugate set of arrays. with a sinistral NW-SE 

group and a dextral ENE- WSW group. 

ations of master faults (Type 2, Beach, 1975). Thrusts 
with millimetre-scale displacements link with the 
strike-slip faults and, in some instances, are offset and 
matchable across the strike-slip faults. There are, how- 
ever, rare examples of thrusts that terminate at strike- 
slip faults. 

A second example from Beadnell is of a much more 
linked network (Fig. 6b). The maximum fault displace- 
ment is approximately 500 mm, and the master faults 
have much more continuous traces than in the first 
example (Fig. 6a). Sheared pull-apart structures 
(Fig. 3c) occur along-side some of the faults, and there 

are examples of fault segments that overstep at dila- 

tional jogs. The largest faults link mainly by fault-tips 
abutting fault walls (tip-wall linkage), and there are 
no vein arrays that are co-linear with the faults. 
Damage between the largest faults consists of networks 
of clustered vein arrays and subsidiary faults with 
millimetre-scale displacements. The majority of the 
veins are sub-parallel to the acute bisector angle of the 
conjugate master fault traces (Type 2, Beach, 1975), 
with few exceptions. A N-S-striking dextral strike-slip 
fault offsets the northern conjugate set, indicating a 
later stage of deformation (at A, Fig. 6b). 

Kinrrnatic analysis 

The kinematic evolution of the veins and pull-apart 
arrays in the fault zone maps can be determined using 
the construction of McCoss (1986) to find the relative 
infinitesimal wall-rock displacement direction (Fig. 7). 
Graphs of zone boundary orientation plotted against 
the strike of the veins within the arrays show major 
differences in the vein-zone angle for each of these two 
maps (Fig. 7a). In the map of unconnected faults there 
is a greater proportion of simple shear arrays (Fig. 6a) 
that plot in two clusters, one dextral and the other 
sinistral (Fig. 7a). The vein and pull-apart arrays from 
the connected network of strike-slip faults (Fig. 6b) 
plot in one cluster centred on the line of extension 
(Fig. 7a). In sharp contrast to the arrays in the uncon- 
nected strike-slip network (Fig. 6a), the majority of the 
transtensional arrays in the connected network 
(Fig. 6b) have a predominantly extensional component 
(Fig. 7a-c). 

The displacement directions and extension and con- 
traction axes are plotted onto maps of the master 
faults (Fig. 8). The vein arrays with simple shear geo- 
metries in the unconnected example imply displace- 
ment directions that are sub-parallel within linear 
zones, and reflect the displacement sense on co-linear 
strike-slip faults (Fig. 8a). The wall-rock displacement 
direction indicated by the vein arrays with transten- 
sional geometries in the connected network of strike- 
slip faults illustrated in Fig. 8(b) are sub-perpendicular 
to the conjugate dihedral angle bisector orientation for 
the master fault traces. Therefore there is a marked 
contrast in the nature of veining in the two fault 
zones, with linear arrangements of simple shear arrays 
dominating the unconnected network, and clustered 
transtensional arrays dominating the connected fault 
zone. The significance of these observations is dis- 
cussed fully in the Fault Evolution section below. 

STRIKE-SLIP FAULTS AT KILVE, SOMERSET, 
U.K. 

Lower Liassic rocks striking east-west are exposed 
in cliffs and on a wave-cut platform, and consist of 
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Fig. 7. (a) Graphs of zone boundary orientation and vein orientation 10 show the distribution of vein array geometries 
from Fig. 6. When the infinitesimal wall-rock displacement direction (,4) is equal to the angle between the vein array and 
zone boundary ((1~). the vein array has an extensional geometry. A dill’ercnce of 90’ signifies contraction, and one of 45’ 
indicates that the array has a simple shear geometry. The lines of extension and contraction separate zones of dextral 
and sinistral displacement sense. The shaded areas indicate sinistral sense. TT = transtension; TP = transprcsrion. (i) 
Data from t’ig. 6(a), II = 56. The two distinct clusters of data indicate conjugate vein arrays that have predominantly 
simple shear geometries. [ii) Data from Fig. 6(b). I, = 60. The single data cIusIeI-. centred on the extensiorzll 7onc of ihe 
graph. demonslrates that the vein arrays in this fault zone have transtensional geometries. but are dominated by extcn- 
iion. (b) Schematic diagram of vein arrays with simple shear. transtensionnl and extensional geometries. (c) The co,,- 
struction of McCoss (1986) for each of vein arrays in (b). This method treats each vein array as a transtensional or 
transprcssional Lone (Sanderson and Marchini, 19X4). to determine the infinitesimal displacement direction (,4) of the 
wall-rocks from the zone boundary and the vein angle. A line parallel to the veins is drawn from point J’ to the circum- 
fcrencc of a clrclc. :, that touches the zone boundary. A second line is drawn from : that passes through the ccntre of 

the circle. to find A. 

limestones with thicknesses ranging from tens of milli- the strike-slip faults steepen through the more brittle 
metres to a maximum of about 0.5 m, interbedded limestone layers and shallow through the shale hor- 
with shales and mudstones up to 4 m thick. Strike-slip izons. in a manner similar to normal faults in cross- 
faults exposed in the cliff have slip lineations that section (Peacock and Zhang, 1994). This may indicate 
pitch in the range 2-23 In cross-section (Fig. 9) these that the faults initiated as steep shear fractures in the 
strike-slip faults are not simple, steeply dipping planar more brittle limestone units, and the shallower dips 
structures but have bends and oversteps, and many of represent either (1) up- or down-dip refraction of a 
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Fig. 8. Maps of the wall-rock displacement directions from vein systems (double-headed arrow\). Extension (long asis 01 
cross) and contraction (short axis) orientations arc auperimposcd on maps of the master faults from Fig. 6. (a) The 
unconnected network which is dominated by co-linear vein array!, uith simple shear peomctriea. and (b) the connected 

network. whel-e transtenslonal vein arrays have predominantly extensional geometries. 

propagating fault into the more ductile shale beds, or normal components of displacement have the most 
(2) linking faults between two overlapping segments. complex geometries in cross-section (Fig. 9). 
similar in style to the normal fault models described Similarities between normal and strike-slip fault cross- 

by Peacock and Sanderson (1992). The faults with sectional geometries may have important implications 

- Fault 

- Vein 
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Fig. 9. Block-diagram of the strike-slip Faults which exhibit a wide range of geometries in the clilT. Measured o~ientatlons 
of the strike-slip faults have been used to construct the plan (dashed lines) of the strike-shp faults on top of the clilt‘. The 
lateral displacements have been calculated using the trigonometric relationship between the slickcnsidc lineation pitch 

and the vertical separation of beds. The shaded horizons represent individual limestone beds. 
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for fault movement analysis in seismic section in- 

terpretation. 
On the wave-cut platform, the sinistral faults have 

N40”E strikes, whilst the dextral faults generally strike 
north-south (Fig. lo), and are evident at trace length 
scales from < 1 m to > 100 m (Figs 11 & 12). The 
average acute angle bisector of the fault traces has an 
orientation of Nl9”E. Palaeostress analysis using the 
P-T dihedra method, based on fault plane orientation 
and lineation data (Angelier, 1984). suggests that the 
maximum principal stress axis was approximately hori- 
zontal and NNE-trending during strike-slip fault for- 
mation. The minimum principal stress axis was 
horizontal and ESE-trending. Cross-cutting relation- 
ships indicate that the strike-slip faults post-date 
Mesozoic E-W-striking normal faults (Chadwick, 
1986; Brooks et al.. 1988; Peacock and Sanderson, 
199 1; Bowyer and Kelly, 1995). The Cretaceous to 
Tertiary contraction responsible for the formation of 
the conjugate strike-slip faults also caused reverse reac- 
tivation on the east-west normal faults (Lake and 
Karner, 1987; Whittaker and Green, 1983; Peacock 
and Sanderson, 1992; Bowyer and Kelly, 1995). 

The example in Fig. 11 shows a through-going dex- 
tral fault that is comparable in style to the master 
sinistral fault in the connected fault network at 
Beadnell (Fig. 6b). There are conjugate sets of faUltS 

with millimetre-scale displacement adjacent to both of 
these master faults along which strain is localised 
(Figs 6 & 1 I). The breached intersection point in 
Fig. 11 is the major difference between these two 
examples. The intersection (at A, Fig. 11) of the mas- 
ter sinistral and dextral faults has been breached first 
by the sinistral fault, which in turn is displaced by a 
dextral fault that extends for approximately 50 m past 
the intersection point. The maximum strike-slip separ- 
ation of a marker bed measured on the dextral fault is 
3.5 m. A branch of the dextral fault by-passes the con- 
jugate intersection, and linkage between the two 
branches is achieved through antithetic faults. Pull- 
apart arrays are rare, but do occur in these zones and 
faulted examples preserved along the length of the 
faults indicate their existence prior to through-fault 
development. On the inside of a bend on the main dex- 
tral fault at the northern end of the map, a network of 
conjugate subsidiary faults and pull-apart arrays 
occurs. 

E.~posuve-scale strike-slip fault netwmk 

The strike-slip fault network exposed on the fore- 
shore was mapped onto a base-map composed of 
aerial photographs, at a scale of approximately 1:500 
(Fig. 12). On this scale, early sinistral faults are dis- 
placed by dextral faults that are themselves displaced 

by later sinistral faults formed between the larger, ear- 
lier sinistral strike-slips. The later sinistral linking 
faults have a more easterly strike than the earlier ones, 
and occur on the western side of the area (Fig. 12). 
Features present include oversteps and strike-slip relay 
ramps (Peacock and Sanderson, 1995a). Fault segment 
linkage in these regions is achieved through breaching 
of the overstep by a synthetic fault. In the eastern part 
of the area (Fig. 12) the conjugate faults are highly 
segmented and few of the segments are linked. 
Rotated bedding often occurs in the zone between two 
overstepping fault segments, but through-going faults 
have not always developed to breach the strike-slip 
relay ramps (Peacock and Sanderson, 1995a). It should 
be noted that the strike-slip fault segments rarely over- 
lap to form pull-apart structures. To the west, the 
faults are less segmented and linkage between the 
faults is more common. 

The distribution of the unconnected faults (Fig. 12 
east) is similar to that for the unconnected fault zone 
at Beadnell (Fig. 6a), whilst the individual conjugate 
fault zones in the western part of Fig. 12 have some 

North 

Fault Lineation 

l Dextral 0 

El 
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Fig. 10. Equal-area stereogram of poles to planes of dextral (n = 19) 
and sinistral (n = 66) strike-slip faults; normal faults (n = 53); and 
thrusts and reverse reactivated normal faults (n = 18) at Kilve, 
Somerset. Lineation data and great circles are shown to represent 

the fault planes. 
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geometrical similarities with the connected network at 
Beadnell (Fig. 6b). 

Table 1 sumrnarises the field observations at both lo- 
cations. 

STRAIN ANALYSIS 

The method of Peacock and Sanderson (1993) is 
used to estimate the magnitudes and orientations of 
the principal strain axes for cnch of the described fault 
/ones (Figs 6. I 1 & I?). Their approach is based on 
the displacement-gradient tensor method (Jamison. 
19X9), but moditicd to allow fault-strain calculation 
from a line sample that traverses faults uith variou:, 
orientations. The total fault-strain is derived from the 
following data for each fault: dip and dip direction. 
displacement sense. direction and ma~nitudc. The dis- 
placement is weighted to account for the angle between 
the perpendicular to the fault and the sample line. so 
the estimation of the fault-strain is independent of the 
line orientation (Pcacock and Sandcrson. 1001). The 
weighted displacement-gradient tensor approach pro- 
vides an ideal method to Compaq-e directly f’ault-strain 
magnitudes over the two scales 01‘ ohser\,ation. 

In the analysis of strain for the netbvorks of coiriu- 
gate strike-slip f;tults. the sample lines ha\:e been 
dramm perpendicular to the acute angle bisector of the 
fault tracts (X ?i’ and I’- y. Figs 6. 1 I & 13). so that 
their orientations form similar angular relationships 
with the shortening and extension directions to those 
of the normal fault set examined by Peacock and 
Sanderson ( 1993). The results that are presented arc. 
therefore. derived from an estimation of the su~nmcd 

extension across each fLiult zone. 
The fault-strain analysis of the metre-scale fault 

zones from Beadnell (Fig. 6) and Kilvc (Fig. I I) 
~ISSLIIIKS that all the deformation occurred in the hori- 
mntal plane (i.e. plane strain): available slickenside 
lineation data support this assumption but Mere not 
obtainable for all faults. Slickenside lincation data 
wet-c more widely available for the tltults illustrated in 
Fig. 12, so three-dimensional strain analysis was pass- 
iblc. The displacement-gradient tensor method is an 
cstiination. ah the Llult-related brittle deformation is 
approxiniatcd to ductile deforniation of the strain 
ellipsoid (or ellipse for t~~Lo-dimensionnl analysis) 
(Jamison. 19X9). Moreo\,cr. the analysis was carried 
out for only the master faults on ~111 of the maps. Vein 
and pull-apart arrays were not included in the analysis 
of the nietre-scale examples. and faults c: I iii long 
were excluded fl-om the survey of’ the strike-slip fault 
network illustrated by the larger-scale map (Fig. I?). 
A further assumption was made concerning the displa- 
cement of the fault at intersection with the sample line. 
A displaccn~ent value was estimated by interpolating 
bctwecn the nearest measured values on either side of 
the sample line. Unfortunately. this method XSLII~CS 21 

linear displacement gradient bctwecn the two points. 

which rcprescnts an over-simplificatioli kvhen campared 

with displacement profiles for individual faults (cf. 

Williams and Chapn~n, 19X3; Peacock. 199 I ; Odonne 

and Massonnut, IYYZa). 

The deforniation in an area must be statistically 

homogeneous to provide ;I rigorous strain estimation 

(Wc?jtal, 19X9; Jamison, lc>XY), so the sample line 
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Table I. Summary of field observations for Figs 6. I I and 13. The vein type refers to the classlficatlon of Beach (1975): Type I = convergent. 
and Type 2 = bisector parallel. TT = transtension. SS = simple shear and Ext. = extensional. The vein arrays strikes for Fig. 6(a) have been 
subdivided into dextral (D) and sinistral (S). The dextral and simstral vein arrays in Fig. 6(b) have similar orientations. so have not been yub- 

divided 

Flgurc Network 
Displacement 

range 

Fault strikes 

Dextral Sinistral Arrays 

Vein 

Type Strikes St1lc 

6(a) 

h(b) 
II 
12 w 
12 E 

D: NE~~SW. S: 
Cnconnectcd l-200 mm ENE- WSW WNW ESE SS--‘l-T I NW--SE Linear zones 

ENE WSW. 
Connected I 500 111111 NE-SW NW-SE TT text. 2 ESE~ WNW Clustered 
Connected I 320 mm N-S NE ~SW 
Connected 0.0x -3.6 m N-S NNE SSW 

Unconnected 0.5 I m N US NE SW 

should be sub-divided if there is considerable hetero- 
geneity (Peacock and Sanderson, 1993). The measured 
faults in the three metre-scale maps (Figs 6 & 11) are 
approximately homogeneous, but there is some vari- 
ation across the larger-scale map (Fig. 12). Cumulative 
displacement-distance graphs of the faults intersected 
by the sample lines demonstrate the heterogeneity 
from east to west of fault spacing and displacement 
distribution (Fig. 13). The data from the sample line 
Y-Y’ has been sub-divided into two sets. based on the 
marked shallowing of the slope at approximately 
175 m (Fig. 13). 

The fault-strain estimates for each of the four maps 
are shown in Table 2. Fracture densities calculated for 
each sample line are highly variable. ranging from 0.02 
(Y-Y E, Fig. 12) to 2.27 (Z-Z’. Fig. 1 I) and can be 
attributed to (1) survey resolution, and (2) the number 
of measurable faults. All of the faults and veins that 
were visible to the naked eye were mapped in the 
metre-scale maps (Figs 6 & 1 I), but it was not possible 
to determine the displacement on every fault. On the 
network of conjugate faults shown in Fig. 12, only 
faults that were longer than 1 m were mapped, and vir- 
tually all displacements were resolvable and included 
in the analysis. The eigenvalues indicate convincingly 

f Y ;I 

0 50 100 150 200 250 300 0 50 100 150 200 250 300 

Distance (In) Distance (m) 

that far greater strain was accommodated by the con- 
nected networks of strike-slip faults and veins (Figs 6b, 
II & 12 west). than the unconnected examples (Figs 6a 
& 12 east). even when interpreted in the context of the 
assumptions. 

FAULT ZONE EVOLUTION 

It is appropriate to consider the two examples illus- 
trated in Fig. 6, as representing two stages in conjugate 
fault zone evolution through comparison of the strain 
analysis and the various structures. The results of the 
strain analysis (Table 2) indicate that the connected 
fault zone (Fig. 6b) accommodates far greater strain 
than the unconnected fault zone (Fig. 6~1). It has also 
been demonstrated by various workers that early fault 
development occurs through fracture propagation, in- 
teraction and subsequent linkage (Gamond, 1983; 
Cowie and Scholz, 1992; Peacock and Sanderson, 
1995b). Intact vein and pull-apart arrays occur in the 
unconnected fault zone (Fig. 6a), and relics of faulted 
pull-apart structures occur adjacent to the master 
faults in the connected fault network (Fig. 6b). The 
observations of the fault zones at Kilve (Figs 11 & 12) 
are also incorporated into the model (Fig. 14a- e). on 
the basis of their geometrical similarities with the maps 
illustrated in Fig. 6. 

lb) ;: 
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1 

Fig. 13. Cumulative disl’l;lcement~distnnce graphs for the two traverses indicated by the dashed lines in Fig. 13. (a) )I 
Y’, and (b) Z-Z’. The fault that corresponds to the point at which the gradient of the graph in (a) <hallows considerably 

is marked as ‘C’ in Fig. 17. 
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Table 2. Results of the strain analysis for sample lines from each of the maps (X-X’ and Y-Y’, Figs 6, 11 & 12). Data along two sample lines 
were collected for each map, with the exception of Fig. 6(b) due to insufficient displacement data. C, = extension axis, Q = shortening axis, and 
e~=intermediate axis (negative = contractional, positive = extensional). The number of faults for each sample line refers to the number of 
faults with measurable displacement that were included in the analysis, and not the actual number. The extensional and contractional axes 

orientations (eigenvectors) are indicated by the arrows in the iinal column (north is at the top of the page) 

Figure Line 
Number of Density Eigenvalues (2sf) 

Length (m) faults (Nm-‘) c I Q 3 Strain axes 

‘5(a) 

6(b) 

II 

12 

Y-Y 15.2 4 

z-z 15.2 4 

Y-Y 14.8 6 

Y-Y 2.63 4 

Z-Z 2.63 6 

Y- Y 313.3 IO 

E 138.3 4 

W 175.0 6 

z-z 338.7 17 

E 163.7 4 

W 175.0 13 

0.26 0.0089 

0.26 0.0099 

0.4 I 0.038 

1.52 0.043 

2.28 0.063 

0.03 0.026 

0.02 0.00063 

0.04 0.047 

0.05 0.020 

0.03 0.0037 

0.06 0.03 1 

-0.0089 % 

-0.0099 -E- 

-0.038 % 

-0.043 % 

-0.063 % 

0.00062 -0.026 -f- 

-0.00007 -0.0062 

-0.0017 -0.048 

0.00069 -0.024 ?i- 

0 -0.0026 

0.001 I -0.038 

Faults and vein arrays in the unconnected fault zone 

illustrated in Fig. 6(a) are preserved in various stages 

of development, such that there are (1) en echelon vein 
and pull-apart arrays, (2) fault segments with irregular 

traces that are co-linear with vein arrays, (3) fault seg- 

ments ‘linked’ by en echelon vein arrays, and (4) con- 

tractional and extensional oversteps along master 

faults, but there are no conjugate intersection points 

between faults. The presence of this range of structures 

suggests that different parts of the rock deformed at 

different rates, but a lack of cross-cutting structures 
implies that these processes occurred during a single 

progressive event. 

The Type 1 veins depicted in Fig. 6(a) form densely 

populated linear zones at fault-tips, and also form 

shear zones that are antithetic to master faults. Type 1 

veins commonly occur in existing shear zones (Beach, 

1975; Rothery, 1988), and localisation into linear 

zones may form at the periphery of a parent fracture 

(Pollard et al., 1982; Cruickshank et al., 1991). Type 2 

veins are more commonly associated with vein arrays 

in extensional regimes (e.g. Beach, 1975; Rothery, 
1988) but the Type 2 veins in Fig. 6(a) have vein-zone 

angles that indicate extensional to simple shear defor- 

mation. The model of Olson and Pollard (1991) may 

be applicable, whereby sub-parallel fractures are able 

to grow and interact during a single episode of exten- 
sion to produce arrays with geometries that range 
from extensional to transpressional. The arrays can 

then serve to localise subsequent shear (Beach, 1975; 
Pollard et al., 1982; Rothery, 1988; Olson and Pollard, 

1991). An alternative explanation for the presence of 
the Type 2 veins at A (Fig. 6a) is that they occur in a 
tensional quadrant adjacent to the tip of a master fault 
(e.g. Cruickshank et al., 1991) and represent a fault-tip 
damage zone (McGrath and Davison, 1995). A similar 
mode of formation, however, is not applicable to the 
veins in the antithetic arrays adjacent to B (Fig. 6b). 

A sub-division of the veins into separate defor- 
mation events can be based on their orientations and 
interpreted formation mechanism. 

Stuge 1-E.vtensionul vein development 

The model of Olson and Pollard (1991) is appropri- 
ate to describe the initial formation of sub-parallel 
Type 2 veins in the rock mass that form into arbitra- 
rily orientated arrays during effective extension 
(Fig. 14a & f). These veins are interpreted as the first- 
formed structures as they were able to grow as sub- 
parallel extension fractures, and their orientations or 
geometries were not modified significantly by inter- 
action with other structures or in shear zones. 

Stuge 2-Formution of corzjugute strike-slip ,f;?ults 

Two possible mechanisms to describe the formation 
of conjugate faults at low angles (i.e. + 60”) to each 
other (cf. Hancock, 1985) (Fig. 6a) are (1) coalescence 
of the Stage 1 vein arrays during continued growth, 
followed by shear, or (2) shear deformation localised 
onto the pre-existing extensional veins. The Type 1 
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vein geometries (Fig. 6a) indicate that simple shear de- 

formation was an important process (Beach. 1975; 

Rothery. 1988), and occurrence of veins at high angles 

adjacent to the master faults provides cvidcnce that 

the strike-slip faults formed from arrays with simple 

shear geometries (Fig. 14b & f). A three-dimensional 

view of the strike-slip fault network was not possible. 
so conclusions cannot be drawn to explain the localis- 

ation into linear zones of the vein arrays with simple 

shear geomctrics (cf. Cruickshank LJ~ (I/.. 199 I). The in- 

terpretation of the deformation shown in Fig. 6(a) 

involves several coiijugate systems (of faults and veins) 

being active at :I similar time (cf. Nicol c,/ rrl., 1995) 

before linking to produce master faults (Fig. 14b). 

Analysis of the fa~dt locations demonstrates that they 

propagate towards intersection points, and never in- 
itiate at them (Fig. ha). 

Conjugate faults with similar displacement mngni- 
tudes lock at an intersection. and propagation con- 
tinues away from this point (Fig. 14~) (cf. Peacock, 
1991). The propagation direction of faults is evident 
from vein distributions along-side the master faults. 
with microcracks forming asymmetrically about a 
Mode II fracture tip (Reches and Lockncr. 1994) 
(Fig. I). Extensional fractures initiate at flaws in the 
rock (Olson and Pollard. I991 ), so new \,eins that in- 
itiatcd in the wake of a process /one would have an 
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asymmetric distribution (e.g. at B and C, Fig. 6b). 
Smaller faults that propagate towards the master fault 
become stuck at their intersection. and there are no 
examples of breached intersections in the linked fault 
zone (Fig. 6b). The network continues to develop and 
link with the initiation and propagation of new faults. 

Type 2 veins in the connected fault zone (Fig. 6b) 
differ from Type 2 veins in Fig. 6(a) in that they form 
arrays with predominantly extensional geometries, and 
the vein-zone angles do not vary significantly (Figs 7a 
& 14f). Formation of these veins before Stage 3 can be 
discounted due to the lack of (1) any cross-cutting 
structures, (2) evidence of subsequent shear failure and 
(3) similar structures in Fig. 6(a) (but there are 
through-faulted Type 1 veins in Fig. 6b). Prior to their 
intersection, the strike-slip faults are able to grow 
unhindered, so extension across the zone is possible 
through shear failure along existing faults and Type I 
vein arrays. Vein arrays with predominantly exten- 
sional geometries (Figs 6b & Xb) must have developed, 
therefore, after the establishment of a linked fault net- 
work (Fig. 14~). 

fault that effectively by-passes the conjugate set. The 

offset of the sinistral fault by the dextral fault and a 
lack of evidence of pressure solution at the intersection 
point (Fig. 11) indicate sequential rather than synchro- 
nous fault activity (Odonne and Massonnat, 1992a), 
and the map shown in Fig. 11 implies that one fault 
became increasingly important during the later stages 
of development. In the model presented here, the sinis- 
tral fault breaches the overstep and continued to pro- 
pagate in both directions (Fig. 14d). 

The important results from the two very different 
networks (Fig. 6) are that the style of veining changed 
systematically during conjugate strike-slip fault zone 
development (Fig. 14aac & f). An initial phase of sub- 
parallel vein formation during an extensional phase 
pre-dates shear failure (Fig. 14a). Shear deformation 
then dominates with the formation of co-linear vein 
arrays with simple shear geometries that are sub- 
sequently breached to form strike-slip faults (Fig. 14b) 
(cf. Peacock and Sanderson, 1995b. Willemse et cd., 

1997). After the establishment of a connected fault net- 
work, a11 the simple shear is accommodated by move- 
ment concentrated on the linked network of strike-slip 
faults, but the unfdulted rock mass is able to fail 
further through the development of extensional vein 
arrays (Fig. 14~). There is therefore a progression from 
(1) development of Type 2 veins from randomly dis- 
tributed microcracks, through (2) Type 1 vein develop- 
ment (Mode I failure) within simple shear vein arrays 
concentrated in linear zones (Fig. 6a), to (3) the for- 
mation of and shear across a linked network of strike- 
slip faults (Mode II), and finally (4) a renewed phase 
of Type 2 vein arrays with extensional geometries 
(Fig. 6b). The sole major difference between the 
examples in the two locations is that vein arrays with 
these geometries were not observed in the fault zones 
at Kilve (Figs I I & 12). 

In the final stage, the dominant fault continues to 
propagate in both directions, and eventually oversteps 
with another propagating fault segment. The overstep 
region is eventually broken through by a linking, syn- 
thetic fault at a strike-slip relay ramp (Fig. l4e) 
(Peacock and Sanderson, 1995a). Minor antithetic 
faults and relics of strike-slip relay ramps are often 
preserved along-side the through-going faults (Peacock 
and Sanderson, 1995a) (Fig. 14e). The occurrence of a 
conjugate network of strike-slip faults on the inside of 
the bend (at B, Fig. 11) can be attributed to two fat- 
tors: (I) a contractional bend that would indicate that 
this part of the fault propagated southwards (Sibson, 
1989) which is supported by subsidiary fractures on 
the opposite side of the fault (at C). or (2) a conjugate 
strike-slip fault zone that formed prior to the develop- 
ment of the master fault and was subsequently by- 
passed (see below). The damage at ‘D’ implies that this 
segment was propagating northwards, and the prob- 
able linkage point between these two segments is at 
the branch-point of the fault adjacent to ‘B’. A large 
fault network (Fig. 12) evolves from the continuing 
development, propagation and linkage of fault seg- 
ments. The sinistral faults dominate the foreshore, and 
segment linkage has been observed on several trace- 
length scales from the millimetre-scale to the 100 
metre-scale. Linkage between the larger faults and 
compartmentalisation of the rock mass are rare during 
the early stages of development. but increase as faults 
breach the oversteps. The geometry of the active part 
of a fault zone simplihes with time as these heterogene- 
ities are by-passed by single dominant faults (Figs 11 
& 12). 

CONCLUSIONS 

The next two stages of fault zone development are 1. This paper describes the geometry and evolution of 
based on the geometries of the fault zones examined at conjugate strike-slip fault zones in limestones, and 
Kilve, where intersection points are often breached shows that deformation becomes concentrated on 
(Figs 11 & 12). In the metre-scale example (Fig. 1 I), the largest faults. Metre-scale examples are 
the master sinistral fault first breached the sticking described in detail, which have similar geometries to 
point, but is in turn offset by the dominant dextral larger fault networks. 
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2. Strain analysis indicates that far greater strains are Freund, R. (1974) Kinematic5 of transform and tramcurrent faults. 

accommodated by connected, rather than uncon- 
T~,c,to/?ol,/7~,.vi~,\ 21, 9% 134. 

C;amond. .I. F. (1983) Disolacement features associated with fault 
netted, networks of conjugate strike-slip faults. zones: a comparison between observed examples and experimental _ - 

3. The geometries of metre-scale strike-slip fault zones models. Jo~lrntrl ~f’S/ruc,lurcr/ Gcolog~, 5, 33-45. 

indicate the following stages of development 
Hancock. P. L. (1985) Brittle microtectonics: principles and prac- 

(Fig. 14). (a) Opening of dilational veins during 
tices. Jourm~l of Sfrrrc.fur.crf Grolog~~ I, 437 457. 

Hempton. M. R. and Dunlie, L. A. (1984) Sedimentation in pull- 

extension. (b) The subsequent processes that con- apart basins: active examples in eastern Turkey ./orrr,zc// of 

tribute to the formation of strike-slip networks 
Geo/op,r 92, 5 13-530. 

(simple shear vein array initiation and fault devel- 
Horsfield. W. T. (1980) Contcmporaneou~ movement along crossmg 

coniueate normal faulta. Joun~r// of’S/rr,c,rurtr/ Gc,o/or~, 2. 305-3 IO. _ 
opment) indicate strain accommodation at different Jamis&. W. R. (1989) Fault-fractur; strain 111 Winga;e Sandstone. 

rates in different areas of the fault zone. Conjugate 
.Io~r~trl of Stl./ic~tu).d Grologr 11, 959 -974. 

Knott, S. D., Beach. A., Brockbank. P. J.. Brown. J. L.. McCnllum. 
sets of unlinked strike-slip faults develop in iso- J. E. and Welbon, A. I. (1996) Spatial and mechanical controls on 

lation and propagate towards intersection points. normal fault populations. .lol/rr~tr/ of Strl,c,rlfri// Gcob~,~~, IS, 359 

(c) Once a linked network of faults is established, 
372. 

deformation is accommodated largely by slip on the 
Lake, S. D. and Karner. G. D. (1987) The structure and evolution 

of the Wessex Basin. southern England: an example of inversion 

master fault, with new vein arrays developing with tectonics. T~,c~rorioph~~.ric~s 137, 347 378. 

predominantly extensional geometries. (d) 
Mann, I’.. Hempton. M. R.. Bradley, D. C. and Burke, K. (1’9x3) 

Intersection points are breached by dominant faults. 
Development of pull-apart basins. Jmrmtrl of Gco/o,~,I~ 91, 529-554. 

McCoss. A. (1986) Simnle constructIons for deformation in trans. 

(e) The geometry of the active fault system simpli- prcssion,tral7~telision’.zones. Jourr~trl of Sfructmrl Gcw/c~,y~- 8, 71 5 

fies after conjugate intersection points are breached 71x. 

and the complexities become inactive and are by- 
McGrath. A. G. and Davison. 1. (1995) Damage ~onc geometry 

around fault tips. Jowmrl of St~~m~rl Geoloy~. 17, IO1 I 1023. 

passed. By-passed portions remain preserved in the Nicol, A.. Walsh: J. .I., Watterson. J. and B;ctan. P. G. (1995) 

walls of the master faults. Three-dimensional geometry and growth of col?lugate normal 
Ibults. Jo~,Iw// of Sf,.uct~r,.ol Gco/o,q~~ 17, X47-862. 
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