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Abstract--Numerous strike-slip fault zones in granitic rocks of the Mount Abbot quadrangle, California, 
developed from steeply-dipping, subparallel joints. These joints generally were less than 50 m long and were 
spaced several centimeters to several meters apart. Some joints subsequently slipped and became small faults. 
Simple fault zones formed as oblique dilatant fractures (splay fractures) linked non-coplanar faults side-to-side 
and end-to-end. These simple fault zones are as much as 1 km long and accommodated displacements as great as 
10 m. Compoundfauh zones formed as splay fractures linked small faults and simple fault zones. They are as 
much as several kilometers long and accommodated displacements as great as 100 m. These zones are distinctly 
different from 'Riedel shear zones' and the-mechanics of their formation are unlikely to be described well by 
Mohr-Coulomb mechanisms. Simple and compound fault zones are composed of non-coplanar segments that 
join at steps or bends; splay fracture length determines step widths. The longest splay fractures occur along the 
longest fault zones, allowing step widths to increase as the length and displacement across the zones increase. 
These findings are consistent with the structure of some active seismogenic faults, and they provide a 
mechanically consistent, field-based conceptual model for fault zones that grow in basement rocks from a pre- 
existing set of joints. 

INTRODUCTION 

F^ULr zones commonly serve as long-standing zones of 
weakness in the Earth's crust, and the manner in which 
they form is highly relevant to important problems in 
earthquake mechanics and subsurface fluid flow. It is 
widely recognized that as fault zones develop in base- 
ment rocks they take advantage of pre-existing fractures 
(Hobbs et al. 1976, Price 1981, Davis 1984, Suppe 1985). 
However, because fault zones can be reactivated in 
different episodes of deformation under markedly 
different environmental conditions (Sibson, 1977, 1986, 
Sibson et al. 1981, McKee et al. 1984, Muehlberger 
1986), the manner in which fault zones form from pre- 
existing fractures is commonly obscured. The scarcity of 
relatively simple, extensive exposures of fault zones in 
basement rocks is a major impediment to developing 
field-based models for how fault zones form (Logan et al. 
1979). Indeed, the few well-defined conceptual models 
in the literature of structural geology that describe how 
fault zones grow are primarily based on laboratory 
model studies (Syivester 1988). However, many of the 
laboratory simple shear experiments have been directed 
towards how fault zones develop in the sedimentary 
sequences overlying a pre-existing basement fault (e.g. 
Nayior et al. 1986); how the basement faults themselves 
develop remains an open question. Field observations 
are essential to test to what extent laboratory simple 
shear models can be applied to large natural fault zones 
in basement rocks. 

This paper presents a model for how c o m p o u n d  strike- 
slip fault zones  formed from pre-existing fractures within 
plutons of the Mount Abbot quadrangle in the Sierra 
Nevada of California (Fig. 1). This area provides a rare 
opportunity to track the development of fault zones 

from their inception for three main reasons: (1) faulting 
developed to different stages in different parts of the 
quadrangle; (2) the effects of subsequent deformation 
are minimal and (3) exhumed strike-slip faults and fault 
zones are well displayed. The smallest faults in the area 
are a few meters long, a few millimeters thick and 
accommodated less than 1 cm of strike-slip displace- 
ment, whereas the largest compound fault zones are 
several kilometers long, several meters thick and accom- 
modated approximately 100 m of strike-slip displace- 
ment. Two exposures of compound fault zones were 
mapped in detail, one at the Waterfall site and another 
at the Seven Gables site (Fig. 1); these fault zones are 
decidedly different from the structures that have been 
formed in many laboratory simple shear experiments. 
The paper concludes with a discussion of how the Bear 
Creek fault zones formed, contrasts that model with 
the results of laboratory simple shear experiments, 
and addresses some of the seismic implications of the 
model. 

Before proceeding further, the use of a few terms in 
the paper is clarified. Fractures are classified as either 
joints or faults in the manner suggested by Engelder 
(1987). The term 'joint' is used where there is clear 
evidence for a lack of appreciable shear displacement 
across a fracture, and the term 'fault' is used where there 
is clear evidence of appreciable shear displacement. The 
more general term 'fracture' is used where there is not 
clear evidence on whether or not there was shear dis- 
placement. Adjacent segments of a fault zone may join 
at steps or bends (Fig. 2c). Parallel but not coplanar 
segments join at a 'step', and adjacent segments of 
different orientation join at 'bends'. Steps and bends are 
referred to collectively as systematic geometric disconti- 
nuities. 
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Fig. l. Geologic map of the area of study in the Mount Abbot quadrangle. Geology generalized from Lockwood & Lydon 
(1975). KI = Cretaceous Lamarck grandodiorite; Kle = Cretaceous granodiorite of Lake Edison; Kmr = Cretaceous quartz 
monzonite of Mona Recesses. Geologic contacts are dashed where locations are approximate. The nearly vertical quartz 
monzonite body (Kqm) is displaced approximately 70 m across the Gemini fault zone. Triangles show locations of landmark 

peaks. 

GEOLOGIC SETTING 

The study area is in the Bear Creek region of the 
Mount Abbot quadrangle and includes three adjacent 
NW-trending plutons (Fig. 1) mapped and described by 
Lockwood & Lydon (1975). Field relations show that 
the westernmost pluton (the Lamarck granodiorite) is 
the oldest, that the central pluton (the granodiorite of 
Lake Edison) is of intermediate age, and that the east- 
ernmost pluton (the quartz monzonite of Mona 
Recesses) is youngest. Based on K-Ar  dating of biotites, 
these plutons have ages of 79-85, 77-82 and 79--82 Ma. 
respectively (Stern et al. 1981). These ages provide 
maximum ages for the fault zones. All three plutons 
contain a weak, steeply-dipping foliation that strikes 
NW. Mineralized joints, faults and fault zones that strike 
ENE are abundant within the older two plutons. Miner- 
alized joints that strike ENE are also abundant within 
the Mona Recesses pluton, but faults and fault zones 
that strike ENE appear scarce. Considering the likely 
origin and evolution of the faults and fault zones (dis- 
cussed below), their distribution suggests that the fault- 
ing in the older two plutons may have occurred before or 
during emplacement of the Mona Recesses pluton. The 
faults would then have formed at the depth of emplace- 
ment. Work by Noyes et al. (1983) indicates that the 
nearby and nearly contemporaneous Eagle Peak and 
Red Lake plutons were emplaced at a depth of approxi- 
mately 4 km. 

The first three stages of faulting in the Bear Creek 
area (Figs. 2a--c) have been discussed recently by Martel 
et al. (1988). The faults and fault zones developed from 

steeply-dipping subparallel joints (Segall & Pollard 
1983a,b). Hydrothermal minerals fill the joints, epidote 
and chlorite being particularly common. Those joints 
not involved in subsequent deformation contain unde- 
formed minerals. Joint spacing and joint length range 
from a few decimeters to a few tens of meters. The joints 
typically are 0.1-10 mm thick. 

During the second stage of deformation some joints 
slipped and became small left-lateral faults (Fig. 2b), 
offsetting xenoliths and steeply-dipping aplite dikes by 
as much as 2 m (Segall & Pollard 1983b. Martel et at. 
1988). Not all joints in a given outcrop slipped, so 
unslipped joints parallel adjacent small faults. Slicken- 
lines on the fault surfaces typically plunge less than 20 ° , 
indicating that at least the most recent displacements on 
the faults were dominantly strike-slip (Segall & Pollard 
1983b). As a result of slip, the material in these faults 
acquired mylonitic fabrics, and NNE-striking fractures 
(splay fractures) opened near fault ends. The splay 
fractures are filled primarily by epidote, chlorite and 
quartz. Although some splay fractures are several 
meters long, they rarely extend more than a few meters 
away from the faults. The splay fractures are inferred to 
strike in the direction of the maximum horizontal com- 
pressive stress (Segall & Pollard 1983b). Some originally 
unconnected left-stepping echelon faults were linked by 
splay fractures, whereas some right-stepping echelon 
faults were linked by ductile deformation of the inter- 
vening rock. Linked echelon faults are as much as 
several hundred meters in length and accommodated 
left-lateral displacements as great as several meters. 

Larger left-lateral displacements were accommodated 
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Fig. 2. The four stages of faulting in the Bear Creek area. (a) Opening of joints. (b) Development of small left-lateral faults. 
(c) Development of simple fault zones. (d) Formation of compound fault zones. 
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Fig. 3. Map showing displaced dikes and a displaced kink band at the Waterfall site. The dikes and the kink band are offset 
similar amounts across the fault zones. Note the irregularities in the along-strike trace of the northern fault zone near dikes 

A and D. 

in the third stage of deformation (Fig. 2c) as abundant 
fractures linked faults side-to-side to form simple fault 
zones (Martel et al. 1988). The fractures within these 
zones contain epidote, chlorite and quartz, with smaller 
amounts of muscovite and calcite. The most prominent 
fractures strike obliquely to the sharply defined faults 
(the boundary faults) at the edges of the zones. The rock 
inside a zone is highly fractured, in sharp contrast to the 
relatively unfractured rock immediately outside. Simple 
fault zones typically are 0.5-3 m thick and up to 1 km 
long. Their  traces consist of straight, non-colinear seg- 
ments a few tens of meters long that join at steps or 
bends. This indicates that non-coplanar small faults 
linked end-to-end to form the boundary faults of simple 
fault zones. The maximum strike-slip displacement ob- 
served across a simple fault zone is about 10 m. The 
displacement is concentrated on the boundary faults. 

STRUCTURE OF COMPOUND FAULT ZONES 

Waterfall site 

The Waterfall site lies along the north edge of a 
network of faults and fault zones that left-laterally 
separates steeply-dipping aplite dikes and compositional 

layering in the granodiorite by several tens of meters. 
This network is a few tens of meters wide, is well 
exposed over a horizontal distance of 500 m, and crops 
out over a vertical interval of at least 300 m. 

Two prominent sets of steeply-dipping mineralized 
fractures occur at the site (Figs. 3 and 4). The first set 
consists of joints, small faults and two fault zones. These 
strike 060-075 ° . The second set consists of mineral-filled 
fractures that strike NNE. Fractures in the second set 
are present across the site, but are most common near 
the fault zones. 

A kink band with axial planes that strike 010 ° deflects 
some of the joints and faults in a right-lateral sense (Figs. 
3 and 4). The spacing between the kinked joints and 
faults generally is less than 20 cm, whereas away from 
the kink band the spacing generally ranges from about 
20 cm to 3 m. Similar kink bands occur elsewhere in the 
Bear Creek region (Segall & Pollard 1983a, Davies & 
Pollard 1986, Martei etal. 1988). The right-lateral defor- 
mation along the kin k bands is interpreted as conjugate 
to the left-lateral displacement across the faults and fault 
zones. 

The two fault zones at the site (Figs. 3 and 4) appear to 
offset the kink band. giving a left-lateral strike separ- 
ation of several meters. Prominent aplite dikes also have 
left-lateral strike separations of about 10 m across each 
fault zone. The fault zones are 2-3 m thick and are 
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spaced 7-14 m apart. The rock exposed inside each fault 
zone is highly fractured, whereas the rock immediately 
adjacent to the zones is little-fractured (Fig. 5). The 
fractures contain epidote,  chlorite, quartz, calcite and 
white mica. The topographic expression of the fault 

W o " " zones as shallo t rou ,hs  mdmates that internal fractures 
are abundant along the length of the fault zones. 

The boundaries of the northern fault zone do not form 
straight traces across the Waterfall site. Instead, the 
fault zone is segmented along strike, making a left-step 
at site I of Fig. 4 and a bend of ~ 10 ° near dike D of Fig. 3. 
The segment defined is ~50 m long. The northern 
boundary fault of this zone has a maximum exposed 
thickness of 1 cm. Like all other boundary faults 
sampled in the Bear Creek region, it has a cataclastic 
texture, with angular fragments of quartz and feldspar 
set in a dark green-brown,  fine-grained, isotropic 
matrix. The cataclastic texture contrasts sharply with the 
mvlonitic fabrics of small faults (Segall & Pollard 
1983b). 

Two subsets of mineral-filled dilatant fractures strike 
NNE at the Waterfall site. The first subset comprises 
fractures that are no more than several decimeters long 
and contain epidote, quartz and chlorite. They typically 
branch from small faults (site lI, Fig 4) and are referred 
to as splay fractures. They are interpreted as forming in 
response to slip on the small faults (Segall & Pollard 
1983b). Fractures of the second subset typically are 
1-4 m long and are bordered by halos of hydrothermally 
altered rock (site III ,  Fig. 4). These long fractures are 
common only between or alongside the two fault zones 
and are interpreted as being splay fractures that formed 
in response to slip on the fault zones. Some of the long 
splay fractures are continuous structures, whereas 
others are bands of short echelon cracks. Some of these 
fractures cross small faults; most are not offset by the 
fauhs, although some appear  to be offset slightly (less 
than 2 mm).  These relationships support the interpre- 
tation that the long fractures formed during the episode 
of faulting, but indicate that the long splay fractures 
formed after all or nearly all of the slip on the small faults 
had occurred. Because the long NNE-striking fractures 
do not visibly offset the small faults they are interpreted 
as dilatant fractures. Long NNE-striking fractures have 
been observed along other fault zones in the Bear  Creek 
area, but only along those that accommodated displace- 
ments of at least 10 m. 

The Gemini fauh zone and the Seven Gables site 

The Gemini  fault zone (Fig. 1) is the largest fault zone 
mapped by Lockwood & Lydon (1975) within the Mount 
Abbot  quadrangle. The topographic trough marking the 
fault zone is generally about 10 m wide and extends over 
an elevation range of approximately 700 m. However ,  
neither the top nor the bottom of the fault zone is 
exposed, so the fault zone could have a vertical extent 
much greater than 700 m. The zone is about 10 km long 
and has a sigmoidal shape in plan view. The 4 km hmg 
central limb strikes approximately 075 ° and dips steeply 

to the north. The eas~ and "~ e_-,t limbs strike NE. Near the 
east end of the central limb the fault zone offsets a 
steeply-dipping quar tz-monzoni te  body --7qt m in a left- 
lateral sense (Fig. 1), Some steeply-dipping dikes are 
offset left-laterally bv about 100 m near the west end of 
the central limb (Lockwood & Lydon 1975), 

Examinations of several outcrops along the Gemini 
fault zone indicate that it contains a series of faults that 
are subparallel to tile zone as a whole. These faults 
divide the zone into a series of fractured bands. The 
intensity of fracturing and the degree of chemical alter- 
ation varies from one band to another.  Fractures striking 
oblique to the fault zone typically are scarce in the rock 
immediately adjacent to the zone. 

The largest identified exposure of the Gemini fault 
zone occurs along its central limb (Fig. 1), The northern 
part of the fault zone was mapped in detail at that 
outcrop (Fig. 6): the southern part of the zone is covered 
by talus. The fault zone does not have a straight trace 
near this outcrop. Tile fault zone strikes approximately 
080 '~ over  a 40-50 m interval at the outcrop and dips 
app rox ima teb  70 ° to the north, hnmediatelv east of the 
exposure,  the fault zone bends to a strike of --065 °. 
Several meters west of the outcrop, the fault zone steps 
several meters to the south. The fault zone thus consists 
of segments that are not coplanar, 

The rock north of the fault zone contains two major 
sets of mineralized fractures (Fig. 6). The first set con- 
sists of fractures that parallel the fault zone and contain 
epidote and chlorite. The spacing between these frac- 
tures typically is half a meter  to a few meters,  similar to 
the spacing between ENE-striking fractures at the 
Waterfall site. Some of the fractures appear  to be joints, 
but others are faults \~ith slickenlines. The second set 
comprises fractures that strike 1)10-050: and dip steeply 
to the east. Some arc several meters long. Fractures of 
the second set appem: to bc dilatant cracks, for they cross 
fractures of the first set but do not offset them laterally. 
This set has three subsets: continuous fractures, bands of 
short echelon cracks and ribs of hydrothermallv altered 
granitic rock. These fractures are concentrated near the 
fault zone and are interpreted to have formed in associ- 
ation with slip on the zone. 

The Gemini  fault zone itself is divided imo fracture- 
bounded bands of markedl 3 different fracture intensity 
(Figs. 6 and 7). The fractures bounding the bands almost 
certainly are all faults, but ~t lack of markers  prevented 
the amount  of displacement across them from being 
documented.  Four bands are exposed, but additional 
bands might exist beneath the talus that covers the 
southern part of the fault zone. The first and northern- 
most band is about 8!t cm thick, has an exposed length of 
3 m, and contains highly fi-actured rock. Prominent 
fractures within the band strike - 3 5  ° counterclockwise 
from the band boundaric~ and cut an aplite dike but do 
not offset it laterally. This band appears  to be a relict 
simple fault zone, The second band is about 1 m thick 
and is exposed over an interval about 10 m long. The 
intensitx of fracturing within this band (Fig. 7b) is 
markedly less than that of the thst band and is similar to 
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that in the rock outside the fault zone. The third band is 
1-4 m thick and consists of chlorite-coated fragments 5- 
25 cm long. Where exposed at the east end of the 
outcrop, the contact between the third and fourth bands 
is a fault with a cataclastic texture. This fault strikes 
parallel to the zone. The fourth band is at least 5 m thick 
and consists of cobble- to boulder-size blocks that gener- 
ally lack chloritic coatings. 

A MODEL FOR THE GROWTH OF COMPOUND 
FAULT ZONES 

The fault zones that extend through the Waterfall and 
Seven Gables sites are larger and have accommodated 
more displacement than simple fault zones. For 
example, most simple fault zones appear to be several 
hundred meters long, less than a few meters thick and 
have accommodated less than 10 m of lateral displace- 
ment. In contrast, the Gemini fault zone is several 
kilometers long, approximately 10 m thick and has 
accommodated -100 m of lateral displacement; its 
dimensions are approximately an order of magnitude 
greater than a simple fault zone. The Gemini fault zone 
and the network of faults at the Waterfall site are also 
structurally more complex than simple fault zones. 
Along a simple fault zone (Fig. 2c), two boundary faults 
are linked side-to-side. Internal faults that parallel the 
boundaries of a simple fault zone are rare. In contrast, 
the Gemini fault zone incorporates many internal faults 
that parallel its boundaries, and for that reason is 
referred to here as a compound fault zone (Fig. 2d). The 
fault network at the Waterfall site is interpreted to be of 
an intermediate nature, for small faults and simple fault 
zones are distinct, but long oblique fractures connect 
some of the simple fault zones side-to-side. The fault 
network at the Waterfall site can therefore be regarded 
as a compound fault zone deactivated at an earlier stage 
of development than the Gemini zone. 

Despite their differences in size, the across-strike 
structure of both simple and compound fault zones 
reflects a distribution of joints similar to that in local 
unfaulted outcrops. Both kinds of zones are paralleled 
by steeply-dipping small faults and joints. ENE-striking 
fractures inside and outside the Gemini fault zone (Fig. 
6), as well as those in the vicinity of the Waterfall site 
(Figs. 3 and 4), are generally spaced several decimeters 
to a few meters apart. This is comparable to the spacing 
of joints and the thicknesses of simple fault zones 
throughout the Bear Creek region (Segall & Pollard 
1983a,b, Martel etal. 1988) and indicates that compound 
fault zones developed from arrays of joints. The com- 
pound fault zones apparently did not develop from joints 
with either an usually close or unusually wide spacing, 
nor did the growth of  the zones involve the generation of  
new fractures parallel to the zone. The across-strike 
structure of compound fault zones thus indicates that 
many already existing fractures were incorporated into 
the fault zones as they grew in thickness. 

The segmented along-strike structure of compound 

fault zones also reflects the distribution of joints in local 
unfaulted outcrops. The segment of the Gemini fault 
zone at the Seven Gables exposure and the segment in 
the northern fault zone at the Waterfall site are both 40-- 
50 m long (Fig. 3). The principal fractures in the network 
of faults east of the Waterfall site usually are no more 
than several tens of meters long. The longer joints in 
local outcrops also have maximum lengths of several 
tens of meters (Segall & Pollard 1983a). It seems that the 
simple and compound fault zones preferentially devel- 
oped from joints several tens of meters long. Perhaps 
these long joints were able to slip more readily than 
shorter ones. The thickness of the fillings in the joints 
appears to scale approximately with joint length, so 
opposing faces of a joint are less likely to interlock the 
longer a joint is. Still, the formation of fault zones 
several kilometers long apparently did not require the 
presence of joints several kilometers long. 

The evolution of faulting in the Bear Creek area (Fig. 
2) largely reflects the linkage of non-coplanar structures 
by fractures. As a result, faults and fault zones have 
systematic discontinuities along strike. The scale of 
these discontinuities increased as the faulting pro- 
gressed. Small faults evolved from joints. Detailed 
examinations (Segail & Pollard 1983a) show that the 
joints themselves are not perfectly planar structures. 
Instead, they consist of numerous parallel echelon 
strands spaced less than a few centimeters apart. When a 
joint subsequently slipped and became a small fault, 
these strands were linked. The discontinuities along the 
strike of a small fault thus have amplitudes of less than a 
few centimeters. Simple fault zones formed as small 
faults linked side-to-side and end-to-end. As a result, 
these zones are segmented along strike. Adjacent seg- 
ments join at steps as wide as a few meters or at bends of 
as much as 20 ° (Martel etal. 1988). Discontinuities along 
the strike of simple fault zones thus have amplitudes of a 
few meters at spacings of several tens of meters. The 
formation of compound fault zones involves the linkage 
of simple fault zones by fracturing. Because splay frac- 
tures along compound fault zones can be several meters 
long, steps along the strike of compound fault zones can 
have widths of several meters. 

The distribution of fractures along the faults and fault 
zones of the Bear Creek area thus can reveal the extent 
to which geometric discontinuities affected slip as the 
faulting progressed. Experimental work (Erdogan & Sih 
1963, Brace & Bombolakis 1963, Horii & Nemat-Nasser 
1985) and theoretical studies (Erdogan & Sih 1963, 
Pollard & Segall 1987) indicate that splay fractures 
would form along faults where displacement gradients 
(i.e. strains) and the associated stress concentrations 
become sufficiently large. Splay fractures along small 
faults are concentrated only near the fault ends, indi- 
cating that the discontinuities along the small faults did 
not act to produce large displacement gradients. Along 
simple fault zones, fractures are abundant in the adjac- 
ent rock only near the ends of segments (Martei el al. 
1988). The geometric discontinuities at segment ends 
were of sufficient size to cause steep displacement gradi- 
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ents as the boundary faults slipped• The geometric 
discontinuities along compound fault zones can be con- 
siderably larger than those along simple fault zones, so 
one would expect that steep displacement gradients 
would also develop at the large discontinuities along the  

compound fault zones as they slipped. 
T h e s e  discontinuities along the simple and compound 

fault zones did not present permanent barriers to slip. 
The displacements across adjacent segments of some 
simple fault zones appear to be nearly equal (Martel et 
al. 1988). The strike separations of steeply-dipping fea- 
tures near the east and west ends of the 5 km long central 
limb" of tile Gemini fault zone are also similar• The 
similar strike separations at different places along the 

• . . ~ • . 

fault zones ~mphes that the dtscontmumes along the 
zones become broken during the growth process and 
allow displacement to be transferred along the zones. 

DISCUSSION 

Perhaps the most often cited classification scheme for 
fault zone fractures is that of 'Riedel shears' (e.g. Logan 
et al. 1979, Swanson 1988, Sylvester 1988). This classifi- 
cation scheme (Fig. 8) is an outgrowth of the 'clay cake' 
experiments made famous by Cloos (1928) and Riedel 
(1929) and subsequently conducted by a host of others 
(Sylvester 1988): Most of these experiments have been 
conducted in soft fine-grained materials under low con- 
fining pressure, but experiments with simulated fault 
gouge under high confining pressures (Logan e ta l .  1979) 
and with limestone (Bartlett et  al. 1981) have produced 
similar fracture patterns• The fracture patterns from the 
simple shear experiments usually have been interpreted 
in light of Mohr-Coulomb shear failure criteria (Tcha- 
lenko 1968, 1970, Logan et al. 1979, Sylvester 1988)• 
Fracture patterns similar to those produced in the lab- 
oratory experiments have been observed in weakly con- 
solidated surficiai deposits along natural faults as long as 
several hundred kilometers (Tchalenko & Ambraseys 
1970, Sylvester 1988) and in some fault zones in meta- 
morphic basement rocks (Swanson 1988). Because of 
the similarity of the laboratory and natural fracture 
patterns it is appealing to apply Riedel shear terminol- 
ogy and Mohr-Coulomb criteria to explain the field 
observations. However, as Logan et al. (1979) pointed 
out in describing their experiments " . . .  it should be 
emphasized that these experiments were not designed as 

P" P X T = R X  r, F' R 

. Y ~ - - . . ~  

R F, r~ x" ~ r 2 x  P P" 

/ 

Fig. 8. Classification scheme of 'Riedel fractures'. From Swanson 
(1988). 

scale models of larger fault zones• They were envisioned 
as attempts to look at the processes in simulated fault 
zones of a few centimeters displacement• It was hoped 
that if the processes operating in the laboratory speci- 
mens could be understood that some aspects might 
prove to be scale independent and thus could be applied 
to larger natural faults, but there is no a pr ior i  reason 
why this should be s o . . . " .  

The compound fault zones of Bear Creek do not fit 
well into the Riedel shear classification. First, the se- 
quences of fracturing are completely different (Figs. 2 
and 9). The zone-parallel faults of the simple and com- 
pound zones predate the obliquely-striking fractures 
within and along the zones• In contrast, the zone- 
parallel Y-shears in the simple shear experiments are 
typically among the last fractures to form (Wilcox et al. 
1973, Bartlett eta l .  1981, Naylor e taL  1986)• Second, the 
most prominent fractures in and along the Bear Creek 
fault zones appear to have originated as dilatant frac- 
tures and not shear fractures. The evidence that the 
zone-parallel faults of the simple and compound fault 
zones originated from joints is compelling• The long 
NNE-striking splay fractures associated with the com- 
pound fault zones also originated as dilatant fractures• 
Most of the long NNE-striking fractures strike 60o-70 ° 
counterclockwise relative to the faults; this is the orien- 
tation at which antithetic (R') Riedel shears would be 
expected based on a simple shear model (Sylvester 
1988). The fractures within the first fault zone band at 
the Seven Gables outcrop cross but do not offset an 
aplite dike and they strike at 35 ° to the faults bounding 
the band. Only the T fractures of the simple shear 

10 cm 

~ ~ ~ , ~  ~ " ' ~  

DispI. 2•1 cm , Riedel Shears 

s 

Displ• 2. 6 cm Riedet Shears and first splays (S) 

OipnL 3•5 cm low angle shears/first P shears ~P) 

More P shears; first shear lenses Di~pl. 4.9 cm 

Disol. 7.0 cm Throughgoing fault zone with shear lense~ ' 

f Active faults . ~'" Inactive/partially active faults 

Fig. 9. Formation of a Riedet shear zone" (from Naylor et al. 1986), 
Sequence of fracturing is markedly different from that in Fig. 2. 
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models do not show shear displacements, but they strike 
at 45 ° or 90* to the zone, not 35 °. Thus the relative age, 
the mode of formation and the orientation of the first- 
order features of the compound fault zones do not fit 
within a Riedel simple shear model. Finally, and per- 
haps most importantly, the spatial organization of the 
fractures in the fault zones (Fig. 2) is not addressed in the 
Riedel classification scheme (Fig. 8). 

The linkage model of Fig. 2 is consistent with the field 
observations of the compound fault zones and readily 
allows the zones to be considered in the context of 
fracture mechanics (e.g. Martel & Pollard 1989). In this 
model the zone-parallel faults originate as joints. Left- 
lateral slip along these faults is predicted to generate 
dilatant fractures that strike in the general direction of 
the maximum horizontal compressive stress, that is at 
acute counterclockwise angle to the faults (Martel & 
Pollard 1989). Dilatant splay fractures with a range of 
orientations would not be inconsistent with such a model 
given the heterogeneity of the stress field that could exist 
along a fault zone with a non-linear trace (e.g. Segall & 
Pollard 1980, Billham & King 1989). Fracture mechanics 
theory predicts that fractures splaying from left-lateral 
faults should not strike at acute clockwise angles to the 
faults, and this is consistent with the field observations. 
Dilatant fractures produced as a result of slip on the 
zone-parallel faults could subsequently accommodate 
slip themsetv_es, which could in turn lead to the gener- 
ation of another order of dilatant fractures (e.g. Martel 
et al. 1988). 

Many natural fault zones in addition to those of the 
Bear Creek area appear to become thicker as they 
accommodate greater displacements (Aydin & Johnson 
1978, Robertson 1983, Wallace & Morris 1986, Scholz 
1987). Microstructural observations suggest that the 
process of thickening at the grain-scale level commonly 
occurs by a diffuse front of brittle deformation migrating 
laterally into the host rock. Friction experiments with 
orthoquartzite (Hundley-Goff & Moody, 1980), sand- 
stone (Engelder 1974) and crystalline rock (Jackson & 
Dunn 1974) show that artificial faults can increase in 
thickness as grains in the host rock adjacent to the fault 
become fractured and then incorporated into the fault. 
A similar process apparently operated over distances of 
a few grain diameters along the boundary faults in the 
Mount Abbot quadrangle (Martel et al. 1988). Such a 
process may also operate at a much larger scale. Within 
both the White Rock thrust fault in Wyoming (Mitra 
1984) and the Punchbowl Fault of the San Andreas 
system (Chester & Logan 1986), deformation is greatest 
in the middles and decreases towards the margins. The 
intensity of deformation in ductile shear zones also 
commonly decreases away from the center of the zone 
(Ramsay 1980, Segall & Simpson 1986). These obser- 
vations suggest that many natural fault zones and shear 
zones have thickened as a diffuse front of brittle or 
ductile deformation migrated from a central weak zone 
into the host rock. 

The compound fault zones do not seem to have 
thickened by a 'diffusive' process. The compound zones 

thickened as fractures linked small faults and simple 
fault zones, with thickening occurring in increments  

determined by the initial joint spacing and the distance 
that splay fractures could propagate. This process allows 
deformation to be most intense at the edges of a fault 
zone rather than in its center, while still enabling the 
zone to maintain sharp boundary faults. In contrast to 
the processes of frictional wear, as the compound fault 
zones grew and the displacement increased, the width of 
steps along strike became larger, not smaller. 

The process of fault zone growth outlined here (Fig. 2) 
may provide a rationale for the rupture pattern observed 
on some seismogenic faults. The growth process in- 
volves the linkage of faults by the fracturing of progres- 
sively larger discontinuities: from centimeter-size at the 
small fault stage, to meter-size at the simple fault zone 
stage, to several meters at the compound stage. As 
adjacent segments become linked and a fault zone 
lengthens, displacement is transferred through the dis- 
continuities. The spacing and size of the largest disconti- 
nuities becomes progressively greater. Wesnousky 
(1988) has noted that historic ruptures of several large 
strike-slip fault zones typically terminate at the widest 
steps along the trace of the rupture and that the spacing 
between the terminating steps increases as a function of 
the cumulative displacement across fault zones. These 
observations are consistent with the linkage process 
outlined above. 

This process of fault zone growth outlined here may 
be common. Single systems of parallel fractures occur in 
a broad variety of rocks, Other kinds of planar anisotro- 
pies may also provide a mechanical fabric similar to the 
Mount Abbot joints. For example, the Fort Foster 
Brittle Zone (Swanson 1988), which developed in mylo- 
nitic host rocks, is in several ways similar to the com- 
pound fault zones described herein. Detailed mapping 
in other areas with strong planar penetrative fabrics is 
likely to show that many brittle fault zones form in a 
manner similar to the compound fault zones of the Bear 
Creek area. 

CONCLUSIONS 

The compound fault zones of the Bear Creek area 
grew from a pre-existing set of joints. These zones grew 
in length and displacement as faults of progressively 
larger length and spacing became linked by fractures. 
The sequence of fault zone development is not well 
described by typical 'Riedel shear' models. Disconti- 
nuities that at one point separated different fault zone 
segments are 'broken' and become internal features, 
presumably leaving discontinuities of equal or larger size 
at the 'new' fault zone ends. Although the Mount Abbot 
fault zones may become 'smoother' in the sense that the 
spacing of the largest discontinuities increases, they 
become rougher in the sense that the size of the disconti- 
nuities also increases. This model provides a mechan- 
ically consistent, field-based conceptual model for fault 
zones that grow in basement rocks. This growth process 
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may parallel the rupture pattern observed along some 
seismogenic faults. 
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