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Abstract-Large fault systems often result from the linkage of smaller faults. This produces an increase in fault 
length, but a deviation from the simple displacement pattern observed for individual faults. Here we examine the 
displacement distribution along a -7 km long normal fault system composed of overlapping segments, and 
numerous small splays and non-intersecting subparallel faults. The absence of appreciable sedimentation or 
erosion associated with this young (~765 ka) fault system allows us to accurately map throw along it. Our results 
show that the scaling relationship obtained previously for single-segment faults of the same fault population is 
gcncrally applicable to the fault system described here, if the throw is assessed by adding displacements that occur 
between segments. We suggest that the smaller faults grew during and after the coalescence of the larger fault 
segments in order to rclcasc large strains in the regions of linkage, thereby maintaining the scaling relationship 
throughout the growth of the fault system. Although this study was carried out on a relatively small normal fault 
system. we believe this pattern of fault growth is applicable to all scales as well as to strike-slip and thrust systems. 

INTRODUCTION 

Studies of brittle fault populations show that fault 
growth is governed by a scaling relationship between 
displacement (D) and length (L), such that D m L”. 
Attempts to characterize n concluded n = 2 (Watterson 
1986, Walsh & Watterson 1988) or IZ = 1.5 (Marrett & 
Allmendinger 1991, Gillespie et al. 1992), but sub- 
sequent interpretation (Cowie & Scholz 1992a) and 
more recently acquired data indicate II = 1 (Gudmunds- 
son 1992, Dawers et al. 1993). The physical basis for this 
has been explained by Cowie & Scholz (1992b), but their 
model, as well as previously proposed models, assumes 
that faults can be viewed as simple, isolated cracks. 
Many studies, however, have convincingly shown that 
fault growth by the coalescence and linkage of smaller 
faults is common (e.g. Segall & Pollard 1983, Granier 
1985, Ellis & Dunlap 1988, Martel etnl. 1988, Peacock & 
Sanderson 1991, 1994, Anders & Schlische 1994, Trud- 
gill & Cartwright 1994, Cartwright et al. personal com- 
munication). During the initial stage of fault coalesc- 
ence, a linked fault’s length is the sum of the lengths of 
the smaller faults or fault segments, while the maximum 
displacement remains the greatest value of the smaller 
faults (Fig. 1). In order for any of the proposed scaling 
relationships to be generally applicable, significant dis- 
placement must be accommodated in regions of linkage 
and also accumulate within the central portion of fault 
zone (Anders et al. 1992). 

Data provided by Walsh & Watterson (1990, 1991) 
and Peacock & Sanderson (1991) suggest that seg- 
mented faults have a ratio of cumulative displacement 
(D) to length (L) consistent with the total length of the 
array, rather than that expected for the segment length. 
Here we discuss the displacement pattern observed 

along a fault having a complex surface trace, which we 
attribute to growth of the fault by coalescence of en 
echelon fault segments. We have previously discussed 
the D-L relationship observed for relatively simple, 
single-segment faults occurring at the same locality 
(Dawers et al. 1993). The data from this linked, en 
echelon array indicate that the observed D-L relation- 
ship for single faults is also applicable to more complex 
faults formed by linkage. 

STUDY AREA 

The study area is located on the Volcanic Tableland of 
northern Owens Valley, California (Fig. 2). Owens 
Valley is a NNW-trending valley that lies at the western 
margin of the Basin and Range Province, in a region 
characterized by both strike-slip and normal faulting. In 
northern Owens Valley geodetic and geologic data indi- 
cate -EW extension (e.g. Savage et al. 1981, 
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Fig. 1. A schematic illustration of the linkage of two fault segments of 
length Lo. Initially the total fault zone length is 2Ln, but the maximum 
displacement is approximately that of earlier formed segments, DO. If 
larger faults that result from the linkage of smaller faults are to exhibit 
displacement-length scaling of the form, D 0~ L”, where n is either 2 
(Watterson 1986, Walsh & Watterson 1988), 1.5 (Marrett & Allmend- 
inger 1991), or 1 (Cowie & Scholz 1992a,b), then displacement of at 

least D, must be accommodated within the region of linkage. 
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Fig. 2. Location of the fault zone on the Volcanic Tahleiand, in eastern California. Qbt = Bishop Tuff; Qt-terrace 
deposits, undivided; Qai-alluvium. undivided. Cross-hatched pattern = upper Precambrian through Tertiary rocks, 

undivided. Map modified from Strand (1967). 

Pinter 1992, respectively), in contrast to central and 
southern Owens Valley, where the extension is -NW- 
SE and faults parallel to the valley experience a greater 
component of right-lateral shear (e.g. Savage et&. 1981, 
Lubetkin & Clark 1988). 

The Volcanic Tableland itself is a topographic plateau 
formed by the Pleistocene Bishop Tuff. The Bishop Tuff 
varies regionally in thickness and in the degree of weld- 
ing (Gilbert 1938, Bateman 1965). On average the 
thickness is estimated to be between about 120 and 150 
m (Gilbert 1938). In the area of interest here, i.e. the 
highly faulted region of the Tableland shown in Fig. 2, 
exposed sections suggest that the thickness is -80-150 
m. Here Bateman (1965) mapped the tuff as ‘aggluti- 
nated’, because the consolidation of the tuff is due 
primarily to growth of crystallites, rather than compac- 
tion and welding, Along the extreme southern and 
eastern margins of the Tableland the tuff is thinner, and 
the lower portion of the tuff is soft and poorly consoli- 
dated. Underlying the tuff sheet is unconsolidated air- 
fall ash and older alluvial sediments of undetermined 
thickness. Because of the apparent low competency of 
the basal portion of the tuff and the underlying sedi- 
ments, we speculate that the faults in this locality may 
have nucleated in the more competent upper portion of 
the tuff. Several lines of evidence discussed in Dawers et 
al. (1993) are consistent fault nucleation in the near- 
surface. We note, however, that this may not be the case 
for faults in thicker sections where the tuff is truly 
welded, and possibly stronger, near the base (Gilbert 
1938, Bateman 1965). 

The fault zone discussed here is one of many N- 
striking normal faults that offset the tuff at this locality 
(Bateman 1965, Sheridan 1975, Pinter 1992) (Fig. 2). 
The fault zone extends for >7 km, forming a series of 
prominent topographic breaks that result from displace- 
ment of the erosionally-resistant, and predominantly 

horizontal, upper surface of the Bishop Tuff (Fig. 3). 
The lack of significant erosion (Gilbert 1938) or depo- 
sition since the emplacement of the 765i5 ka (Izett & 
Obradovich 1994) ash-flow sheet allows scarp height to 
be used as an accurate measure of total throw (see 
Bateman 1965, Dawers et al. 1993). 

FAULT ZONE GEOMETRY 

The fault zone consists of four main, left-stepping en 
echelon fault segments that range in length from 1530 to 
2563 m (Figs. 3 and 4a). The largest throw (-90 m) 
occurs near the center of the fault zone, on the shortest 
of the four main fault segments. Between the overlap- 
ping fault segments are tilted regions, or relay ramps, 
that connect the footwall of one segment to the hanging- 
wall of an overlapping segment (Larsen 1988, Peacock & 
Sanderson 1991). The relay ramps are broken by numer- 
ous subparallel faults and small splays. At the northern 
end of the fault zone, the displacement is distributed on 
a number of splaying faults. The strike-slip component 
on the principal fault segments is inferred to be insignifi- 
cant. This inference is based on the lack of observable 
lateral offset of an abandoned stream channel near the 
center of the fault zone (Figs. 3 and 4a). We estimate the 
bedrock scarps to dip at an angle >30”, but because of 
the uncertainty in the dip of the scarps, throw is used 
here as a proxy for displacement. 

Tbmw vs. distance 

The throw was determined by measuring the change 
in elevation across the four main fault segments, as well 
as the smaller, discrete fault segments within the relay 
ramps and in the splaying zone (Fig. 4), using a total- 
station surveying instrument. Segment length, as used 
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Fig. 4. (a) Map view of the mapped fault segments. (b) Elevation change along the strike of the fault zone; the view is 
looking toward the scarps from the hangingwall. The shaded regions represent tilting of the upper surface of the tuff toward 
the hangingwall. Note that smaller faults are concentrated at the overlapping regions of the four large throw segments and in 

the splay zone at the northern fault tip. 

here, is the distance measured along a continuously 
exposed fault scarp, between the segment tips at which 
scarp height has diminished to zero. For the fault zone 
studied here, we found that in most cases segment length 
can be objectively characterized in this way. A notable 
exception to this is the NW-striking fault segment that 
directly links the two central main segments (Figs. 2 and 
4a). The length of this fault segment is taken to be the 
distance between its intersection points with the two 
main segments. Note also that Fig. 4(a) shows that 
several fault segments splay. We do not attempt to 
further subdivide such cases, i.e. for a segment that 
splays, the length and throw reported in Figs. 4,5 and 6 
are aggregate values. 

We mapped 31, E-facing fault segments that are 
~40 m in length. We estimate that the accuracy of our 
throw measurements is rtl m; this uncertainty is due to 
small-scale irregularities on the surface, and slope-wash 
debris and aeolian sand deposited at the bases of the 
larger scarps. We decided in the field to omit faults that 
bound a few small horsts; although these structures 
contribute to extension, there is some uncertainty as to 
how they are related to the E-facing fault array. Our aim 
here is to discuss the salient features of the fault zone, 
and alternative interpretations of these and other small 
faults would not significantly change the conclusions of 
this paper. 

In Fig. 4(b) we show the along-strike throw of the top 
of the Bishop Tuff, projected onto a vertical plane 
parallel to the main segments; i.e. the variation in 
elevation difference as viewed normal to the scarps from 
the hangingwall. From Fig. 4(b) several observations 
can be made: (1) the total throw tapers to zero at tips of 
the fault zone; (2) the regions where the principal fault 
segments overlap do not contain large deficits in total 
throw, suggesting that deformation is accommodated by 
faulting and by tilting of the relay zones toward the 
hangingwall; and (3) much of the deformation in the 
splay zone results from such tilting. 

The throw vs. distance along the fault zone is shown 
in Fig. 5. The four main segments are clear because of 
the large throws (>40 m) that occur along them. We 
also show two summed profiles in Fig. 5: (1) the 
summed throws on all of the mapped scarps, and (2) 
the total throw profile. The total throw includes that 
component of the deformation related to tilting in the 
relay zones and in the splay zone, i.e. the shaded area 
of Fig. 4(b) or the component of deformation which 
(at the scale of our observations) can be considered 
‘continuous’. Also shown for reference is the 
region in which we expect throw vs. distance data for a 
single-segment fault of L=7130 m to plot (Fig. 5); 
this is based on single-segment data of Dawers et al. 
(1993). 
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Fig. 5. Throw vs. distance. The four main segments are clear from the large throws (>40 m). Also shown is (1) a 
summed throw profile, which is constructed by summing the throws measured on all of the mapped scarps; and (2) a total 
throw profile, which includes the elevation change related to ‘continuous’ deformation (i.e. tilting between fault 
segments, as well as any unmapped small faults). The shaded region below the total profile represents the shaded region 
in Fig. 4(b). The stippled region represents the area in which we expect throw vs. distance data for a single-segment fault 
of L = 7130 m to plot, based on observations of single-segment faults on the Tableland reported in Dawers et ai. (1993). 
This region is derived by enveloping the spread of data points for their length-normalized throw-vs.-distance data, using 
faults that are appropriate for comparison here-those of L much greater than the thickness of the Bishop Tuff-and then 

scaling the region to L = 7130 m [see fig. 2 and discussion in Dawers et al. (1993)]. 
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Fig. 6. Maximum throw on segment vs. segment length. The line represents the D,,,, vs. L scaling using the single- 
segment data (see Dawers ef al. 1993 for a discussion). Note that the data point for the entire linked array falls along this 
line, whereas the data for fault segments, if plotted iI]dividually. generally lie above the expected scaling for single- 
segment faults. Following Peacock & Sanderson (1991). we interpret this as the result of displacement transfer across 
relay structures, which is associated with steep displacement gradients at segment tips. which in turn produces higher 

&,x/L ratios. 

Scaling 

For single-segment faults on the Volcanic Tableland 
that are inferred to break through the Bishop Tuff layer, 
or those having lengths greater than a few times the layer 
thickness, D is linearly related to L by D,,, -(0.009- 
0.014)L and Davg -0.008L (Dawers et al. 1993). The 
ratio D,,,lL for the whole fault discussed here is 
-0.013, which is consistent with single-segment faults. 
The average throw can be estimated for both of the 
summed profiles shown in Fig. 5 by estimating the areas 

under the curves and dividing by the total length. Sum- 
ming throws on the mapped scarps, i.e. the mapped 
discontinuities, yields an estimate of D,,,lL -0.006, 
which is less than that of single-segment faults. How- 
ever, if the ‘continuous’ deformation is added to the 
measured fault throws, the ratio D,,,/L. -0.008, which 
is the same as that found for single-segment faults. 
Scaling ratios for fault segments within the linked fault 
zone are either similar to previously reported data for 
single-segment faults, or greater than those previously 
reported (Dawers et al. 1993) (Fig. 6). High D,,,/L 
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values tend to be associated with faults located in the 
splay zone at the northern tip and between the main 
overlapping segments (Fig. 6). 

DISCUSSION AND CONCLUSIONS 

Along-strike displacement patterns of segmented nor- 
mal faults typically depart from those observed for 
single-segment faults and those predicted from fault 
growth models, in that local displacement minima often 
occur at or near the overlapping segment tips (Peacock 
& Sanderson 1991,1994). The data presented here show 
that summing the displacements in the relay regions 
reduces this deficit, and that adding the continuous 
deformation related to tilting between segments further 
reduces the deficit and produces a smoother profile (see 
also Walsh & Watterson 1989, 1990, 1991). Although 
the shape of the total displacement profile for this fault 
zone deviates from that expected for the single-segment 
data discussed in Dawers ef al. (1993) (Fig. 5), we 
emphasize that the D-L scaling for the whole zone is 
consistent with the single-segment data. This suggests 
that the segmented fault zone essentially acts as a single 
fault. 

The structure of this fault is similar to small normal 
faults (-10’s of meters in length) described by Peacock 
& Sanderson (1991, 1994), as well as intermediate 
(Trudgill & Cartwright 1994, Cartwright et al. per- 
sonal communication) and large normal faults (e.g. 
Gawthorpe & Hurst 1993, Anders & Schlische 1994, 
Peacock & Sanderson 1994). Peacock & Sanderson 
(1991) proposed a model of fault growth beginning with 
the nucleation of non-overlapping faults; as the faults 
grow longer and overlap, a relay ramp develops, which 
then becomes faulted and the initially independent 
faults eventually link to form a larger fault. Their model 
suggests that the final displacement profile is a proxy for 
the growth history of the fault. In other words, the 
location of maximum displacement represents the point 
of nucleation. Furthermore, this suggests faults with 
symmetric profiles represent faults that propagated 
equi-dimensionally from the nucleation point, and that 
steep displacement gradients and asymmetric profiles 
result from interactions between faults. Although this 
pattern of fault growth is a reasonable a priori assump- 
tion, neither this study nor similar studies (e.g. Peacock 
& Sanderson 1991, 1994) can unequivocally establish a 
growth history. However, this assumed pattern of 
growth is supported by Anders & Schlische’s (1994) 
study of several large normal fault zones where the 
temporal evolution of the fault segments is better con- 
strained. They used dated stratigraphic horizons to con- 
strain the temporal and spatial pattern of footwall uplift 
and hangingwall subsidence, and proposed a similar 
fault growth model. In the Triassic Newark basin, they 
found that the oldest syn-tectonic sediments correlated 
spatially with the location of greatest displacement on 
individual fault segments. For Tertiary Basin and Range 
Province faults, they found that older, along-strike sub- 

basins exhibited localized maxima in the tilting of older, 
syn-tectonic units, whereas younger units exhibit a tilt 
maximum near the center of the whole fault system and 
the tilt angle tapers off to zero at the tips of the fault 
zone. 

Anders & Schlische’s (1994) study indicates that large 
normal fault zones can grow by a process of independent 
nucleation, followed by linkage and growth of smaller 
faults to accommodate strain in the region of linkage, 
and thereby maintain the observed scaling relationships 
for the entire fault system. Again, because of the ab- 
sence of basin-fill deposits of known chronology, our 
results can only show the final disposition of total dis- 
placement, not the timing of how it accrued. We there- 
fore infer a growth history for the Volcanic Tableland 
faults based on analogy with the observed growth history 
of larger faults, such as those studied by Anders & 
Schlische (1994), where the developmental patterns can 
be documented. 

For the fault zone discussed here we infer a develop- 
mental sequence beginning with the formation of four 
main segments as initially independent faults. As the 
segments propagated toward one another, growth began 
to be affected by interactions between the faults, leading 
to the development of relay ramps, and anomalous 
displacement gradients and high D,,,lL values (see 
Peacock & Sander-son 1991, 1994). As the segments 
grew, the regions of inelastic deformation surrounding 
the fault tips also grew (Cowie & Scholz 1991b). When 
the faults reached lengths at which the inelastic regions 
coalesced, significant deformation began affecting the 
echelon steps, forming relay ramps. The details of this 
would have depended on the size and shape of the 
inelastic zones, as well as the separation of the initial 
fault segments (Segall & Pollard 1980). As displacement 
accrued along the central portions of the fault zone, the 
relay ramps formed were eventually faulted. The lack of 
local displacement minima in two of the three main relay 
zones, suggests that the linkage is essentially complete. 
An apparent displacement deficit in the relay zone south 
of the maximum displacement (located at -3200 m from 
the southern tip) suggests less advanced linkage there 
(Fig. 5), which may be related to the greater separation 
between the segments (Figs. 3 and 4a). 

In conclusion, we note that segmented thrusts and 
strike-slip faults share many of the characteristics dis- 
cussed here (e.g. Ellis & Dunlap 1988, Peacock 1991, 
respectively). This suggests this pattern of fault growth 
by linkage is an important process in the development of 
fault systems. The wide range of scales documented in 
previous studies suggest that linkage is significant at all 
scales as well. From the data presented here we conclude 
that the observed D-L scaling relationship, which is 
conceptually related to isolated faults, is also applicable 
to faults formed by linkage and can shed light on the 
growth of segmented faults. 
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