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Abstract--Drainage systems in regions of active extension contain information about fault zone structure and 
development, and particularly about the lateral growth of individual fault segments, that is difficult to obtain by 
more conventional means such as the dating of sedimentary material. We investigate drainage-fault interaction in 
Pleasant Valley, Nevada, where a large normal-faulting earthquake occurred in 1915. We find geomorphological 
evidence for a propagation (increase in length) of several km at both ends of one of the 1915 fault segments. At 
one end we estimate the propagation rate to be about 50 m per earthquake. This estimate is uncertain, but is 
within the range predicted by theoretical models of fault growth. Drainage along the axes of half graben in this 
region may be influenced by the spacing of tilted fault blocks: the highest valleys are also the narrowest. Whether 
the axial streams succeed in reaching lower neighbouring sinks depends on whether sedimentation rates are able 
to keep basins filled to the levels of the basement highs that separate half graben of opposite polarity. A 
knowledge of modern drainage-fault interactions may help predict drainage systems and the position of potential 
syn-rift reservoir sediments in older extensional terrains where fault configurations (but not facies distributions) 
are known from seismic reflection surveys. 

INTRODUCTION 

IN THIS paper we examine the relationship between 
drainage patterns and fault geometry in a region of 
active continental extension. There are two reasons for 
this study: (i) the drainage may contain information 
about the fault development and growth that is difficult 
to obtain by other methods; and (ii) it may help to 
interpret syn-rift sedimentation and facies in older gra- 
ben systems, where the faults have been mapped from 
seismic reflection profiles but the sediments are poorly 
known. 

Extensional half-graben systems on the continents are 
often longer than 100 km, but are seldom bounded by 
continuous normal faults. Instead, the faults typically 
occur in segments that step en 6chelon or change the 
polarity of their dip along strike. The observation that 
normal faulting earthquakes on the continents are rarely 
larger than M s -6 .5-7.0 (Jackson & White 1989) 
suggests that there is an upper limit to the fault segment 
length, which controls the maximum extent of rupture 
and hence earthquake size. Jackson & White (1989) 
suggest that the maximum segment length is typically in 
the region of 20 km, which would generate an earth- 
quake of Mw -6 .5  (Shimazaki 1986). Those normal 
faulting earthquakes this century with larger magnitudes 
(up to Mw --7.2) can be shown to be multiple events that 
involved sequential rupture on two or more such seg- 
ments (see Jackson & White 1989). A maximum seg- 
ment length of - 2 0  km is supported in a general way by 

geomorphological observations of the continuity of 
range fronts (e.g. Jackson & White 1989, Wallace 1989, 
Crone & Hailer 1991, Roberts & Jackson 1991), but 
segment boundaries cannot always be precisely defined 
or identified in this way and some segment lengths may 
be longer (e.g. De Polo etal .  1991, Machette etal .  1991). 
It is possible that the commonly observed maximum 
segment length of - 2 0  km is related to the thickness of 
the upper seismogenic layer of the crust (Jackson & 
White 1989), which is typically about 15 km, or to the 
maximum down-dip width of the fault within the seismo- 
genic layer (Wallace 1989). In the oceans, where the 
seismogenic thickness can be as great as 40 km, normal 
faulting earthquakes seaward of trenches reach magni- 
tudes of Mw > 8.0 and involve rupture on faults with 
total lengths of several hundred kin. 

The structure and evolution of regions where fault 
segments terminate are of great significance in seismo- 
logy, tectonics, sedimentology and geomorphology. 
Recent attention has focussed on the observation that 
such sites are often where rupture initiates or terminates 
in earthquakes (e.g. Fonseca 1988, Schwartz & Sibson 
1989, De Polo et al. 1991, Zhang et al. 1991). After- 
shocks of large earthquakes often concentrate near such 
terminations, and are usually distributed throughout a 
deforming volume between fault segments, attesting to 
pervasive small scale deformation (e.g. Lyon-Caen et al. 
1988) which can sometimes be seen at the surface (e.g. 
Jackson et al. 1982, Susong et al. 1990). The vertical 
movements and tilting associated with normal faults 
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Fig. 1. Idealized sketch illustrating a large stream system that enters a 
graben through a step in the bounding normal fault segments. These 
streams exploit the natural slope parallel to strike that exists in the en 
6chelon step, as they flow from the footwall of one fault into the 
hanging wall of the other. The sketch does not include the often 
smaller catchments that drain the fault directly, and is not drawn to 
scale, though the offset between fault segments is typically 1-10 km. 

establish drainage patterns that are strongly influenced 
by the continuity of the faulting itself: large alluvial fans 
and fan deltas are often located between offset fault 
segments (Fig. l) ,  since the drainage basins in the 
footwall hinterlands that feed them are usually much 
larger than those responsible for material derived 
directly from the fault-bounded range front (e.g. Leeder  
& Gawthorpe 1987, Roberts & Jackson 1991, Leeder  & 
Jackson 1993). In older inactive basins, such as the 
North Sea, such fans are potential hydrocarbon reser- 
voirs (Harris & Fowler 1987), so an understanding of 
their distribution and evolution is of economic import- 
ance. Roberts & Jackson (1991) and Leeder  et al. (1991) 
examined the drainage patterns associated with active 
normal faults in Greece.  Their studies emphasized the 
two main controls on drainage in that region: the 
strength of the rocks in the footwails and the lateral 
continuity of the fault segments. 

Offsets between fault segments are usually considered 
as static structures: but they must change with time if the 
fault segments grow or decay along strike. Two obser- 
vations require faults to increase their displacement with 
time: (i) the ratio of total displacement to length on 
geological faults is typically in the range 10-3-10-l ;  yet 
(ii) the ratio of the slip to rupture length in an earth- 
quake is much smaller, typically 10-5-10 -4 (Scholz et al. 

1986, Watterson 1986). The first observation suggests 
that faults also grow in length with time. If some faults 
grow, then in order to maintain the earthquake 
frequency-magnitude relation describing the relative 
abundance of small to large faults that are active at any 
one time, other faults must die or decrease their active 
lengths (see Walsh & Watterson 1992). The geometry in 
Fig. 1 could evolve in various ways: the faults could 
simply grow in situ, increasing displacement without 
changing length; they could be growing towards each 
other; or one could be growing at the expense of the 
other. We would like to know how such discontinuities 
evolve with time, but only in exceptional circumstances 
(e.g. Ebinger 1989) are we likely to be able to constrain 
this by conventional geological techniques, as material 

available for dating i11 these continental, often erosional, 
environments is so scarce. 

111 order to look at footwall drainage associated with 
active normal fault systems in continental interiors, 
away from the influence of dramatic base level changes 
associated with Pleistocene sea level fluctuations, we 
chose the Basin and Range Province of the western 
U.S.A. In particular, we focussed on the Central 
Nevada Seismic Belt in which a number of large normal- 
faulting earthquakes produced surface rupture this cen- 
tury, including the 1915 Pleasant Valley earthquake 
(Fig. 2). The historical and Quaternary faults in this area 
have been mapped in detail by Wallace (1977, 1978a,b, 
1984a) and Wallace & Whitney (1984). Our purpose is to 
examine the drainage systems in relation to this faulting, 
particularly in Pleasant Valley. 

GENERAL FEATURES OF THE DRAINAGE 

This paper is mainly concerned with the effects of 
surface deformation and faulting on stream channel 
behaviour, and particularly on whether net incision or 
deposition is taking place. However,  other factors, in- 
cluding footwail rock type, climate and base level 
changes can also have a strong influence on drainage, 
and it is important that these other effects are isolated. 

The footwall rocks in this part of Nevada are mostly 
quartzites, carbonates and igneous rocks of Cambrian to 
Triassic age, with some additional Tertiary lacustrine 
sediments and volcanic rocks. Most are relatively com- 
petent, and rock type does not greatly influence the 
morphology of the fault scarp at the surface (Fonseca 
1988). The influence of rock type on the size of drainage 
basins can be more pronounced, and is discussed below 
and in Leeder & Jackson (1993). 

Pleistocene and Holocene climatic variations have 
caused stream channels to incise or aggrade by varying 
the amount of run-off or sediment supply from catch- 
ment slopes (see e.g. Dohrenwend 1987). Since our 
principle interest was the degree to which footwall- 
derived alluvial fans and streams were incised, we could 
estimate the importance of climatic effects by comparing 
fan systems close to and far from active faults. Large- 
scale incision (i.e. by tens of metres) of footwall-derived 
fans or bajadas occurs only when they are cut by faults 
(e.g. Fig. 3) or are adjacent to areas that have suffered 
dramatic base level changes. Local fan head incision (of 
a few metres), probably caused by peak discharges after 
occasional storms, is quite common regardless of struc- 
tural position. For our purposes, the most significant 
effect of changing climate is the fluctuation in lake levels 
in the region. During the Quaternary north-central 
Nevada contained numerous lakes, whose levels fluc- 
tuated in response to changing climatic conditions. The 
Humboldt  River and Buena Vista valleys were filled by 
Lake Lahontan, and Dixie Valley was occupied by a 
separate lake. The high stands of these lakes occurred 
about 12,000 years ago (e.g. Morrison 1964, Miflin & 
Wheat 1979, Benson & Thompson 1987) and they left 
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Fig. 2. Location map of the Central Nevada Seismic Belt. The regions covered by Figs• 3 and 7 are shown by boxes. S, P, T 
and C are the Sou Hills, Pearce, Tobin and China Mountain fault segments that moved in the 1915 Pleasant Valley 
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many shorelines as their levels declined (Fig. 3). These 
base level changes could potentially have influenced 
drainage by causing the establishment and incision of 
streams that would then have been unable to migrate in 
response to tilting or changes in the configuration of 
faulting. However, in Buena Vista Valley and Dixie 
Valley the shoreline slopes were low and are only incised 
where they coincide with faults (Fig. 3), presumably 
because changes in base level had little effect on stream 
power. This was also the conclusion of Wallace (per- 
sonal communication), and is implicit in some of his 
work (see Fig. 3 and Wallace 1977). 

Alluvial fans are commonly incised in the footwalls of 
faults and we conclude that the degree of incision is 
controlled mainly by structural position relative to faults 
rather than by climate or rock type. In contrast to the 
incised footwalls, the hanging walls of faults are gener- 
ally observed to be areas of deposition (Fig. 3). The 
exceptions to this rule were local fan head incision 
caused by storm outwash, and two localities (which we 
shall discuss below) in Pleasant Valley where incision 
continued across the fault well into the downthrown 
hanging wall. 

GENERAL SETTING OF PLEASANT VALLEY 

Pleasant Valley is a N-S half graben about 50 km long, 
bounded on its east side by the Tobin Range and a 
system of normal faults that dip to the west (Fig. 2). 
Most of the drainage basins in the steep footwails of this 
fault system are relatively small, whereas larger palmate 
basins characterize the gentler slopes of the hanging wall 
in the East Range on the western side of Pleasant Valley 
(Fig. 7). The fault system on the east side of Pleasant 
Valley was activated by an earthquake in 1915 that 
ruptured the surface along four segments in an en 
dchelon right-stepping pattern over a total distance of 
- 6 0  km, with average displacements in the region of 2- 
3 m (Wallace 1984a). The four segments are, from south 
to north: the Sou Hills, the Pearce, the Tobin and the 
China Mountain faults (Fig. 2). The few seismograms 
available for this earthquake suggest that it consisted of 
several discrete sub-events (Doser 1988); an inference 
that is consistent with the segmented fault scarps seen at 
the surface. Pleasant Valley is in a part of the Basin and 
Range Province that is dominated by faults dipping west 
and a regional tilting of Tertiary rocks to the east 
(Stewart 1980a,b). We will first discuss the southern end 
of Pleasant Valley, which is separated along strike from 
Dixie Valley, a half graben of the opposite polarity, by 
the Sou Hills. A discontinuous scarp about 8 km long on 
the west side of the Sou Hills was the southernmost 
segment of substantial faulting in the 1915 earthquake 
(Wallace 1984a). The Sou Hills may be part of a regional 
E-W-trending narrow belt that separates domains with 
different tilt directions (Stewart 1980a, Fonseca 1988, 
Thenhaus & Barnhard 1989). We then discuss the north- 
ern end of Pleasant Valley, where the geomorphology 
contains the clearest evidence of fault propagation. 

PLEASANT V A L L E Y : S O U T H E R N  END 

The southern part of the Pleasant Valley fault system 
is shown in Fig. 4. The Pearce fault, which is the central 
and longest of the four fault segments that moved in 
1915, follows the abrupt edge of the Tobin Range front 
for much of its length and dies away in the south as the 
range front loses elevation. The southern end of the 
Pearce fault segment partially overlaps an older fault 
segment situated 2.5 km farther east (marked F in Figs. 
4a and 7) and which also dips west. The topographic step 
in the footwall of the Pearce fault coincides with the 
emergence of Wood Canyon into Pleasant Valley. The 
1915 surface ruptures on the Pearce fault continue 4-5 
km south of Wood Canyon, but become discontinuous, 
smaller in offset, and distributed over an area 3 km wide. 
The northern end of the 1915 Sou Hills scarp begins near 
the southern end of the Pearce scarp, but is situated 4 km 
to the west. The Sou Hills form a basement high separat- 
ing Pleasant Valley from Dixie Valley to the south. 
Fonseca (1988) points out that the elevations of the 
Tobin, Stillwater and East Ranges all decrease towards 
the latitude of the Sou Hills (Figs. 5 and 8). Between the 
Pearce and Sou Hills scarps lies Spring Creek, the axial 
drainage stream of Pleasant Valley, which flows south 
into Dixie Valley. 

There are two anomalous features of the drainage in 
the southern part of Pleasant Valley that require expla- 
nation, related to Wood Canyon and Spring Creek. 
Wood Canyon is by far the most dramatic canyon to 
discharge across the southern end of the Pearce scarp, 
and is the only canyon that has incised across the hanging 
wall, from the scarp to the axial stream of Spring Creek 
(Figs. 4 and 5). The presence of a large stream in the step 
between the two fault segments that bound the Tobin 
Range front is not a surprise (see Fig. 1), but its incision 
into the hanging wall of the fault is clearly anomalous, as 
most streams show incision only in the footwalls (e.g. 
Fig. 3). Spring Creek is anomalous because it flowssouth 
as an axial stream between the Pearce and Sou Hills 
scarps, whereas the natural slope generated by the 
faulting would dip north, passing from the uplifted 
footwall of the Sou Hills fault to the subsiding hanging 
wall of the Pearce fault. 

Spring Creek, the Sou Hills and the origin of transverse 
basement ridges where fault systems change their 
polarity, of dip 

The Sou Hills occupy an important structural position 
in a region where the polarity of the major normal faults 
changes from W-dipping in Pleasant Valley to E-dipping 
in Dixie Valley. The Sou Hills themselves consist of 
Tertiary lake sediments and volcanic rocks, generally 
tilted to the east (Nosker 1981). The fact that they occupy 
a region towards which the elevations of the Stillwater, 
Tobin and East Ranges decrease and the depths of half 
graben in Dixie and Pleasant Valleys become shallower, 
suggests that the displacements on the major range- 
bounding faults also decrease (Figs. 5 and 8) 



B
ue

na
 

V
is

ta
 

.."
 

pl
ay

a 

| 
vi

ew
 o

f 
"1

 F
ig

. 
3a

 
o"

 : 
/ 

g 
°o

 
i .• 

e !
 

• g
° 

ot
he

r 

(c
) 

<
,.

,/
 

, 

Ii
 

['
~

 
."

 

in
ci

se
d 

ba
ja

da
 

be
tw

ee
n 

E
as

t 
R

an
ge

 
an

d 
fa

ul
t 

bO
 

a~
 

hi
gh

es
t 

L
ah

on
ta

n 
sh

or
el

in
e 

0 
km

 
5 

Fi
g.

 3
. 

F
au

lt
s 

an
d 

sh
or

el
in

es
 in

 B
ue

na
 V

is
ta

 V
al

le
y.

 (
a)

O
bl

iq
ue

 a
ir

 p
ho

to
gr

ap
h 

of
 a

 f
au

lt
 o

n 
th

e 
no

rt
hw

es
t f

la
nk

 o
ft

he
 S

ti
ll

w
at

er
 R

an
ge

, 
by

 K
it

te
n 

S
pr

in
gs

 (s
ee

 F
ig

. 2
 f

or
 lo

ca
ti

on
).

 T
he

 p
ro

m
in

en
t 

sc
ar

p 
(F

) 
w

it
h 

in
ci

se
d 

dr
ai

na
ge

 in
 th

e 
up

li
ft

ed
 b

aj
ad

a 
of

 th
e 

fo
ot

w
al

l i
s 

a 
fa

ul
t,

 w
hi

ch
 is

 e
ro

de
d 

ba
ck

 in
 it

s 
so

ut
he

rn
 (

ri
gh

t)
 p

ar
t b

y 
L

ak
e 

L
ah

on
ta

n 
sh

or
el

in
es

 (S
) 

th
at

 f
or

m
 th

e 
su

bd
ue

d 
sc

ar
ps

 in
 th

e 
fo

re
gr

ou
nd

. 
T

he
 s

ho
re

li
ne

s 
ar

e 
no

t 
in

ci
se

d 
on

 t
he

ir
 h

ig
he

r 
si

de
s,

 e
xc

ep
t 

w
he

re
 t

he
y 

co
in

ci
de

 w
it

h 
th

e 
fa

ul
t.

 N
ot

e 
th

e 
po

st
 h

ig
h 

st
an

d 
de

po
si

ti
on

 i
n 

th
e 

ha
ng

in
g 

w
al

l o
f 

th
e 

fa
ul

t w
hi

ch
 h

as
 lo

ca
ll

y 
ob

sc
ur

ed
 t

ra
ce

s 
of

 th
e 

sh
or

el
in

e 
te

rr
ac

es
. 

V
ie

w
 is

 to
 t

he
 s

ou
th

ea
st

. 
P

ho
to

gr
ap

h 
by

 R
. 

E
. 

W
al

la
ce

. 
(b

) 
L

A
N

D
S

A
T

 i
m

ag
e 

of
 th

e 
pa

rt
 B

ue
na

 V
is

ta
 V

al
le

y 
sh

ow
n 

in
 (

a)
. 

S
ee

 F
ig

. 
2 

fo
r 

lo
ca

ti
on

. 
(c

) 
S

ke
tc

h 
m

ap
 o

f 
th

e 
re

gi
on

 c
ov

er
ed

 i
n 

(b
).

 

~7
 

5"
 

0"
Q 0
 B 



J.  JACKSON a n d  M .  LEEDER 

o~u~ H u~.qo£ ~ I'~ ~'1 . S ' "  
-~ I .-= ~1 --" 

c ~ , .  I ~'~1 - ' -  "~ __ _ sII!H n o s  

x 

7~ 

Y. 

co 

va 

o 

>~ 

o~u~ aoo.~iiP. S 

e~ 

o 

.E 

E 

E 

T_ 

1046 



D r a i n a g e  sy s t ems  a n d  n o r m a l  fau l t s  

fault F 

Clan Alpine Range Stillwater 
~Dixie  Valley Range 

Sou Hills ~ 
1 gorge~ ,I 

Fig. 5. (a) Oblique air photograph and (b) a sketch looking south over the southern end of Pleasant Valley. Notice the 
gradual loss of elevation of the footwall of the Pearce fault segment, the incised course of Wood Canyon, and the incised 

toes of the alluvial fans bordering Spring Creek (see also Fig. 4). 
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sediments (estimated from gravity measurements), showing that both these decrease towards the Sou Hills (adapted from 
Fonseca 1988). 

(Fonseca 1988). Transverse intra-basin highs of this sort 
are commonly located near segment offsets in range- 
bounding faults (e.g. Wheeler 1989, Crone & Hailer 
1991) or where a half graben system changes polarity 
along strike (e.g. Rosendahl et al. 1986, Ebinger 1989). 
It is probable that displacement on the major range- 
bounding faults decreases towards such regions (Fon- 
seca 1988, Wheeler 1989, Crone & Hailer 1991). We 
suspect that as the displacement dies out, the depth to 
which the fault penetrates becomes shallower (see e.g. 
Gibson et al. 1989), and that this allows the ends of major 
faults with opposing dip to overlap at the surface without 
intersecting at depth (Fig. 9a). Yet we doubt whether 
there is a significant difference between the amount of 
regional extension at the latitude of the Sou Hills and 
that to the north in Pleasant Valley or to the south in 
Dixie Valley. In other words, in the region of the 
basement high the slip deficit on the major faults must be 
made up on other smaller faults. The southern end of the 
Pearce scarp splays into a series of minor faults, and the 
1915 Sou Hills scarp is just one of at least four to six 
relatively minor scarp-bounding faults at that latitude 
over a width of about 25 km (Figs. 4 and 7). This 
contrasts with central Pleasant Valley, bounded by the 
much higher range front along the Pearce scarp, where 
the next significant fault to the west is along the western 
side of the East Range in Buena Vista Valley, -25  km 
away (Fig. 2). 

The increased density of faulting at the ends of fault 
segments and where half graben systems change polarity 
is likely to influence the vertical motions that accompany 
the faulting. In a region of simple large half graben 
structures the depths of basins and elevations of the 
main ranges are controlled largely by tilting and fault 
spacing (Jackson et al. 1988, Yielding 1990). In the 
simplest model of all, in which the fault-bounded blocks 
of present dip 0 rotate like dominoes, the amount of 
extension (fl) is related directly to the tilting (~), since 
fl = sin (0 + ~)/sin 0 (see e.g. Jackson & MeKenzie 
1983). The total elevation between crest and trough of 
the half graben is h = (Wsincp)/f l ,  where W is the 
current horizontal spacing between the faults. The crests 
and troughs are a height h/2 above and below the 
average topographic level, which should be the same 
everywhere for regions of equal extension. These re- 
lations are illustrated in Fig. 9(b). Where the faults are 
closely spaced, the heights of the crests and troughs 
above and below the average level are much less than if 
the faults are widely spaced. If, therefore, segment 
offsets and accommodation zones achieve the same 
extension as their adjacent major half graben, but do so 
by more closely spaced faults, we would expect these 
zones to form transverse basement highs (or ridge crest 
lows). The size of this effect is easily calculated. As an 
illustration, let us assume that the faults dip at 45 ° 
(Doser 1986, Doser & Smith 1989) and that the tilt 
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Fig. 9. (a) On the left is a plan view showing faults of opposing dip getting shallower towards their ends in a region where 
the half-graben polarity changes. The projection of the zero displacement contour to the surface is shown by dashed lines. 
On the right is a cross-section through the region of overlap (C-D), showing that because the faults are shallow they do not 
intersect at depth. Their depth penetration increases as their displacement increases away from their terminations (sections 
A-B and E-F). (b) Cross-sections illustrating the idealized saw-tooth topography associated with rotating faults, showing 
that for a given extension (i.e. amount of tilting) the amplitude is smaller for small fault spacing (thin lines) than for the large 
fault spacing (thick lines); see text. 0 is the present fault dip, ~0 is the amount of tilting. W (the present fault spacing) and h 

(the crest-to-trough amplitude) are identified for the wide blocks. 
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associated with this faulting is 10 ° (a common dip for the 
Tertiary basalts in the region). The extension, fl, is then 
1.16. The crest-to-trough height, h, is then -700 m if 
W = 5 km (Sou Hills), or -3500 m if W = 25 km (central 
Pleasant Valley). The height of the basement ridge 
would thus be -350 m above the average level compared 
to -1800 m for the range crests in the main half graben. 

It is probably accidental that these values are so 
similar to those in Fig. 8. Even allowing for uncertainty 
in 0 and $, the model in Fig. 9(b) is unrealistic in several 
ways. The vertical movements are modified by sediment 
loading (Jackson et al. 1988), which may be three- 
dimensional on these length scales, and by erosion. The 
faulting in the region where the half grabens change 
polarity is not as simple as illustrated in Fig. 9(b): the 
faults are probably not all parallel with the same dip and 
tilt, and some faults dip the other way, breaking up the 
coherence of the tilted blocks. The virtue of the model in 
Fig. 9(b) is that it is simple. It allows an order-of- 
magnitude estimate of the relative elevation between 
the basement ridge and the adjacent large half graben. It 
also draws attention to two effects: (i) basement highs 

are expected in regions where the main faults change 
polarity if the amount of extension across them is the 
same as in the adjacent half graben; and (ii) the widest 
half graben should also be the deepest. The implications 
of these effects are important. Intra-basin highs are 
potential barriers to axial drainage, depending on 
whether sedimentation in the main half graben is able to 
keep pace with the relief created by faulting. Pleasant 
Valley is both narrower (~8 km) and at higher elevation 
(-1340 m) than northern Dixie Valley ( -20  km wide 
and -1066 m elevation), suggesting that the sedimen- 
tation rate in Dixie Valley is insufficient to eliminate the 
difference in elevation between it and Pleasant Valley. 
In pluvial Late Lahontan times, the highest lake shore- 
lines in Dixie Valley (which formed an isolated lake) 
were at only 1100 m elevation (Mifflin & Wheat 1979), 
well below the elevation of Pleasant Valley. Thus three 
possible reasons for Spring Creek draining south into 
Dixie Valley rather than internally into Pleasant Valley 
are: (a) sedimentation in Pleasant Valley was always 
sufficient to keep it filled to the level of the basement 
ridge so that axial drainage could reach Dixie Valley; 
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(b) the axial drainage of Pleasant Valley was captured 
by Dixie Valley; and (c) Spring Creek is the descendant 
of a south-flowing antecedent stream that formed before 
the onset of the present faulting. 

The incision of Wood Canyon into the hanging wall of 
the Pearce scarp is related to the behaviour of Spring 
Creek. Spring Creek has a gentle gradient in central 
Pleasant Valley, losing only 90 m in height over 25 km 
along the main stretch of the Pearce scarp (between 
points A (1400 m) and B (1310 m) on Fig. 7). Over the 
11 km between point B (Fig. 7) and the narrow gorge cut 
in Triassic limestones at C (elevation -1195 m) through 
which it enters northern Dixie Valley, Spring Creek 
drops -120 m and has incised the alluvial sediments 
through which it flows. The gentle slope of Spring Creek 
in central Pleasant Valley, and its incision in the south 
suggests that it may have been captured from the south, 
though some of the incision may be because it flows in 
the uplifting footwall of the Sou Hills scarp. The lower- 
ing of Spring Creek has also caused marked incision of 
its tributaries (Fig. 4). The tributaries are mostly incised 
only into the toes of the alluvial fans where they meet 
Spring Creek, presumably because the discharge from 
these streams is minor or the incision has not operated 
for long. Only Wood Canyon itself has incised deeply all 
the way up to the Pearce scarp, probably a consequence 
of its much greater discharge and catchment area than 
the other streams. 

PLEASANT VALLEY: NORTHERN END 

At the northern end of Pleasant Valley both the 
Pearce and Tobin fault scarps closely follow their re- 
spective range fronts (Fig. 6). The 1915 surface rupture 
at the northern end of the Pearce scarp dies out as the 
topography in its footwall dies out. The southern end of 
the 1915 ruptures on the Tobin scarp overlap the 1915 
Pearce scarp ruptures by about 2 km. The morphological 
expression of the Tobin fault segment continues 4-5 km 
south of the 1915 ruptures, but this part of the Tobin 
fault did not break the surface in 1915 (Wallace 1984a) 
(F ig.  10). 

The drainage in the overlap of the Pearce and Tobin 
scarps is quite unlike what is expected in the simple 
cartoon of Fig. 1. There is no drainage flowing parallel to 
the strike of the fault segments, making use of the along- 
strike gradient as it passes from the footwall of one 
segment to the hanging wall of the next, nor is there a 
single large stream and drainage basin analogous to 
Wood Canyon farther south. Instead all the streams 
here have small elongate drainage basins and flow per- 
pendicular to strike (Figs. 6, 7 and 10). North of the 
overlap is a regular bajada surface (see Wallace 1978a) 
that, farther south, is uplifted into the region of the 
overlap itself (Fig. 11). In the northern part of the 
bajada, north of the Pearce scarp and adjacent to the 
Tobin scarp, the streams are not incised, except locally 
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Fig. I 0. (a) & (b) Detailed maps of the region where the Pearcc and Tobin fault segments overlap (scc Fig, 7 for location) 
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Fig. 11. Cross-section parallel to strike in the overlap between the Pearce and Tobin fault scarps (see Fig. 10a for location). 

at their heads. However, the two streams immediately 
north of the Pearce scarp itself (the north and south 
forks of Cherry Creek, marked A and B in Fig. 10) are 
markedly incised in the hanging wall of  the Tobin scarp 
to a point about 500 m west of the projected continuation 
of the Pearce fault segment. Recall that nowhere else 
(except for the obviously special circumstances of Wood 
Canyon) does fan incision occur in the immediate hang- 
ing walls of faults. The streams crossing the Pearce scarp 
itself show a clear progression from north to south. All 
streams in the footwall are deeply incised. The two 
northernmost streams (C and D in Fig. 10) have 
previously-incised channels in the hanging wall that are 
now depositional and infilling (Fig. 6b). Farther south in 
the hanging wall of the Pearce fault segment the chan- 
nels feed alluvial fans with limited fan head incision, 
which become progressively larger and eventually 
coalesce. 

Fault growth ? 

Our preferred interpretation of these observations is 
as follows. The streams in the hanging wall of the Tobin 
scarp immediately north of the northernmost 1915 rup- 
tures on the Pearce scarp are incised because they are 
being uplifted as a result of slip on the buried northward 
continuation of the Pearce fault segment. Since displace- 
ment contours on faults, including the zero displacement 
contour or tip line, are often approximately elliptical 
(e.g. Gibson et al. 1989, Walsh & Watterson 1989), it is 
probable that, at depth, the 1915 rupture on the Pearce 
segment continued a little northward of the surface 
ruptures without breaking the surface. The surface de- 
formation above this buried part of the fault is a slope or 
monocline rather than a discontinuity, and stream inci- 
sion continues slightly into the hanging wall of the 
projected Pearce fault (Figs. 6 and 10). We have insuf- 
ficient data to calculate true displacement contours on 
the Pearce fault, but the effect of the monocline above a 
buried fault is illustrated in Fig. 12. As the top of the 
fault (the zero-displacement contour) becomes deeper, 
the lowest point on the subsiding valley floor migrates 
into the projected hangingwall; so does the point of 
inflection on the monocline gradient, which is roughly 
the point to which incision of the drainage will occur. 

We think the northern tip of the Pearce fault segment 
is propagating northward (see also Cowie & Scholz 
1992b). As it does so, the surface ruptures also propa- 

, ,  top of fault: 0 m 
x 

x 
\ 

il " - ,  top of fault: -1000 m 
\ 

: \ 

i 

" x  

x 

x 
\ 

,m L _  = = o =  
\ 

x 10 km 

Fig. 12. Cross-sections to illustrate the surface deformation (thick 
line) associated with slip on a buried normal fault (dashed line). The 
surface deformation is vertically exaggerated (see 1 m scale bar), but 
the normal fault is shown at its true dip of 45 ° . The bottom of the 
normal fault is at 15 km, but the top varies from 0 m (cutting the 
surface) to -3000 m (3 km depth).  Profiles are calculated for uniform 
slip of 1 m on an infinitely long fault embedded in an elastic half space, 
and are aligned where the fault projects to the surface. The calcu- 
lations obviously represent a gross simplification of the situation at the 
end of the Pearce fault segment, but illustrate the general principal: as 
the fault is buried, the discontinuity at the surface (top profile) changes 
to a monocline, and the point of maximum subsidence migrates into 

the hanging wall. 

gate north and cut the monocline. The uplift in the 
projected hanging wall now becomes subsidence in the 
actual hanging wall, and the incised channel begins to 
aggrade, while the part of the stream that remains in the 
footwall incises deeply. As the Pearce fault propagates 
north in this way it uplifts the bajada, incorporating it 
into the footwall and causing the inherited streams to 
downcut rapidly. This evolution is illustrated in Fig. 13, 
and will lead to the topographic profile in Fig. 11, in 
which the old bajada surface is recognizable as the ridge 
crests between the streams in the footwall of the Pearce 
fault. The dominance of the effects of the Pearce fault 
segment suggests that the Tobin fault segment is less 
important in the region of the overlap: i.e. that it moves 
less frequently or that its active southern tip is migrating 
northwards. 

The sequence of events described above explains the 
drainage observations in a simple way and is consistent 
with the important geological observation that the 1915 
ruptures on the Tobin fault do not extend as far south as 
the pre-1915 surface ruptures (Wallace 1984a), which in 
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Fig. 13. Sketch of stream and fan evolution in the region where the Pearce and Tobin fault segments overlap. The dashed 
line indicates that the edge of the Pearce fault continues underground north of where it terminates at the surface. Streams X, 
Y and Z are all incised in the hanging wall of the Tobin fault. Stream X is also incised a few hundred metres into the 
projected hanging wall of the Pearce fault (i.e. beyond where it terminates at the surface) and produces a depositional lobe 
where incision ceases. Stream Y was once incised, but now is depositional and has a flat bottom in the hanging wall of the 
Pearce fault. It produces a depositional lobe at the end of the originally incised channel. Stream Z has constructed a fan 
adjacent to the fault scarp, presumably having buried the earlier stages in its evolution represented by streams X and Y. 

Compare with the view in Fig. 6(b). 

turn do not extend as far south as the morphological 
expression of the fault. 

One other feature of the drainage system might be 
related to the northward propagation of the Pearce fault 
segment. Halfway along the Pearce scarp are two abnor- 
mally large catchments feeding Golconda Canyon and 
Bushee Creek (Figs. 6 and 7). Both catchments are 
several times larger than those feeding the other canyons 
that cross the Pearce scarp. Their large size may be 
related to the rock type in their hinterland, which is 
partly Tertiary andesite rather than the Ordovician 
greenstones, cherts and argillites to the north and the 
Triassic carbonates to the south. Another possible ex- 
planation for their large size is that they originated as 
major stream systems flowing round the ends of the 
Tobin and Pearce faults, before the Pearce segment 
began to propagate northwards (Fig, 14). If this were so, 
the original Pearce segment would have been about 
15 km long, rather than the 30 km it is now. This is not a 
strong argument, but is a plausible consequence of the 
northward propagation of the Pearce scarp, for which 
the evidence is more convincing. 

Table 1. The number of earthquakes (N) and the incremental in- 
crease in fault length (6L) per earthquake associated with a 10 km 
increase in length of the northern end of the Pearce fault. Estimates 
are based on the uplifted bajada surface or theoretical growth models 

of Cowie & Sholz (1992b) and Walsh & Watterson (1988) 

6L 
N (m) 

Bajada surface 200-300 5(I-30 
Cowie & Scholz (1992b) 270 45 
Walsh & Watterson (1988) 222-444 45-23 

Assuming our hypothesis that the Pearce fault seg- 
ment has propagated north is correct, we can say little 
about its likely rate of propagation. The bajada surface 
that is uplifted between the Pearce and Tobin scarps is of 
unknown age: in Nevada such features may be up to a 
million or more years old (Wallace 1978a). We may 
make an approximate minimum estimate for the age of 
the bajada on the west side of the Tobin scarp as follows. 
The mean Hoiocene deposition rate in the area is around 
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Fig. 14. Sketch showing the hypothetical positions of Golconda 
Canyon and Bushee Creek before northward propagation of the 

Pearce fault segment. 
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0.05 mm year -1, estimated from the thickness of pied- 
mont sediments (Wallace 1984a,b) that overlie the 6850 
year old Mazama ash (Bacon 1983). There are at least 
20 m of alluvium overlying bedrock in the incised parts of 
the bajada, indicating a minimum age of around half a 
million years for construction of the depositional sur- 
face. At the southern end of the profile in Fig. 11 the 
bajada is uplifted about 600 m. This uplift would require 
about 200-300 earthquakes similar to the 1915 event on 
the Pearce fault (assuming that movement on the adjac- 
ent Tobin fault has no counter-effect), during which time 
the Pearce fault propagated about 10 km. In other 
words, the propagating tip of the Pearce fault segment 
would advance about 50 m in each earthquake. The 
average return time of earthquakes on the Pearce seg- 
ment is not known, but from limited trenching is prob- 
ably measured in thousands (Bonilla et al. 1984) or even 
tens of thousands of years (Machette, personal com- 
munication 1992), so that 200-300 earthquakes could 
require at least 1-2 million years to occur, and the 
propagating tip would travel at an average velocity of up 
to - 1  cm year -x. Alternatively, we can attempt to 
estimate time scales from regional considerations. If the 
long-term slip rate on the fault is fi, and the approximate 
slip in each earthquake is if, then the time needed for N 
earthquakes to occur is ~N/~. The total extension rate 
across the Basin and Range Province is the order of 10 
mm year -1 (Minster & Jordan 1987), some of which 
occurs on the eastern (Wasatch) and western (Sierra 
Nevada) margins. Probable long-term slip rates on the 
Central Nevada Seismic Belt faults are the order of 1 mm 
year -1, so that if ff is - 3  m (Wallace 1984a) then 300 
earthquakes would require about 900,000 years to occur. 
This analysis is speculative, and contains a number of 
assumptions that are questionable. The most important 
is that the Pearce fault segment moves in 'characteristic' 
earthquakes (i.e. the whole fault moves at once, and not 
portions of it in smaller earthquakes) that occur regu- 
larly rather than cluster in time. Such estimates of 
propagation rates or fault growth in each earthquake are 
only likely to be good to an order of magnitude, at best. 
Nonetheless, they seem to us to be reasonable. For 
instance, the end of the 1915 surface rupture on the 
Pearce scarp is roughly coincident with the end of the 
topographic expression of the pre-existing fault: one is 
not obviously (by more than about 200 m) in front of or 
behind the other. A propagation rate of around 50 m per 
earthquake would produce this effect (i.e. be difficult to 
recognize on the ground): a rate that was an order of 
magnitude greater would be easily recognizable. In the 
next section we compare these estimated growth rates 
with theoretical models of fault growth. 

The most important feature of this locality is that the 
Pearce fault segment produces uplift that is sufficiently 
rapid for the streams in its footwall to incise rather than 
make use of the natural slope parallel to strike (Fig. 11) 
as would be expected in an en 6chelon fault step (Fig. 1). 
This observation requires the streams crossing the 
Pearce scarp to be antecedent, and suggests that in the 
region of the fault step the Pearce scarp is younger than 

the Tobin scarp. In this sense the Pearce fault has 
propagated into this region. However, can we dis- 
tinguish an incremental northward propagation of the 
northern tip of the Pearce fault (as we have assumed 
above) from the steady in situ increase in total displace- 
ment of the Pearce fault segment north of Golconda 
Canyon without a change of length? Our interpretation 
that the fault tip propagates northwards relies on the 
progression, from north to south along the Pearce scarp 
of: (i) incised stream channels (A and B in Fig. 10) in 
both the projected footwall and hanging wall sides, 
ahead of the surface outcrop of the tip of the fault; 
(ii) previously-incised stream channels (C and D in Fig. 
10), which are now depositional and infilling, in the 
hanging wall of the Pearce scarp surface rupture at its 
northernmost end; and (iii) the growth of alluvial fans 
and presumed burial of the once-incised channels far- 
ther south. We interpret these observations as resulting 
from the incremental propagation of the surface rupture 
on the Pearce fault northwards. Were it not for these 
observations, it would be difficult to distinguish our 
hypothesis that the northward tip propagates from the 
hypothesis that the fault grows in total displacement 
without any change in length. An interesting feature of 
Figs. 6(a) and 10 is that the two streams immediately 
north of the Pearce scarp, which are incised into the 
bajada, are convex towards the north, suggesting that 
they may have migrated and incised in response to 
deformation at the fault tip. This is compatible with both 
hypotheses outlined above, but if the streams south of 
the fault tip are also convex northwards, this would 
favour the propagating fault tip hypothesis. There are 
only five major streams that flow from the Tobin scarp 
directly across the Pearce scarp (Fig. 6 a) and the three 
northern ones are all convex towards the north, but we 
do not think the signal so clear as to be conclusive. 

Growth at the southern end of the Pearce fault 

The situation at the southern end of the Pearce fault 
segment (Fig. 4) resembles in some ways that at the 
northern end. The 1915 faulting extends south beyond 
Wood Canyon, with streams in its footwall that are 
incised across the piedmont in the hanging wall of an 
apparently less active fault (marked F in Fig. 4a) to the 
east. The hanging wall of this less active scarp (F) 
consists of coalesced alluvial fans, but with a less regular 
surface than the bajada at the north end of the Pearce 
fault. The incision of these fans suggests that the Pearce 
fault segment is more active than the fault (F) in the east, 
and may have propagated south from a previous termin- 
ation at Wood Canyon. 

DISCUSSION 

Compatibility with growth models 

Several recent studies have addressed the problem of 
fault growth (e.g. Watterson 1986, Walsh & Watterson 
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1988, Cowie & Scholz 1992a,b,c, Gillespie et al. 1992). 
All agree that some relation exists between the maxi- 
mum displacement D on a fault and its length L, of the 
form D oc L ~, though they differ on the value of n. By 
selecting observations of D and L over several orders of 
magnitude, Watterson (1986) proposed that D 3c L 2 
whereas Marrett  & Allmendinger (1991) and Gillespie et 
al. (1992) suggested that D oc L 1.5. Cowie & Scholz 
(1992c) suggested that D oc L, but also that the relation- 
ship for large faults (which penetrate the entire upper 
seismogenic crust) may differ from that for smaller 
faults. Cowie & Scholz (1992b) also present a theoretical 
model of fault growth supporting their belief that n = 1. 
Whatever the true value of n, it is because a relationship 
of this sort exists that as a fault grows in displacement by 
repeated earthquakes it should also grow in length: 
there is no observational or theoretical basis for sugges- 
ting that in situ increase of displacement without accom- 
panying increase in length is an important process. 

Differing models exist to describe the growth in fault 
length. Watterson (1986) and Walsh & Watterson 
(1988) proposed an empirically-derived arithmetic 
growth law to explain their non-linear relationship be- 
tween D and L, in which displacement increases by a 
constant amount in each earthquake, independent of 
fault length. By contrast, Cowie & Scholz (1992b) de- 
rived a growth law from arguments based on fracture 
mechanics in which the increase in displacement is 
linearly related to fault length: this law is compatible 
with n = 1 but not with n = 2. In the previous section we 
used the uplifted bajada surface at the northern end of 
the Pearce fault segment (Fig. 11) to estimate that this 
fault is growing at a rate of about 50 m per earthquake, 
and has taken about 200-300 earthquakes (and possibly 
1 - 2  million years) to propagate 10 km. It is instructive to 
compare these estimates with growth rates predicted 
from theoretical models. 

Cowie & Scholz (1992b) give an expression (their 
equation 22) indicating the number of earthquakes (N) 
required to increase the length of a fault from an initial 
value Lo to a length L: 

N -  logL/L~ (1) 
log (1 + a/y) 

where a is the ratio of the mean slip during an earth- 
quake to the rupture length and }, is the ratio of the mean 
accumulated displacement on a fault to its length. The 
ratio r -- ct/y is the proportional increase in fault length 
during each earthquake. The expected value of a is 
about 5 x 10 -5 for continental earthquakes (Scholz 
1982), and the expected value of y for faults of length 
~30 km is - 1 0  -2 (fig. 3 of Cowie & Scholz 1992c, 
assuming that mean displacement is about half the 
maximum displacement). The ratio r is then ~1.5 x 
l0 -3 or 0.15%: thus the Pearce fault segment, currently 
~30 km long, would be expected to grow by 45 m per 
earthquake. If we consider the propagation of the last l 0 
km of the northern end of the Pearce scarp (Fig. I l),  
then L/Lo ~ 3/2, and the expected number of earth- 
quakes required to achieve this growth is 270. The 

closeness of these numbers to our predictions using the 
uplifted bajada surface is fortuitous: they are critically 
dependent on the value of r. However,  if we take the 
observed value of 10 x 10 -~s for a on the Pearce scarp in 
the 1915 earthquake (i.e. 3 m displacement over 30 km 
length: Wallace 1984a), and estimate the maximum 
throw (D) on the Pearce fault from the elevation of the 
footwail ( -  1000 m) and the thickness of sediments in the 
hanging wall (also - 1000 m from gravity measurements: 
Fig. 8 and Fonseca 1988), so that 7 - 6.7 × 10 -2, then r 
is unchanged at 1.5 x 10 _3 or 0.15%. The increment of 
growth in the last earthquake and the number of earth- 
quakes necessary for the 10 km growth also remain 
unchanged. 

In Walsh & Watterson's (19881 arithmetic growth 
model, the increment of slip a between successive earth- 
quakes is given by (their equation A3): 

u;i a . . . . . . .  (2) 
2D 

where u,, is the slip in the last earthquake and D is the 
maximum displacement on the fault. If we take u,, = 3 m 
in the 1915 earthquake and D = 2 km (from above), then 
a = 2.25 mm. The number of earthquakes (N) required 
for the fault to grow from length L0 to L is: 

,\ = [-~ (L -- L0). (3) 
a 

If we take the expected value for (x of 5 x 111 --5 (Scholz 
19821, then the number of earthquakes required to 
propagate the fault 10 kln is 222. Using the observed 
value of 10 x 10 .5 for c~ from the 1915 earthquake 
increases this number of earthquakes to 444. The in- 
cremental increase in fault length per earthquake is a/a, 
i . e . 4 5 m i f a = 5 ×  10 S o r 2 3 m i f a = 1 0 x  10 .5 . Once 
again these numbers are similar to the estimates ob- 
tained earlier from the uplifted bajada surface. 

The two theoretical growth models of Walsh & Wat- 
terson (1988) and Cowie & Scholz (1992b) give similar 
estimates for propagation rates at the northern end of 
the Pearce scarp to those obtained from the uplifted 
bajada surface in Fig. 11, in which we simply assumed 
that earthquakes repeated with an average displacement 
of about 3 m, as in 1915. Our assumption of a constant 
displacement in each earthquake is a simplification: we 
expect the average displacement to have increased as the 
fault grew, from - 2  m when the fault was 20 km long to 
the - 3  m observed in 1915. But this effect does not 
change our estimate that 200-300 earthquakes were 
needed to uplift the bajada surface. These estimates are 
all compared in Table 1, but the reader should not be 
misled by their apparent close agreement: they agree to 
an order of magnitude, but all are very dependent on 
their conceptual models and the values chosen for ct, ~,' 
and D. The only important difference between them is 
that the theoretical models of Waish and Watterson 
(1988) and Cowie & Scholz (1992b) predict how faults 
the size of Pearce fault segment should grow, whereas 
the estimate from the uplifted bajada is based, albeit 
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naively, on observations. Clearly, there is nothing in the 
observations we have presented that favours one theor- 
etical model over another. 

Episodic fault activity and growth 

Suppose the Pearce fault segment has indeed grown 
from a position in which its northern end was at Gol- 
conda Canyon and its southern end was at Wood 
Canyon. These large canyons and drainage basins were 
then located at fault segment terminations, in a situation 
that resembles the sketch in Fig. 1. The size of these 
catchments relative to the others suggests that their 
structural position was fixed for some time. This implies 
that the Pearce fault segment may have grown episodi- 
cally and that periods of quiescence occurred during 
which the large drainage systems at the fault termin- 
ations became established. Fault growth and propaga- 
tion may then have taken place quite rapidly, producing 
the portion of the Pearce fault north of Golconda 
Canyon in only 1-2 Ma. The deep canyons at the former 
fault terminations have not been able to change their 
courses in response to renewed vertical motions and 
tilting, and kept their position as the fault terminations 
propagated past them. The notion that the faulting 
occurs in episodes that switch from one locality to 
another in the Basin and Range is not new: it was 
proposed by Wallace (1978a, 1984b, 1987, 1989), partly 
to account for variations in the appearance of fault- 
bounded range fronts, Thus large canyon systems be- 
tween fault segments (as in Fig. 1) may indicate that 
those faults have experienced a period of inactivity. If 
fault activity were to cease at the northern end of the 
Pearce segment, the natural slope along strike between 
the Pearce and Tobin scarps (Fig. 11) will presumably 
lead to capture of the existing drainage basins and 
formation of a single big canyon similar to Wood 
Canyon. 

If the Pearce scarp has grown from an initial length 
between Wood and Golconda Canyons, it has grown 
more to the north (12 km) than to the south (6 km). 
Simple theoretical models imply a symmetric growth of 
the fault surface, but this is not necessarily required by 
observations of displacement contours on fault surfaces, 
which sometimes display asymmetry (e.g. Walsh & 
Watterson 1989, Gibson et al. 1989). Propagation of the 
southern end of the Pearce fault may be inhibited by 
entering a zone of distributed faults that accommodates 
a change in the polarity of the major half graben. 

CONCLUSIONS 

It is clear that the vertical motions and tilting that 
accompany normal faulting must influence the drainage 
in faulted regions. Axial drainage between basins may 
be controlled by basin width: in simple half-graben 
terrains the deepest basins should also be the widest. 
Basins that are adjacent along strike may be separated 
by transverse basement highs for the simple reason that 

the distributed minor faulting where faults step en Eche- 
lon or change polarity generates less relief between 
footwalls and hangingwalls than do the single major 
faults that bound the main half graben. Whether the 
axial drainage will be able to pass the transverse base- 
ment barriers, and hence determine whether the basin 
will be a net source or a sink of sediments, will depend on 
whether the sediment flux itself is able to maintain the 
valley floor to the height of the sill. 

En Echelon steps between fault segments are often the 
sites of major drainage basins and alluvial fans. In 
northern Pleasant Valley, where this is not the case, we 
argue that it is because one fault segment is growing in 
length faster than the drainage is able to respond. At the 
southern end of Pleasant Valley, Wood Canyon issues 
from a prominent fault step, but the 1915 surface rup- 
tures continued beyond it, perhaps indicating a south- 
ward growth of the Pearce fault segment. These large 
canyons and their catchments presumably take time to 
form, and may do so in periods of relative inactivity. 
Thus whether we currently see a large drainage system in 
a fault step may depend on the current state of activity 
on the fault system. In Pleasant Valley we may be 
witnessing a spectrum of fault activity indicated by 
drainage development: from the Pearce-Tobin segment 
overlap in the north (a rapidly growing fault), through 
Wood Canyon in the south (more recently or slowly 
growing), to Golconda Canyon in the centre of the 
Pearce segment (formed during a period of quiescence 
at what was then the fault termination, but now left 
behind by the rapidly propagating Pearce segment). The 
rate of fault growth we estimate from the uplifted bajada 
surface at the north end of the Pearce fault segment is 
about 50 m per earthquake. This is similar to predicted 
growth rates from theoretical models, but is too impre- 
cise to distinguish between these models. 

We conclude that potentially useful structural infor- 
mation is preserved in the drainage associated with 
active fault systems. This information is mostly qualitat- 
ive because of the paucity of dateable material. None- 
theless, drainage evolution may provide clues to 
episodic fault activity and growth that are difficult to 
obtain by more conventional geological means. 
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