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Abstrnet--The range-front normal faults of the Lost River and Lemhi Ranges, and the Beaverhead and Tendoy 
Mountains in east-central Idaho and southwestern Montana have well-preserved fault scarps on Quaternary 
deposits along much of their lengths. Fault-scarp morphology, the age of deposits displaced by the faults, and the 
morphology of the range fronts provide a basis for dividing the faults into segments that are typically 20-25 km 
long. The Lost River, Lemhi and Beaverhead fault zones are 141-151 km long, and each has six segments. The 
60-kin-long Red Rock fault (the range-front fault of the Tendoy Mountains) has two central segments that have 
been active in late Quaternary time; these two segments span the central 27 km of the fault. 

We recognize four characteristics that help to identify segment boundaries: (1) major en echelon off~ts or 
pronounced gaps in the continuity of fault scarps; (2) distinct, persistent, along-strike changes in fault-scarp 
morphology that indicate different ages of faulting; (3) major salients in the range front; and (4) transverse 
bedrock ridges where the cumulative throw is low compared to other places along the fault zone. Only features 
whose size is measured on the scale of kilometers are regarded as significant enough to represent a segment 
boundary that could inhibit or halt a propagating rupture. 

The ability to identify segments of faults that are likely to behave as independent structural entities will 
improve seismic-hazard assessment. However, one should not assume that the barriers at segment boundaries 
will completely stop all propagating ruptures. The topographic expression of mountain ranges is evidence that, at 
times during their history, all barriers fail. Some barriers apparently create 'leaky' segment boundaries that 
impede propagating ruptures but do not completely prevent faulting on adjacent segments. 

INTRODUCTION 

Seismic-hazard assessments rely heavily on a basic 
understanding of the coseismic behavior of potentially 
seismogenic faults. For example, if we can estimate the 
length of surface faulting, the amount of displacement, 
and the thickness of the seismogenic crust, then we can 
apply empirical relations to estimate the magnitude of 
possible future earthquakes and, therefore, help define 
the hazards posed by future events. The concept of fault 
segmentation has important implications to hazard 
assessments because, if we can identify the parts of a 
seismogenic fault that will likely rupture during a single 
earthquake, then we can estimate the length and area of 
the fault that will generate seismic energy. 

The concept of fault segmentation is based on obser- 
vations that only part of long fault zones rupture during a 
large earthquake (Wallace 1970, Schwartz & Copper- 
smith 1984, 1986). Studies of historical earthquakes and 
paleoseismic investigations of major fault zones suggest 
that specific geologic features form barriers on fault 
planes that physically divide faults into segments (King 
& Yielding 1984, Smith & Bruhn 1984, Bruhn etal .  1987, 
Crone et al. 1987, Machette et al. 1987, 1991, Wheeler & 
Krystinik 1987, Barka & Kadinsky-Cade 1988, Fonseca 
1988, Susong et al. 1990, dePolo et al. 1991, Stewart & 
Hancock 1991, Zhang et al. 1991). Barriers can slow or 
stop propagating coseismic ruptures (Aki 1979) and, in 
some eases, they seem to persist through multiple earth- 
quake cycles (Wheeler 1987, 1989, Susong et al. 1990). 

Faults can be subdivided into segments based on a 
variety of criteria and at a variety of scales (Schwartz 
1988a, dePolo et al. 1991). For this discussion, we use the 
term s e gm e n t  to describe a section of a fault that we 
believe is likely to release most of the seismic energy 
during a large (M ~ 7) surface-faulting earthquake. The 
geomorphic, geometric and geophysical data we discuss 
here support the presence of major physical disconti- 
nuities that have acted as barriers to propagating co- 
seismic ruptures along the four range-front normal faults 
which we studied. 

The 1983 Borah Peak earthquake on the Lost River 
fault is one of the most comprehensively documented, 
major normal-faulting earthquakes in the world. The 
coseismic behavior of this fault during the earthquake 
demonstrates the role of some barriers in controlling the 
extent of a propagating rupture. Geologic, seismologic 
and geodetic data from the 1983 earthquake show that 
the Lost River fault behaved as a segmented fault and 
that most of the energy from the main shock was re- 
leased by failure of a section of the fault between two 
major barriers. Geologic evidence also indicates that 
those barriers may have confined the lateral extent of 
earlier ruptures on the fault (Crone et al. 1987, Susong et 
al. 1990). The behavior of the Lost River fault during the 
Borah Peak earthquake provides a valuable model of 
coseismic failure on major range-front normal faults. 
Thus, studies of the segmentation of the Lost River and 
similar nearby faults can have widespread applications 
to understanding the behavior of segmented normal 
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Fig. 1. Generalized map showing segments of the Lost River, Lemhi, Beaverhead and Red Rock faults in east-central 
Idaho and southwestern Montana. The star shows the epicenter of the 1983 Borah Peak earthquake. Shaded areas are 
mountainous regions. Arrows show segment boundaries. Segments are labeled as follows: Lost River fault (Scott et al. 1985, 
Crone et al. 1987)---A, Arco; PC, Pass Creek; MK, Mackay; TS, Thousand Springs; WS, Warm Spring; C, Challis; Lemhi 
fault (Hailer 1988b)--H, Howe; FS, Fallert Springs; SG, Sawmill Gulch; G, Goidburg; P, Patterson; M, May; Beaverhead 
fault (Hailer 1988b)---BD, Blue Dome; N, Nicholia; BM, Baldy Mountain; L, Leadore; MG, Mollie Gulch; LM, Lemhi; 
Red Rock fault (Stickney & Bartholomew 1987)---SC, Sheep Creeks; TB, Timber Butte. See Table 1 for more information 

about individual segments. 

faults in the Basin and Range province and in other areas 
where the continental crust has undergone extensional 
deformation. 

The range-front faults of the Lost River Range and 
adjacent mountain ranges in east-central Idaho and 
southwestern Montana provide an unusually good 
opportunity to study segmentation of normal faults 
because fault scarps on alluvium are well preserved and 
have suffered minimal cultural modification. This report 
summarizes the geologic evidence and characteristics 
used to define segments on the range-front faults of the 
Lost River and Lemhi Ranges, and the Beaverhead and 
Tendoy Mountains in Idaho and Montana (Fig. 1).We 
also describe some general characteristics of segment 
boundaries based on regional studies (Hailer 1988a,b) 
and on detailed studies of the Lost River fault (Crone et 
al. 1987, Schwartz & Crone 1988). Our efforts to exam- 
ine the segmentation of faults in a broad region have two 
important advantages over studying a single fault. First, 
the regional approach provides a more complete inven- 
tory of the kinds of features that may form segment 
boundaries. Secondly, this approach provides a regional 
perspective on the distribution of spatial and temporal 

patterns of surface faulting in a continental extensional 
tectonic setting. The faults in our study area share 
similarities in length, fault-plane attitude and thickness 
of the seismogenic layer with other major normal faults 
in the Basin and Range province and in other areas of 
normal faulting (Jackson et  al. 1982, Schwartz 1988b, 
Jackson & White 1989). Thus, the characteristics of 
segment boundaries we describe here may be applied to 
faults in similar areas that are experiencing crustal 
extension. 

SEGMENTED BEHAVIOR OF THE LOST RIVER 
FAULT DURING THE BORAH PEAK EARTH- 

QUAKE 

On 28 October 1983, the Ms7.3 Borah Peak earth- 
quake ruptured part of the 141-km-long Lost River 
fault. The total length of surface faulting on the Lost 
River fault was about 36 km (Fig. 2), but geologic 
(Crone et al.  1987), seismologic (Doser & Smith 1985) 
and geodetic (Stein & Barrientos 1985) data show that 
most of the energy released by the main shock was 
associated 
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with rupture of the 21-km-long Thousand Springs seg- 
ment. The main shock nucleated near the base of the 
seismogenic crust at a depth of about 16 km (Doser & 
Smith 1985) at the boundary between the Thousand 
Springs segment and the Mackay segment to the south- 
east (Susong et al. 1990). This segment boundary co- 
incides with a major salient at which the range front 
changes trend by 55 ° within a distance of a few kilo- 
meters. The position of the main shock with respect to 
this boundary indicates that the segments are separated 
by a geometric barrier (Aki 1979). The rupture propo- 
gated upward and unilaterally northwestward on a pla- 
nar fault dipping about 45°SW (Doser & Smith 1985, 
Stein & Barrientos 1985) and continued along the length 
of the Thousand Springs segment (Crone et al. 1987). 
The largest displacement and most complex surface 
faulting were confined to the Thousand Springs segment 
(Fig. 2). On this segment, the tectonic throw reaches 
a maximum of 2.5-2.7 m, individual scarps are nearly 
5 m high, and the zone of ground breakage is as wide as 
140 m. En 6chelon scarps with synthetic and antithetic 
displacements are common. 

At the northwestern end of the Thousand Springs 
segment, the rupture encountered a barrier where the 
Willow Creek Hills merge with the Lost River Range 
(Fig. 2). At this barrier, the rupture that nucleated at the 
mainshock hypocenter was either stopped or was def- 
lected away from the Lost River fault and onto a 
network of smaller faults within the Willow Creek Hills. 
At the extreme eastern side of the hills, the 1983 scarps 
divide into two splays, a minor one that continues 
northwest about 1-2 km along the Lost River fault, and a 
western splay composed of discontinuous ruptures that 
extend across the crest and down the north flank of the 
Willow Creek Hills. A 4.7-km-long gap in the 1983 
surface faulting is present where the Willow Creek Hills 
barrier merges with the Lost River fault (Fig. 2). On the 
Warm Spring segment northwest of this gap, the scarps 
are typically much less than 1 m high, and most of the 
surface ruptures are small discontinuous cracks. Geo- 
logic (Crone et al. 1987), seismologic (Boatwright 1985, 
Nabelek in press) and geodetic (Stein & Barrientos 
1985) data all show that the Willow Creek Hills barrier 
effectively stopped the rupture on the range-front fault 
that released most of the seismic energy (Doser & Smith 
1985). We believe that the scarps and cracks on the 
Warm Spring segment are the result of minor slip that 
was triggered by the severe shaking and the directivity of 
the rupture. 

SEGMENTATION OF THE RANGE-FRONT FAULTS 

Prominent fault scarps on the southwest flanks of the 
Lost River and Lemhi Ranges, the Beaverhead Moun- 
tains, and the northeast flank of the Tendoy Mountains 
provide insight into the temporal and spatial distribution 
of late Quaternary faulting in the region. The Lost 
River, Lemhi and Beaverhead faults are named for their 
respective ranges, and the Red Rock fault bounds the 
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Fig. 2. Generalized map of fault scarps and ground ruptures associ- 
ated with the Borah Peak, Idaho, earthquake (from Crone et al. 1987). 
Heavy lines are prominent scarps with bar and ball symbol on d o w n -  
thrown side; dashed lines are poorly defined scarps or cracks. Stippled 
areas  are  mountainous parts of the Lost River Range and Willow 
Creek Hills. The Thousand Springs segment extends from near Elk- 
horn Creek to the junction of the Willow Creek Hills and the Lost 

River Range. 

northeast side of the Tendoy Mountains. On these 
faults, the morphology and continuity of the scarps on 
Quaternary deposits of similar age vary along strike; 
these variations provide a basis for subdividing the faults 
into segments. Fault-scarp morphology and the geomor- 
phic relations between scarps and Quaternary deposits 
of different ages provide a simple and efficient way to 
broadly categorize the age of scarps, and thus identify 
sections of a fault that are likely to have distinctly 
different rupture histories. 

The analysis of the morphology of Quaternary fault 



154 A . J .  CRONE and K. M. HALLER 

Original configuration of fault =¢arp.......~l ..... : . ~ ' ~ : = ~ . ° ~ / "  .o.o* ~o~';a .~ • . .  • ,: .. . 
2 ooo y~. em - 28" . - . - . _ _ _  ; ..... . . ~ :  :"'.' "-':-:1 " ' ~ l  ~ , , - - ~ •  , " ' , ' _ " ~ " "  • " ' : ' . "  ;L'" '."; " " . " "  ' .  

7 O00-,O,O00yr, Oat" 1 8 * ' - - - - - - ~ , ~ , " ~ ~ ' . ' . . " : : : ' . . . 1 ~ .  

1'5.000 yr, Oat-14[  ~ , l ~  ~ ~ i i : ] m  
=ooo,r .  ~ ~ , . ' : . . . : . "  ::':: '....'.;.:'.....:...:.:: ..::~ "..( ~.'.....: .: 

~ ~ . . ~ "  ~":'..'.'!;'i;:'.'/".'::'~-'~:~.'.'!:'i;;.'~'".'.~:'~.~'~i~'.'. 

~. . ' . ' i i i i i i ! i i . ~ i ) i / i i ! ' ~ i i i : ~ ' i l i ' i l i ' i i ! i ! !~ l ' " ' : .  ": . ' - " ' : . ' . " ' ; " ' "  ":: ; . : " .  " ~ ' ' " .  
I~ " ' '  : -  " " . ' - ' : ' - ' ' .  " ' "  : .  " ' - "  ' : ' - "  . . ' ~  ..  

". . . . .  "'" : ' " : ' ' "  . . . .  "Y" " ' "  I . . . .  . ' " ' : . : ' . " : ' ' " ' . ' . . "  '" "." " ' . . ' .  

: . ' : : . , : " . " . : "  , ': : '.:: :." .GoIluviid ": :.-~-J :. '..:.." " . " . . .  • : ' .:: :.' '.!..' " . ""  " :  :~-:: :,".:.." 

".~..'." :: :. ~." ~.." ":'.'.:'~." "':" ~i'" :'." ":'l'w-~.' .":" " ~'" :". ":'.'.:'~." "':: ;i'" :'- ":'.'.."..'. ": 

Fig. 3. Schematic diagram showing the original configuration and progressive degradation of a 3-m-high fault scarp formed 
on unconsolidated alluvium. The maximum slope angles (0m) for the 2000-, 7000--10,000- and 15,000-year-old scarps are 
based on empirical data for scarps of known age in the eastern Basin and Range (Bucknam & Anderson 1979); the 0,1 for the 
30,000-year-old scarp is computed from a mathematical regression on the empirical data. Vertical exaggeration is x2. 

Arrows show direction of motion on fault. Modified after Pierce & Colman (1986). 

scarps formed on unconsolidated alluvium offers an 
efficient means of estimating the age of prehistorical 
surface ruptures on single-event scarps. As soon as a 
fresh fault scarp forms, erosional processes begin to 
degrade and modify its original sharp, angular mor- 
phology into a more subdued, rounded landform (Wal- 
lace 1977). Thus, for two, single-event scarps formed in 
the same climate, a young scarp on alluvium has a more 
angular profile and a steeper slope angle on the scarp 
face than an equal-sized older scarp. The general age of 
prehistorical fault scarps can be estimated by an empiri- 
cal comparison of the maximum slope angle (0m) and the 
scarp height (SH) of scarps of unknown age with scarps 
whose age is known (Bucknam & Anderson 1979). An 
alternative method estimates the age of a scarp by 
comparing its morphology with mathematical models of 
a progressively degrading scarp with time (Nash 1980, 
1984, Colman & Watson 1983, Hanks et al. 1984, Pierce 
& Colman 1986, Andrews & Bucknam 1987, Hanks & 
Schwartz 1987, Hanks & Andrews 1989, Machette 
1989). These empirical and mathematical methods show 
that, for 3-m-high scarps in the semi-arid eastern Basin 
and Range, a late Pleistocene (~30,000 years old) scarp 
would have 0m of ~10 °, a latest Pleistocene (~15,000 
years old) scarp would have a 0m of ~14 °, an early 
Holocene (~7000-10,000 years old) scarp would have a 
0r. of -18",  and a late Holocene scarp ( -2000 years old) 
would have a 0m of -28* (Fig. 3). Values of 0m can vary 
by several degrees for equal-sized scarps of the same age 
because of local differences in climatic and geologic 
conditions. For example, Pierce & Colman (1986) show 
that the maximum slope angle of 3-m-high, latest Pleis- 
tocene terrace scarps near Arco, Idaho, can vary from 
about 14 to 20 ° depending on the orientation of the 
scarp. 

The scarp height (SH) and maximum slope angle (Or.) 
values cited in the following discussion are measure- 
ments of selected scarps that we provide to give the 
reader a general sense of the morphology of the scarps 
on each segment. We intentionally cite values for scarps 
that are approximately 3 m high to show the differences 
in similar-sized scarps of different ages. 

We recognize that using morphologic data of 
multiple-event scarps to estimate the age of faulting is 
complicated and difficult, and that the resulting age 
estimates have large uncertainties (see Crone & Omdahl 
1987, p. 359). Nevertheless, being fully aware of these 
problems and limitations, we use morphologic data of 
multiple-event scarps in this study to assign scarps to 
broad age categories, which can then be used to identify 
parts of the faults that have substantially different histor- 
ies of surface faulting. We emphasize that, in most cases, 
our absolute estimates of the ages of faulting must be  
viewed cautiously. 

Reg iona l  geologic  set t ing 

The structural style and topographic expression of the 
mountains and valleys in east-central Idaho and south- 
western Montana are similar in many ways to other parts 
of the Basin and Range province (Reynolds 1979). The 
ranges are composed of allochthonous Precambrian and 
Paleozoic rocks that were thrust to the northeast starting 
in Cretaceous and continuing into Eocene time. Sub- 
sequent tectonism included: (a) the formation of NE- 
striking normal faults in Eocene time; (b) volcanism in 
Eocene and Oligocene time; and (c) regional uplift, 
additional volcanism and formation of the NW-striking 
normal faults that control the modem topography later 
in Cenozoic time. The topographic relief between the 
range crests and the adjacent valleys is generally about 
1.5 km with maxima of about 1.9 kin. The cumulative 
structural relief on the range-front normal faults in the 
region is poorly known, but locally it is probably 3-4 km 
(Scott et al. 1985) and may be as much as 6.1 km on the 
Lost River fault (Skipp & Hait 1977). 

In the following discussion, we use the terms 
Pinedale-age and Bull Lake-age to describe upper Pleis- 
tocene alluvial deposits. Pinedale and Bull Lake are 
widely used names for the last two major episodes of 
glaciation in the Rocky Mountain region. The Pinedale 
glaciation spans a considerable amount of time in the 
latest Pleistocene. Some Pinedale deposits might be as 
much as 45,000 years old (Porter et al. 1983), but most 
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are thought to be much younger. The Rocky Mountain 
region was extensively deglaciated by about 14,000 years 
ago. For this discussion, we consider Pinedale deposits 
to be 15,000-30,000 years old. We recognize some 
'older' Pinedale deposits that we treat as being 25,000- 
30,000 years old and some 'younger' Pinedale deposits 
that we consider to be about 15,000 years old. The Bull 
Lake glaciation is late Pleistocene in age (commonly 
correlated with oxygen-isotope stage 6 of the marine 
record, Shackleton & Opdyke 1973). Bull Lake deposits 
in the Rocky Mountains are widely accepted to be about 
140,000 years old (Pierce et aI. 1976, Colman & Pierce 
1981) although, in the Yellowstone National Park area, 
the deposits may be 135,000-160,000 years old (Pierce 
1979). 

The Los t  River  fault  

Scott et al. (1985) divided the 141-km-long Lost River 
fault into six segments (Fig. 1) based on estimated age of 
the youngest surface faulting, the geomorphic ex- 
pression of the range front, and the structural relief of 
the range. From northwest to southeast the segments are 
named the Challis, Warm Spring, Thousand Springs, 
Mackay, Pass Creek and Arco segments (Scott et al. 
1985, Crone et al. 1987). The segments average 24 km in 
length with a minimum of 18 km for the Warm Spring 
and a maximum of 29 km for the Pass Creek segments, 
respectively (Table 1). 

Studies of faulting on the Arco segment show that the 
last surface faulting occurred about 30,000 years ago 
(Pierce 1985). Scarps that are 3 m high have 0m values of 
-11 ° (Pierce 1985). Stratigraphic relations in trenches 
(Malde 1987) and higher scarps on progressively older 
Quaternary deposits show clear evidence of recurrent 
faulting on this segment. Repeated surface faulting has 
displaced 160,000 year-old deposits as much as 19 m 
(Pierce 1985), which yields a long-term slip rate of 0.1 
m m  a -1. 

The Pass Creek segment, the longest segment of the 
Lost River fault, spans a major embayment in the Lost 
River Range. Fault scarps on Quaternary deposits are 
generally absent along this segment. The oldest alluvial 
deposits along this part of the range front are believed to 
be -15,000 years old (Pierce & Scott 1982), so surface 
faulting has not occurred on the Pass Creek segment 
within the past 15,000 years and perhaps not within the 
past 30,000-50,000 years (Scott et al. 1985). 

Prominent, geomorphically young (SH = 2.2 m, 0m = 
17 °) fault scarps are present along the entire length of the 
Mackay segment. Trenches excavated at both ends of 
this segment have exposed the faulted 6800 year-old Mr. 
Mazama volcanic ash (Scott et al. 1985, Schwartz & 
Crone 1988). In addition, a radiocarbon date on organic 
matter interpreted to be buried by scarp-derived collu- 
vium suggests that the most recent faulting event 
occurred about 4000 years ago (Scott et al. 1985). 

The Thousand Springs segment ruptured during the 
1983 Borah Peak earthquake. The age of the surface- 
faulting event prior to 1983 is not well constrained, but 

Table 1. Age of youngest movement on segments of the Lost River, 
Lemhi, Beaverhead and Red Rock faults, east-central Idaho and 

southwestern Montana 

Length 
Segment name (kin) Age estimate* 

Lost River fault 
Arco 25 LP 
Pass Creek 29 LP? 
Mackay 22 MH 
Thousand Springs 21 1983 
Warm Spring 18 MH 
Challis 25 P? 

Average 24 

Beaverhead fault 
Blue Dome 25 P? 
Nicholia 42 LP 
Baldy Mountain 21 LP? 
Leadore 23 MH 
Mollie Gulch 20 LP 
Lemhi 20 P? 

Average 25 

Lemhi fault 
Howe 20 LP 
Fallert Springs 29 LP 
Sawmill Gulch 43 MH 
Goldburg 12 LP 
Patterson 23 MH 
May 23 LP 

Average 25 

Red Rock fault 
Sheep Creeks 16 MH 
Timber Butte 11 LP 

Average 14 

*Abbreviations for age of youngest movement are: MH, middle 
Hoiocene; LP, late Pleistocene; P, Pleistocene. Ages are queried 
where poorly known. Segment names are listed from southeast to 
northwest on individual faults. 

several lines of evidence suggest that it probably 
occurred in middle to early Holocene time (Scott et al. 
1985, Vincent 1985, Hanks & Schwartz 1987). Trench- 
ing studies (Schwartz & Crone 1985) and the measure- 
ment of displaced geomorphic surfaces (Vincent 1985) 
show that the style and amount of surface displacement 
from the 1983 and the pre-1983 earthquakes were simi- 
lar. 

The Borah Peak earthquake produced minor surface 
faulting on the Warm Spring segment, but this surface 
faulting is probably a secondary effect. Upper Pleisto- 
cene alluvial fans on this segment have pre-1983 fault 
scarps that are as much as 5.7 m high (Crone et al. 1987). 
Radiocarbon dates from two trenches 7.5 km apart on 
this segment indicate that the youngest major surface 
faulting occurred shortly before 5500--6200 years ago 
(Schwartz & Crone 1988). 

The history of faulting on the Challis segment is 
poorly known, but reconnaissance studies have revealed 
little evidence of late Quaternary faulting. The range 
front along this segment is geomorphieaUy subdued 
compared to the rest of the Lost River fault. The range 
front is marked by a series of low hills and the topo- 
graphic relief between the range crest and the valley on 



156 A . J .  CRONE and K. M. HALLER 

this segment is less than 1.2 km compared to 1.5-1.8 km 
for other segments of the fault. The Lost River fault 
probably divides into two major strands (Fig. 1) on this 
segment. The low relief and subdued range-front mor- 
phology suggest that the Challis segment probably has 
the lowest slip rate of all segments on the fault. 

The Lemhi fault 

The Lemhi fault is 150 km long and contains at least 
six segments (Hailer 1988b) that, from southeast to 
northwest, are named Howe, Fallert Springs, Sawmill 
Gulch, Goldburg, Patterson and May (Fig. 1 and Table 
1). The segments are between 12 and 43 km long and 
average 25 km long (Table 1). Higher scarps on pro- 
gressively older deposits show that all segments of the 
fault have experienced recurrent late Quaternary move- 
ment. 

Data from exploratory trenches document at least five 
surface-faulting events on the Howe segment in the past 
600,000 years; the most recent event occurred more than 
15,000 years ago (Malde 1987). The scarps on the Howe 
segment are morphologically similar (SH = 3.4 m, 0m = 
13") to those on the Arco segment of the Lost River fault 
(Hailer 1988b, fig. 24), which implies that the most 
recent surface faulting on the Howe segment is probably 
late Pleistocene in age. 

The most recent surface faulting on the Fallert Springs 
segment is also probably late Pleistocene in age because 
the scarps are morphologically similar to those on the 
Howe segment (Hailer 1988b). However, for scarps of 
similar size, the Fallert Springs scarps have slightly 
steeper maximum slope angles compared to the Howe 
scarps, which implies that the last surface faulting on the 
Fallert Springs segment may be slightly younger than 
that on the Howe segment. 

The Sawmill Gulch segment is the longest segment on 
the Lemhi fault (43 km) and encompasses a major 
embayment in the range front. Fault scarps (Hailer 
1988b) are present on latest Pinedale-age terraces 
(Pierce & Scott 1982) and have maximum slope angles 
(SH = 2.8--3.2 m, 0m = 18-21 °) which indicate that they 
are probably middle Holocene in age. Early Pinedale- 
age terraces have scarps that are about twice as high as 
the scarps on younger terraces, and therefore probably 
result from two faulting events. The scarps on Bull Lake- 
age deposits (Pierce & Scott 1982) are about three times 
as high as those on the early Pinedale terraces, which 
suggests that they could be the products of as many as six 
events. 

The Goldburg segment, the shortest segment on the 
Lemhi fault (12 km), wraps around a salient in the range 
front. The morphology of the scarps on this segment 
varies considerably along strike, therefore, the bound- 
aries of this segment may be substantially revised follow- 
ing further study. South of the salient, the morphology 
of E-W-trending, multiple-event scarps (SH = 4.2 m, 
0m = - 1 5  °) suggests that the last surface faulting 
occurred about 15,000 years ago (Hailer 1988b). Near 
the apex of the salient, these young scarps diverge from 

the range front and extend down the slope of the alluvial 
fans, whereas, an older, more degraded scarp (SH = 
4.1 m, 0m = 10 °) is present at the base of the range. 
Apparently the most recent events on this segment did 
not rupture the fault strand at the base of the range. 
North of the salient, scarps trend NW-SE and are 
primarily on bedrock. 

Single-event scarps are present on all Pinedale-age 
terraces on the Patterson segment, but their morphology 
(SH = 1.2-2.2 m, 0m = 11-16 °) indicates a middle 
Holocene age for the youngest faulting event (Hailer 
1988b). A trench across a single-event scarp exposed a 
soil that was buried by colluvium from the youngest 
faulting event; humus from this soil has a radiocarbon 
age of about 6900 years (P. L. K. Knuepfer oral com- 
munication 1989). The longer-term history of faulting on 
this segment is difficult to evaluate because Quaternary 
deposits that are old enough to have multiple-event 
scarps are rare along this part of the range front. 

The scarps on the May segment are morphologically 
indistinguishable (SH = 2.9 m, 0m = 11 °) from those on 
the Arco segment of the Lost River fault (Hailer 1988b). 
Therefore, like the Howe segment, we infer a late 
Pleistocene age for the last surface faulting and, by 
analogy, consider the faulting to be on the order of 
30,000 years old. 

The Beaverhead fault 

The 151-km-long Beaverhead fault has six segments, 
but unlike the Lemhi fault, not all segments have scarps 
on deposits of late Quaternary age (Hailer 1988b). From 
southeast to northwest, the segments are named Blue 
Dome, Nicholia, Baldy Mountain, Leadore, Mollie 
Gulch and Lemhi (Fig. 1 and Table 1). They range 
between 20 and 42 km long and average 25 km long 
(Table 1). 

The history of late Quaternary faulting on the Blue 
Dome segment is difficult to decipher because no scarps 
are present on the few alluvial deposits that cross the 
fault. The low topographic relief and subdued mor- 
phology of the range front along the Blue Dome seg- 
ment suggest that the Quaternary slip rate on this part of 
the fault is low relative to other parts of the fault. The 
amount of cumulative Quaternary throw on the strand 
of the fault that defines the modern range front is low 
because, in places, Paleozoic limestone is exposed on 
both sides of the fault. Our interpretation of aerial 
photographs suggests that the fault may divide into 
several strands, which may partially explain the subdued 
range-front morphology. 

The Nicholia segment, the longest on the Beaverhead 
fault, coincides with a large embayment in the range 
front. Single- and multiple-event scarps on deposits of 
late Quaternary age are nearly continuous along the 
entire length of this segment. On the Nicholia segment, 
2.2-3.7-m-high scarps on alluvium estimated to be 
15,000 years old are thought to be the products of one 
faulting event, and 4.9-5.5-m-high scarps on alluvium 
estimated to be about 30,000 years old are thought to be 
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the product of two or more events (Hailer 1988b). Even 
though 3-m-high scarps have 0m values (SH = 2.9--3.4 m, 
0m = 12-14 °) comparable to the 15,000-year-old scarps 
that we have previously discussed, the entire scarp- 
morphology data set for this segment is similar to the data 
set for scarps on the Arco segment. Perhaps degradation 
rates are high on the Nicholia segment, which would 
explain why the scarps on 15,000-year-old deposits have 
a morphology similar to the -30,000-year-old scarps on 
the Arco segment. The degraded morphology of the 
scarps on  this segment implies that the most recent 
faulting probably occurred shortly after deposition of the 

15,000-year-old alluvium. At least two faulting events 
have occurred in the past ~30,000 years. 

The absence of scarps on Quaternary alluvium on the 
Baldy Mountain segment is evidence that no surface 
faulting has occurred since the onset of the Pinedale-age 
episode of alluviation. However, the morphology of the 
mountain front shows that uplift, and thus faulting, has 
occurred on this segment in the late Quaternary. The 
junction between the range front and the piedmont is 
generally straight and unembayed, and major streams 
that emerge from the mountains have V-shaped to U- 
shaped cross-valley profiles along the Baldy Mountain 
segment. From this landform morphology, we infer that 
the time since uplift ceased (and thus, recurrent faulting) 
on this segment is no more than 100,000 years based on 
the criteria listed in fig. 1 of Bull (1987). 

The Leadore segment, which includes a prominent 
embayment in the range, has generally continuous, 
morphologically young scarps on alluvium along its 
length. The most recent faulting is probably middle 
Holocene in age based on the morphology of single- 
event fault scarps (SH = 3.1 m, 0m = 20*). The presence 
of higher scarps on older Pleistocene deposits provides 
evidence that two surface-faulting events have ruptured 
the Leadore segment in the past 25,000 years. 

Scarps on the Mollie Gulch segment are poorly pre- 
served and are generally located high on the colluviai 
slopes of the mountain front. The age of faulting is 
difficult to determine because there are no scarps 
formed on alluvium. However, we believe that the 
youngest surface faulting is probably late Pleistocene in 
age because scarps are still recognizable on steep (>25 ° ) 
colluvial slopes on the range front where accelerated 
degradation tends to obliterate scarps relatively quickly. 

The Lemhi segment is the northernmost segment of 
the Beaverhead fault. The youngest surface faulting on 
this segment predates Pinedale deposits and may be 

more than 100,000 years old because there are no scarps 
on upper Quaternary alluvium. On this segment, a series 
of low hills as much as 5 km wide separate the main range 
crest from the adjacent valley. The diffuse character of 
the range front implies that the Quaternary slip rate is 
low on this part of the fault compared to the other 
segments to the south. 

The Red Rock fault 

The Red Rock fault bounds the 60-km-long Tendoy 
Mountains on the northeast (Fig. 1). Quaternary de- 
posits are not faulted along the northern 23 km or 
southern 10 km of this range front, so our discussion is 
restricted to the 27-kin-long central section where Qua- 
ternary deposits are faulted. Scarps are present along 
the entire length of this section, but a pronounced 
change in their morphology is evidence that this part of 
the fault consists of two segments (Fig. 4), the 16-km- 
long Sheep Creeks segment on the southeast and the 11- 
km-long Timber Butte segment on the northwest (Stick- 
ney& Bartholomew 1987). 

On the Sheep Creeks segment, multiple-event scarps, 
as much as 8 m high, are present on upper Pleistocene 
terraces. Higher scarps on older upper Pleistocene ter- 
races, scarp-morphology data (Hailer 1988b), and a 
trenching study near the southern end of the segment by 
Bartholomew & Stickney (1987) show evidence of two 
faulting events in the past 10,000-15,000 years. Radio- 
carbon ages from the trench date the youngest event at 
3000 + 800 years (Bartholomew 1989); we would assign 
a middle Holocene age to this scarp based on its mor- 
phology (SH = 2.8 m, 0m = 20°). 

The youngest scarps on the Timber Butte segment are 
more degraded (SH = 3.0 m, 0m = 15 °) than those on the 
Sheep Creeks segment (Fig. 4) and are estimated to be 
10,000-15,000 years old (Hailer 1988b). Multiple-event 
scarps are also present on this segment but we cannot 
estimate the age of the older event(s). 

Summary of segmentation 

The size, morphology and relation of fault scarps to 
Quaternary deposits of different ages provide a basis for 
subdividing the Lost River, Lemhi, Beaverhead and 
Red Rock faults into segments. Typically, the youngest 
surface faulting and the clearest evidence of recurrent 
latest Quarternary faulting is present on segments along 
the central parts of the faults. In contrast, segments near 
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Fig. 4. Comparison of typical morphology of probable single-event scarps on the Sheep Creeks and Timber Butte segments 
of the Red Rock fault. SH is scarp height, SO is surface offset, and 0,, is maximum slope angle of the scarp. Horizontal and 

vertical scales are equal. Line with arrows shows inferred locations of faults. 
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the ends of faults have a subdued mountain-front mor- 
phology and, where present, very degraded fault scarps; 
both characteristics indicate low slip rates relative to 
segments along the central parts of each fault. 

The segments of the Lost River, Lemhi, Beaverhead 
and Red Rock faults have average lengths of 24, 25, 25 
and 14 km, respectively. In comparison, the segments of 
the Wasatch (Machette et al. 1987, 1991), East Cache 
(McCalpin 1987) and Bear Lake (Crone & Machette 
unpublished mapping) faults in Utah and Idaho have 
average lengths of about 30, 18 and 18-21 km, respect- 
ively. The Wasatch fault, Utah, which is the longest fault 
in the region, has unusually long segments (average 43- 
52 km) along its central, most active section. In contrast, 
the segments average 20 km in length along the distal, 
less active sections (Machette et  al. 1991). The average 
length of segments for faults that are 100 km long or 
more (i.e. Lost River, Lemhi, Beaverhead and 
Wasatch) is 24--30 km compared to an average segment 
length of 14-21 km for shorter faults like the Red Rock, 
East Cache and Bear Lake faults. These values indicate 
that, if ruptures are typically confined to individual 
segments, most of the energy released during major 
normal-faulting earthquakes in the Basin and Range will 
result from the failure of fault surfaces that are 15-30 km 
long. 

Many of the historical surface ruptures in Nevada are 
considerably longer than 30 km but individual geometric 
or structural segments of the faults that failed are rarely 
more than 30 km (dePolo et al. 1991, Zhang et  al. 1991). 
The seismograms of these historical earthquakes show 
that they were composed of multiple events (Doser & 
Smith 1985, Jackson & White 1989) and that the maxi- 
mum rupture length for an individual subevent is less 
than 21 km (Doser and Smith 1989). Thus geologic and 
seismologic data from normal-faulting earthquakes in 
the western United States, western Turkey (Eyidogan & 
Jackson 1985) and elsewhere in the world (Jackson & 
White 1989) indicate that individual rupture segments of 
major normal faults are commonly 15-30 km long. 

If coseismic ruptures on major faults in the eastern 
Basin and Range are primarily confined to one segment 
and if the average segment lengths we cite are generally 
correct, then much of the seismic energy from large 
surface-faulting earthquakes in the region probably re- 
sults from strain release on fault segments that are 15-30 
km long. Furthermore, long faults (>100 kin), such as 
the Lost River, Lemhi, Beaverhead and Wasatch, might 
generate slightly larger earthquakes than short faults 
(<100 km), such as the Red Rock, East Cache and Bear 
Lake faults, because average segment length is slightly 
greater. 

Statistical relations between surface-rupture length 
and magnitude for western North America (Bonilla et  al. 
1984) imply that surface ruptures 15-30 km long are 
associated with earthquakes of magnitude (Ms) equal to 
or less than 7. However, the two largest historical 
earthquakes in the eastern Basin and Range province 
had magnitudes greater than 7, but they produced sur- 
face ruptures that were considerably shorter than the 

length predicted by the statistical relations. The Ms7.5 
Hebgen Lake, Montana, earthquake (Doser 1985) pro- 
duced about 26 km of surface rupture (see Bonilla et al. 

1984), and the Ms7.3 Borah Peak, Idaho, earthquake 
produced about 36 km of surface rupture, but only about 
21-25 km (Crone et  al. 1987, Nabelek in press) of that is 
considered to be related to the rupture that started at the 
mainshock hypocenter. These two examples emphasize 
that the statistical relations between rupture length and 
magnitude should be applied cautiously, especially for 
faults in the eastern Basin and Range province. 

IDENTIFYING SEGMENT BOUNDARIES 

From our studies in Idaho and Montana, we recognize 
four characteristics that can help identify important 
segment boundaries on major, range-front normal 
faults: (1) prominent gaps or en Echelon offsets in the 
continuity of fault scarps; (2) distinct, persistent changes 
in fault-scarp morphology along strike that likely indi- 
cate different ages of faulting; (3) major salients in the 
range-front; and (4) transverse bedrock ridges that indi- 
ca tea  local decrease in the cumulative throw on a fault. 
The bedrock ridges may be buried by valley fill and are 
expressed as gravity saddles on Bouguer gravity maps. 
Some features that segment faults are probably difficult 
to identify and, in some cases, surface faulting may 
extend beyond these postulated segment boundaries 
(dePolo et  al. 1991). Individually, the characteristics'~e 
cite do not uniquely define a segment boundary, but we 
believe that the spatial coincidence of several of these 
characteristics is good evidence of a tectonically import- 
ant segment boundary on a fault. 

A scaling factor must be considered when applying 
these characteristics. For example, en Echelon offsets or 
gaps of a several tens of meters or more are common 
within a segment. Similarly, bends or small salients are 
also common within a segment. However, the en Eche- 
lon offsets, gaps and salients that we regard as significant 
indicators of segment boundaries are features whose size 
is measured on the scale of kilometers rather than tens of 
meters. Only features whose size is measured in kilo- 
meters are likely to be large enough and extend deep 
enough to physically interfere with a propagating rup- 
ture (Sibson 1987, 1989, Barka & Kadinsky-Cade 1989). 

The characteristics of important segment boundaries 
that we recognize are similar to those cited in other 
studies of normal faults in the western United States. 
Transverse bedrock ridges (or transverse gravity 
anomalies) are present at major segment boundaries on 
the Wasatch fault in Utah (Wheeler & Krystinik 1987, 
Machette et  al. 1991), in the Pleasant Valley-Dixie 
Valley-Fairview Peak area of the central Nevada Seis- 
mic Belt (Fonseca 1988, Wheeler 1989, Zhang et al. 
1991), and on the 1872 Owens Valley, California, rup- 
tures at the Poverty Hills (dePolo et  al. 1991). Major 
salients in the range front and large en Echelon offsets or 
gaps in scarps also correspond to important segment 
boundaries on the Wasatch fault (Machette et  al. 1987, 
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Fig. 5. Schematic map of fault scarps along part of the Beaverhead 
fault, east-central Idaho, showing gap between Baldy Mountain and 
Nicholia segments, and en ~chelon offset between Nicholia and Blue 
Dome segments. Middle Range is a transverse bedrock ridge that 
separates the Baldy Mountain and Nicholia segments. Fine dashed line 

is southeastward projection of the Baldy Mountain segment. 

1991, Wheeler & Krystinik 1987) and on the Dixie 
Valley-Pleasant Valley, Nevada, fault system (Wallace 
1984, Zhang et al. 1991). 

En dchelon offsets or gaps in scarps 

Major en 6chelon offsets and gaps in the continuity of 
fault scarps are useful indicators of segment boundaries, 
especially where, on one side of the offset or gap, the 
scarps diverge from the main mountain mass (Fig. 5). 
Major en 6chelon offsets or gaps must be clearly related 
to tectonic causes that reflect along-strike disconti- 
nuities or geometrical irregularities in the subjacent 
fault. Presumably, these irregularities inhibit the propa- 
gation of a coseismic rupture (Sibson 1987, 1989). Obvi- 
ously, gaps that result from surficial processes such as 
post-faulting erosion or deposition are meaningless in 
terms of the mechanical behavior and geometry of the 
subjacent fault. 

Gaps and en 6chelon offsets are present at several 
segment boundaries on the faults we studied. On the 
Lost River fault, a 1.4-km-long gap in Holocene scarps 
and a 4.7-km-long gap in 1983 scarps separate the Warm 
Spring and Thousand Springs segments (Crone et al. 
1987). Also a 3--4-km-long gap in scarps along the range 
front separates the Thousand Springs and Mackay seg- 
ments. None of the segments on the Lost River fault are 
separated by en 6chelon offsets. On the Lemhi fault, a 
2.5-km-long gap separates the Fallert Springs and Howe 
segments. En 6chelon offsets define both ends of the 
Goldburg segment; a 1.4-km-long offset is present at the 

northwestern end and a 3.8-km-long offset is present at 
the southeastern end. On the Beaverhead fault, a 9-km- 
long gap and a 7-km-wide en 6chelon offset separates the 
Baldy Mountain and Nicholia segments, and a 5.5-km- 
wide en 6chelon offset separates the Nicholia and Blue 
Dome segments (Fig. 5). 

Persistent changes in fault-scarp morphology 

We believe that fault-scarp morphology is the most 
useful tool for identifying fault segments because it 
provides insight into rupture patterns during the most 
recent series of surface-faulting earthquakes, and thus 
insight into a fault's contemporary behavior. Pro- 
ounced, persistent, along-strike changes in the mor- 
phology of fault scarps formed on alluvium are usually 
strong evidence that the age of surface faulting is signifi- 
cantly different on adjacent parts of the fault. 

Several segment boundaries we studied coincide with 
major changes in scarp morphology. The change in the 
scarp morphology between the Timber Butte and Sheep 
Creeks segments of the Red Rock fault (Fig. 4), and the 
May and Patterson segments of the Lemhi fault are 
especially good examples. 

Major salients 

The Borah Peak earthquake nucleated at a segment 
boundary that is marked by a major salient at which the 
strike of the range front changes by 55 ° (Crone et al. 
1987). This salient coincides with the intersection be- 
tween the Lost River fault and major cross-faults in the 
footwall, which may have interrupted the continuity of 
the Lost River fault (Crone et al. 1987, Susong et al. 
1990). In their study of normal faults in the Aegean 
region, Stewart & Hancock (1991) note that a sharp 
change in strike is present where footwall cross-faults 
intersect the main fault, and that the cross-faults prob- 
ably disrupt the continuity of the main fault. 

The behavior of the Lost River fault during the Borah 
Peak earthquake and studies of other normal faults in 
the western U.S. show that major range-front salients 
can coincide with important segment boundaries. On 
the Beaverhead fault, the boundary between the Lea- 
dore and Mollie Gulch segments coincides with a major 
salient in the range front (Fig. 1). Four major salients on 
the Wasatch fault coincide with persistent segment 
boundaries that are likely to control future coseismic 
ruptures (Machette et al. 1987, 1991, Wheeler & Krysti- 
nik 1987). Prominent changes in strike of the range front 
are also present at segment boundaries along the Dixie 
Valley-Pleasant Valley, Nevada, fault system (Zhang et 
al. 1991). 

In contrast to the apparently good correlation be- 
tween segment boundaries and major salients, we find 
an inverse correlation between segment boundaries and 
major embayments in our study area. Typically, major 
embayments are confined to a single segment. For 
example, the Pass Creek segment of the Lost River 
fault, the Sawmill Gulch segment of the Lemhi fault, and 
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Fig. 6. Bouguer gravity anomaly map (from Bankey et al. 1985) and inferred segmentation of range-front faults in east- 
central Idaho. Arrows on rangeward side of faults show locations of segment boundaries; letters for names of segments are 

explained in Fig. 1. Many saddles in the gravity data coincide with inferred segment boundaries. 

the Leadore and Nicholia segments of the Beaverhead 
fault (Fig. 1) all span major embayments in the range 
fronts. 

Transverse bedrock ridges 

Some segment boundaries are defined by transverse 
ridges of bedrock that are expressed either at the surface 
or in the subsurface. The cumulative throw on the fault 
at these ridges is significantly less than it is along the 
interior of the adjacent segments. The reduced net 
throw at these types of segment boundaries shows that 
these boundaries are long-lived features that have per- 
sisted through many earthquake cycles (Wheeler & 
Krystinik 1987, Wheeler 1989). 

The transverse bedrock ridge that forms the barrier at 
the northwestern end of the Thousand Springs segment 
stopped the mainshock rupture of the Borah Peak earth- 
quake. This ridge is expressed topographically as the 
Willow Creek Hills, a group of intra-valley hills on the 
southwest flank of the Lost River Range (Fig. 2). Intra- 

valley hills on the southwest side of both the Lemhi 
Range and Beaverhead Mountains presumably identify 
similar transverse ridges. These ridges mark the 
Goldburg-Sawmill Gulch segment boundary on the 
Lemhi fault (Fig. 1) and the Baldy Mountain-Nicholia 
segment boundary on the Beaverhead fault (Figs. 1 and 
5). 

Along some faults, transverse bedrock ridges are 
buried by a veneer of basin fill and have no surface 
expression, but geophysical data, especially gravity 
data, can be used to identify these buried transverse 
ridges (Zoback 1983). Because the cumulative throw on 
the fault at a transverse ridge is relatively small, the 
depth to bedrock in the valley at a ridge is shallow 
compared to the depth along the interior of a segment. 
Thus, the shallow bedrock of buried transverse ridges is 
expressed as gravity saddles on Bouguer gravity ano- 
maly maps (Zoback 1983). 

Several of our segment boundaries coincide with Bou- 
guer gravity saddles in the adjacent valleys (Fig. 6). For 
many segments, especially those along the Lemhi fault, 



Segmentation and coseismic behavior of Basin and Range normal faults, U.S.A. 161 

closed gravity lows coincide with the central parts of 
segments where throw on the fault is greatest and, thus, 
the basin fill is thickest. At the gravity saddles, presum- 
ably the bedrock is shallower and the basin fill is thinner. 
Although not all gravity saddles correlate with the 
segment boundaries that we have recognized from surfi- 
cial geologic data, we believe that the combined analysis 
of Bouguer gravity data and surficial geology provide a 
good basis for identifying segment boundaries on range- 
front normal faults. 

SEGMENTATION AND SEISMIC-HAZARD 
ASSESSMENTS 

Seismic-hazard assessments can be improved by 
identifying the part of a fault that is likely to rupture 
during a single earthquake and determining the ability of 
individual segment boundaries to stop a propagating 
rupture. Segment boundaries that completely stop rup- 
tures will allow adjacent segments to behave indepen- 
dently during individual earthquakes. Future studies in 
paleoseismology should seek to evaluate the ability of 
different kinds of segment boundaries to arrest ruptures 
(dePolo et al. 1991) through several seismic Cycles. This 
evaluation is best achieved by determining the timing of 
successive events on adjacent segments. If the temporal 
pattern of surface faulting is clearly different on two 
adjacent segments, then the boundary between those 
segments has probably halted propagating ruptures re- 
peatedly in the past and is likely to do so in the future. 

This description of the behavior of segment bound- 
aries is probably overly simplistic. The segment bound- 
aries that we have identified in this study probably 
correspond to small parts of the faults (called barriers) 
that are consistently more resistant to rupturing and, 
therefore, they break less frequently (or perhaps as 
frequently but with less throw each time) than adjacent 
parts of the fault. Presumably, the past behavior of these 
barriers can serve as a guide to their future behavior. 
However, at some times during their history, all segment 
boundaries (barriers) must rupture, otherwise the gen- 
erally continuous topographic escarpments that form 
mountain fronts and range crests would not exist. Thus, 
ultimately, no segment boundary is absolutely persistent 
throughout the entire history of a fault and eventually all 
boundaries (except those at the end of a fault) must fail. 

An important complication to our description of 
segment-boundary behavior is that some boundaries 
may operate as 'leaky' boundaries. These 'leaky' bound- 
aries can severely impede a propagating rupture, but 
they are not completely effective at preventing displace- 
ment on an adjacent segment. The boundary of the 
northwestern end of the Thousand Springs segment 
exhibited this type of 'leaky' behavior during the 1983 
Borah Peak earthquake. At the Willow Creek Hills 
barrier, the mainshock rupture was stopped or was 
deflected away from the Lost River fault. However, 
enough seismic energy was transmitted through the 
barrier to trigger minor surface faulting on the Warm 

Spring segment. If more strain had accumulated on the 
Warm Spring segment, then the Borah Peak earthquake 
may have triggered a complete rupture of this segment. 
This type of 'leaky' behavior may well be a function of 
the amount of strain that has accumulated on an adjac- 
ent segment of a fault and the direction in which the 
rupture propagates. 

We suspect that the Timber Butte-Sheep Creeks 
segment boundary of the Red Rock fault may have also 
acted as a 'leaky' boundary during the youngest faulting 
on the Sheep Creeks segment. Generally, the scarps on 
the Timber Butte segment are more degraded with more 
rounded crests and lower maximum slope angles than 
those on the Sheep Creeks segment, which implies that 
the Timber Butte scarps are older. However, the Timber 
Butte scarps that are adjacent to the segment boundary 
have a prominent, steep bevel, about 0.5 m high, that is 
superimposed on the high, degraded scarps (Hailer 
1988b). We interpret this bevel to reflect the youngest 
rupture on the Sheep Creeks segment, which extended 
across the segment boundary and produced minor sur- 
face rupture on the Timber Butte segment. It is import- 
ant to determine if this style of behavior is typical of 
some segment boundaries because it has important im- 
plications for hazard assessments and for our under- 
standing of the long-term behavior of seismogenic 
faults. 

THE COSEISMIC BEHAVIOR OF RANGE-FRONT 
NORMAL FAULTS 

Data from the Borah Peak earthquake and our studies 
of the nearby range-front faults allows us to offer some 
observations about the characteristics of major range- 
front normal faults and their probable behavior during 
large earthquakes. We believe that many aspects of this 
behavior are representative of, not only the faults we 
studied, but also many major normal faults in the west- 
ern United States and probably in extensional terrains 
worldwide. 

Range-front normal faults that are more than about 40 
km long are probably segmented. The average length of 
individual segments of major normal faults in the north- 
eastern Basin and Range is 20-25 km (Jackson & White 
1989). Many major segment boundaries can be identi- 
fied by using a combination of surficial and bedrock 
geology, and gravity data. The barriers at some segment 
boundaries can be very effective at limiting the lateral 
extent of a propagating rupture, whereas other barriers 
can be 'leaky' and allow secondary slip to occur on 
adjacent segments. Further research is needed to deter- 
mine what traits of barriers make them fully, vs only 
partially, effective at stopping coseismic ruptures. 

Precursory seismicity may not necessarily be a reliable 
indicator of potentially hazardous normal faults. For 
example, in the two decades prior to the Borah Peak 
earthquake, there were no earthquakes of magnitude 
3.5 or greater within 25 km of the main shock (Dewey 
1987). Similarly, in the 2 months before the mainshock, 
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there were no foreshocks of magnitude 2 or greater 
within 50 km of the epicenter (Richins et al. 1987). Even 
though the region was generally aseismic before 1983, 
prominent late Pleistocene and Holocene fault scarps 
along all of the range-front faults are evidence that many 
large prehistorical earthquakes have affected the area in 
the past. Thus, geologic data may offer a more reliable 
means of identifying potentially hazardous faults than 
seismologic data. 

Seismologic data from the Borah Peak earthquake 
and from other earthquakes throughout the western 
United States (Sibson 1982, Doser 1986) and obser- 
vations of the mechanical properties of rocks (Das & 
Scholz 1983) show that the main shock for large earth- 
quakes tends to nucleate at or near the base of the 
seismogenic layer (brittle crust). The ruptures generally 
propagate unilaterally away from the hypocenter and 
upward toward the surface along generally planar faults 
(Doser 1985, 1986, 1988, Doser & Smith 1985, 1989, 
Stein & Barrientos 1985). The unilateral propagation of 
a rupture implies that the earthquake must nucleate 
close to an unruptured barrier on the fault. Thus, recog- 
nizing major barriers on segmented normal faults may 
identify the most likely nucleation sites for future large 
earthquakes. 

Estimating the magnitude of large earthquakes on 
normal faults can be refined by knowing the area of a 
fault that will likely fail during a large earthquake. By 
identifying major fault segments, we can delimit the 
probable length of a rupture. The vertical extent of a 
coseismic rupture will be controlled by the thickness of 
the seismogenic layer (Das & Scholz 1983) and, in the 
absence of more specific information, the attitude of a 
normal fault at depth can be assumed to range between 
40 ° and 60 ° on the basis of seismological data from 
historical earthquakes (see Jackson et al. 1982, Doser & 
Smith 1989, Jackson & White 1989, Ward & Valensise 
1989). The approximate area of the fault that might 
rupture can be computed from these parameters and 
used to estimate the magnitude of possible earthquakes 
(Wyss 1979). Magnitude estimates can be further re- 
fined by incorporating paleoseismologic data (such as 
displacement per event from trenching investigations) 
into the analysis. By knowing the rupture area and 
amount of displacement, one can calculate a seismic 
moment and moment magnitude (Hanks & Kanamori 
1979) for possible earthquakes on specific segments of a 
fault. This approach offers an improved estimate of the 
size of earthquakes that a fault segment can generate 
compared to the more commonly used empirical 
approach of estimating magnitude from measurements 
of fault lengths or amounts of displacement (Slemmons 
1977, Bonilla et al. 1984). 

The major range-front faults in east-central Idaho and 
southwestern Montana offer an unusually good oppor- 
tunity to study the coseismic behavior and segmentation 
of normal faults. Geologic, seismologic and geodetic 
data from the 1983 Borah Peak earthquake provide a 
detailed picture of the coseismic failure of a major 
normal fault, and, from our studies, we recognize sev- 

eral characteristics that can be used to identify segment 
boundaries of normal faults. Further studies are needed 
to make a more comprehensive inventory of the types 
and scales of features that segment normal faults. These 
studies will contribute to a better understanding of the 
processes and mechanics of fault segmentation, espe- 
cially because studies of historical surface-faulting earth- 
quakes in the Basin and Range province have shown that 
a variety of features can act as barriers and affect 
earthquake ruptures on faults (dePolo et al. 1991). 
Paleoseismic investigations are also needed to deter- 
mine the regional variations in time and space of surface- 
faulting earthquakes. From these regional studies, we 
can identify patterns of temporal and spatial clustering 
of earthquakes, which will provide insight into the way 
strain accumulates and is released in the upper crust. 
These lines of research will contribute to a better under- 
standing of the long-term behavior of individual faults 
and groups of faults in a region, which, ultimately, will 
improve our ability to realistically assess earthquake 
hazards. 
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