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Surficial slip distribution on the central Emerson fault during
the June 28, 1992, Landers earthquake, California

Sally F. McGill

Department of Geological Sciences, California State University, San Bernardino

Charles M. Rubin

Department of Geology, Central Washington University, Ellensburg

Abstract. We present the results of our mapping of a 5.6-km length of the central
Emerson fault that ruptured during the 1992 Landers earthquake in the southwestern
Mojave Desert, California. The right-lateral slip along this portion of the rupture varied
from about 150 to 530 cm along the main rupture zone. In some locations a total of up to
110 cm of additional right-lateral slip occurred on secondary faults up to 1.7 km away
from the main rupture zone. Other secondary faults carried up to several tens of
centimeters of left-lateral or thrust displacement. The maximum net vertical displace-
ment was 175 cm, east-side-up. The sense of vertical slip across the main fault zone
varied along strike, but in most cases it was consistent with the sense of vertical slip in
previous earthquakes, as indicated by the locations of areas of older, uplifted, and
abandoned alluvial fan surfaces. Although variations in surficial slip have been reported
along previous strike-slip ruptures, our closely spaced slip measurements allow a much
more detailed study of slip variability than was possible previously. We document
variations in slip as large as 1 m or more over distances ranging from 1-2 km to a few
tens of meters, suggesting that strains of the order of 10" may have occurred locally
within the surficial sediments. The long-wavelength (kilometer-scale) variations in
surficial slip may be influenced by fault geometry and perhaps by the thickness of
unconsolidated sediments. The slip variations over shorter length scales (tens of meters)
may be caused by variations in the proportion of the total shear that occurs on visible,
brittle fractures versus that which occurs as distributed shear, warping or rotation. The
variability of slip along the ruptures associated with the Landers earthquake calls for
caution in interpreting geomorphic offsets along prehistoric fault ruptures.

1. Introduction

The M,, 7.3 Landers earthquake of June 28, 1992, was
produced by a northward propagating pulse of right-lateral
slip on five major faults that totaled about 85 km in length
[Sieh et al., 1993]. To document the slip and variability of
slip along the rupture, we mapped a 5.6-km length of the
surficial ruptures along the Emerson fault, southeastward
from the location of the maximum horizontal displacement at
Galway Lake Road (Figure 1). Horizontal and vertical slip
across the faults was measured wherever linear features of
cultural or natural origin crossed the fault zone, with a typical
spacing of a few tens of meters. We document a high degree
of variability in the lateral slip over several distance scales.

Previous investigations of other large, historical, strike-slip
ruptures had reported slip variability over distances of
hundreds of meters to kilometers [Ambraseys and Tchalenko,
1969; Ambraseys and Zatopek, 1969; Bucknam et al., 1978;
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Nowroozi and Mohajer-Ashjai, 1980/1981; Sharp, 1982;
Sharp et al., 1982; Thatcher and Lisowski, 1987; Toksoz et
al., 1977], but slip measurements < 50 m apart on histori-
cal strike-slip ruptures had never been reported. Interpreta-
tions of slip measurements along prehistoric ruptures have
been hindered by the sparse distribution of displacement
measurements along historical ruptures [McGill and Sieh,
1991]. The densely spaced displacement measurements
reported here will facilitate studies of prehistoric ruptures by
providing an example of the small-scale variations in slip that
may occur along earthquake ruptures.

2. Methodology

We spent 3 weeks in the field, mapping surficial fault
ruptures onto 1:6000 scale air photos and measuring displace-
ments across the fault (Plate 1). We chose to focus on
fractures with > 10 cm of displacement, and we mapped every
such fracture that we found. We also mapped many fractures
with smaller displacements, particularly if they had larger
displacements elsewhere along their length.

We made 60 slip measurements across the main fault zone
(Table 1) and nearly 200 measurements across secondary fault
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Figure 1. Location map showing the Landers earthquake
rupture [after Sieh et al.,1993] and active faults in the
southwestern Mojave Desert, California.

traces up to 1.7 km from the main trace (Table 2). We
supplemented these with 24 measurements made by other
scientists (see acknowledgments). Lateral displacements were
measured from offsets in linear reference features such as off-
road vehicle tracks, ephemeral stream channels, gullies,
ridges, and a few dirt roads (Figure 2). The secondary faults
away from the main fault zone were usually very simple; geo-
morphic or cultural features were usually cleanly offset across
a single fracture, and displacements could usually be mea-
sured to within a few centimeters. The main fault zone
typically consisted of one or two main fault traces or shear
zones and a several-meter-wide zone of fractures with smaller
displacements between and on either side of the main trace(s).
The wider zone of displacement along the main fault led to
greater uncertainties in the displacements across the main
fault. The slip measurements across the main fault zone
include slip across all visible fractures within a zone several
tens of meters wide, centered on the main fault trace(s). In
a few cases, slip was measured on linear features that did not
span the entire width of the main fault zone, but these are
reported as minima.

Offsets were measured with a steel tape. The uncertainty
in the measurement usually stemmed from having to project
the offset feature through the several-meter-wide fault zone,
where the feature had been disrupted. The offset features did
not always have the same trend on either side of the fault
zone, and different assumptions about the trend of the offset
feature through the fault zone led to different slip estimates.

A significant amount of lateral displacement may have
occurred as warping in addition to brittle slip on visible
fractures. For example, a power line crosses the northern
Emerson fault, north of the area that we mapped. The lateral
slip on visible cracks at this site was 250 cm, whereas offset
of the aligned power line towers (including lateral warping
away from the fault) was 345 cm [Yeats et al., 1997; see also
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Lazarte et al., 1994]. Because the offset features we used
were not perfectly linear prior to the earthquake, it was not
possible to include lateral warping away from the main fault
trace(s) in our measurements, except for our surveyed
measurement of the offset of Galway Lake Road (discussed
in section 3.1). Our measurements thus are lower bounds on
the total deformation but are useful for comparison to offsets
along prehistoric ruptures, where warping is equally difficult
to detect or measure.

3. General Observations About the Ruptures

The right-lateral slip along the main fault zone varied from
150 + 30 cm to 531+ 62 cm, and the net vertical slip varied
from 175 + 15 cm, east-side-up, to 50 cm, west-side-up
(Figure 3). The variability in slip is discussed in more detail
in section 5.

3.1. Maximum Lateral Offset at Galway Lake Road

Ore of the largest lateral offsets on the main fault zone was
located where the dirt road diverging from Bessemer Mine
Road toward Galway Lake crosses the fault (sites 3-6, Plate
1; see photo 2 of Hart et al. [1993]). On the day after the
earthquake, K. Sieh, K. Hudnut, and C. Rubin used a steel
tape to measure right-lateral offsets ranging from 570 to 677
cm on several linear features associated with this road.

In order to rigorously document this very large offset, we
used a Wild TC1010 total station to survey points along the
road edges, berms, and major fault traces (Figure 4). To
measure the right-lateral offset of each reference feature, we
first rotated and translated the surveyed coordinates so that
the y axis is parallel to and centered within the fault zone.
Using a linear regression routine, we projected the road edges
and berms on each side of the fault separately to the center of
the fault zone. The difference between the y intercepts of the
regression lines for the same feature on opposite sides of the
fault is the lateral offset. The surveyed offset measurements
(409 to 531 cm) are somewhat smaller than those measured
with a steel tape the day after the earthquake (Table 3). U.S.
Geological Survey scientists also surveyed the Galway Lake
Road after the earthquake. They estimate an average of 520
cm for the right-lateral offset of this road (D. Ponti, written
communication, 1993) (see Table 3). The fact that neither the
road nor the fault is perfectly straight introduces errors into
the projection, which can lead to rather large errors in the slip
measurements. This may account for the discrepancies
between offsets measured by different investigators at this
site.

3.2. Vertical Slip

Although vertical slip was east-side-up along most of the
fault length that we studied, west-side-up displacement was
observed in a few places. With few exceptions (e.g., at about
3.5 km) the sense of vertical displacement along the fault in
1992 was consistent with the sense of vertical slip in prior
earthquakes, as indicated by the locations of uplifted, older
alluvial fans, and Plio-Pleistocene sediments (Plate 1 and
Figure 3d).

3.3. Nature of the Fault Scarps

Free faces were present along most of the portion of 1992
fault rupture that had significant vertical slip. Where the
rupture offset indurated sediments, the free face was particu-
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Table 1. Offsets Along the Main Fault Rupture

Site Right-Lateral Slip Vertical
Field Distance," Main Zone, Other Slip,*
Plate 1 Notes km om Fractures,” cm cm Description
1 SM83 -0.29 310+ 45 63 +21 46 + 10 ESU center of sandy channel.
2 SM82 -0.10 38045 48+ 8 40 + 14 ESU motorcycle track
3a SM251 -0.010 409 + 175¢ 48+ 8 24 +25 ESU North edge of North berm, Galway Lake Road
3 SM250 -0.007 471+ 125¢ 48+ 8 44 + 67 ESU South edge of North berm, Galway Lake Road
4 SM249 0.0 531+62¢ 48+ 8 22+ 14 WSU North edge of central berm, Galway Lake Road
5 SM248 0.003 466 + 351 48+ 8 12+ 14 WSU South edge of central berm, Galway Lake Road
6 SM247 0.007 414 £ 47° 48+ 8 14+ 15 ESU South edge of Galway Lake Road
7 CR17 0.33 500+ 50 110 + 51 25 WSU tire track
8 CR4 0.67 530 76 £33 0 tire track
9 SM73b 0.76 380+ 71 64+8 ESU old tire track
10 SM74 0.81 355+115 64+4 ESU three parallel ruts
11 SM75 0.86 2305 63+8 55+20 ESU gully
12 CRS5 0.88 500 72+ 14 >90 ESU gully
13 SM76 0.93 400 = 3 72+ 14 135420 ESU incised part of sandy channel
14 SM77 0.96 375+ 55 8+19 120 ESU NW edge of channel
15 SM78 0.99 355+ 55 8+ 19 130 + 10 ESU Center of incised sandy channel
16 SM79 1.05 415+30 2610 130 + 10 ESU SE edge of incised sandy channel
17 SM80 1.07 380 + 25 26+ 10 170 + 11 ESU gully
18 SM81/CR6 1.10 4105 3411 175+11 ESU single, wide tire rut
19 CR7 1.44 335+ 50 19+8 150 ESU ridge crest
20 CR8 1.61 220 23+22 20 WSU
21 CR10 1.99 > 170 54 +37 20 ESU channel
22 SM31 2.14 225 %21 69+ 15 54+ 3 ESU NW edge of small channel
23 SM4 2.17 245+ 60+ 17 85+ 5ESU NW edge of sandy channel
24 SM32 2.18 150 £30 60+17 68 + 2 ESU NW edge of sandy channel
25 SM33/CR11 2.26 390+ 23 63+ 12 80+ 10 ESU NW edge of sandy channel
26 SM34 2.38 225+ 25 74+ 10 25+ 5ESU NW edge of sandy channel
27 SM90 2.40 230 +'¢ 10118 70+ 15 ESU channel warped, not broken
28 CR12 2.65 0 110 ESU scarp; warped, not broken
29 SM35 273 > 205£30 0 30+ 5ESU SE edge of sandy channel
30 CR13 2.76 > 250 0 40 ESU grass line adjacent to NW channel edge
31 SM36 2.79 330+ 100 0 ESU NW and SE edge of sandy channel
32 SM38 295 220 + 100 0 35ESU sandy channel warped
33 CRI15 3.00 340 22+22 SE edge of small, sandy channel
34 SM39 3.058 240 45+25 40 ESU sandy channel warped
35 SM40 3.07 375+35 45+25 70 ESU sandy channel warped
36 SM41 3.11 220+ 8¢ 28+18 85+ 5 ESU channel offset on four discrete fractures
37 SM42 3.12 375 £ 60¢ 10+£5 100 ESU sandy channel offset
38 SM43&44 (net)  3.26 411 £25 17+2 69 + 8 ESU cycle track
39 SM45&46 (net)  3.33 296 + 14 9+ 9 65+ 15 ESU cycle track
40 SM47 3.5 > 112 8+ 1 30 WSU NW edge of channel; does not
cross entire main trace
41 CR16 3.61 433 £25 1+1 30 WSU dirt road with ruts
42 SM98 3.63 389 £30 4+ 1 <20 single tire track
43 SM99 3.67 417+ 40 133 811 WSU 50-70-cm-wide track
44 SM100 3.73 345+ 18 6+6 0 30-40-cm-wide tire track
45 SM102 3.80 436 + 28 0 011 40-cm-wide rut
46 CR18 4.04 > 230 0 45 ESU NW side of motorcycle track
47 SM103 4.10 408 =28 14+1 23+ 10 ESU single tire track
48 SM104/CR19 4.13 355+ 60 16+£2 30 ESU 40-cm-wide track
49 SM105 4.29 345 +35 25+1 20+ 12 ESU 40-cm-wide track
50 CR20 433 2190 48+ 6 202+ 13 ESU* pebble lag tire track
51 SM106 443 195+ 58 20+2 5 ESU 70-cm-wide track
52 CR21 4.60 320 49+ 10 track
53 CR34 4.62 211 3214 15 WSU channel
54 CR35 4.64 276 14+2 50 WSU center line of narrow, cobble-rich channel
55 CR24 4.69 > 110 14+2 NW edge of channel wall
56 CR36 4.76 260+ 18 0 22 ESU sandy channel
57 CR25 4.90 > 191 136 £ 47 133 ESU? dirt road
58 CR26 5.02 152 215+ 36" 78 ESU cycle track
59 CR37 5.08 229 £ 21 109 + 10f 100+ S ESU cycle track
60 CR27 5.32 > 110 £30 98+ 10° channel

* Distances measured southeastward along fault from Galway Lake Road.
® A line perpendicular to the main fault trace was drawn through each slip measurement on the main fault trace. Where these lines crossed secondary fault

traces, slip values were interpolated from the nearest two measurements on the secondary fault trace, and the component of slip parallel to the main fault was
computed. These values were then summed to obtain the number reported.

° ESU, east side up; WSU west side up.

4Surveyed measurement. All other measurements were by steel tape.

¢ The net vertical slip is 132 cm ESU because 70 + 4 cm WSU slip occurred on secondary fractures.
* Includes slip on the Homestead Valley fault [Zachariasen and Sieh, 1995].
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Table 2. Offsets on Secondary Fractures
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Table 2. (Continued)

Site Right Site Right
Lateral  Vertical Lateral  Vertical
Field Slip, Slip,* Field Slip, Slip,*
Plate]1  Notes cm cm Description Plate 1 Notes cm cm Description
100 sm-223  18+8 channel 165 ji-1 T+2 0
101 sm-222a 6+3 2+2 narrow tire track 166 jl-14 22+2 1+0.5
102 sm-222b 155  -10+5 167 sm-52 8+3 0 small pull-aparts
103 sm-233 15+5 0+2 channel edge 168 sm-123 8+8 0+10
104 sm-221 155 -15+3 wide tire track 169 sm-128 -50+5 -10+£3 wide track
104b sm-221b <5 4+2 170 sm-53 2+1 small pull-aparts
105 sm-220 15+5 191 tire track 171 cr-33 10.5 center berm of road
105b sm-220b 85 111 same tire track as 105 172 sm-54 10£5 0+2 channel
106 sm-232 75 0£2 channel 173 sm-148 0+10 -5T tire track
107 sm-219 17+5 61 narrow tire track 174 sm-150 9+1 S+1 narrow tire track
108 sm-218 15+5 03 narrow tire track 175 sm-122 0+5 0+3
109 sm-244a 3010 -15+3 tire tracks 176 cr-17
110 sm-243  60+10 O tire track 177 sm-130 10+10 03 tire track
111 sm-207  12+5  -3+2 channel 178 sm-129 -40+10 -5+5 tire track
112 sm-231 13+£3 0+3 two narrow tire tracks 178b sm-96 25+5 105 tire track
113 sm-217a 14+ 4 2+2 narrow tire track 179 sm-55 10+1 small pull-apart
114 sm-217b 6+4 0+3 narrow tire track 180 sm-151 05 15+2 channel
115 sm-206 20+20 -10+5T tiretrack 181 sm-149 <15
116 sm-242 205 0 tire track 182 sm-121  32+5  -20+S5 tire track
117 sm-230 10+5 012 channel 183 sm-85 255 S+l tire track
118 sm-205  2z+1 0 small pull-aparts 184 sm-124 335 153 channel
119 sm-203 2 0 small pull-apart 185 sm-56 25T
120 sm-204 05 -10+£5T tire track 186 sm-152 05 4+1 channel
121 sm-229 13+3 0+2 channel 187 sm-58 0+5 S5+1T
122 sm-202 1 0 small pull-apart 188 sm-59 010 25+5 channel
123 sm-241 105 5+3 tire track 189 sm-120  65+10 -20+3 channel
124 sm-228 30x15 0+2 wide tire track and channel 190 sm-72 5+1 0+2 channel
125 sm-240 30+ 10 tire track 191 sm60 255  -15%5 tire track
126 dy-2 33£10 -2+1 192 sm-61 0+2 31 tire track
127¢ sm-23% 305 0 berm 193 sm-119 51 0+1 small pull-apart
127¢ sm-239¢ 3015 -5+5 berm 194 sm-71 10+3 0 channel
127b sm-239b -5+3 0 berm 195 sm-70 -12+3
127d sm-239d 5+3 0 berm 197 sm-144 0zx5 20+ 5T tire track
127a sm-239a 44+5 -15+10 berm 198 sm-68 30+5
127f sm-239f 513 0 bem 199 sm-142 010 35+5 channel
128 sm-226 5+3 0+£2 two tire tracks 200 sm-94 155 30+5 tire track
129 sm-225 1+1 1= 1 several tire tracks 201 sm-145 010 121 channel
130 dy-1 413 2+2 roots 202 sm-67 05 8+5 channel
131a sm-238a 45+10 -13+3 203 sm-62 0+5 S5+3 channel
131b sm-238b 52 0 204 sm-131 -15+5
132 dy-3 13 small pull-apart 205 sm-66 05 -15+3 channel
133 sm-237 75+35 0+5 channel 206 sm-93 3010 -10+5 tire track
134 jl-9 7+£5T 207 sm-22 010 -10+5 channel
138 sm-201 203 0+3 channel 209 sm-86 20+5T
139 sm-214 -15+5 S5+3 tire track 210 sm-136 S5+1 02 channel
140 sm-215 -7+2 3+1 narrow tire track 211 sm-125 30+5 05 channel
141 sm-211  -15+5 0+2 channel 212 sm-141 2+1 51 channel
142 sm-212 -4+2 03 two channels and small pull-apart 213 sm-63 0+5 -15+3 channel
143 sm-213 -5+3 03 three tire tracks 214 sm-140  0x30 7
144 jl-8 10+5 -11+2 215 sm-64 4+2
145 sm-210e -15+3 -3x3 tire track 216 sm-134 -12+3 -5%3 tire track
146 sm-210w -10+3 -4+72 tire track 217 sm-118 0+3 T+l channel
147 sm-235 2+2 2.5=+1 tire track 218 sm-135 1843 -8+8 channel
148 sm-209 -15+5 -8+3 tire track 219 sm-92 25+10 -20+5 tire track
149 jl-6 4+1 -1+£0.5 220 sm-139 05 111
150 sm-236 65+5 0+5 berm at north edge of road 221 sm-127 -30+5
151 jl-11 -135£10 7+£3 222 sm-21 25+10 -15+5 double tire track
152 j1-7 15+5 -10+1 223 sm-133  20+5 8+1 tire track
153 sm-48 75+10 -15+5 berm at south edge of road 224 sm-138  0+5 -11+1
154 sm-208 275 5+3 tire track 225 sm-17 30+10 -20+5 channel
155 jl-13 21 226 sm-132  -15+5 -20£1T  channel
156 sm-84 -38+5 132 tire track 227 sm-126 20+5 S3+1 channel
157 sm-200 105 31 channel 228 sm-20 10+5 -15+5 channel
158 sm-49 75+10 -10+5 channel 229 sm-146 tension crack, 20 cm wide
159 jl-5 55£10 -18+2 230 sm-16 205 -10+5 channel
160 jl-4 3+1 0 231 sm-147 tension crack, 20 cm wide
161 jl-3 3010 0 232 sm-19 1515 -10+5 channel
162 sm-50 47+5 0+2 small pull-aparts 233 sm-18 20+10 043 channel
163 jl-2 1+£0.5 0 234 sm-117 15+3 03 channel
164 sm-51 4=1 small pull-apart 235 sm-15 30+10 -5+5 gully
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Table 2. (Continued)

Site Right
Lateral Vertical

Field Slip, Slip,*
Plate 1 Notes cm cm Description
236 sm-24 4+1 0+3
237 sm-14 2010 O0+5 gully
238 cr-9 9.5-m-long, old shutter ridge
239 sm-9 4x1 small pull-apart
240 sm-26 15+5 3+2 ridge in dirt road
241 sm-25 2+1 2+1 small pull-aparts
242 sm-23 2+1 -3+0 channel
243 sm-13 0+10 05 channel
244 sm-12 15+15 0+5 channel
245 cr-48 1 channel
246 sm-28 T+2 31 channel
247 sm-27 2+2 02 channel
248 sm-29 S+1 11 bar in channel
249 sm-8 25+5 -10+5 gully
250 sm-7 25+5 1545 channel
251 sm-11 25+5 05 channel
252 sm-10 35+3 -10+5 channel
253 sm-5 10+ 10 channel
254 sm-30 5015 -17+2 channel
255 sm-87 75410 -15+£10 channel
256 sm-88 42+8 -8+5 channel
257 sm-89 6010 125 channel
258 sm-91 30+15 -8+5 channel
259 sm-115 -7
260 sm-114 45+25 -30+5 channel and tire track
261 sm-113  10+35 -11+3 ridge between tire tracks
262 cr-14 20 5 channel
263 cr-45 20+2 81 channel
264 cr-46 12
265 sm-99a 103 6+3
266 sm-99b 31 0+2
267 sm-99¢ 0x3 83
268 sm-99d 1+1 -12+3
269 cr-47 10+1 tire track
270 sm-112 tension fissure, 10 cm wide
271 sm-101 12+3 25+ 5 tire track
272 sm-107 30+5
273 sm-108 0=zx10 -40+ 10 tire track
274 sm-109 tension fissures, 10 cm wide
275 sm-110 0+2 205 tire tracks
276 sm-111 0+3 6+2 tire track
277 cr-43 > 12 -15
278 cr-42 14+2 -16+4 tire track
279 cr-41 -30
280 cr-40 15 -34 tire track
281 cr-39 20 -18
282 ar-202) 220 -19
283 jz-73 35+5
284a jz-34a 43+10 0
284b  jz34b  11x3 0
284c¢ jz-34c 13+£3 -2
284d jz-34d 36+ 5 0
284e jz-34e 33+5
285 jz-74 2+0 911
286 jz-35 1343
287 jz-36 305
288 cr-29 21 tire track
289 cr-28a 35

* Positive values are east-side-up.
® T denotes thrust fault.

larly durable, and striations were preserved on the fault
surface (Figure 2b). The best preserved striations were on an
overhanging fault surface near site 19 with a strike of N68°W
and a dip of 82°NE. This portion of the fault is within a
compressional bend, and the displacement on the main fault
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trace had both a right-lateral and a reverse component. Five
measurements of the plunge of the striations preserved on the
fault surface on the northeastern side of the fault averaged
24°NW. This average plunge suggests a ratio of right-lateral
to vertical slip of 2.25. This is nearly identical to the ratio of
2.23 found at the nearest slip measurement (site 19).

Along a >250-m length of the rupture, located 2.3 to 2.7
km southeast of Galway Lake Road, there was no brittle
deformation at the surface (Plate 1). Rather, the ground
surface was vertically warped, with the northeast side uplifted
30-70 cm. Ephemeral channels on the fan surface were right-
laterally warped about 220-375 cm across this zone (Figure
2e).

3.4. Secondary Fractures

There were many secondary fractures away from the main
fault zone, which exhibited substantial amounts (several tens
of centimeters) of right-lateral, left-lateral, or thrust displace-
ment (Table 2 and Figure 5). Other fractures exhibited only
tensional opening. The orientation of the fractures with
different senses of slip fit a simple strain ellipse defined by
right-lateral shear along a north-northwest striking shear zone.
Right-lateral fractures strike north to northwest, left-lateral
fractures strike northeast, and thrust fractures strike west to
northwest (Figure 6). We speculate that the fractures east of
the main fault and near the northern end of our map area
represent an attempted slip transfer from the Emerson fault
to the Camp Rock fault to the east. The slip transfer failed,
and the Emerson fault continued to carry the bulk of the right-
lateral slip for 15 km farther north before finally stepping
over completely to the Camp Rock fault. Secondary fractures
on the west side of the fault, near the southern end of our map
area, result from the transfer of slip from the Homestead
Valley fault onto the Emerson fault [Zachariasen and Sieh,
1995].

4. Evidence for Prehistoric Earthquakes
on the Emerson Fault

There is considerable geomorphic evidence for prehistoric
movement on this portion of the Emerson fault, and several
investigators have used this geomorphic evidence to estimate
the timing and frequency of prehistoric earthquakes on this
part of the fault [Bull, 1996; Aydin et al., 1992; Aydin and
Du, 1995; Arrowsmith and Rhodes, 1994]. These researchers
generally agree that the most recent prehistoric earthquake on
this part of the fault occurred at least several thousand years
ago. Ina trench across the fault near the southern end of our
map area, Rubin and Sieh [1997] demonstrated that the most
recent faulting event at that location occurred about 9000
years ago. Bull [1996] concurs that the most recent prehis-
toric earthquake at the southern end of our map area occurred
in the early Holocene, but he also presents geomorphic
evidence for a more recent prehistoric rupture (at 3 + % ka)

extending northwestward along the fault from near the pull-
apart basin at our site 39.

4.1. Uplifted, Older Alluvial Fan Surfaces

Geomorphic evidence for prehistoric earthquakes can be
found in the remnants of older alluvial fan surfaces that have
been uplifted and preserved on the east side of the fault (see
shaded areas in Plate 1 between sites 31 and 60 and in Figure



MCGILL AND RUBIN: SLIP DISTRIBUTION IN LANDERS EARTHQUAKE

o St SRISNRGIECL T

Figure 2. Photos of lateral and vertical displacements along the main fault rupture. Locations of numbered
sites are shown on Plate 1. (a) A 186-cm-high fault scarp about 10 m southeast of site 18. Part of the vertical
separation here is due to lateral offset of sloping topography. View is to southeast. (b) Exposed fault surface
with striations, between sites 18 and 19. View is to northeast. (c) Ridge offset about 335 cm right laterally
at site 19. View is to northeast. (d) Off-road vehicle track at site 41 offset 100 cm on fault trace in
foreground, 323 cm on fault trace in background (where person is standing), and 10 cm on a minor fracture
still farther in the background. View is to southwest. (¢) Ephemeral channel warped 375 + 35 cm right
laterally and 70 cm east-side up at site 35. View is to northeast.
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Figure 3. (a) Right-lateral slip as a function of distance along strike. Measurements shown here include slip
on all fractures within a zone several tens of meters wide and centered on the main fault trace. Measurements
that do not span the entire width of this zone are regarded as minimum values and are shown with triangles
at the upper ends of the error bars. The solid line is a running average over three points, excluding minimum
values. Horizontal bars at base of plot show inferred thickness of unconsolidated sediments as a function of
distance along strike, the location of visible warping at the surface (see Plate 1 and Figure 6), and the
locations in which the fault strikes more westerly than 45° NW. (b) Right-lateral slip versus distance along
fault strike for the main fault rupture (heavy line) and with slip on secondary faults included (thinner line).
Error bars are omitted for clarity. Horizontal bars at base of plot are as in Figure 3a. (c) Fault strike
(azimuth) as a function of distance along strike. (d) Vertical slip on the main fault zone as a function of

distance along fault strike.

East-side-up (ESU) displacement is shown as positive vertical slip. The

uppermost horizontal bars at base of plot show the sense of vertical slip in prehistoric earthquakes, as inferred
from the locations of uplifted older alluvium (Qoa) and Plio-Pleistocene sediments (QTs). Lower horizontal
bars are as in Figure 3a. In Figures 3a-3d, distance is measured southeastward from Galway Lake Road.

6 from 2.1 to 5.2 km southeast of Galway Lake Road). The
southwestern edges of these older fan surfaces are located
about 25 m northeast of (downstream from) the main 1992
rupture, and most likely are old fault scarps that have re-
treated away from the actual fault location by fluvial erosion.
Two surveyed profiles (one just southeast of site 37 and the
other just southeast of site 31) indicate that the scarps in these
two surface remnants are 2 and 5 times higher, respectively,
than the ~70-cm-high 1992 fault scarps in the same areas.
The correlative surfaces west of the fault have been buried by
Holocene alluvium, however, so the present height of the
scarps in the older alluvium is a minimum estimate of the
vertical displacement of those surfaces. This suggests that at
least two to five earthquakes with a vertical slip distribution
similar to the 1992 event would be required to produce these
older scarps.

Bull [1996] regards the two uplifted surfaces described
above as Pleistocene in age, most likely correlating with a
regional aggradational event that occurred about 125 ka. If
this is true and if the average recurrence interval for faulting
events is comparable to the 9-kyr interval between the two
most recent events [Rubin and Sieh, 1997], one would expect
the scarps in the late Pleistocene surface to have formed as a
result of about 13 earthquakes. This suggest that either (1) a
substantial fraction of the scarps in the late Pleistocene
alluvium has been buried by recent alluvium so that the
portion of the older scarps that is visible represents only 15-
40% of the total scarp height and/or (2) vertical slip in many
of the prehistoric earthquakes was less than in 1992. Rubin
and Sieh [1997] demonstrate that at the location of their
trench site, vertical slip in the 9 ka event was similar to the
vertical slip in 1992, which argues against the latter option.
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Figure 4. Map of offsets at Galway Lake Road surveyed on August 19, 1994. Some surveyed points along
the road were not used in the regressions for one or more of the following reasons: (1) field notes indicated
that the road edge or berm was poorly defined at that location, (2) points near the fault zone that appeared
to have been influenced by lateral warping, or (3) far-field points that appeared to have a different trend than
those at intermediate distances from the fault. At the time of the survey the south edge of the south lane was
poorly defined on the west side of the fault. These points were used in the regression despite their uncertain
quality because of the unavailability of better data. The detailed fracture pattern of the fault zone was not
surveyed. Only the major bounding faults and selected minor faults are shown.

4.2. Uplifted Plio-Pleistocene Sediments

Additional geomorphic evidence for prehistoric earth-
quakes can be found where a small hill composed of Plio-
Pleistocene sandstone [Dibblee, 1964] has been uplifted on the
northeastern side of a left step (compressional fault jog) in the
main fault zone (between sites 18 and 20 on Plate 1). This
hill is bounded on the northeast by secondary thrust faults that
ruptured in 1992 with a few tens of cm of vertical displace-
ment (e.g., sites 173, 174, 180, 185, 187, 191, and 213) and

on the southwest by the section of the main 1992 rupture zone
that had the largest vertical displacements (sites 13 to 19).
This hill was undoubtably uplifted by repeated earthquakes on
this portion of the Emerson fault. Aydin and Du [1995]
present a detailed structural analysis of this hill and of the
1992 rupture in this area.

Although the southwest side of the hill was uplifted 120-
175 cm along the main rupture during the 1992 earthquake,
the north side of the hill was only uplifted 5-15 cm in the west
and 15-30 cm in the east along minor thrust faults. This

Table 3. Offset Measurements at Galway Lake Road

Right-Lateral Offset, m
Us. Sieh,
Geological Hudnut,
This Study* Survey® and Rubin®

North side of north berm 409+ 1.75
South side of north berm 471+ 1.25 5.13+0.17 6.35
North side of central berm 531+0.62 5.27+0.12
South side of central berm 4.66 +0.35 5.15+0.13 5.70°
South side of south lane 414+ 047 5.24 +£0.07 6.77

* Linear regressions of surveyed points. Stated uncertainties are +10 and were
calculated from the 95% confidence interval on the y intercept of the regression lines.

® Linear regressions of surveyed points. Stated uncertainties are + the standard error in
the y intercept. Data are from D. Ponti (personal communication, 1993).

¢ Measurement with steel tape. Data are from unpublished field notes of K. Sieh.

4 Crest of central berm.
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detailed offset measurements at site 38

point #  site # RLslip  Vertical
on map in field (cm) ship (cm)

38a SM44c 42:3 30 =5
38b SM44b 9 -5

38¢ SM44a  45+3 -12
38d SM43a 120 = 1218+ 3
38e 14+ 12 0
38f SM43b 77 8:-3
38g SM43c¢ 103 90+ 5

Plate 1. Surficial fault ruptures along a portion of the Emerson fault. Half arrows mark left-lateral faults; solid triangles are
on the upper plate of thrust faults; hachures are on the downthrown side of vertical faults with primarily vertical displacement;
all other faults are right lateral. Dotted lines show areas where ground surface was visibly warped, both horizontally ard
vertically, but where brittle fractures were limited or absent. Numbered open circles mark the locations of slip measurements
listed in Tables 1 and 2. Shaded areas are uplifted, older alluvial fan surfaces and Plio-Pleistocene sediments. Topographic
base is from the U.S. Geological Survey, Iron Ridge 7.5 arc min quadrangle. Contour interval is 6.1 m (20 feet).

Detailed offset measurements at site 39:

point # site # RLslip  Vertical
on map in field (cm) ship (cm)

~J 39a SM46d 21+5 70 =5
al SMd46¢c  44+10 -30=5

39b SM46b  28:3 -5
A 39 SM46a 80 305
/| 39d SM45a 323 60:5
/ SM4s5a' 8
/ 39¢ SM4s5b 15
SM4s5b 3
39f SM45¢ 103 90+ 5
3
4
39g SM45d 38+ 5 30+5
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Figure 6. Simplified map of fault ruptures that illustrates the
orientations of fractures with different senses of slip as well
as the locations of high- and low-slip areas along the main
rupture.

suggests that the hill was tilted down to the northeast by 0.15°
to 0.38° during the 1992 earthquake. The Plio-Pleistocene
sandstone that forms the hill dips 25° to 45° northeastward
[Dibblee, 1964] suggesting a long history of deformation,
associated with many prehistoric earthquakes. In particular,
these data suggest that a few hundred earthquakes with
deformation comparable to that in the 1992 event may be
responsible for the current dip of the sandstone beds. A
volcanic ash near the base of the sandstone has been chemi-
cally correlated with the 3.4 Ma Nomlaki Tuff [Aydin et al.,
1992]. This suggests that the average interval between
earthquakes has been a few tens of thousands of years. Given
the uncertainties involved, this estimate is roughly consistent
with the 9-kyr interval between the two most recent events
documented by Rubin and Sieh [1997].

4.3. Timing of the Most Recent Prehistoric Earthquake

Bull [1996] concurs with Rubin and Sieh [1997] that the
most recent prehistoric earthquake at the southern end of our
map area occurred in the early Holocene, but he also presents
evidence for a more recent prehistoric rupture (at 3 + 2 ka)
extending northwestward along the fault from near the pull-
apart basin at our site 39. In the area between our sites 22
and 25, a late Holocene surface (not shown in Plate 1) is
truncated sharply at the 1992 rupture and is juxtaposed against
modern alluvium on the west side of the rupture [Bull, 1996,

Figure 9]. These observations suggest the possibility of a
pre-1992 (but post-9 ka) earthquake that uplifted the late
Holocene surface on the east side of the fault and ponded
younger sediments on the west behind an uphill-facing scarp.
In support of this, a small channel within the late Holocene
deposits parallels the fault for a short distance and may have
been deflected by an uphill-facing scarp [Bull, 1996].
Isolated patches of late Holocene alluvium are present on the
west side of the fault, however (Bull [1996] and our own
observations). After restoring the vertical slip represented by
the 1992 fault scarp, any preexisting scarp would have to
have been small.

In one location, Bull [1996] observed a slight bevel at the
crest of the 1992 scarp, which may be a remnant of a pre-
1992 scarp in the late Holocene alluvium. In much of this
area, however, the pavement of the late Holocene surface is
truncated sharply by the 1992 rupture plane, with no visible
remnants of an older, more subdued scarp. The interpretation
of the fan deposits in the vicinity of sites 22 to 25 remains
somewhat ambiguous, but Bull's [1996] hypothesis of a late
Holocene earthquake at this location appears to be the most
reasonable interpretation.

It is worth noting that Arrowsmith and Rhodes's [1994]
modeling of scarp degradation suggests that more than 10 kyr
would be required to reduce the 1992 fault scarp at our site 18
to its pre-1992 form. This contradicts Bull's [1996] hypothe-
sis of a late Holocene rupture on the northern Emerson fault.
However, the scarp modeling could perhaps be reconciled
with the geomorphic evidence for a late Holocene earthquake
if that earthquake produced less vertical slip than the 1992
earthquake. ’

4.4. Right-Lateral Slip in Prehistoric Earthquakes

Very little evidence for lateral slip in previous earthquakes
was preserved. A 9.5-m-long shutter ridge at site 238 is the
only feature we found that may preserve the lateral offset in
the most recent few prehistoric earthquakes on the Emerson
fault. A few other features suggest repeated right-lateral slip
over a longer time period. For example, a channel incised
into the uplifted, older alluvial fan surface in the vicinity of
site 21 has a right bend of about 120-150 m at the location of
the 1992 rupture (Plate 1). Aydin and Du [1995] propose
additional correlations of channels and an old alluvial fan
edge across the fault that suggest a prior history of right-
lateral slip.

5. Variability of Surficial Slip

Variability in lateral slip along the main fault zone occurs
at both large and small length scales (Figures 3a and 3b).
Relatively large offsets (about 4 m) occurred along the main
trace between O and 1.5 km south of Galway Lake Road and
between about 3.1 and 4.2 km south of Galway Lake Road.
Smaller displacements (about 2 m) occurred between 1.5 and
3.1 km and between 4.2 and 5.2 km south of Galway Lake
Road.

Superimposed on these kilometer-scale variations in slip
are variations that occur over distances of several tens of
meters, which produce the spikiness in the slip distribution
(Figure 3b). Even over distances < 1 km, slip occasionally
varies by a factor of 2, and in several places the slip across
the main trace varies by 1 m or more within a few tens of
meters along the strike of the fault. The slip gradient may be
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Table 4. Most Extreme Slip Gradients Along the Central Emerson and Garlock Faults

Measurement Pair Offset 1, Offset 2, A Offset, m A Distance Slip Gradient
m m m
Preferred  Minimum Preferred Minimum

Emerson Fault: Galway Lake Road
5/6 (SM248 / SM247)! 4.66 +0.35 4.14+0.47 0.52 0 4 0.13 0
4/5 (SM249 /SM248)*  5.31+0.62 4.66 £0.35 0.65 0 3 0.22 0
3/4 (SM250/SM 249) 4.71+1.25 5.3120.62 0.60 0 7 0.09 0
3a/3 (SM251/SM250) 4.09+1.75 4.71+1.25 0.62 0 3 0.21 0

Emerson Fault: Other Locations
36/37 (SM41 / SM42) 22+5% 3.75+£0.6 1.55+3% 0.77 18 0.09 0.04
34/35 (SM39 / SM40) 24+06 3.75+0.35 1.35+0.69 0.66 12 0.11 0.06
23/24 (SM4 / SM32) 245+03 15+03 095+042 0.53 11 0.09 0.05

Garlock Fault®

2-63(3)/2-63(2) 88+ 0.7 2.5+ 6.3 3.9 6 1.05 0.65
2-61(6)/2-61(7) 5303 3405 1.9 1.1 4 0.48 0.28
2-33(5)/2-33(6) 84+1.6 24+05 6.0 3.9 20 0.3 0.2
2-61(5)/2-61(4) 56+0.7 2.7+0.7 29 1.5 10 0.29 0.15
2-63(3)/ 2-63(5a) 88+0.7 2329 6.5 38 25 0.26 0.15

* Surveyed measurement.
® From McGill and Sieh [1991].

used to quantify these short-wavelength variations in slip.
The slip gradient is the difference in lateral slip between any
two offset features divided by the distance along the fault
between the two features and is also equivalent to the
compressional (or extensional) strain parallel to the fault.
The median slip gradient for the portion of the fault that we
mapped was about 103 and the largest slip gradients were
close to 10"!. When the slip gradient is calculated using the
preferred offset measurements, seven pairs of lateral slip
measurements on the main fault trace had slip gradients close
to 10! (Table 4). When the slip gradient is calculated using
the extreme ends of the error bars on the slip measurements,
so as to minimize the slip gradient, then most of these slip
gradients are reduced to 107 or less.

Surficial slip gradients as large as 10" have not been
reported previously. The maximum slip gradients on other
faults that ruptured during the Landers earthquake were of the
order of 102, using the preferred slip values for measure-
ments contributed by other geologists to the Southern Califor-
nia Earthquake Center (SCEC) database. The maximum slip
gradients calculated from published data on other historical
strike-slip ruptures is also 10? [Williams and Magistrale,
1989; Sharp et al., 1982; Ambraseys and Tchalenko, 1969].

The fact that the slip gradients along the Emerson fault are
slightly more extreme than elsewhere along the Landers
rupture and than along other historical ruptures may reflect
the high density of off-road vehicle tracks and other linear
features that allowed very closely spaced lateral offset
measurements to be made.

5.1. Measurement Error

Before discussing possible explanations for the observed
variations in surficial slip, it is important to consider whether
the observed slip variations are real or whether they may be
the result of measurement errors. We measured the offsets of
four of the features discussed here independently on different
occasions. In addition, Irvine and Hill [1993] and K. Sieh
(personal communication, 1998) made slip measurements on
some of the same features that we measured. Although there
is some uncertainty in determining which of our measure-

ments correspond to the measurements published by Irvine
and Hill [1993], in most cases the mapped location of the
measurement and the description of the offset feature (e.g.,
stream channel versus off-road vehicle track) are sufficient to
determine the correspondence with reasonable certainty. The
difference between independent measurements on 13 features
ranges from -160 cm to 115 cm, and the average of the
absolute values of the differences is 49 cm (Table 5).

As an example, an extreme slip gradient between a pair of
offset channels is documented in Figure 7. The lateral offsets
measured from the surveyed map differ from the taped field
measurements for both channels, and the difference is
significant for one of them. Comparison of the surveyed
offset at site 37 with the taped measurement suggests that the
errors in some measurements may be as large as 160 cm
(30%). The taped measurements for features 36 and 37 had
indicated a preferred slip gradient of 0.17 and a minimum
slip gradient of 0.11. The surveyed measurements indicate
that measurement error is partly responsible for the large slip
gradient, but they still yield a preferred slip gradient of 0.09
and a minimum slip gradient of 0.04 (Table 4). Thus, in at
least one location along the Landers rupture, surveyed
measurements indicate that the slip gradient was at least 102
and possibly close to 107,

While the slip variations of up to 160 cm between individ-
ual measurements may be due to measurement error in some
cases, to explain the kilometer-scale variations in slip as
measurement error would require that we consistently
overestimated the slip along some fault sections and consis-
tently underestimated it along other sections. This seems
unlikely.

5.2. Secondary Fractures

The variations in slip (at both short and long length scales)
are not artifacts of comparing slip across the entire width of
the main fault zone at one point with the slip across a portion
of the fault zone at another point. As mentioned previously,
we were quite careful to measure the lateral slip across every
visible fracture within a zone several tens of meters wide
centered on the main fault zone and to include all of the slip
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Table 5. Summary of Independent Measurements of Fault Slip at the Same Location
Measurement 1 Measurement 2

Site Right- Site Right-
Site Difference (Field Lateral (Field Lateral
(Plate 1) in Slip, cm Notes) Slip, cm Observer(s) Method Notes) Slip, cm  Observer(s) Method
18 33 CR6 392 Rubin and McGill steeltape  SM81 425+3  McGill and Slates steel tape
23 30 SM4 230+27  McGill steel tape  SM4 260 McGill and Rubin steel tape
25 <75 CR11 425+25  Rubinand McGill steel tape  SM33 350 +20 McGill and Rubin steel tape
43 -53 CRI19 380 Rubin and McGill steeltape  SM104 327+£30 McGill and Rubin steel tape
167 35 SM79 415+30  McGill and Slates  steel tape 1 450 Irvine and Hill [1993] unknown
43 -27 SM99 417440  McGill and Rubin  steel tape 2 390 Irvine and Hill [1993]  unknown
537 -46 CR34 211 Rubin and McGill steeltape 6 165 Irvine and Hill [1993]  unknown
587 -27 CR26 152 Rubin and McGill steel tape 8 125 Irvine and Hill [1993]  unknown
36 -30 SM41 250+ 7 McGill and Rubin  steel tape  SM41 2203  MeGiil surveyed
37 -160 SM42 535+80  McGill and Rubin  steel tape = SM42 375+60 McGill surveyed
41 -0.5 CR16 433+25  Rubinand McGill steel tape  "Northern" 415-450 K. Sieh surveyed
447 115 SM100 345+ 18  McGill and Rubin  steeltape  d, "Central" 460 K. Siech surveyed
45 -6 SM102 436 +26  McGill and Rubin steel tape  f, "Southern" 430 K. Sich surveyed

* Value reported in Table 1 is the average of the two values reported here.

® In these cases it is less certain that the two sets of measurements were made on the same features.

within this zone in our estimate of the slip across the main
fault zone.

The two, kilometer-long areas with smaller displacements
on the main trace (1.5 to 3.1 and 4.2 to 5.2 km south of
Galway Lake Road) partly coincide with areas in which many
fractures are present away from the main trace (Figure 6).
The right-lateral slip on these secondary fractures partially
fills the slip deficit along some parts of the low-slip portions
of the main trace but does not even come close to producing
a uniform distribution of slip along strike (Figure 3b).

5.3. Slip on Visible Fractures Versus Total Shear

The variations in surficial slip (at both short and long
length scales) represent real variations in the amount of brittle
slip on visible fractures at the surface, but they do not
necessarily indicate comparable variations in the total shear
across the fault zone. As mentioned previously, a significant
amount of lateral displacement may have occurred as warping
(distributed shear), thus explaining why the offset of the line
of transmission line towers across the northern Emerson fault
was larger than the sum of the lateral slip on visible fractures

= top of fault scarp =
m— base of fault scarp
=——  minor fault scarp, bar and
ball on lower side
= fissure . =
—— crack 15+ 15
—
=3 offset ch | /-I/-
ofiset channe 14045 ! ——
f_/ 175 15
=,
= _4::}
/} 170 £ 20
H32T~7F

360 £ 65

#37
#36
Total Right-Lateral Sli
5 meters #asg #37 P
Field measurement 250+ 7 535+ 68

Surveyed measurement:

220+ 30 375460

Figure 7. Surveyed map showing a pair of offset channels with one of the most extreme slip gradients, sites
36 and 37, on Plate 1 and Table 1. Nails were placed along the offset channels and fault strands on J anuary
5, 1994 and the nails were surveyed on January 5 and August 18, 1994.
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at that site [Yeats et al., 1997]. Distributed shear is only
measurable where a feature with known preearthquake
geometry crosses the fault (e.g., the line of transmission line
towers mentioned above, or the fence in Figure 5 of Johnson
et al. [1994]). The variations in slip that we observed may
represent variations in the proportion of the total shear that is
concentrated onto visible fractures, rather variations in the
total shear across the fault zone.

5.3.1. Short-wavelength example. In the example shown
in Figure 7, we speculate that the measured slip at site 36 is
lower than at site 37 because a larger proportion of the total
surficial displacement across the fault zone at site 36 has
occurred as either (1) distributed, brittle shear on fractures
too small to be visible (e.g., between individual grains of
sediment), (2) elastic or permanent warping of the uppermost
sediments over brittle fractures that did not propagate all the
way to the surface (as in work by Bonilla and Lienkaemper
[1990]), or (3) clockwise rotation of small blocks, as docu-
mented by Johnson et al. [1994] elsewhere along the Landers
rupture.

Any of these three mechanisms would produce either a
real or apparent clockwise rotation of the portion of the
channel at site 36 within the fault zone. The amount of
rotation required to explain the missing slip at site 36 would
be roughly equal to tan’(Ad/A), where Ad is the amount of
missing slip and A is the cross-strike width of the fault zone.
To explain the 1.55 m of missing slip at site 36 with one of
the mechanisms above would imply that the channel has been
rotated clockwise (either as a block or through distributed
shear) by 6° to 10° over the 9- to 15-m width of the fault
zone. Given the fact that the initial geometry of the channel
is unknown, it seems quite possible that this amount of
apparent rotation could have occurred without being notice-
able. We do not know why a larger amount of unmeasurable
shear may have occurred at site 36 than at site 37.

5.3.2. Application to long-wavelength variations. The
same three mechanisms discussed above may also partially
explain the kilometer-scale variations in slip. It seems
reasonable to hypothesize that a larger proportion of the total
displacement would be concentrated on visible fractures (and
thus be measurable) in areas where the surficial materials are
well consolidated than in areas where the surficial materials
are unconsolidated. Thus one might expect the high slip areas
to correlate with areas in which the surficial materials are
well consolidated. To a certain extent, this is what we
observe. Along the southern third of the high-slip area from
0 to 1.5 km, the fault ruptures through consolidated Pliocene
or Pleistocene sandstone [Dibblee, 1964], whereas most of the
remainder of the surface rupture is in unconsolidated,
Holocene alluvium (Figure 6). However, this does not
explain the areas of high slip between O and 0.8 km and
between 3.1 and 4.2 km southeast of Galway Lake Road.

Perhaps these other high-slip areas are underlain by
consolidated materials at very shallow depth, and the low-slip
areas are areas in which the thickness of unconsolidated
sediments is greater. In general, we suspect that the uncon-
solidated sediments along this portion of the Emerson fault
are rather thin. Dibblee [1964] apparently shares this view.
His cross sections show that he expects that the Holocene
alluvium in this area is no more a few tens of meters thick
and that the depth to crystalline basement rock (biotite quartz
monzonite) is probably of the order of 100 m. A paleoseis-
mic trench within the playa at the southern end of our map
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area reveals that the thickness of Holocene sediments is about
2.5 m at that location [Rubin and Sieh, 1997], but the
underlying latest Pleistocene sediments were also relatively
unconsolidated.

We have no direct information regarding how the thickness
of unconsolidated sediments at the fault varies along the strike
of the fault. However, we expect that this thickness is greater
in areas where repeated, east-side-up vertical slip on the fault
has produced an uphill-facing scarp, which ponded behind it
young sediments from the eastward flowing drainages. As
discussed above, the 1.7-m- to 3.8-m-high fault scarps in the
Pleistocene alluvium at sites 37 and 31, respectively, may
only represent 15% to 40% of the total scarp height. The
correlative surface on the west side of the fault may be buried
beneath 5-10 m of unconsolidated sediments.

The patterns at the bottom of Figures 3a and 3b show the
inferred thickness of unconsolidated sediments at the fault as
a function of distance along strike. The thickness of loose
sediments is zero where consolidated materials (older allu-
vium or Plio-Pleistocene sandstone) are exposed at the
surface. Where consolidated materials are not exposed at the
surface, we assume that the veneer of loose sediments is very
thin where the vertical slip in the 1992 earthquake was near
zero or up on the west side and that the loose sediments are
thicker where significant east-side-up vertical slip occurred in
1992. As mentioned previously, the locations in which
Pleistocene alluvium has been uplifted on the east side of the
fault, roughly coincide with the locations of large east-side-up
vertical slip in 1992 (Figure 3d), suggesting that the pattern
of vertical slip in the 1992 earthquake may be representative
of the vertical slip in previous earthquakes.

From Figures 3a and 3b we can see that the two fault
segments with lower right-lateral slip (1.5-3.1 km and 4.2-5.1
km) correspond in part to the fault segments along which the
inferred thickness of loose sediments is greater. This suggests
that variations in the depth to consolidated sediment or
bedrock may partially explain the kilometer-scale variations
in slip. However, if our inferences about the thickness of
loose sediments are correct, then other factors must also be
involved because there are low-slip areas where consolidated
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Figure 8. (a) Average of right-lateral slip measurements for
areas with various inferred thickness of unconsolidated
sediment. Broader error bars represent the standard deviation
of the slip measurements, and narrower error bars represent
the standard error of the mean. The number of measurements
(n) included in each average is also shown. (b) Scatter plot
of right-lateral slip versus fault strike.
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sediments are exposed at the surface (e.g., at about 1.6 km
and from 4.3 to 4.8 km southeast of Galway Lake Road) and
high slip areas where the unconsolidated sediments are
inferred to be relatively thick (e.g., from 3.1 to 3.5 km and
from 4.0 to 4.3 km southeast of Galway Lake Road). Simi-
larly, Figure 8a shows that there is not a strong correlation
between right lateral slip and inferred relative thickness of
unconsolidated sediments.

5.4. Other Possible Explanations for the Kilometer-
Wavelength Variations in Slip

5.4.1. Complexities in the fault geometry. The low-slip
segment from 1.5 to 3.1 km is bounded on the southeast by a
70-m-wide dilational step over and on the northwest by a 130-
m-wide compressional fault bend (Figure 6). This is consis-
tent with Sibson’s [1986] observation that 100- to 1000-m-
wide fault jogs are "commonly associated with abrupt changes
in the amount of slip accompanying individual earthquakes
[Clark, 1972; Tchalenko and Berberian, 1975; Sieh, 1978]".
Deng et al. [1986] made a similar observation. This is also
similar to the behavior observed in some numerical crack
models. Das and Aki [1977] showed that when unbroken
barriers remain on a fault plane, the slip on the fault is
relatively uniform between any two barriers but that the slip
on adjacent segments separated by barriers may be different.
Furthermore, in the numerical models the slip on each
segment is related to the length of the segment (see Das and
AKki’s Figure 4). If fault jogs act as barriers to slip and limit
the effective, local rupture length to the distance between
jogs, then one might expect the slip in an earthquake to
change abruptly at fault jogs and to be lower on shorter fault
segments. This mechanism can not explain all of the slip
variability, however. The change from high slip north of 4.2
km to low slip south of 4.2 km does not coincide with any
significant fault jog (Figures 3 and 6), and the 65-m-wide
compressional fault bend at 1.9 km south of Galway Lake
Road does not coincide with any marked change in right-
lateral slip (Figures 3a and 3c).

5.4.2. Fault strike. There is a moderate correlation
between the local strike of the fault and the amount of right-
lateral slip. Figure 8b shows that the right-lateral slip on
segments striking more westerly than N45°W is generally
lower than on the more northerly striking segments. The
patterns at the bottom of Figures 3a and 3b show the locations
of fault segments with strikes more westerly than N45°W
(data from Figure 3c). These segments correlate rather well
with the low-slip segments, particularly with the central low-
slip segment from 1.5 to 3.1 km. The more westerly trend of
the fault in this low-slip segment represents a broad, gentle
restraining bend (Figure 6). A similar pattern of lower slip
in a broad, gentle restraining bend was observed in the 1968
Dasht-e Bayaz rupture (at chainage 2W to 2.5W in Figure 4
of Ambrasseys and Tchalenko [1969]). This mechanism does
not explain most of the low-slip area from 4.2 to 5.2 km,
however.

Restraining bends are areas in which one would expect the
normal stress to be increased during an earthquake. This
increase in normal stress would increase the dynamic friction
shear stress on the fault. If the final stress on the fault after
the earthquake is equal to the dynamic friction stress, then
fault segments with higher dynamic friction stress will have
a lower shear stress drop and slip (assuming uniform initial
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shear stress on the fault). However, this explanation is
difficult to apply to repeated earthquakes because if slip is
always lower on the more westerly trending segments then
some sort of off-fault deformation must occur to compensate
for the lower slip. As discussed above, the slip on the
mapped secondary fractures is not sufficient to compensate
for the areas of lower slip on the main fault.

5.4.3. Variations in slip in the previous earthquake. If
the distribution of slip along strike in the previous earthquake
was uneven, then the initial stress on the fault just prior to the
1992 event may have been unevenly distributed along strike.
This in turn could result in variations in stress drop and slip
in the 1992 event. If the slip on the fault is constant along
strike when averaged over long time periods (i.e., over many
earthquake cycles), then fault patches that have lower than
average slip in one or more events must either have higher
than average slip in other events, or they must fail more
frequently than the high-slip patches. In principle, it should
be possible to test the hypothesis that fault sections that had
relatively high slip in 1992 had relatively low slip in the prior
event by measuring the lateral offset of stream channels and
other geomorphic features that were displaced in the pre-1992
event. Unfortunately, any geomorphic markers of the slip in
the previous earthquake have been either destroyed by erosion
or buried by younger sediment in the 9000 years that have
elapsed since the prior event. While it seems intuitively
obvious that variations in slip in the prior earthquake could
produce variations in slip in the current event, this explana-
tion begs the question of what caused variations in slip during
the prior event.

5.5. Summary of Possible Causes of the Slip Variations

Some of the decameter-scale variations in slip may be at
least partly attributed to measurement error, but others
represent real variations in the amount of brittle slip on visible
fractures at the surface. The kilometer-scale variations in slip
can not be attributed to measurement error. Neither the
short- or long-wavelength slip variations can be explained by
slip on secondary fractures away from the main fault.

The decameter-scale variations in slip are most likely
caused by incomplete expression of the slip within the
surficial materials, either due to distributed brittle shear, to
elastic or permanent lateral warping, or to rotations of small
blocks within the fault zone. The kilometer-scale slip
variations may be explained in part by these same factors, but
they also appear to be related to the fault geometry in two
ways: (1) the endpoints of the central low-slip segment
coincide with fault jogs and (2) slip is lower on more westerly
striking (convergent) fault segments, where the normal stress
is probably higher. While other factors such as prior history
of slip on the fault, material properties of the fault zone
[Revenaugh, 1995; Michael and Eberhart-Phillips, 1991; Lees
and Nicholson, 1993], and the dynamics of the rupture
process [Heaton, 1990] may affect the distribution of slip on
a fault, our observations do not directly bear on these factors,
so we leave the exploraiion of these issues as a topic for
future research.

5.6. Depth Extent of the Slip Variations

Modeling of geodetic observations and of seismic waves
indicates that variation of slip on the fault plane also occurred
at depth, with wavelengths of the order of 10 km [Cohee and
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(Ah). (bottom) Calculation of the depth extent of the slip
gradient for two specific examples discussed in text.

Beroza, 1994; Wald and Heaton, 1994]. Whether or not the
shorter-wavelength variations that we observe at the surface
also exist on the fault at depth is not known, but we may
make the following observations.

The variations in slip that we have observed are variations
in the amount of slip on visible, brittle fractures. The total
shear across the fault zone (S;) is the sum of this measurable
slip (S)) and any unmeasurable shear (Sy) that may have
occurred through distributed brittle slip, warping, or rotation.
Intuitively, there is a limit to how deep any variations in the
total shear (S;) may extend. Variations in the total shear will
produce compressional (or extensional) strain parallel to the
fault zone ((x, - Ax) / x,; see Figure 9). Assuming that there
is no movement of material perpendicular to the fault and that
any volume changes are minimal, the fault-parallel compres-
sional (or extensional) strain will be accompanied by a
vertical extensional (or compressional) strain ((h, + Ah)/ h,).

The measured slip gradient between sites 36 and 37 is at
least 0.04 and more likely 0.09 (Table 4). No anomalous
uplift or subsidence was observed in this area. Any such
local uplift or subsidence probably would have been notice-
able if it had exceeded 50 cm in magnitude. This suggests
that gradients in the total shear (S;) as high as 0.09 probably
do not extend more than 10 m or so beneath the surface
(Figure 9), and the total shear below that depth must be more
smoothly varying. This argument, however, only applies to
the downdip extent of the slip variations seen at the surface.
It does not preclude the existence of high slip gradients below
10 m depth, as long as they are not in-phase with the surficial
slip gradients or with each other.

We now consider the possible depth extent of the
kilometer-scale variations in slip. As an example, the slip
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" gradient between the southern end of the central low-slip area

(at 2.7 km) and the northern end of the southern high-slip
area (at 3.5 km) is 0.002 (1.7 m change in slip over 800 m
distance). Any local uplift or subsidence spread over this
area could perhaps be as large as several meters or more
without being easily visible. This suggests that kilometer-
scale gradients in total shear (S;) of the order of 0.002 may
extend several kilometers beneath the surface (Figure 9).

6. Implications of Slip Variability in the
Landers Earthquake for Estimates of Slip in
Prehistoric Earthquakes on Other Faults

One purpose of this study was to document the degree of
variability in slip along the main fault rupture for comparison
with offset measurements along prehistoric ruptures. Deter-
mining the amount of slip in past earthquakes is important for
characterizing the size and frequency of earthquakes along a
fault. Offset geomorphic features are commonly used to
estimate the amount of slip in prehistoric earthquakes [Wal-
lace, 1968; Clark, 1970; Sieh, 1978; Rockwell and Pinault,
1986; Zhang et al., 1987; Lindvall et al, 1989; Zhang et al.,
1990; McGill and Sieh, 1991, Grant and Sieh, 1993]. One
source of error in using offset geomorphic features is the
variability in slip that may occur in a single earthquake. A
distribution of offsets along a prehistoric rupture can either
be explained by a single slip event or by muitiple slip events.
McGill and Sieh [1991] used variability in slip along historical
ruptures on strike-slip faults as a modern analog for prehis-
toric earthquake ruptures. However, the utility of this
approach has been hampered by a lack of data on slip
variability along historical earthquake ruptures. The closely
spaced slip measurements presented here provide a more
robust data set that documents slip variability within a single
earthquake.

6.1. Potential Problems With Using Histograms to
Determine the Number of Earthquakes Associated
With Offset Geomorphic Features

One approach to estimating the number of slip events
associated with offset features is to construct a histogram
showing the number of features offset various amounts along
a particular fault segment. McGill and Sieh [1991] used this
method in a study of offset geomorphic features along the
Garlock fault. They argued that if the offsets ranging
between 2 and 6 m along the Garlock fault in Pilot Knob
Valley had all formed in the most recent slip event, then one
would expect the offsets to be distributed uniformly or
unimodally within this range. The offsets ranging between 2
and 6 m in Pilot Knob Valley, however, are bimodally
distributed (Figure 10a). For this reason, McGill and Sieh
[1991] favored an interpretation in which features offset
around 3 m were displaced in the most recent earthquake
alone, whereas features offset 5-6 m were displaced in the
past two slip events combined.

McGill and Sieh [1991] assumed that a histogram of offsets
from a single earthquake would have a single peak, even
though that peak might be very broad because of variability
in the slip along the fault. Preliminary analysis of offsets that
we measured along a 5.6-km length of the Emerson fault,
however, indicates that offsets from a single earthquake can
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Figure 10. (a) Number of offset features per cm slip along
the Garlock fault. (b) Number of offset features per centime-
ter slip along the portion of the Emerson fault that we map-
ped. To construct these plots, we treated each offset mea-
surement as a Gaussian curve with a mean at the best estimate
of the measurement and with a standard deviation equal to
one-quarter the length of the error bar. The reported uncer-
tainties are thus assumed to be +20. The Gaussian curves
for all the measurements were then summed to produce a
figure similar to a histogram of offset measurements but
including the information contained in the error bars of the
measurements. The area beneath each peak represents the
number of geomorphic or cultural features offset by the slip
amounts spanned by the width of that peak. Along the
Garlock fault the correlation of each offset feature across the
fault was rated excellent, good, fair, or poor. Along the
central Emerson fault we only measured offsets with good or

excellent correlations.

produce a bimodal histogram, similar to the one for Pilot
Knob Valley (Figure 10b).

In order to determine if offsets clustered in a bimodal
distribution along other segments of the Landers rupture we
used slip measurements in the SCEC database (see acknowl-
edgments) to construct histograms for all of the faults that
ruptured in the 1992 Landers earthquake. Most of the
histograms for faults that ruptured in the Landers earthquake
are multimodal (Figure 11). Many of the peaks are very
narrow, however, and represent single measurements rather
than clusters of measurements. These narrow peaks arise
from sparse sampling of variable slip, and they emphasize the
importance of closely spaced slip measurements along
strike. The broader peaks (e.g., at 200 and 300 cm on the
Homestead Valley fault), however, represent real clustering
of the slip measurements, confirming that a multimodal
histogram of offsets should not necessarily be interpreted as
evidence for multiple earthquakes.
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In some cases the different peaks in the histograms
correspond to particular segments of the faults, suggesting
that if a short enough fault segment is considered, a single
rupture event may in fact produce a single-peaked histogram.
The 5.6-km-long segment that produced the bimodal histo-
gram shown in Figure 10b can be broken down into 1.5- to 2-
km-long segments, some of which have histograms with one
dominant peak, although they still have minor peaks at other
offset values (Figure 12). Thus, at least for some parts of the
rupture the multimodal nature of the histograms is produced
by the kilometer-scale variations in slip. The fault lengths
over which nearly unimodal histograms are observed are so
short, however, as to be of little use in deciphering the
number of prehistoric earthquakes associated with a set of
offset geomorphic features.

6.2. Modification of the Histogram Approach:

Subtracting a Running Average of Slip From Each Slip
Measurement Before Constructing the Histogram

The long-wavelength variations in slip can be filtered out
by subtracting a running average of the slip from each slip
measurement. Thus peaks in the histogram that correspond
to segments with uniform slip along strike will merge, even
if the endpoints of the segments with uniform slip are not
known. Furthermore, areas where slip is gradually increasing
or decreasing, such as near the ends of a fault or between
segments with uniform slip along strike, will also produce a
unimodal histogram. The four main faults that ruptured in the
Landers earthquake each produce a primarily unimodal
histogram if a running average of the slip is subtracted from
each slip measurement before constructing the histogram
(Figure 13).
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Figure 11. Number of offset features per centimeter of slip
for each of the four major faults that ruptured in the Landers
earthquake. See caption of Figure 10 for a discussion of how
these plots were constructed. The number of measurements
used in each plot is shown in the top right corner.
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Figure 12. Number of offset features per centimeter of slip
for short segments of the portion of the Emerson fault that we
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sured southeastward from Galway Lake Road and indicate the
portion of the fault included in each plot. Plots were con-
structed as described in the caption for Figure 10.

Although histograms of slip with a running average
subtracted do produce a single peak when a single earthquake
is considered, is this approach useful in determining the
number of earthquakes represented in a set of slip measure-
ments along a fault with prehistoric ruptures? To simulate a
data set containing two earthquakes, we doubled the slip
measurements from the Landers earthquake and from a
hypothetical earthquake with a smoothly varying slip distribu-
tion. This is clearly an overly simplistic model for a two-
event data set, but it is illustrative, nonetheless.

Figure 14 shows the histograms of slip with running
average subtracted for several simmilated two-event data sets.
The histogram for the smoothly varying, hypothetical rupture
(Figure 14b) is bimodal. Thus, for a rupture with smoothly
varying slip, this approach is able to distinguish when two
slip events are included in a set of slip measurements. For
the Landers rupture, however, the fluctuation of slip about the
running average is sufficiently large that this approach
produces a roughly unimodal histogram (Figures 14d, 14f,
and 14h), even though two events are included in these data
sets. Therefore, if this approach is applied to slip measure-
ments along prehistoric ruptures, a multimodal histogram
probably indicates that more than one earthquake was
involved, but a unimodal histogram does not necessarily mean
that all the offsets were produced by a single earthquake.

As an example of the potential uses and limitations of this
technique, we apply it to the geomorphic offsets along the
Garlock fault in Pilot Knob Valley. We consider just those
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offsets that make up the two main peaks in Figure 10a (offsets
< 7 m). If offsets of all qualities (excellent through poor)
are included, the histogram with running average subtracted
has one main peak with a split top, which could perhaps
represent two different earthquakes (Figure 15a). If the
offsets with poor correlations across the fault are excluded,
however, the histogram with running average subtracted has
a single main peak with minor side lobes (Figure 15b). Thus
this approach is inconclusive when applied to the Pilot Knob
Valley offsets. The split peak in Figure 15a is not convincing
evidence for two events, and the single peak in Figure 15b
does not necessarily mean that all offsets < 7 m were
produced by a single earthquake, for the reasons discussed in

the previous paragraph.

6.3. Potential Use of Slip Gradients to Determine the
Number of Earthquakes Associated With Offset
Geomorphic Features

Another method that McGill and Sieh [1991] used to
distinguish features offset in a single event from those offset
in multiple events was to compare the slip gradient required
for a single event interpretation of a set of prehistoric offset
features to the maximum slip gradients observed in historical
ruptures. This approach assumes that if the slip gradient
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Figure 13. Number of offset features per centimeter of slip,
with a running average of slip subtracted from each measure-
ment. To construct these plots, a running average of the slip
(includinig the two nearest points on each side of each mea-
surement) was subtracted from each slip measurement, and
then a histogram-like plot was made, as described in the
caption to Figure 10. The plot labeled central Emerson fault
includes only the measurements that we made on the 5.6-km
length southeast of Galway Lake Road. The number of offset
features included in each plot is shown in the top right corner.
The plot for the Johnson Valley fault is riot shown due to the
sparsity of measurements available to us along that fault.
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Figure 14. (a), (c), (e), and (g) Slip and doubled slip versus distance along strike and (b), (d), (f), and (h)
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(Figures 14c-14h). Figures 14b, 14d, 14f, and 14 h were constructed as described in the caption for Figure
13, but both the actual slip measurements and doubled slip measurements were used.

between any two slip measurements along a prehistoric
rupture is larger than any slip gradient observed in historical
earthquakes, then the larger of the two slip measurements
along the prehistoric rupture probably represents more than
one earthquake. McGill and Sieh [1991] used this approach
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Figure 15. Number of offset features per centimeter slip,
with a running average of slip subtracted, for the portion of
the Garlock fault in Pilot Knob Valley. Plots were con-
structed as described in the caption for Figure 13. Only
measurements < 700 cm were included. (a) Including poor
quality offsets and (b) omitting poor quality offsets.

to argue that geomorphic features offset around 3 m and a
little over 5 m located within a few tens of meters from each
other along the Garlock fault in eastern Pilot Knob Valley
probably were not all offset in the most recent earthquake
alone but that the 5-m offsets had required two earthquakes to
form. At that time, however, most slip measurements
reported from large, historical strike-slip earthquakes were
spaced more than 100 m apart, so there were no observations
available on how much single-earthquake slip could change
over distances of a few tens of meters along strike. The 1992
Landers earthquake provides an opportunity to address this
question.

Five pairs of offset features in Pilot Knob Valley have slip
gradients that are larger than the largest slip gradients
observed along the Landers earthquake rupture (Table 4).
Three of these pairs involve offsets of around 2.5 and 8.5 m.
The unprecedented slip gradients between these measurements
suggest that offsets that form the third peak (at 8 to 8.5 m) in
Figure 10a required more than one earthquake to form. The
two remaining pairs involve offsets of around 3 m and 5-6 m.
This indicates that even the Landers rupture does not provide
a precedent for slip gradients as high as those required for a
single-earthquake interpretation of the first two peaks in
Figure 10a. Nonetheless, the slip gradients for the Emerson
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Figure 16. Difference in slip as a function of distance between offset measurements along the Emerson fault
(a) for all measurements within 25 km of each other and (b) for all measurements within 100 m of each other.

Each oval represents a pair of offset measurements. Note that all measurement pairs, not just adjacent pairs,
have been included in these plots. The envelope of precedence indicates the most extreme change in slip that
has been documented for any given distance between points. The slope of a diagonal line between any point
on the plot and the origin represents the slip gradient between a pair of offset measurements. Triangles and
squares in Figure 16b represent measurement pairs along the Garlock fault in Pilot Knob Valley that have slip

gradients larger than the largest slip gradients along the 1992 Landers rupture.

explanation.

fault reported in Table 4 are high enough to make it difficult
to convincingly argue that the 5-6-m offsets along the Garlock
fault required two earthquakes to form.

6.4. Change in Slip as a Function of Distance
Between Points

The slip gradient measured between points a few tens or a
few hundreds of meters apart clearly can not be extrapolated
to points much farther apart. For example, the observed slip
gradient of 0.09 between offsets that are 18 m apart (Table 4)
can not be used as a precedent for a 9-m change in slip in a
single earthquake over a 100-m distance along strike. Thus,
rather than reporting the maximum slip gradient, it may be
more useful to show the maximum observed change in slip as
a function of distance between points (Figure 16). The three
Garlock fault pairs involving 2.5- and 8.5-m offsets (squares
in Figure 16b) clearly have no precedent along the Landers
rupture, but perhaps they might if closely spaced measure-
ments were made along a historical rupture with a maximum

See text for further

displacement of at least 8.5. Although the two pairs of
Garlock fault offsets involving about 3 and 5-6 m (triangles in
Figure 16b) are outside the envelope of precedence, they are
close enough that it seems possible that they may have formed
in a single earthquake.

6.5. Other Approaches

Clearly, neither the use of histograms nor the use of slip
gradients will necessarily provide an unambiguous determina-
tion of the number of earthquakes associated with offset
geomorphic features. Other approaches, such as the use of
relative age indicators on offset geomorphic features, or
stratigraphic investigations may be necessary in many cases.
These approaches are both time consuming and expensive.
One simple observation may help to guide the interpretation
of some offset geomorphic features: in cases where there are
multiple downstream channel or gully segments offset from
a single source, the channel segments offset a larger amount
must have been offset in more than one earthquake. Although
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this configuration is somewhat rare, it has been found along
several strike-slip faults [Sieh, 1978; McGill and Sieh, 1991].
For example, along the Garlock fault in eastern Pilot Knob
Valley, a channel offset 2.5 m has an older downstream
channel wall that is offset 8.8 m from the same source
channel (features 2-63(2) and 2-63(3) of McGill and Sieh,
[1991]). This unambiguously indicates that at least one of the
features making up the third peak (at 8-8.5 m) in Figure 10a
has been offset in more than one earthquake. This is not a
trivial observation, since one could argue that the Garlock
fault is long enough to produce an earthquake with 8.8 m of
displacement [Wells and Coppersmith, 1994].

7. Conclusions

The 1992 Landers earthquake was associated with the
longest surface rupture and the largest strike-slip displacement
of any earthquake within the past several decades in North
America. As such, it provided an excellent opportunity to
study the nature of a fresh, strike-slip fault rupture. Slip was
quite variable along the main trace of the rupture at distance
scales ranging from a few kilometers to a few tens of meters.
The slip variations over scales of a few tens of meters are
probably the result of incomplete expression of the rupture in
unconsolidated surficial materials. The kilometer-scale slip
variations may be caused in part by such surficial effects, but
the geometry of the fault may also play a role.

A significant amount of slip occurred on secondary fault
strands up to 1.7 km away from the main trace. The orienta-
tion of the secondary fractures with different senses of slip fit
a simple strain ellipse defined by right lateral shear along a
north-northwest striking shear zone. Although up to 110 cm
of right-lateral slip occurred on secondary fractures in some
areas, the slip on secondary fractures did not compensate for
the variations in slip along the main rupture zone.

The presence of uplifted, older alluvial fan surfaces and
Plio-Pleistocene sediments attests to previous Late Quaternary
activity on the central Emerson fault. Crude age constraints
on these surfaces and deposits suggest recurrence intervals
that are consistent with the 9-kyr interval documented in a
paleoseismic trench [Rubin and Sieh, 1997]. The sense of
vertical slip in the 1992 earthquake varied along strike, but it
was consistent with the sense of vertical slip in prehistoric
earthquakes, as inferred from the locations of areas of
uplifted, older alluvium.

The variability of slip along the ruptures associated with
the Landers earthquake calls for caution in interpreting geo-
morphic offsets along prehistoric fault ruptures. McGill and
Sieh's [1991] method of using histograms to distinguish the
number of earthquakes associated with particular offset
features is not always valid but may be useful in some cases
if a running average is subtracted from the offset measure-
ments before the histogram is constructed. The slip gradients
between offset measurements along the Landers rupture were
large enough that it will be difficult to use slip gradients to
demonstrate that offset features along a prehistoric rupture
formed in different numbers of events. Therefore other
methods must be developed to distinguish the number of
earthquakes associated with offset geomorphic features along
prehistoric fault ruptures.

The slip variability documented along the Landers earth-
quake weakens the arguments that McGill and Sieh [1991]
made for interpreting the 5-6-m offsets along the Garlock
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fault as representing the amount of slip in two earthquakes.
Whether these offsets represent the slip in one or two earth-
quakes remains ambiguous.
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