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Structural Configuration of the Otates Fault (Southern Basin
and Range Province) and Its Rupture in the 3 May 1887
My, 7.5 Sonora, Mexico, Earthquake
by Max Suter

Abstract During the great 3 May 1887 Sonoran earthquake (surface-rupture end-
to-end length: 101.8 km; My, 7.5 & 0.3), an array of three north—south-striking Basin
and Range Province faults (from north to south: Pitdycachi, Teras, and Otates) slipped
along the western margin of the Sierra Madre Occidental Plateau of northern Mexico.
This detailed field survey of the previously undocumented 1887 earthquake rupture
zone along the Otates fault includes mapping the rupture scarp and measurements of
surface deformation at 25 sites. The surface rupture coincides with the mapped trace of
the Otates fault, dips 68° W, and has an end-point-to-end-point length of 18.2 km. The
lateral rupture terminations are controlled by cross faults. Striation measurements and
the style of rupture indicate extensional dip slip without significant lateral displace-
ment. The average shortening (P) and extension (7') kinematic axes inferred from the
striations are similar to published composite focal mechanisms of the microseismicity
recorded in the epicentral region of the 1887 earthquake. Based on surface deforma-
tion, maximum slip along the Otates fault in the 1887 earthquake was 270 cm, and the
average slip was 189 cm. A quadratic best fit to the along-rupture surface offsets in-
dicates an asymmetric distribution with the maximum offset near the northern end of
the rupture segment, which can be explained by the mechanical interaction of the
Teras and Otates surface-rupture segments through their stress fields. The average
recurrence interval of 1887-sized earthquakes on the Otates fault is 30-42 kyr based
on the long-term geologic dip-slip rate of the fault (0.06 mm/yr) and its amount of
slip in the 1887 earthquake.

Online Material: Color-coded elevation model, satellite image of major Basin and

Range normal faults in the study area, color version of geologic map, and additional
photographs.

Introduction

North—south-striking west-dipping Basin and Range
Province normal faults and associated half-grabens form
the western edge of the Sierra Madre Occidental Plateau
in northeastern Sonora, Mexico, over a distance greater than
300 km (Fig. 1). Slip in 1887, within this segmented normal-
fault array, caused the largest historic earthquake of the
southern Basin and Range tectonic-physiographic province
and produced the world’s longest recorded normal-fault sur-
face rupture in historic time (dePolo et al., 1991; Yeats et al.,
1997). Field observation indicates that three major range-
bounding normal faults ruptured in the 1887 Sonoran earth-
quake (Suter and Contreras, 2002). The surface rupture dips
~74° W, has a maximum vertical displacement of 5.1 m, and
is composed, from south to north, of the Otates, Teras, and

Pitdycachi segments (Fig. 2; (® Fig. S1 in the electronic
edition of BSSA). These are the only Basin and Range
Province faults in Mexico with known historical earthquake
surface rupture. Including two isolated minor segments to
the north of the Pitdycachi segment (Fig. 2), the 1887 rup-
ture trace adds up to 86.7 km, and the distance between the
rupture trace extremities is 101.8 km. Based on the end-
to-end length of the rupture trace and the length-versus-
magnitude regression for normal faults by Wells and
Coppersmith (1994), the My of this event is estimated
as 7.5 £0.3.

This article provides detailed documentation of the
Otates fault and the surface rupture along this fault, as well
as historical evidence that the fault ruptured in the 1887
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Figure 1. Location map showing the rupture trace of the 1887

Sonora, Mexico, earthquake (bold black lines). Gray solid line: in-
ternational boundary; gray dashed lines: state boundaries; box: re-
gion depicted in Figure 2.

earthquake. A companion paper documents the Teras fault
and its rupture in the 1887 earthquake (Suter, 2008). The
120-year-old rupture scarp is well exposed but was not pre-
viously studied, due in part to its location in a remote moun-
tain region (Sierra El Tigre in Fig. 2; in early publications
[Aguilera, 1888; Goodfellow, 1888] known as Sierra de
Teras or Teras Mountains) within a large horseshoe-shaped
bend of the Bavispe River (® Fig. S2 in the electronic
edition of BSSA) in an area without permanent population
and inaccessible by vehicle.

The study is based on field mapping, structural and
morphological field measurements, and the structural inter-
pretation of digital elevation models, aerial photographs, and
satellite images. The first part of this article summarizes the
stratigraphy and structural configuration of the Otates fault
and provides reconnaissance data from the adjacent regional-
scale Basin and Range Province structures (Fig. 3; (E) Fig. S2
in the electronic edition of BSSA). These regional geologic
data are essential to the documentation and interpretation of
the new earthquake-related field observations and the under-
standing of the structural interaction between the Otates and
Teras faults. The second part presents, in detail, evidence for
the surface rupture of the 1887 earthquake along the Otates
fault. Ultimately, these data should be integrated into re-
gional seismic hazard evaluations. They also contribute
towards better kinematic models of complex interactions be-
tween earthquake rupture segments. Knowledge of the rup-
ture geometry, slip distribution, and fault zone properties is
also necessary to understand the spatial distribution of
energy dissipation during coseismic slip (Kanamori and
Rivera, 2006; Shipton et al., 2006). Moreover, a detailed
map of the rupture geometry is a prerequisite to characteriz-
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Figure 2. Digital elevation model of northeastern Sonora (loca-
tion marked in Fig. 1). Rupture trace of the 1887 Sonoran earth-
quake marked by white bold lines (footwalls on the east side). P,
Pitdycachi segment; T, Teras segment; O, Otates segment; a, Ba-
vispe River; b, San Bernardino (Batepito) River; c, Sierra El Tigre
(mountain range within the large horseshoe-shaped bend of the Ba-
vispe River); d, Sierra La Madera; dashed white line: international
boundary. Boxes: regions covered by Figures 3 (dashed outline) and
4 (solid outline).

ing the rupture propagation, rupture speed, and seismic-wave
radiation of this earthquake.

Geology of the Otates Fault Region
Stratigraphy

The Otates fault separates the El Tigre horst from the
Higueras basin (Figs. 3—-6; () Figs. S1-S3 in the electronic
edition of BSSA). Lithostratigraphic units in the footwall of
the Otates fault include granitic basement rocks, Paleozoic
limestone, early Oligocene felsic volcanic rocks, and Oligo-
cene mafic volcanic rocks; lithostratigraphic units in the
hanging wall of the fault include early Oligocene felsic vol-
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Terrain model showing the key tectonic and physiographic features of the study area. The view is from the southwest and 30°

from horizontal. The base of the block diagram is at 680 m and the maximum elevation at 2450 m ASL. The horizontal distance between
neighboring wireframe nodes is 3 arcsec (~80 m). The Basin and Range Province structures (approximate traces marked in white) are 1,
Teras fault; 2, Otates fault; 3, footwall of the Otates fault, El Tigre horst; 4, hanging wall of the Otates fault, Higueras basin (Los Otates
valley); 5, Iglesitas horst (Sierra Las Iglesitas); 6, normal fault delimiting the Iglesitas horst from the Higueras basin; 7, normal fault sepa-
rating the Iglesitas horst from the Angostura basin; and 8, Angostura basin (now axially drained by the Bavispe River). 9 and 10 are the
northern and southern ends, respectively, of the 1887 surface rupture on the Otates fault, and 11 is the southern extent of the 1887 surface
rupture on the Teras fault. 12 and 13 are the traces of major northwest—southeast-striking faults within Sierra El Tigre.

canic rocks, Oligocene mafic volcanic rocks, the Miocene
Bducarit conglomerate, and modern scree along the fault
scarp (Fig. 4).

About 0.8 km? of granitic basement (Mishler, 1920;
Montafio-Jiménez, 1988) crop out at two locations within the
footwall of the Otates fault, about 0.5-1.5 km west and
southwest of the abandoned mining settlement of El Tigre
(Fig. 3; B Figs. S1 and S2 in the electronic edition of BSSA);
they are faulted against Tertiary felsic volcanic rocks. Ac-
cording to Montafio-Jiménez (1988), this granite is similar
in composition and texture to the Precambrian Cananea gran-
ite, located ~120 km west-northwest of El Tigre, which
yielded a U-Pb isotope age of 1440 £ 15 Ma (Anderson and
Silver, 1977). The Paleozoic limestone crops out (~0.2 km?)
northeast of El Ranchito, where it is faulted against Tertiary
mafic volcanic rocks and scree (Fig. 4).

Tertiary ignimbrites, rhyolite, and rhyolitic tuff of the
Sierra Madre Occidental volcanic province unconformably
overlay the granite and Paleozoic limestone. These volcanic

rocks are part of the Cordilleran magmatic arc system. They
are mapped as a single unit in this study (Fig. 4), are up to
~900 m thick, and occupy, by far, the largest footwall sur-
face of the Otates fault (El Tigre horst). The upper part of this
sequence yielded a K-Ar age of 31 £ 1.3 Ma (early Oligo-
cene) near the El Tigre mine (Montafio-Jiménez, 1988).
Stratigraphically equivalent ignimbrites of the Boot Heel vol-
canic field in the southern Peloncillo Mountains, 100 km
north of the Otates area, yielded *°Ar/3°Ar ages of 26.8—
35.1 Ma (MclIntosh and Bryan, 2000). Within the study area,
the felsic sequence is overlain by locally erupted basalt and
mafic scoria (Fig. 4). In the Nacori Chico-Mesa Tres Rios
region, 80 km farther south, stratigraphically equivalent
basalts have Oligocene K-Ar ages of 26-30 Ma (Montigny
et al., 1987; Demant et al., 1989). In the Higueras basin, the
mafic volcanic unit reaches a maximum thickness of 400—
500 m northwest of Las Gallinas ranch but is missing south-
east of Tierra Larga and near La Loba ranch (Fig. 4). In the
hanging wall of the Otates fault, this unit is overlain by the
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Figure 4. Geologic map showing the measurement sites on the

rupture trace of the 1887 earthquake along the Otates fault. Open
areas are unmapped. See (B) Figure S2 in the electronic edition of
BSSA for a color version of the map.

Miocene syntectonic Baucarit Formation (Figs. 4 and 5),
which consists of well-indurated, poorly stratified conglom-
erate and sandstone deposited in the Higueras basin. The
thickness of this basin fill is as much as 250 m. Although
originally hydrologically closed, the Higueras basin is now
axially drained by Arroyo Los Otates (Fig. 4; () Fig. S2

M. Suter

in the electronic edition of BSSA). The modern drainage is
incised into the Bducarit Formation and the underlying vol-
canic rocks (Fig. 4). Quaternary deposits are mostly scree
except at El Ranchito, where alluvium has accumulated
(Fig. 4). Contrary to the depositional setting along the Pitdy-
cachi and Teras faults, there are no relicts of major alluvial
fans along the Otates fault. One reason may be that the Otates
fault is located at a higher elevation than the other two faults
and well above the base level of the Bavispe River (Fig. 3; B
Figs. S1 and S2 in the electronic edition of BSSA).

Structural Configuration

The Otates fault is ~30 km long and strikes north—south.
Its structural throw is > 1360 m in the central part of the fault
and 1000 m at its southern end based on the offset of the
boundary between the felsic and mafic volcanic sequences.
In the northern part of the fault, Mishler (1920) estimated
450-900 m of throw across the fault. The highest elevations
of Sierra El Tigre, ~2440 m above sea level (ASL), are
located along the fault scarp due to long-term footwall uplift
(® Fig. S1 in the electronic edition of BSSA). The average
dip of the Otates fault at the surface is 68° W. Movement on
the Otates fault, and Basin and Range Province faulting in
the region of the 1887 earthquake, initiated ~23 Myr ago as
indicated by the age of basalt flows intercalated with the
lowermost fill of nearby extensional basins (McDowell et al.,
1997; Gonzéalez-Lebn et al., 2000; Paz Moreno et al., 2003).
We estimate a long-term dip-slip rate of 0.06 mm/yr based
on 23 Myr of fault activity, a throw of 1360 m, and a dip
of 68°.

The southern two-thirds of the Otates fault, where the
throw is largest, is characterized by a steep linear multievent
bedrock escarpment (footwall block) mantled by scree. Here,
footwall drainages have formed a series of short but deeply
incised canyons (Figs. 3 and 4). Deposition of the Baucarit
Formation in the adjacent Higueras basin and surface rupture
from the 1887 earthquake are limited to this part of the Otates
fault (Figs. 3 and 4; () Fig. S2 in the electronic edition of
BSSA). The northern limit of the Baucarit basin fill and the
northern end of the surface rupture approximately coincide
with the junction of the Otates fault and a major northwest-
striking normal fault in its footwall (Fig. 3; B Fig. S2 in the
electronic edition of BSSA). The hanging-wall rocks have
been dragged along the Otates fault (see rotated basalt and
Baéucarit layers in Fig. 5 and dip measurements in Fig. 4).
This normal drag is expressed by a strip of basalt along the
northern part of the fault and isolated basalt outcrops close to
the Otates fault near the La Loba and La Venada ranches
(Fig. 4). The footwall rocks, on the other hand, are not sig-
nificantly rotated along the fault. East of La Loba, a major
fault-bounded shear lens of felsic volcanic rocks is down-
dropped along the Otates fault (Figs. 4 and 5). A minor fault
stepover within the felsic volcanic unit near Los Otates ranch
may correspond to a former fault segment boundary. No sub-
sidiary faults exist within the hanging wall. In the south, the
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Figure 5.  Aview south along the Otates fault (see Fig. 4 for geologic map and geographic locations). The trace of the fault is marked by a
dashed line; the arrow marks the southernmost documented outcrop of the 1887 surface rupture; 1, Sierra El Tigre, rhyolitic footwall of the
Otates fault; 2, minor stepover of the Otates fault as well as the 1887 surface rupture within rhyolite, southeast of Los Otates ranch; 3, major
fault-bounded shear lens within felsic volcanic rocks; 4, drag-folded (dotted line) basalt within the hanging wall of the Otates fault in the
Higueras basin; 5, Higueras basin fill (Bducarit Formation). (a) represents the Los Otates ranch, (b) the La Loba canyon, and (c) the
El Temblor canyon.

Figure 6. Photograph along the central part of the Otates fault looking south from site 30 (Fig. 4). Note the damage zone (brecciated
rock), approximately 200 m wide, which is deformed by fracture cleavage and secondary faults within the footwall, adjacent to the master
fault. The 1887 slip appears to be concentrated on the outer (western) limit of the damage zone (dashed line).
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Otates fault and the Higueras basin both terminate against the
northwest-striking Palmita normal fault (Figs. 4 and 5; B
Fig. S2 in the electronic edition of BSSA).

The northern third of the Otates fault is characterized by
en echelon segments within early Oligocene felsic volcanics
(Fig. 4), with two exceptions near El Tigre, where the vol-
canic rocks are faulted against Precambrian granite. There,
the fault can be mapped where it forms prominent multievent
footwall escarpments characterized by large shear planes and
a cataclastic breccia zone. The northern fault termination is
within the felsic volcanic unit west of the El Tigre mine
(Fig. 3; ® Fig. S2 in the electronic edition of BSSA). A base-
ment high exists at the segment boundary between the Teras
and Otates faults (Figs. 2 and 3). The segment boundary is
characterized by a fault relay zone where the displacement of
the Teras fault is transferred onto the Otates fault and the
normal faults bounding the Iglesitas horst (Fig. 3; (E) Fig. S2
in the electronic edition of BSSA). Similar basement ridges
have been observed to form structural barriers to fault rup-
ture along other segmented normal-fault zones (Machette
et al., 1991).

In cross section, the Otates fault is characterized by a
steep footwall escarpment with little evidence for retreat
and no pediment. Within the footwall, adjacent to the master
fault, a cataclastic damage zone, ~200 m wide, is deformed
by secondary faults and fractures (Fig. 6). Damage-zone
fractures are assumed to develop in a volume of rock sur-
rounding the fault tip and are left behind the propagating
tip as the fault grows (Vermilye and Scholz, 1998; Scholz,
2002). Coseismic shear displacement, on the other hand, is
commonly localized to <10 cm on planar faults (McCalpin,
1996; Sibson, 2003; Shipton et al., 2006). We estimate that
much of the Otates damage zone, formed during along-strike
propagation of the Otates fault tip, is no longer part of the
active deformation zone. The 1887 slip appears to be con-
centrated on the outer (western) limit of the damage zone
(Fig. 4).

Regional-Scale Structure

The faults of the Sonoran Basin and Range Province,
including the Otates fault, are part of the ongoing extension
that surrounds the less deformed plateau of the Sierra Madre
Occidental (Stewart, 1998; Henry and Aranda-Gémez,
2000). Historical seismicity within the region is abundant
(Orozco y Berra, 1887; Doser and Rodriguez, 1993; Yama-
moto, 1993; Garcia Acosta and Sudrez Reynoso, 1996; Suter
et al., 1996; Suter 2001; Suter and Contreras, 2002; Zuiiga
et al., 2003). A number of faults in the Mexican part of the
southern Basin and Range Province have been identified to
have been active during the Quaternary (Nakata et al., 1982;
Aranda-Gomez and Henry, 1992; Aranda-Gémez et al.,
1997; Aranda-Goémez et al., 2003; Suter, 2004; Aguirre-Diaz
et al., 2005). Borehole elongations in the Mexican part of
the southern Basin and Range Province show that the least
horizontal stress is oriented approximately east—west, per-
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pendicular to the traces of major normal faults (Suter, 1991).
The 1993-2001 data sets from the Instituto Nacional de Es-
tadistica, Geografia e Informéatica (INEGI) continuous Global
Positioning System stations Hermosillo and Culiacan indi-
cate an upper limit of 3 mm/yr of east-west to northeast—
southwest oriented extension in the Sonoran Basin and
Range Province (Marquez-Azia and DeMets, 2003).

Regional-scale structures in the Otates valley region in-
clude, from east to west, the El Tigre horst (footwall of the
Otates and Teras faults), the Higueras basin (hanging wall of
the Otates fault), the Iglesitas horst, and the Angostura basin
(Fig. 3; ® Fig. S2 in the electronic edition of BSSA). The
Angostura and Higueras basins are about 10 km apart, and
the Iglesitas and El Tigre horsts are 15 km apart. Presently,
the geometry and history of the faults bounding these basins
and horsts are only understood at a reconnaissance level. The
north—south-striking fault separating the Iglesitas horst from
the Angostura basin (Fig. 3) dips 56°-78° W; its throw is a
minimum of 1420 m. The fault separating the Iglesitas horst
from the Higueras basin (Fig. 3) is nearly vertical and has a
minimum throw of 1080 m. Based on the geometry and
estimated amount of throw along the Otates fault and the
faults bordering the Iglesitas horst, there is an estimated
2300 m or 10% of extension between the Angostura basin
and the El Tigre horst.

The Teras fault, which also ruptured in the 1887 earth-
quake (Fig. 2), extends from the piedmont alluvium south-
east of the town of Morelos in the north to Arroyo de Las
Carabinas in the south, where the trace shows a 60° bend and
jogs to the west (Suter, 2008; (B Fig. S2 in the electronic
edition of BSSA). There is a 6 km wide right step in the
range-bounding normal-fault segments between the Teras
fault and the fault delimiting the Iglesitas horst from the
Angostura basin (Figs. 2 and 3). The step is partly breached
by the dogleg of the Teras fault and by a major bend in
the trace of the fault that delimits the Iglesitas horst from
the Angostura basin () Fig. S2 in the electronic edition of
BSSA). A major relay ramp is located south of this step where
it leads to a transverse basement ridge. The region northwest
of the ramp is a sediment sink characterized by large relict
alluvial fans and three incised major creeks. The southern
two of these creeks drain the transverse basement ridge,
whereas the northern creek, which has by far the largest
catchment area, drains the footwall of the Teras fault (Fig. 3;
(® Fig. S2 in the electronic edition of BSSA). Major sediment
accumulation in the form of alluvial fans is typical at relay
ramps of en echelon fault arrays (Jackson and Leeder, 1994;
Gawthorpe and Leeder, 2000). This has been simulated by
numerical experiments of the development of segmented
normal-fault systems using a model integrating tectonics
and surface processes (Contreras and Scholz, 2001).

The 1887 Earthquake Rupture along the Otates Fault

The 1887 earthquake has the longest normal-slip surface
rupture in the worldwide historical record (dePolo er al.,
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1991; Yeats et al., 1997). Previous studies of this earthquake
focused on intensity distribution and attenuation (DuBois
and Smith, 1980; Sbar and DuBois, 1984; Bakun, 2000),
attenuation of local and regional earthquake body waves
(Castro et al., 2008), historical seismicity of this region in-
cluding isoseismal maps and a parametric earthquake catalog
(Suter 2001), regional seismotectonics (Suter and Contreras,
2002), the geomorphology (Bull and Pearthree, 1988) and
microseismicity (Natali and Sbar, 1982) of the Pitdycachi
segment (Fig. 2), and the 1887 surface rupture along the
Teras segment (Suter, 2008). Here, I provide a detailed char-
acterization of the surface rupture of the 1887 earthquake
along the Otates fault based on field observations. I mapped
the surface rupture as well as the nearby geology at a
1:50,000 scale (Fig. 4) and studied the rupture scarp at
25 sites (Tables 1 and 2). At 23 of them, [ measured the scarp
morphology (width, height, and free face; Fig. 4; Table 1),
and at four of them, I recorded slickenside data (Table 2). At
several sites, the scarp is bounded by a major fissure (Fig. 8;
Table 1). At these sites, the scarp height and width were mea-
sured across the fissure. I also noted the material exposed by
the fault at each site and, in the case of rock debris, the frag-
ment size and whether the material was cemented or not.
Furthermore, I photographed the 120-year-old rupture scarp
at many of the sites (Fig. 8; () Figs. S4-S10 in the electronic
edition of BSSA).
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Scarp Morphology

The range-bounding fault ruptured through scree slopes
as steep as 31° (Table 1; Fig. 4; () Figs. S5-S7 in the elec-
tronic edition of BSSA). This contrasts with the fault trace
along the Pitdycachi segment, which typically displaces low-
angle (< 6°) piedmont surfaces (Bull and Pearthree, 1988).
At a few sites, such as 23, 25, 27, and 79 (Fig. 4), the surface
rupture is at the bedrock/scree contact () Fig. S4 in the elec-
tronic edition of BSSA), whereas at most sites the surface
rupture is located within scree, only a few meters from the
stratigraphic contact with bedrock (B Figs. S6-S8 in the
electronic edition of BSSA). Therefore, the rupture likely
separates (except at a shallow depth) bedrock from scree and
basin fill and is likely to coincide with the Otates fault. Warp-
ing of the ground surface was not apparent near the rupture
trace, which suggests that the near-surface rupture is planar.

Continuous outcrops of the surface rupture are present at
both segment ends (Fig. 4), where the structural and topo-
graphic relief of the Otates fault tapers off. In contrast, along
the central part of the Otates segment (Fig. 4), where the
throw of the Otates fault, topographic relief of the multievent
fault scarp, and 1887 surface offset are all at their maximum
(Table 1; Fig. 9), the rupture scarp is only visible on some
isolated spurs () Fig. S5 in the electronic edition of BSSA).
According to the local population, the rupture scarp and

Table 1
Scarp Parameters along the 1887 Surface Rupture of the Otates Fault
Longitude Latitude Cumulative Elevation Scarp Height Scarp Width Scarp Free Face Fissure Surface Surface Offset
Site (°W) (°N) Distance (km) (m) (cm) (cm) Slope (°) (cm) (Y/N) Slope (°) (cm)
29 109.184 30513 0.30 1350 160 0 90.0 160 N 11 160
18 109.182  30.501 1.60 1310 290 250 49.2 215 N 18 2097
19 109.181 30.500 1.80 1320 210 0 90.0 210 N 18 210
20 109.181 30.498 2.10 1335 230 240 43.8 200 N 22 1337
21 109.179 30.495 2.45 1290 230 180 52.0 160 N 22 157°
21A 109.179 30.494 2.50 1290 260 250 46.1 180 N 22 1597
25 109.179 30.482 3.80 1300 250 145 59.9 250 N 24 185
24 109.167 30.465 6.00 1560 220 180 50.7 140 N 27 128°
30 109.164  30.452 7.40 1620 371 264 55.0 220 N 31 218°
59 109.162  30.402 13.60 1340 220 270 39.2 110 Y 22 111
58 109.162  30.399 13.90 1290 280 380 36.4 180 N 22 126"
84 109.167 30.377 16.50 1330 185 210 41.4 160 Y 22 100
777 109.160  30.366 17.70 1690 75 220 18.8 30 Y 18 4
78 109.164  30.364 18.00 1470 165 80 64.1 110 N 22 133
79 109.164  30.363 18.10 1470 170 145 49.5 110 N 15 131
80 109.165 30.362 18.20 1470 195 365 28.1 160 Y 17 83"
81 109.165 30.360 18.45 1490 185 165 48.3 100 N 11 152
82 109.165 30.359 18.55 1500 165 135 50.7 150 N 15 1297
83 109.165 30.358 18.65 1520 175 180 44.2 110 N 15 127
210 109.165 30.356 18.85 1490 195 210 42.9 160 N 15 139
211 109.167 30.355 19.10 1460 155 235 334 130 Y 22 60"
212 109.167 30.354 19.25 1440 170 200 40.4 90 N 22 897
213 109.168 30.353 19.40 1400 130 150 40.9 70 N 22 69°

The measurements (n = 23) are listed from north to south. The sites are marked in Figure 4. Horizontal datum: NAD27. The scarp parameters are defined in

Figure 7.

“This site is not located on the main rupture but on a subsidiary fault (Fig. 4).
At these sites, the computed surface offset is smaller than the measured free face (see text for further explanation).
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Table 2
Fault Planes and Slip Vectors (Striations) Measured on the Surface of the 1887 Rupture

Site Longitude (°W) Latitude (°N) Elevation (m) Strike (°) Dip (°W) Rake (°) Lithology Type of Motion

27 109.183 30.510 1280 179 50 90 limestone N

25 109.179 30.482 1300 176 72 90 rhyolite N

23 109.177 30.479 1390 153 74 105 rhyolite N-RL

79 109.165 30.363 1470 175 76 90 rhyolite N

The sites are listed from north to south (Fig. 4). Horizontal datum: NAD27. N denotes normal motion; N-RL

denotes normal right-lateral motion.

basal fissure were more continuous 40 years ago along the
central part of the Otates segment. However, the free face
(fault scarp steeper than the angle of repose, Fig. 7) still
exists at all 23 observation sites (Table 1). This suggests that
the scarp is not so much eroding as being gradually covered
by fresh rock debris () Figs. S5 and S6 in the electronic
edition of BSSA). The rupture scarp now slopes 33°-64°
(Table 1) except where the scree is cemented (Fig. 8; (B
Fig. S10 in the electronic edition of BSSA) and the scarp
for that reason still subvertical. The rock debris are coarse
and poorly stratified and therefore not suitable for paleoseis-
mological trenching investigation () Figs. S6 and S8 in the
electronic edition of BSSA).

The surface offset (vertical separation of the ground sur-
face) was calculated from the scarp height and slope angle
above and below the scarp (Fig. 7) (Bucknam and Anderson,
1979; McCalpin, 1996; Yeats et al., 1997). Because of the
steep (up to 31°) inclined slopes adjacent to the 1887 rupture,
the surface offset deviates significantly from the scarp height.
For most sites, the calculated surface offset is smaller than
the (vertically) measured free face (Table 1) and therefore
not useful. This problem did not arise with any of the numer-
ous surface offsets calculated for the Pitdycachi segment (M.
Suter, unpublished data, 2008) and only with three of the
27 surface offsets computed for the Teras segment (Suter,
2008). Because of the steep slopes along the Otates fault (Ta-
ble 1), the base of the rupture scarp is often not well defined
unless marked by a basal fissure. The transition from the
small debris apron at the base of the scarp (Fig. 7) to the
steep hillslope below is often gradual. Furthermore, the sur-
face slope values used to calculate the surface offset have an
uncertainty of £2°; they were taken from the corresponding
INEGI 1:50,000 scale topographic map sheets, which have
20 m contour intervals. The most reliable measured scarp
parameter, the free face (Fig. 7), gives a minimum estimate
for the surface offset, whereas the scarp height gives a maxi-
mum estimate. For sites where the computed surface offset
(Fig. 7) is smaller than the measured free face (Table 1), I
assumed that the offset was not more than the free face value
(Fig. 9). This assumption provides a minimum value for the
vertical separation of the ground surface.

Rupture Geometry

The end points of the documented surface rupture along
the Otates fault are located in the south at 109.168° W,

30.352° N (horizontal datum: NAD27) and in the north at
109.184° W, 30.516° N, both at an elevation of 1380 m ASL
(Fig. 4). The surface-rupture length is about 19.5 km (Fig. 9)
with an end-point-to-end-point distance of 18.2 km. The
southern end point is on the northern slope of the valley that
leads to the La Palmita ranch, where the rupture terminates
against the northwest—southeast-striking regional-scale Pal-
mita cross fault that passes within the same valley (Fig. 4;
® Figs. S2 and S3 in the electronic edition of BSSA). Both
the southern end of the Otates fault and the cross fault
displace rhyolite against basalt (Fig. 4). The southern sur-
face-rupture end point is 400 m farther south than reported
in Suter and Contreras (2002). This brings the length of
the entire 1887 surface rupture (Fig. 2) to 101.8 km. Based
on this distance and the scaling relation between rupture
length and magnitude for normal faults (Wells and Copper-
smith, 1994), the 1887 earthquake is now estimated at
My 7.5 +0.3.

The northernmost extent of the 1887 surface rupture on
the Otates fault is located within scree and is near the north-
ern end of an outcrop of Permian carbonates (Fig. 4; (B
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Figure 7. Parameters used to characterize the 1887 surface-
rupture scarp. The scarp width, the scarp height, and the height
of the free face were determined with a level and tape measure
at 23 sites along the Otates fault (Fig. 4; Table 1). Because of steep
surface (o) adjacent to the scarp (as much as 31°), the surface offset
(8) is typically less than the scarp height (H).
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Figure 8.  Photograph looking north along the 1887 earthquake
rupture scarp at site 211, near the southern end of the rupture
(Fig. 4). The fault free face exposes scree composed of well-
cemented rhyolite-derived material of 0.2-20 cm fragment size.
An open fissure remains visible at the base of the scarp. A system
of subparallel secondary shear fractures (synthetic Riedel shears)
within the footwall suggests earlier right-lateral strike-slip motion
along the Otates fault at this site. Notebook (white circle) for scale
(21 cm long).

Fig. S10 in the electronic edition of BSSA). The northern
surface-rupture termination may coincide with the junction
of the Otates fault and the major northwest—southeast normal
fault in its footwall (Fig. 3; ® Fig. S2 in the electronic
edition of BSSA). Apparently, the 1887 rupture did not ex-
tend up to the surface along the northernmost third of the
Otates fault. The trace of the Otates fault, as well as the fill
(Baucarit Formation) of the Higueras basin extend farther
north than the surface rupture (Fig. 4). Therefore, the rupture
is likely to be longer in the subsurface, especially if its
displacement envelope is elliptical.

The 1887 surface rupture along the Otates is structurally
simple; it is not internally segmented along strike and, unlike
the Pitdycachi segment, it has no branches or subsidiary
faults. It generally coincides with the mapped trace of the
Otates fault (Fig. 4). Two exceptions are a rupture scarp ob-
served at site 77 (Table 1) along a secondary normal fault
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(Fig. 4) and a minor right stepover of the surface rupture near
the Otates ranch (Figs. 3-5), which coincides with a stepover
of the Otates fault () Fig. S2 in the electronic edition
of BSSA).

Slip Vector

Slickensides were observed on the surface-rupture fault
plane in bedrock at four locations (from north to south, sites
27,25, 23, and 79; Fig. 4; Table 2). In general, the striations
indicate extensional dip slip without major lateral displace-
ment; the minor right-lateral displacement with a rake of
105° observed at site 23 is an exception. The dip-slip stria-
tions are in agreement with outcrop- to map-scale patterns of
the rupture, which do not suggest any appreciable lateral
motion along the Otates fault during the 1887 rupture. Con-
trary to these observations, a system of subparallel secondary
shear fractures (synthetic Riedel shears) within the footwall
at site 211 (Fig. 8) suggests earlier right-lateral strike-slip
motion along the Otates fault on an outcrop scale. There
is no evidence that these fractures were activated during the
1887 rupture. The average fault dip (3) is 68° W. This dip
angle and existence of striations indicate that the near-surface
part of the fault did not fail under tension as implied by the
Mohr—Coulomb theory.

A kinematic analysis of the 1887 fault slip data using
the program FaultKinWin (Marrett and Allmendinger, 1990;
Allmendinger, 2001) is shown in Figure 10. This equal-
area lower-hemisphere stereoplot contains the four measured
fault planes and striations (Table 2) and their corresponding
shortening (P) and extension (7°) kinematic axes. Also shown
are the average P and T kinematic axes (square symbols) and
corresponding great circles representing the nodal planes
of an earthquake focal mechanism for compressional waves
(T quadrants shaded in gray). The average shortening axis
(P) trends 71° and plunges 67° the average extension axis
(T) trends 264° and plunges 23°. The fault plane of the focal
mechanism strikes 170° and dips 68° W, whereas the auxil-
iary plane strikes 4° and dips 23° E. The result is similar to
the composite focal mechanisms obtained by Natali and Sbar
(1982) for microearthquakes in the region of the Pitdycachi
segment of the 1887 rupture.

Surface Offset and Coseismic Slip

A distribution of the surface offsets measured at 22 sites
(Table 1) along the rupture trace is shown in Figure 9. I have
assumed the vertical separation of the ground surface to
equal the measured free face value for those sites where the
calculation of the ground surface separation resulted to be
smaller than the free face. This assumption provides a mini-
mum value for the ground surface offset. Furthermore, I have
excluded the measurement from site 77, which is from a sec-
ondary rupture (Fig. 4). The maximum surface offset along
the rupture trace is 250 cm at site 25, the minimum surface
offset is 70 cm at site 213 (Table 1), and the mean surface
offset is 159 cm.
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Figure 9.

Surface offsets measured at 23 locations along the Otates segment of the 1887 earthquake rupture. The dashed line is a quad-

ratic best fit. The dotted line indicates the average value (175 cm) of the regression. The distribution is asymmetric; the maximum surface

offset (250 cm) is near the northern end of the segment.

The dashed line in Figure 9 is a quadratic best fit to the
surface offset y-values. The distribution is asymmetric, with
the maximum offset near the northern end of the segment.
The regression curve corresponds to the function

Figure 10. Lower-hemisphere equal-area stereoplot showing
the four fault planes and striations measured along the 1887 surface
rupture (Table 2). P (shortening) and 7 (extension) kinematic axes
are represented by black and open circles, respectively. Average P
and T kinematic axes (heavy black squares) and corresponding
great circles representing potential earthquake focal mechanism no-
dal planes (T quadrant shaded in gray) are also shown. The stria-
tions indicate extensional dip-slip motion without major lateral
displacement. The focal mechanism fault plane strikes 170° and
dips 68° W, whereas the auxiliary plane strikes 4° and dips 23° E.

y = ax* + bx + c, (D)

where a = —0.33, b = 2.96, and ¢ = 187. The correlation
coefficient is 0.7019. The asymmetrical profile of the surface
offsets can be explained by the mechanical interaction of the
Teras and Otates surface-rupture segments through their
stress fields (Suter and Contreras, 2002) because in a system
of en echelon normal faults, the point of maximum displace-
ment is shifted toward the interacting tip (Willemse, 1997;
Gupta and Scholz, 2000).

The average value (y) of the regression function is
175 cm (dotted horizontal line on Fig. 9). This value corre-
sponds to the area below the regression curve divided by the
difference between the limits of integration, which are the
cumulative distances of the northernmost and southernmost
measurement sites along the surface rupture (Table 1; Fig. 9).

~1
I

1 X213
7/ (ax® + bx + ¢) dx

X213 = X29 Jxy

1 3 2 X
=7|}1x—+bx—+cxj| )
X213 — X29 3 2 X2

The average value of the regression function (175 cm)
is greater than the mean of the individual surface offsets
(159 cm) because most measurements were taken at either
end of the surface rupture (Fig. 9) where the surface offsets
taper off. The average value of the regression is therefore
likely to be more representative of average offset than the
mean of the individual surface offsets.

The ground surface offset distribution can be used to es-
timate the coseismic slip distribution at depth. The transform
from surface offset y to slip s is
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s=y/ sin 3. (3)

As indicated previously, the average dip (s 68° W. Based on
equation (3), the maximum slip at depth along the Otates
fault in the 1887 earthquake was 270 cm, the slip resulting
from the arithmetic average of the vertical separation mea-
surements is 171 cm, and the slip resulting from the average
value of the regression function is 189 cm.

Slip Rate and Recurrence Interval

To date, no Quaternary slip rate has been calculated for
the Otates fault. Basin and Range Province faults that sepa-
rate bedrock from internally unfaulted basin fill, such as the
Otates fault, typically have vertical slip rates >0.1 mm/yr
(dePolo and Anderson, 2000). As mentioned previously,
the estimated geologic slip rate of the Otates fault is
0.06 mm/yr based on an estimated throw of 1360 m along
a 68° dipping fault over a period of 23 Myr. A rough estimate
of the average recurrence interval of 1887-sized earthquakes
on the Otates fault can be obtained from this slip rate and the
amount of slip on this segment during the 1887 earthquake;
the resulting values are 42 kyr based on the maximum slip,
27 kyr based on the slip resulting from the arithmetic average
of the vertical separation measurements, and 30 kyr based on
the slip resulting from the average value of the regression
function. These estimates are within the range of recurrence
intervals documented for normal faults of the southern Basin
and Range Province and the Rio Grande rift (10-100 kyr;
Menges and Pearthree, 1989; Machette, 1998).

The change in Coulomb failure stress caused by the rup-
ture of individual segments of a fault zone may advance or
delay the rupture of adjacent segments (King et al., 1994;
Stein, 1999). This suggests that the various segments of the
fault zone on the western edge of the Sierra Madre Occiden-
tal Plateau may have failed in the past in segment combina-
tions that are different from the one that ruptured in 1887
(Pitdycachi—Teras—Otates). This might result in major fluc-
tuations of the recurrence intervals for the individual fault
segments.

Rupture Kinematics

The structural configuration of the 1887 rupture along
the Otates fault does not indicate where the rupture origi-
nated and how it propagated. Conversely, the surface rupture
along the Pitdycachi segment has a well-developed branch-
ing pattern (five north-facing bifurcations in the northern part
of the segment and two south-facing bifurcations in its south-
ern part). This suggests that the rupture of the Pitdycachi seg-
ment initiated in its central part where the polarity of the
rupture bifurcations changes (Suter and Contreras, 2002).
I consider it likely that the rupture first propagated bilaterally
along the Pitdycachi fault, from where the southern rupture
front jumped across the stepover to the Teras fault (E) Fig. S2
in the electronic edition of BSSA) and from there to the
Otates fault (Fig. 2). This hypothesis is supported by the
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macroseismic observations made by Aguilera (1888), which
indicate that this event was a composite earthquake with
subevents separated by several seconds. Geological observa-
tions elsewhere indicate that historical Basin and Range
Province earthquakes with large magnitudes involved se-
quential rupture of two or more discrete segments (dePolo
et al., 1991; Zhang et al., 1999). Furthermore, in a study of
the source parameters of Basin and Range Province earth-
quakes, Doser and Smith (1989) conclude that earthquakes
of magnitude >7.0 have complex ruptures best modeled by
multiple subevents. Finally, the directivity effect of a north-
to-south propagating rupture along the southern part of
the Pitdycachi fault and the Teras and Otates faults also
explains why the isoseismals of this earthquake (Aguilera,
1888; Suter, 2006) are so much elongated in a south-
southeast direction.

Structural Interaction between the Teras
and Otates Rupture Segments

A 15 km long gap separates the northern end of the
Otates segment from the southern end of the Teras segment
(Figs. 2 and 3). Assuming the rupture propagated from north
to south, the 1887 rupture was arrested along the southern
Teras fault where the fault trace has a 60° bend and jogs
to the west (Suter, 2008; (E) Fig. S2 in the electronic edition
of BSSA). A model of changes in Coulomb failure stress re-
sulting from the rupture indicates lobes of increased stress at
the tips of the 1887 rupture segments, especially in the step-
over between the Teras and Otates faults (Suter and Con-
treras, 2002). The northern part of the Otates fault and the
northern parts of the normal faults bounding the Iglesitas
horst (Fig. 3; (® Fig. S2 in the electronic edition of BSSA)
are located in this zone of stress concentration. Therefore, the
1887 rupture could have either jumped from the Teras to
the Otates fault or triggered slip along the faults bounding
the Iglesitas horst. However, field-checking the fault traces
along the Iglesitas horst did not reveal any obvious morpho-
logical or stratigraphic evidence of Quaternary fault activity.

The Otates surface-rupture segment has greater surface
offset (vertical separation) values than the Teras segment to
the north, even though the Teras segment is slightly longer
(Suter and Contreras, 2002; Suter, 2008). This suggests that
the Otates rupture segment may be longer than mapped. This
hypothesis is also supported by the high surface offset values
at the northern end of the mapped surface rupture of the
Otates segment (Fig. 9). Furthermore, the high surface offset
values at the southern end of the mapped surface rupture of
the Teras segment and at the northern end of the mapped
surface rupture of the Otates segment suggest that the two
segments could be part of a single continuous rupture that
stepped across the structurally complex basement ridge be-
tween them. However, our mapping has provided no evi-
dence of young surface rupture on this basement ridge.
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Historical Evidence for the Otates Fault Rupture
during the 3 May 1887 Earthquake

The Pitdycachi rupture segment was mapped shortly
after the 3 May 1887 earthquake (Goodfellow 1887, 1888;
Aguilera, 1888; Suter, 2006). Goodfellow (1888) describes a
possible 24 km long southern continuation of the surface
rupture, beyond the mapped segment, into the Teras moun-
tain range based on observations made by prospectors (Teras
segment on Fig. 2). The existence of the surface rupture
along the Otates fault, on the other hand, was unknown to
Aguilera and Goodfellow and was reported only recently
(Suter and Contreras, 2002). Here, I provide historical evi-
dence that the surface rupture along the Otates fault formed
during the 3 May 1887 earthquake.

Aftershocks were reported from the Otates fault region
by Vazquez (1887) in a letter from Bavispe, dated 29 May
1887. According to Vazquez, the aftershocks were frequent,
lasted 9—-12 sec, and were accompanied by subterranean
rumblings and detonation sounds coming from Sierra de la
Madera, located 17 km west of Bavispe (Fig. 2). Vizquez
reported similar observations from the communities of
Bacerac, Huachineras, Estancia, Galera, and San Miguelito,
which are also located in the Bavispe River valley, east of the
Sierra de la Madera mountain range (€ Fig. S2 in the elec-
tronic edition of BSSA).

Rupture along the Otates fault may explain why the
most severe damage caused by the 1887 earthquake was
in Bavispe and Oputo (now Villa Hidalgo) (Aguilera, 1888;
Goodfellow, 1888). Both towns are located closer to the
Otates segment than to the previously known Teras and Pi-
tdycachi rupture segments (Fig. 2). However, severe ground
shaking may also be due to local site conditions, because
these two towns are built on alluvium of the Bavispe River
(Fig. 2). Furthermore, the duration and amplitude of ground
motion at Bavispe and Oputo may have been additionally
enhanced by a directivity effect (Somerville et al., 1997;
Rowshandel, 2006) if the 1887 rupture along the Teras
and Otates segments propagated from north to south as pre-
viously postulated.

Mallet (1862) interpreted detached masses of masonry
to be overthrown in the propagation direction of the earth-
quake waves. He located the epicenter of the 1857 Neapoli-
tan earthquake from the intersection of the backprojection of
such directions (Davison, 1927; Oeser, 2003). Mallet’s hy-
pothesis was supported by Sekiya and Omori (1895). They
found the mean fall direction of 245 stone lanterns to be iden-
tical with that of the maximum horizontal ground motion
recorded instrumentally during the Tokyo earthquake of
20 June 1894.

The prevalent falling direction of toppled walls at
Bavispe and Oputo was reported by Aguilera (1888) and
Goodfellow (1888). At Bavispe, walls facing the west side
of the plaza and oriented north—south fell toward the east.
Conversely, houses on the south side of the plaza, oriented
east—west, were not seriously damaged (Goodfellow, 1888).
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At Oputo, on the other hand, “of the walls thrown down, with
two or three exceptions, all fell to the westward, though the
upper portion of a few of the east-and-west walls had toppled
over to the south” (Goodfellow, 1888). Lines drawn in these
preferential toppling directions intersect in the general area
of the Otates rupture segment (Fig. 2) and not in the regions
of the Teras or Pitdycachi segments. This supports the hy-
pothesis that the rupture scarp along the Otates fault devel-
oped during the 1887 earthquake rather than during an earlier
or later earthquake.

The region of the Otates fault was not visited by either
the Goodfellow (1888) or Aguilera (1888) field parties. Their
studies do not preclude that the surface rupture along the
Otates fault formed in the 1887 earthquake. The 1887 expe-
dition of the Comisién Cientifica de Sonora into the epi-
central region crossed Sierra El Tigre on the trail that leads
from Villa Hidalgo (formerly Oputo) to Huachineras (Agui-
lera, 1888; Suter, 2007). This route brought them approxi-
mately 15 km south of the documented southern end of the
Otates fault surface rupture (Fig. 2).

Finally, oral history supports that the Otates fault rup-
tured during the 3 May 1887 earthquake. According to the
Medina brothers, owners of Los Otates ranch, the prominent
surface rupture on their property (Fig. 4; () Fig. S8 in the
electronic edition of BSSA) formed before their father’s birth
in 1910. Therefore, the rupture cannot be the result of the
17 May 1913 Huasabas, Sonora (/,,,,, = VI, M; 5.0 + 0.4)
or the 18 December 1923 Granados—Hudsabas, Sonora
U nax = IX, M; 5.7 £ 0.4) earthquakes (Suter, 2001). Both
events caused severe damage 40-50 km south of the docu-
mented southern tip of the 1887 rupture, along the same fault
zone, in the Granados—Hudsabas region (Fig. 1).

Conclusions

The seismogenic Otates fault (southern Basin and Range
Province) forms part of a major fault zone that defines the
western margin of the Sierra Madre Occidental Plateau in
northeastern Sonora. Basin and Range Province faulting
began here about 23 Myr ago. The fault is characterized by
extensional dip-slip motion. It is approximately 30 km long
with an average dip of 68°. We estimate the fault has experi-
enced more than 1360 m of throw in its central part over the
last 23 Ma, resulting in a long-term slip rate of 0.06 mm/yr.
The associated fault-bounded Higueras basin is filled with as
much as 250 m of well-indurated, poorly stratified conglom-
erate and sandstone of the syntectonic Baucarit Formation.
A transverse reconnaissance of the adjacent regional-scale
structures of the Sonoran Basin and Range Province indi-
cates about 10% east—west extension caused by subvertical
normal faults, each with 1-2 km of throw, and a distance of
10-15 km between adjacent horsts or basins.

During the great 3 May 1887 Sonoran earthquake
(surface-rupture end-to-end length: 101.8 km; My 7.5+
0.3), three neighboring fault segments (Otates, Teras, and
Pitaycachi, from south to north) slipped along the western
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margin of the Sierra Madre Occidental Plateau. This study
shows that the previously unmapped surface rupture along
the Otates fault dips 68° W and is 18.2 km long. The lateral
rupture terminations are controlled by cross faults. Slicken-
sides indicate extensional dip-slip motion without major
lateral displacement. The morphology of the 120-year-old
scarp was studied at 23 sites. The free face still exists at all
of these sites. The surface offset has a maximum of 250 cm
and an arithmetic mean of 159 cm, whereas a quadratic best
fit to the surface offset distribution indicates a more repre-
sentative average of 175 cm. The along-rupture surface off-
sets are asymmetrically distributed, with the maximum offset
located near the northern tip of the segment, which can be
explained by the mechanical interaction of the Otates and the
adjacent Teras surface-rupture segments through their stress
fields. The average recurrence interval of 1887-sized earth-
quakes on the Otates fault is 30—42 kyr based on the es-
timated long-term geologic slip rate of the fault and its
magnitude of slip in the 1887 earthquake. The surface
rupture along the Pitdycachi segment has a well-developed
branching pattern (five north-facing bifurcations in the
northern part of the segment and two south-facing bifurca-
tions in its southern part). This suggests that the rupture of
the Pitdycachi segment initiated in its central part where the
polarity of the rupture bifurcations changes. It is therefore
likely that the rupture first propagated bilaterally along the
Pitdycachi fault, from where the southern rupture front
jumped across a stepover to the Teras fault and another one
to the Otates fault.

Rupture along the Otates fault explains why the damage
caused by the 1887 earthquake was the most severe in
Bavispe and Oputo (now Villa Hidalgo); both towns are
located closer to the Otates segment than to the previously
known Teras and Pitdycachi rupture segments. However,
severe ground shaking may also be due to the local site con-
ditions, because these two towns are built on alluvium of the
Bavispe River. The duration and amplitude of ground motion
at Bavispe and Oputo may have been additionally enhanced
by a directivity effect if the 1887 rupture along the Teras and
Otates segments propagated from north to south.

Data and Resources

The digital elevation model (DEM) of northeastern So-
nora (Fig. 2) was created from Shuttle Radar Topography
Mission data; the DEM of the Otates fault region (Fig. 3)
was created from data supplied by the Instituto Nacional
de Estadistica, Geograffa e Informatica (INEGI). The color-
coded DEM in the electronic supplement was concatenated
from U.S. Geological Survey and INEGI data. All DEMs were
processed with Surfer®8 (www.goldensoftware.com). The
regression analysis and plotting of the surface offset data
(Fig. 9) was done with SigmaPlot®. For the kinematic analy-
sis and plotting of the 1887 fault slip data (Fig. 10), I used the
program FaultKinWin, developed by R. W. Allmendinger
(version 1.2, 2001), courtesy of ftp://www.geo.cornell.edu/
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pub/rwa/Windows. The ortho-rectified Landsat-7 ETM+
false-color image data in the electronic supplement were
supplied by the U.S. Geological Survey and processed with
MultiSpec 2.7 (Biehl and Landgrebe, 2002), an image data
analysis program developed at the School of Electronic and
Computer Engineering of Purdue University.
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