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The Long-Lasting Aftershock Series of the 3 May 1887 M, 7.5 Sonora

Earthquake in the Mexican Basin and Range Province

by Raiil R. Castro, Peter M. Shearer, Luciana Astiz, Max Suter,” Cesar Jacques-Ayala,

and Frank Vernon

Abstract We study local and regional body-wave arrival times from several seis-
mic networks to better define the active regional fault pattern in the epicentral region
of the 3 May 1887 M,, 7.5 Sonora, Mexico (southern Basin and Range Province)
earthquake. We determine hypocenter coordinates of earthquakes that originated
between 2003 and 2007 from arrival times recorded by the local network RESNES
(Red Sismica del Noreste de Sonora) and stations of the Network of Autonomously
Recording Seismographs (NARS)-Baja array. For events between April and December
2007, we also incorporated arrival times from USArray stations located within 150 km
of the United States—Mexico border. We first obtained preliminary earthquake loca-
tions with the Hypoinverse program (Klein, 2002) and then relocated these initial
hypocenter coordinates with the source-specific station term (SSST) method (Lin
and Shearer, 2005). Most relocated epicenters cluster in the upper crust near the faults
that ruptured during the 1887 earthquake and can be interpreted to be part of its long-
lasting series of aftershocks. The region of aftershock activity extends, along the same
fault zone, 40—50 km south of the documented southern tip of the 1887 rupture and
includes faults in the epicentral region of the 17 May 1913 ({,,,,x VIII, M; 5.0-0.4) and
18 December 1923 (I,,,x IX, M; 5.7-0.4) Granados—Hudsabas, Sonora, earthquakes,
which themselves are likely to be aftershocks of the 1887 event. The long aftershock
duration can be explained by the unusually large magnitude of the mainshock and by
the low slip rates and long mainshock recurrence times of the faults that ruptured

in 1887.

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 (Fig. 1). Slip in 1887 within
this segmented normal-fault array caused the largest historical
earthquake of the southern Basin and Range tectonic-
physiographic province and produced the world’s longest
recorded normal-fault surface rupture in historic time (dePolo
et al., 1991; Yeats et al., 1997). Field observations indicate
that three major range-bounding normal faults ruptured
sequentially in the 1887 Sonora earthquake (Suter and Con-
treras, 2002; Suter, 2008a, 2008b). The surface rupture dips
~70° W, has an end-to-end length of 101.8 km and a maxi-
mum structural displacement (net slip) of 5.2 m, and is com-
posed (from north to south) of the Pitdycachi, Teras, and
Otates segments (Fig. 1). Scaling relations between surface
rupture length and moment magnitude for normal faults

*Now at Swiss Federal Nuclear Safety Inspectorate ENSI, CH-5200
Brugg, Switzerland.

(Wells and Coppersmith, 1994) indicate an M, of 7.5 + 0.3
for this earthquake. The rupture is characterized by east—west
extension, perpendicular to the fault trace. The regional cross
sectional extension by subvertical Basin and Range Province
faults is 10% (Suter, 2008a) and was initiated ~23 m.y.a., as
indicated by the age of basalt flows intercalated with the
lowermost fill of nearby extensional basins.

Long-term slip rates are 0.015 mm/yr for the Pitdycachi
(Bull and Pearthree, 1988), 0.08 mm/yr for the Teras, and
0.06 mm/yr for the Otates fault (Suter, 2008a, 2008b). From
these slip rates, it can be inferred that, compared to Teras and
Otates, Pitdycachi is a more strongly locked fault, with a
higher effective coefficient of friction, and experiences
higher stress drops. The recurrence intervals of 1887-sized
events are 100-200 k.y. for the Pitdycachi fault (Bull and
Pearthree, 1988) but only 15-26 k.y. for the Teras fault
(Suter, 2008b) and 30-42 k.y. for the Otates fault (Suter,
2008a), which indicates that the Pitdycachi fault only infre-
quently ruptures together with the Teras and Otates faults.
These estimates are within the range of recurrence intervals
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Figure 1.

108°W
Location of the area studied. Triangles are stations of the RESNES seismic network; squares are USArray stations; circle is a
NARS station; and stars indicate major towns. Also shown are the traces of major Basin and Range Province faults (barb symbols on hanging
wall, modified after Suter and Contreras, 2002). The faults that ruptured in 1887 (from north to south: P, Pitdycachi; T, Teras; and O, Otates)

are highlighted by bold traces. The inset provides a regional view of northwestern Mexico and shows the stations of the NARS-Baja array.
The major historical earthquakes are marked by a diamond and the year of their occurrence (from Suter, 2001, table 1).

documented for normal faults of the southern Basin and

Range Province and the Rio Grande rift (10-100 k.y.; Pear-
three and Calvo, 1987; Menges and Pearthree, 1989; Mach-
ette, 1998). The surface rupture along the Pitdycachi segment
has a well-developed bilateral branching pattern. This sug-
gests that the rupture of the Pitdycachi segment initiated

in its central part where the polarity of the rupture bifurca-

tions changes. It is therefore likely that the rupture first pro-
pagated bilaterally along the Pitdycachi fault, from where
the southern rupture front cascaded across stepovers first
to the Teras fault and then to the Otates fault. Correspond-
ingly, the intensity distribution of this earthquake (Aguilera,
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1888; Sbar and DuBois, 1984) indicates a strong rupture
directivity effect toward the south.

In this article, we study local and regional body-wave
arrival times from several seismic networks to better define
the active regional fault pattern in the epicentral region of the
1887 earthquake. In 2002, the Centro de Investigacién Cien-
tifica y de Educacién Superior de Ensenada (CICESE), in
collaboration with the Instituto de Geologia, Universidad
Nacional Auténoma de México (UNAM), installed RESNES
(Red Sismica del Noreste de Sonora), a seismic network sur-
rounding the surface rupture of the 1887 earthquake (Castro
et al., 2002, 2008). Furthermore, the Network of Autono-
mously Recording Seismographs (NARS)-Baja, a broadband
array surrounding the Gulf of California (Trampert er al.,
2003; Clayton et al., 2004), has several stations directly
southwest of the 1887 surface rupture. In addition, several
USArray stations are located north of the 1887 surface
rupture. Figure 1 shows stations of these networks located
near the 1887 rupture, and Table 1 provides their coordinates.

At a plate boundary, aftershock sequences are relatively
short (< 10 yr). Steady plate motion quickly reloads the fault
and thus overwhelms the postseismic stress heterogeneities
that cause aftershocks (Stein and Liu, 2009). In contrast, in
the Basin and Range Province, faults are reloaded much
more slowly, allowing aftershocks to continue much longer.

Table 1
Station Coordinates
Network Code Latitude North Longitude Altitude
RESNES  MOC 29.73233 —109.66533 621.0

MOR 30.85117
BAC 29.81117
VIH 30.12717
SMG 30.55317
OAX 30.73650

—109.16267 998.0
—109.16300 778.0
—109.32317 610.0
—108.96983 945.0
—109.06050 902.0

NAC 30.34567 —109.64333  1261.0
ELO 31.22750 —109.37083  1210.0
0JO 31.31500 —109.01555  1454.0
DIV 29.66183 —109.44333 745.0
CUM 30.10450 —109.66700  1243.0
HUA 30.23433 —108.95867  1181.0
ARI 30.08217 —109.05500  1546.0
NARS NE80 30.50000 —112.31983 225.0
NES81 28.91833 —109.63633 295.0
NES82 26.91567 —109.23083 183.0
NE75 27.22933 —112.85650 137.0
NE76 26.88900 —111.99900 35.0
NE77 26.01583 —111.36133 40.0
USArray TUC 32.30980 —110.78470 910.0

116A 32.56180
216A 32.00220

—111.70420 4713
—111.45740 908.0

217A 31.77480 —110.81620  1412.0
218A 31.97370 —110.04640  1486.0
319A 31.37570 —109.28090 1187.0
318A 31.43900 —109.99070  1576.0
219A 31.99890 —109.25920  1581.0
119A 32.76630 —109.30290  1406.0
117A 32.57160 —110.73930  1544.0

214A 31.95590 —112.81150 543.0
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The earliest historical earthquakes in the Basin and Range
Province and the continental interior, which occurred in the
eighteenth century, still produce aftershocks. In our analysis
we consider aftershocks to be earthquakes that occur after a
large event in regions where the deformation is close to zero
and the motions of the fault segments that ruptured during
the main event are very small. Thus, postmainshock seismi-
city in regions where there is no evidence of ongoing strain
accumulation will be considered aftershocks.

Previous Studies

A map and a parametric catalog of the historical seismi-
city in the epicentral region of the 1887 Sonora earthquake
were presented by Suter (2001). The 1887 rupture has a long
history of observed aftershocks. The contemporary field
studies by Goodfellow (1888) and Aguilera (1888) (for a
summary see Suter, 2006) located aftershocks in the stepover
between the Pitdycachi and Teras rupture segments (Fig. 1)
based on felt reports and observations with an improvised
seismoscope. Contemporary aftershocks were also reported
from the region of the Otates rupture segment (Vazquez,
1887). Three compilations of aftershocks in 1887 can be
found in the seismicity catalogs by Orozco y Berra (1887,
1888). Aguilera (1888, p. 36) noted that the aftershock
activity decayed with time.

A major aftershock occurred on 26 May 1907 (1., VIII,
M; 5.2-0.4). Gridding the intensity values with a Kriging
algorithm (Suter, 2001) placed the area of maximum inten-
sity near the stepover between the Pitdycachi and Teras rup-
ture segments of the 1887 earthquake. The 1907 earthquake
(Fig. 1) is likely to have been caused by an increase of static
Coulomb stress at the tips of these two rupture segments
(Suter and Contreras, 2002).

The aftershock activity then migrated south along the
same fault system. A major earthquake on 17 May 1913
(Inax VI, M; 5.0-0.4) destroyed a third of the buildings
in Hudsabas and caused major damage to the town hall,
schoolhouse, and prison (Suter, 2001). In 1923, a shock on
18 December, 5 a.m. local time, destroyed most adobe con-
structions in Hudsabas and Granados (Fig. 1). A second major
shock (1.« IX, My 5.7-0.4) on 19 December, 6 a.m. local
time, razed the two villages and was followed by 27 after-
shocks on the same day. This earthquake was followed by
a series of aftershocks that lasted at least until April 1924
(for details and sources, see Suter, 2001). Stress loading by
the 1887 rupture on the fault segments near Granados may
explain these two earthquakes (Suter and Contreras, 2002).

Between 1978 and 1979, a temporal network of 7-10
portable seismographs, installed by Natali and Sbar (1982)
in the region of the Pitdycachi fault, recorded about 30 small
events (M < 2), about one event per day of recording. The
well-located microearthquakes had horizontal location errors
<5 km and originated at <15 km depth to the west of the
Pitdycachi fault trace, near the northern and southern termi-
nations of the Pitdycachi segment of the 1887 surface
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rupture. Composite focal mechanisms by Natali and Sbar
(1982) for well-located microearthquakes suggest normal
dip slip with a minor right-lateral strike-slip component near
the northern tip and normal dip slip near the southern tip
of the Pitdycachi rupture segment. Some events were also
located farther south, beyond the network, near what is
known now as the Teras and Otates segments of the 1887
surface rupture (Fig. 1).

A series of earthquakes in this region in 1987-1989 was
relocated by Wallace et al. (1988) and Wallace and Pearthree
(1989) about 20 km west of the traces of the Teras fault and
the southernmost part of the Pitdycachi fault. For the largest
of these events, which originated on 25 May 1989 (Fig. 1),
Wallace and Pearthree (1989) give a magnitude of 4.2 and
estimate the accuracy of its location as +4 km in the east—
west direction and =£5 km in the north—south direction.
Three of the microearthquakes recorded by Natali and Sbar
(1982) and the epicenter of the 7 April 1908 M| 4.8 Fronteras
earthquake (Suter, 2001) also fall close to this cluster.
Coulomb stress modeling (Suter and Contreras, 2002, fig. 3)
suggests that this seismicity cluster is located in a region
where the 1887 earthquake caused an increase in static shear
stress. The focal mechanism for the 25 May 1989 event
determined by Wallace and Pearthree (1989) indicates dip
slip with a minor left-lateral strike-slip component on the
65°W dipping nodal plane (Suter and Contreras, 2002,
fig. 2). This focal mechanism is practically identical with
the focal mechanism presentation of the striations measured
on the Teras fault surface (Suter, 2008b), which suggests that
this earthquake may have had its source on the Teras fault.
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More recently, a series of earthquakes with magnitudes
M; £4.0 took place in the Granados—Hudsabas region in
1993 (Suter, 2001, table 1).

Data

We picked arrival times of P and S waves recorded by the
stations of the RESNES array (Fig. 1, Table 1) during the per-
iod 2003-2007. The stations of this deployment consist of
Kinemetrics digital recorders (model K2) with internal Epi-
Sensors that record the three components of ground accelera-
tion. An additional channel records the vertical component of
ground velocity with an external short period seismometer
(model L4C). All the stations are autonomous and have a
built-in Global Positioning System for time reference. Figure 2
shows a sample of six velocity records from an M 2.8 earth-
quake located on the Pitdycachi fault (30.889° N, 109.236°
W) at a depth of 10 km. To better define the regional seismi-
city, we also picked arrival times from three stations of the
NARS-Baja array (Trampert et al., 2003; Clayton et al., 2004)
installed in the State of Sonora, NE80O, NE81, and NES82.
For events that originated south of the RESNES array, we also
used arrival times from the NARS-Baja stations NE75, NE76,
and NE77, located in Baja California Sur. The coordinates of
these six stations are listed in Table 1. We used a computer
routine to search for events recorded by three or more stations
to manually pick the P and S wave arrivals and to locate the
epicenters.

For relocation purposes, we also used arrival times re-
corded in 2007 from USArray stations located within about
150 km of the United States—Mexico border. The initial
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Figure 2. Vertical velocity records from an earthquake (M 2.8) that occurred on 6 June 2004 at 10:47 UTC on the Pitdycachi fault

(30.889°N, 109.236° W) at a focal depth of 10 km.
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data set consists of nearly 600 local and regional events
(M < 3.6) recorded at a minimum of three stations and per-
mitting at least five reliable phase picks. We estimated the
magnitudes of the events using the average duration of the
records. We were able to relocate 80% of the events.

Methodology

We determined initial hypocentral locations with the
Hypoinverse computer code (Klein, 2002) using arrival times
from stations of the RESNES and NARS-Baja arrays. We used
the four-layer velocity model (Table 2 and model V1 in
Fig. 3) by Harder and Keller (2000), which was determined
from a wide-angle seismic profile in adjacent southwestern
New Mexico. The model assumes the crust to consist of flat
layers of uniform thickness. The uppermost layer is 1-km
thick and accounts for sedimentary and volcanic rocks.
The second layer corresponds to the crystalline upper crust
with a thickness of 21 km. The third layer represents the
lower crust, with a thickness of 13 km, and is delimited at
its base by the Moho. Table 2 lists the P-wave velocities of
this model; to calculate S-wave velocities, we used a Vp/Vy
ratio of 1.75.

Standard methods to locate earthquakes, like Hypoin-
verse, use static station terms (ST) to account for lateral het-
erogeneities of the velocity structure. The ST correction is
determined by the mean of the travel-time residuals from all
the events recorded at a given station. This approach is ade-
quate if the source-station paths are the same for all the
events; for example, in the case of localized earthquake
clusters. However, in cases where the seismicity is distribu-
ted over a large region or consists of several clusters of
events, location methods based on static station terms do not
account for the travel-time perturbation introduced by lateral
velocity heterogeneities. For such cases, Richards-Dinger
and Shearer (2000) proposed the use of source-specific sta-
tion terms (SSST). With this technique, each station has a
station correction function that varies with source position.
This location method is useful when the seismic events cover
a large region with lateral velocity heterogeneities, as can be
expected for northeastern Sonora.

A generalization of the SSST method was recently im-
plemented by Lin and Shearer (2005) in their COMPLOC
earthquake location code. This new technique consists of
selecting nearby events that are located within a sphere of
specified radius (r,,) around the target event. The SSST
of the target event is then determined iteratively by the mean

Table 2

P-Wave Velocity Model Used for Initial
Hypocentral Locations

Depth Intervals (km) Vp (km/sec)
0.0-1.0 5.10
1.0-22.0 5.88

22.0-35.0 6.90
Below 35.0 7.95

Velocity Models
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Figure 3.  P-wave velocity models tested in the relocation of the
seismic events. Model V1 was obtained by Harder and Keller
(2000) for southwestern New Mexico; model V2 is similar to V1
but contains velocity gradients rather than sharp discontinuities;
model V3 is similar to the model used by Lin ez al. (2007) to locate
southern California seismicity; and V4 is the final model used to
relocate the hypocenters.

of travel-time residuals from the nearby events, shrinking the
cutoff distance r,,, between the first and the final iterations.

We relocated the initial hypocenters with a modified ver-
sion of the COMPLOC code that permits the use of regional
phases (Pn, Pg, Sn, Sg) and weights the phase arrival picks
according to the source-station distance. In addition to the
arrival times from the local stations of the RESNES array and
the regional stations of the NARS-Baja array, we also incor-
porated body-wave arrivals recorded for the year 2007 by
broadband stations of the USArray installed within 150 km
of the United States—Mexico border. We start with a velocity
model similar to that proposed by Harder and Keller (2000)
but introduce small gradients (model V2 in Fig. 3) to make
the change of velocity with depth gradual, as is expected in
nature. To minimize regional variations of the velocity struc-
ture, we relocate the events by dividing the study area into
five rectangles, based on the distribution of the epicenters
located with Hypoinverse (Fig. 4). One of the rectangles cov-
ers the area near Cananea, northwest of the RESNES array;
three rectangles cover the fault segments that ruptured in
1887; and the last rectangle, southeast of the network, covers
the events located near the Mulatos, Sonora, gold mine in the
Sierra Madre Occidental. These rectangles are outlined in
Figure 4. We relocated the earthquakes from each of these
groups separately. To find the hypocenter coordinates, we
used the least absolute value (L1 norm) as the misfit norm
because it weights residuals more equally in the inversion.
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Distribution of hypocenters located with the Hypoinverse code. The faults that ruptured in 1887 (P, Pitdycachi; T, Teras, and O,

Otates) are highlighted by bold traces. The solid circle is station NE81 of the NARS—Baja array; solid triangles show the location of RESNES
stations; squares show the location of USArray stations used; solid black circles are the epicenters; and V represents the Villa Hidalgo fault.
The boundaries of the five rectangles are used to subdivide the seismicity for relocation purposes.

This norm is also robust when outliers are present in the data.
Shearer (1997) and Astiz et al. (2000) show that in California
the epicentral locations have less scatter when the L1 norm is
used instead of the conventional least squares method (L2
norm). We tested various velocity models and compared
the travel-time residuals to select the model that, on the aver-
age, gives the smallest residuals and consequently the best
solution. Besides models V1 and V2 (described previously),
we tested model V3 (Fig. 3), which is similar to the P-wave
velocity model used by Lin ef al. (2007) to locate southern
California seismicity. The velocity model V4 is our final
selection that we used to relocate the hypocenters.

Results

The epicenters located with Hypoinverse are displayed
in Figure 4. Three groups of events can be recognized. The
first group, evaluated in more detail below, corresponds to
earthquakes distributed along the Basin and Range Province
faults on the western margin of the Sierra Madre Occidental,
including the faults that ruptured in 1887. The second group
clusters near Cananea in the northwest, where a major copper
mine is located. In this region, there are also three other
mines: Maria mine, located off the Cananea-Imuris highway,
Mariquita mine located further northwest, and the Milpillas
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mine. Although we tried to eliminate quarry blasts from the
data set based on the correlation of the origin time with the
time window of the scheduled mine explosions, it is very
likely that most of the events in this group are man-made,
particularly the events with a shallow focus of less than 2 km.
However, natural seismicity does also occur in this region.
For example, on 16 October 1999, the PDE (Preliminary
Determinations of Epicenters) catalog located a M; 4.5
earthquake, which was triggered by the M, 7.1 Hector Mine
earthquake, somewhat southeast of this cluster. The third
group of events is located farther southwest, beyond the
RESNES and NARS-Baja arrays, near the Mulatos gold mine.
These events are likely to be quarry blasts.

In Figure 5, we compare the depth distributions of the
original focal locations obtained with Hypoinverse (top
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row) and the relocated hypocenters obtained with the SSST
method (middle and bottom rows) using velocity model V4
(Fig. 3). In the left column, the foci are projected into an east—
west section and in the central column into a north—south
section. The focal depths of the relocated events are more
reliable than those of the original locations. The relocated
events are better constrained because we used more arrival
times; in addition to time picks from the local RESNES
network, we also used regional arrivals from the broadband
stations of the USArray and the NARS-Baja array. In the depth
distribution of the relocated earthquakes (middle row in
Fig. 5), most hypocenters (85%) are above 25 km depth
and the majority (69%) above 15 km, which suggests that
most of the seismic activity takes place in the upper crust. This
is in agreement with observations elsewhere that continental
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Figure 5.

Latitude North (degrees)
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Focal depths obtained with Hypoinverse and velocity model V1 (top row) and with the SSST method and velocity model V4

(middle and bottom rows). In the left column, the foci are projected into an east-west section and in the central column into a north—south
section. The right column shows the corresponding histograms. The frames at the bottom show the best constrained events; they were

relocated using more than eight arrival picks.



1160

seismicity is confined to the upper half of the crust (Jackson,
2002). The bottom frames in Figure 5 show the best con-
strained events, namely the ones relocated with more than
eight arrival picks; 81% of these events have focal depths
of less than 15 km and 71% of less than 10 km. This is in
agreement with the depths of the well-located microearth-
quakes in the vicinity of the Pitdycachi fault in the study by
Natali and Sbar (1982) and elsewhere in the Basin and Range
Province, where the focal depth of most earthquakes is less
than 15 km (Parsons, 1995).

To compare the residuals of the hypocenters located with
Hypoinverse with those located with the SSST method, we
plotted a histogram (Fig. 6) of the average absolute values
of the travel-time residuals. In the histogram, the residuals that
resulted from using Hypoinverse (solid lines) are compared
with the residuals that resulted from using the modified ver-
sion of the COMPLOC program with the V2 velocity model
(dashed lines) and the V4 velocity model (dotted lines). In the
bin for the smallest residuals (Fig. 6), the percentage of events
located with the SSST method is higher than the percentage
located with Hypoinverse, and the highest percentage (best
solution) corresponds to the events where the velocity model
V4 (Fig. 3) was used.

Seismicity Located in the Epicentral Region
of the 3 May 1887 M,, 7.5 Earthquake

Here we evaluate in more detail the earthquakes located
along the Basin and Range Province faults on the western
margin of the Sierra Madre Occidental, including the seismi-

Percentage (%)

.0 4 .8
Average |Residual| (sec)

Figure 6.  Histogram of the average absolute value of the travel-
time residuals. Solid lines, Hypoinverse solutions, dashed lines,
SSST relocations with velocity model V2 (see Fig. 2); dotted lines,
relocations with velocity model V4.
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city along the faults that ruptured in 1887. Figure 7 shows the
epicenters relocated in the epicentral region of the 3 May
1887 M, 7.5 earthquake with the SSST method and velocity
model V4 of Figure 3.

As in the study by Natali and Sbar (1982), several events
could be located west of the trace of the Pitdycachi fault.
However, the seismicity recorded in this study during 2003—
2007 does not extend as far north as documented by Natali and
Sbar (1982) for events in 1978-1979. Apparently, there is
currently no seismic activity in the northernmost part of
the 1887 rupture. Farther south, many events are located west
of the traces of the Teras and Otates faults (Fig. 7); they very
likely originated on the Teras and Otates segments of the 1887
rupture. The microseismicity cluster west of station HUA
suggests that an additional rupture segment may exist south
of the Otates segment.

Our study shows that the west-dipping Villa Hidalgo and
Granados normal-fault segments directly south of the 1887
surface rupture also are currently seismically active (Fig. 7).
The locations of these events are well constrained because
several stations are located in close vicinity on either flank
of these two faults (Fig. 7). The Villa Hidalgo fault bounds
the Angostura basin (Suter, 2008a), which is filled with evap-
orates and the syntectonic continental deposits of the Baucarit
Formation. Field checking the fault trace east of Villa Hidalgo
did not reveal any obvious morphological or stratigraphic
evidence of Quaternary fault activity. The fault dips there
between 58° and 78°W, and its throw is a minimum of
1,420 m. The trace of the Granados fault passes directly east
of the towns of Granados and Hudsabas (Montigny et al.,
1987, fig. 3), which were badly damaged in the 17 May 1913
(I nax VII, M7 5.0 £ 0.4) and 18 December 1923 (1. IX,
M; 5.7 £ 0.4) earthquakes (Suter, 2001). These earthquakes
may have been triggered by a slight Coulomb failure stress
increase of <0.2 bar caused by the 1887 rupture (Suter and
Contreras, 2002). We consider it likely that the 1913 and 1923
earthquakes resulted from partial ruptures of the Granados
fault and that the recorded microearthquakes are aftershocks
of these two events.

Microseismicity also seems to be associated with a
symmetrical graben in the east—central part of Figure 7, the
fault west of station MOC in the southwestern most part of
Figure 7, and other fault segments in the west—central part
of Figure 7, northwest of station NAC. It is therefore likely
that these faults ruptured in the geologically recent past.
Alternatively, this microseismicity may have been triggered
by the 1887 rupture and related changes in the distribution
of tectonic stress.

A major seismicity cluster near station NAC (Fig. 4) cor-
responds mostly to explosions at the La Caridad copper
mine. We filtered out events near NAC occurring within the
time range scheduled for mine blasts and with depths of less
than 3 km. It cannot be excluded that some of the remaining
events (Fig. 7) are of tectonic origin; some nearby epicenters
are located west of the Basin and Range Province fault trace
that passes west of station NAC.
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Figure 7.

Distribution of epicenters near the 1887 rupture, relocated with the SSST method and velocity model V4. (The location of this

figure closely corresponds to the three rectangles on the upper right side of Fig. 4). Most of the microseismicity clusters are on the faults that
ruptured in 1887 (P, Pitdycachi; T, Teras; O, Otates) and the Villa Hidalgo (V) and Granados (G) faults. Further explanations are in the text.

Discussion

As previously described, the 3 May 1887 M, 7.5 main-
shock has been followed by a long-lasting series of after-
shocks. The distribution of the aftershocks correlates well
with calculated changes in Coulomb failure stress resulting
from the 1887 earthquake (Suter and Contreras, 2002). Two
major historical earthquakes in 1913 and 1923, as well as the
microseismicity recorded in this study, indicate that the area

of aftershock activity has increased southward along the
same fault system. This may also be related to the southward
direction of the 1887 rupture propagation and the related di-
rectivity effect.

Long-lasting (>50 yr) series of aftershocks have also
been documented for other large historical Basin and Range
Province earthquakes (see references in Stein and Liu, 2009).
Aftershocks following large midcontinental earthquakes,
such as the 1811-1812 New Madrid and 1886 Charleston,
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South Carolina, earthquakes, are known to persist for centu-
ries (Mueller et al., 2004; Li et al., 2005). Geodynamic mod-
els by Li et al. (2007) show that large intraplate earthquakes
can significantly increase Coulomb stress and strain energy
in the surrounding crust. The strain energy release from a
large earthquake will migrate to the surrounding region and
may dominate the local strain energy budget for thousands of
years following the mainshock, in contrast to interplate seis-
mic zones, where strain energy is dominated by tectonic
loading (Stein and Liu, 2009).

In a model of aftershock activity, Ebel er al (2000) com-
bine the Omori Law of nearly hyperbolic temporal after-
shock decay with the Gutenberg—Richter distribution of the
rate of events as a function of magnitude. According to their
model, the larger the magnitude of the mainshock, the greater
is the current aftershock activity rate. As mentioned pre-
viously, the 1887 Sonora earthquake has the world’s longest
recorded normal-fault surface rupture in historic time and is
the largest historical earthquake of the southern Basin and
Range Province. An explanation of the long-lasting series
of aftershocks of the 1887 Sonora earthquake, as compared
to other Basin and Range Province earthquakes, could there-
fore be the large size of the mainshock.

A mechanical model of the rate of earthquake produc-
tion by Dieterich (1994) predicts that aftershock duration is
proportional to mainshock recurrence time. His compilation
of these two parameters for historical earthquakes, which
does not include Basin and Range Province earthquakes,
appears consistent with the model prediction but has large
scatter. As mentioned previously, the recurrence time of
1887-sized events on the Pitdycachi fault is 100-200 k.y.
(Bull and Pearthree, 1988), which is near the upper end of
the range of recurrence intervals of major normal faults in the
southern Basin and Range Province and the Rio Grande rift
(Machette, 1998). The duration of aftershock activity so far is
a mere 0.1% of the recurrence time of the Pitdycachi fault.
According to the model by Dieterich (1994), the long recur-
rence time of the Pitdycachi fault also indicates the observed
microseismicity to be aftershock activity of the 1887 event.

Stein and Liu (2009) have analyzed the duration of after-
shock sequences in various tectonic environments and
hypothesize that many concentrations of midcontinental
earthquakes are aftershocks of large events that occurred
hundreds of years ago. According to their observations, the
slower the fault slip rate, the longer is the aftershock dura-
tion. As mentioned previously, the Quaternary slip rate of the
Pitdycachi fault is 0.015 mm/yr (Bull and Pearthree, 1988).
No Quaternary slip rates have been documented for the
Teras and Otates faults, but their geologic slip rates are
0.08 mm/yr and 0.06 mm/yr, respectively (Suter, 2008a
and 2008b). Based on the compilations by McCalpin (1995)
and dePolo and Anderson (2000), the slip rates of normal
faults in the Great Basin and the southern Basin and Range
Province range over four orders of magnitude. The slip rate
of the Pitdycachi fault is at the very lower end of that range,
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which also supports the hypothesis that the observed micro-
seismicity is aftershock activity of the 1887 event.

No seismicity was recorded to the southwest of the
RESNES array; especially the Hermosillo region seems to
be seismically quiescent (Fig. 4). The maximum secular strain
rate in northeastern Sonora, as determined from very-long-
baseline—interferometry (VLBI) space geodetic data extrapo-
lated across the international boundary, is 0.8 to 1.2x
1078 yr~! with a two sigma error of 10% (Ward, 1998),
whereas closer to the Gulf of California, the strain rate in-
creases to 1.2 to 2 x 108 yr~!. The lack of seismicity in the
Hermosillo region, despite its higher strain rate, further sup-
ports the hypothesis that the recorded microseismicity results
from the 1887 rupture.

Conclusions

We relocate the microseismicity in the epicentral region
of the 3 May 1887 M, 7.5 Sonora, Mexico, earthquake. This
preinstrumental earthquake resulted from a cascading rup-
ture of three normal faults, with an endpoint-to-endpoint
surface rupture length of 101.8 km. It is characterized by
a long-lasting aftershock series that continues to the present
time.

The initial data set consisted of local and regional body-
wave arrival times from nearly 600 local and regional events
recorded during 2003-2007. We were able to relocate 80% of
these events with a modified version of the COMPLOC code
that permits the use of regional phases (Pn, Pg, Sn, Sg) and
weights the phase arrival picks according to the source-
station distance.

The relocated epicenters tend to align in more planar
features than their original locations. Most of the events clus-
ter in the upper crust near the faults that ruptured during the
1887 earthquake. However, the microseismicity does not
extend as far north as documented by Natali and Sbar (1982)
for events in 1978-1979; apparently, there is currently no
seismic activity in the northernmost part of the 1887 rupture.
Many of the events are located west of the traces of the Teras
and Otates faults (Fig. 7); they very likely originated on the
Teras and Otates segments of the 1887 rupture.

The area of microseismicity has increased southward
with time along the same fault system. Our study shows that
the west-dipping Villa Hidalgo and Granados normal faults,
located south of the 1887 surface rupture, also are currently
seismically active (Fig. 7). We consider it likely that the 1913
and 1923 earthquakes resulted from partial ruptures of the
Granados fault and that the recorded microearthquakes are
aftershocks of these two events.

The long aftershock duration of the 1887 mainshock is
common for regions with a low deformation rate, such as
the Basin and Range Province, and even more typical for
intraplate regions, such as the midcontinental locations of
the 1811-812 New Madrid and 1886 Charleston, South
Carolina, earthquakes. Several models of aftershock activity
predict aftershock activity rate to be proportional to the
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magnitude of the mainshock (Ebel ef al., 2000), aftershock
duration to be proportional to mainshock recurrence time
(Dieterich, 1994), and aftershock duration to be indirectly
proportional to fault slip rate (Stein and Liu, 2009). The 1887
Sonora earthquake qualitatively confirms all three models.
The long aftershock duration can be explained by the un-
usually large magnitude of the mainshock and by the low slip
rates and long mainshock recurrence times of the faults that
ruptured in 1887. The strain energy release from the 1887
mainshock has migrated southward and is likely to dominate
the local strain energy budget due to low tectonic far-field
loading.

Data and Resources

An extensive 1887 earthquake bibliography (pdf files) is
posted at www.geo.arizona.edu/gsat/1887eq/bibliography
.html. It includes the digitized 1888 report by José Guadalupe
Aguilera. The seismograms used in this article were recorded
by stations of the Red Sismica del Noreste de Sonora (RE-
SNES) seismic array and the USArray. Data from the RESNES
network can be requested from the first author of this article.
USArray data are available through the Incorporated Research
Institutions for Seismology Data Management Center (http://
www.iris.edu/USArray). Some plots were made using the
Generic Mapping Tools (www.soest.hawaii.edu/gmt; Wessel
and Smith, 2009). The digital elevation models in Figures 4
and 7 were created from Shuttle Radar Topography Mission
data with Surfer® Version 9 (www.goldensoftware.com).
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