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Seismic Attenuation in Northeastern Sonora, Mexico

by Rail R. Castro, Cristina Condori, Oscar Romero, César Jacques, and Max Suter

Abstract We studied the attenuation of local and regional earthquake body waves
recorded by the seismic network of northeastern Sonora, Mexico (Red Sismica del
Noreste de Sonora [RESNES]). The source-station paths of the selected data set cover
the epicentral region of the May 1887 (M, 7.5) Sonora earthquake. We used the best-
located earthquakes recorded by RESNES between 2003 and 2004 to analyze the spec-
tral amplitude decay of body waves with hypocentral distance. The database consists
of 44 earthquakes with magnitudes between 1.8 and 3.2 and hypocentral distances
between 25 and 150 km. We calculated Fourier spectral amplitudes from more than
400 records and defined attenuation functions with a nonparametric model by invert-
ing the observed spectral amplitudes at 23 individual frequencies between 0.4 and
63.1 Hz. We determined regional attenuation curves based on events located more
than 100 km northwest of the center of the network and local curves based on earth-
quakes located near the fault zone that ruptured in the 1887 earthquake. The obtained
attenuation curves indicate that the spectral amplitudes decay faster in the area of the
1887 rupture than in the surrounding region. To analyze the possible sources of at-
tenuation, we parameterized the attenuation functions considering three terms: one
that accounts for geometrical spreading, another one for anelastic attenuation, and a
third for near-surface attenuation. We found the S-wave quality factor Q to be similar
in both the general region and near the 1887 rupture. However, in the region of the
1887 rupture, the near-surface attenuation exceeds the regional average. Finally, in the
region of the 1887 rupture, the nonparametric attenuation functions and the estimates
of Q indicate that at between 0.6 and 63.1 Hz, P waves attenuate more than S waves
(Qp = 20.8f"1, whereas Qg = 83.8f0).

Introduction

In northeastern Sonora, north—south striking, west-
dipping normal faults form the limit between the Sonoran
Basin and Range (Brand, 1937) a subprovince of the south-
ern Basin and Range province in the west and the less ex-
tended plateau of the Sierra Madre Occidental in the east
(Fig. 1). These faults and associated half-grabens extend over
a distance of more than 300 km between the San Bernar-
dino basin in the north and the Sahuaripa basin in the south.
A large earthquake in 1887, with a surface rupture length
of 101.8 km and M, 7.5 (Bakun, 2006; Suter, 2006), rup-
tured three neighboring segments of this major fault zone;
from south to north these segments are mapped as the
Otates, Teras, and Pitdycachi faults (Fig. 1; Suter and Con-
treras, 2002).

On a larger scale, the faults of the Sonoran Basin and
Range province are part of the extension that surrounds
the less deformed plateau of the Sierra Madre Occidental
(Stewart, 1998; Henry and Aranda-Gémez, 2000). This ex-
tension is ongoing; the number of faults in the Mexican part
of the southern Basin and Range known to have been active
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during the Quaternary is increasing with each new investiga-
tion (e.g., Aranda-Gémez et al., 2003; Suter, 2004; Aguirre-
Diaz et al., 2005), and historical seismicity is abundant
(e.g., Doser and Rodriguez, 1993; Yamamoto, 1993; Garcia
Acosta and Sudrez Reynoso, 1996; Suter et al., 1996; Suter,
2001; Suter and Contreras, 2002; Ziniga et al., 2003). Fur-
thermore, borehole elongations in the Mexican part of the
southern Basin and Range province show that the least hori-
zontal stress is oriented approximately east—west, perpen-
dicular to the traces of major normal faults (Suter, 1991).
Recently, the seismic network Red Sismica del Noreste
de Sonora (RESNES) was installed in this region to document
seismicity likely related with the Basin and Range faults of
northeastern Sonora (Castro et al., 2002; Romero et al.,
2004). The network consists of nine digital stations that re-
cord three components of acceleration and the vertical com-
ponent of ground velocity. Figure 1 (triangles) shows the
locations of the stations that operated during the period
2003-2004; 13 stations are shown because some of them
were relocated, but only nine stations have been operating
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Location of the study area. Lines indicate major Basin and Range faults (the thick line is the 1887 surface rupture along the

western margin of the Sierra Madre occidental). The location of the stations, triangles; major population centers, stars; the epicentral loca-
tions, circles. Fault traces and 1887 surface rupture trace were taken from Suter and Contreras (2002)

simultaneously. Additionally, station NE81 (Fig. 1), a broad-
band station belonging to the network of autonomously re-
cording seismographs (NARS) Baja array (Trampert et al.,
2003) was also used to locate some of the epicenters.

In this article, we analyze local and regional events re-
corded by the RESNES array to characterize, for the first time,
the seismic attenuation of northeastern Sonora, México. We
determine empirical attenuation functions that describe the
spectral amplitude decay with distance at individual fre-

quencies and then use these functions to estimate the quality
factor Q.

Data

We selected the records of 44 earthquakes located inside
the RESNES array and near Cananea, a town about 100 km
northwest of the center of the array (Fig. 1). These events
have hypocentral distances between 25 and 150 km and mag-
nitudes between 1.8 and 3.2. Figure 2 displays the distribu-
tion of earthquake magnitudes versus hypocentral distance of

the selected events and indicates that most of the events have
magnitudes above 2.0.

The RESNES stations consist of Kinemetrics K2 digital
four-channel recorders with an internal triaxial force-balance
accelerometer (EpiSensor) and a built-in Global Position-
ing System (GPS) timing system. Three channels record the
vertical, the north—south, and the east—west components of
ground acceleration, and the fourth channel is connected to
a vertical-component short-period sensor (model L4C) that
records ground velocity. These stations are set to record lo-
cal and regional earthquakes with a rate of 200 samples per
second.

The selected records were baseline corrected to remove
long-period biases by subtracting the mean. We then chose
time windows containing clear P- and S-wave arrivals to cal-
culate the acceleration spectra. The first and last 5% of the
selected windows were cosine tapered, and the spectral
amplitudes were smoothed using a variable frequency band
of £25% of 23 predefined frequencies between 0.4 and
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Figure 2. Distribution of earthquake magnitude versus hypo-

central distance.

63.1 Hz. The spectral records were also visually inspected
to select frequency bands containing amplitudes useful for
further analysis. Figure 3 shows the S-wave east—-component
acceleration spectra of two events recorded at various hypo-
central distances. For both events, the spectral amplitudes
decay considerably with distance. For instance, the spectral
amplitudes at 10 Hz of the M 2.8 event (right frame in Fig. 3)
decay by a factor of 12 between the station located at
23.7 km and the one at 135.9 km.

To analyze the possible spatial variation of the attenua-
tion, we divided the data set in two groups: one with the epi-
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Figure 3.
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central locations northwest of the array, whose source-station
paths have a regional coverage (Fig. 4) and a second group
with source-station paths sampling the 1887 rupture zone
(Fig. 5). Most of the events of the first group, recorded during
2003, have clear S-wave traces only in the velocity channel,
whereas the second group, recorded during 2004, has useful
signals in all four channels.

Methodology

We determined empirical functions that describe the ob-
served trends of the spectral amplitude decay with distance
using a nonparametric method (e.g., Anderson and Quaas,
1988; Castro et al., 1990; Anderson and Lei, 1994; Castro
et al., 1996). The dependence of the spectral amplitudes
U on hypocentral distance r for a given frequency f was
modeled as

Ui(f» }") :Sz(f)A(f7 r)’ (1)

where U,(f, r) is the observed spectral amplitude of event i,
A(f,r) is the empirically determined attenuation function
that describes the distance decay trend, and S;(f) is a scalar
(one for each earthquake i at frequency f) that depends on
the size of the earthquake. A(f, r) contains the effects of both
the geometrical spreading and the quality factor Q but is not
limited to a particular functional form. Instead of constrain-
ing the attenuation functions to decay exponentially with
distance or to any other functional form, we searched for un-
restricted monotonic curves constrained to a reasonable de-
gree of smoothness. With this approach, the site effects are
the residuals resulting from solving equation (1). This tech-
nique was introduced by Brillinger and Preisler (1984) for
the analysis of attenuation relations of peak accelerations.
Richter (1935) used a similar method to develop the local
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S-wave acceleration spectra calculated from east components of two selected earthquakes. The left frame corresponds to an

M 2.5 earthquake recorded at 25.6—139.0-km distance and the right frame to an M 2.8 earthquake recorded between 23.7 and 135.9 km from

its epicenter.
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Figure4. Map showing source-station paths of regional earthquakes recorded by stations located on the western side of the fault zone that
delimits the plateau of the Sierra Madre occidental, and which ruptured partly in an M, 7.5 earthquake in 1887.

magnitude scale for southern California, and more recently
this nonparametric approach has been used by other authors
as well (Raoof er al., 1999; Malagnini et al., 2000; Spallarosa
et al., 2002; Ortega and Quintanar, 2005) to find attenuation
relations.

Because at »r = 0 the spectral amplitudes are fully gov-
erned by the source term S;(f), we constrained the attenua-
tion functions to be 1 at r =0 (A(f,0) = 1.0). We also
assumed the shape of the attenuation function at a given fre-
quency to be the same for all the earthquakes regardless of
the magnitude, so that we can invert equation (1) using all the
events simultaneously. The advantage of this method is that

the spectral amplitudes from small and larger events comple-
ment each other to define the attenuation function.

From equation (1), we formed at each frequency a set of
linear equations of the form

ujj=S; +aj, (2)

where u;; = log U;(f, r) is a datum from earthquake i at dis-
tance j, s; = log S;(f), and a; = log A(f, r) is the value of
the attenuation function at distance j.

Equation (2) represents a system of equations that is
solved by a constrained least-squares inversion and can be
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Figure 5. Map with source-station paths of local earthquakes recorded by RESNES array in the region of the 1887 earthquake rupture.

written in matrix form as where w; and w, are weighting factors used to constrain
a; =0 at r =0 and to weight the second derivative for
smoothing purposes, respectively. The selected value of w,

1 0 a, up and the resulting model parameters a; define the shape of

1 0 A(f, r). We assumed that the spectral amplitudes vary slowly

with distance and that the undulations of the data are related

e | | ui to site effects. Thus, we looked for monotonic curves with a

wyq 0 0 - si] oy} reasonable degree of smoothness. A more detailed descrip-
Wy /2w, -wy/2 0 0 tion of this method can be found in Castro et al. (1990, 1996,
0 —wy/2 wa - . . 2003). Figure 6 shows an example of the observed ampli-

Si : tudes and the attenuation functions obtained for one of

3) the events of our data set. The shape of the attenuation func-
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Figure 6. Examples of nonparametric attenuation functions ob-

tained for eight different frequencies. The dots are observed S-wave
spectral amplitudes calculated from an M 2.5 earthquake recorded
between 25.6 km and 139.0 km.

tions shown is the same for other events except that they may
shift upwards or downwards if the size of the source term is
larger or smaller, respectively.

Equation (3) can be also expressed as

Q . mest — L_ZObS, (4)

where m®' is the vector containing the model parameters
g.e., ay,..., a; and sy, ...,s;. Once we determine m®', we
can calculate the predicted data vector

dr = G- m™. (5)

The site response z; can be estimated as

j=1.,L, ©6)

1 k
=[]
i=1

9
J

where £ is the number of earthquakes recorded by station z;,
and L is the number of sites analyzed.

The attenuation functions can be used to analyze various
sources of attenuation and to estimate the quality factor Q
assuming a homogeneous attenuation model of the form

A(f,r) = G(r)e*ﬂfR/erfferO. )
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The first term on the right side of equation (7) accounts for
geometrical spreading, the second term for amplitude de-
crease due to anelasticity, and the third one for near-surface
attenuation. The parameter v is the average wave velocity,
3.4 km/sec for S waves and 5.8 km/sec for P waves, based
on the crustal structure reported by Harder and Keller (2000)
for this region. Q is the quality factor, R = (r — 10), K, the
average decay parameter, and G(r) the geometrical spread-
ing function, which can be approximated as

10/r,

G(r) = {10/(r,r)1/2’ r < r’7 (8)

r>r.

' is the distance at which the geometrical spreading starts
having smaller effect on the amplitude decay due to surface-
wave arrivals. We defined ' = 80 km based on the change
of rate of amplitude decay observed on the attenuation func-
tions (Fig. 7).

Equations (7) and (8) are normalized at 10 km because
we do not have information at closer distances (Fig. 2).

Q and K, can be estimated at each frequency by linear-
izing equation (7) by taking logarithms; thus we can write

a(R) = mR + b, )
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Figure 7. Examples of attenuation functions obtained from

ground velocity records. The dots correspond to regional S waves,
and the solid and dashed lines to P and S waves, respectively, of
local earthquakes of the fault zone that ruptured in 1887.
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where a(R) = logA(f,r) —logG(r), m = —nfloge/Qv,
and b = —7flogeK,. The slope m is estimated by a
least-squares fit of equation (9) (e.g., Castro et al., 2003,
2004). For a given frequency f, O can be estimated, making

o(f) = % (10)
and
Kol =~ (i

Results and Discussion

We determined attenuation functions for the regional
paths (Fig. 4) of S waves recorded in the velocity channel.
For the region near the 1887 earthquake rupture (Fig. 5), we
calculated attenuation functions based on acceleration and
velocity records of the S waves and the vertical ground ve-
locity component of the P waves. Condori (2006) compared
attenuation functions obtained with individual components
of ground acceleration of the RESNES array and did not
observe significant differences between attenuation functions
obtained from east-west components and those obtained
from north—south components. This suggests that the aniso-
tropy of the crust in northeastern Sonora has a minimum ef-
fect on the attenuation estimates. In this article, we combined
both horizontal components to calculate the S-wave attenua-
tion functions in the near-fault zone.

Figure 7 shows regional and near-1887 rupture zone
attenuation functions obtained at different frequencies. The
spectral amplitudes of the regional functions, obtained from
S waves, decay slower than the near-1887 rupture zone
curves obtained from both P and S waves. This result indi-
cates greater body wave attenuation near the 1887 rupture. It
is interesting to note in this figure that the functions obtained
from the P waves (solid lines) attenuate more than those ob-
tained from S waves. Figure 8 shows the root mean square
(rms) residuals calculated for each distance. On the aver-
age, for r > 20 km, the residuals are less or equal to 0.4.
At shorter distances, where less data are available, the at-
tenuation functions have rms residuals between 0.8 and 1.6.

We used the attenuation functions obtained at 23 fre-
quencies (0.4—63.1 Hz) to estimate Q with equation (10).
Figure 9 shows the individual estimates of 1/Q(f) =+ 1 stan-
dard deviation for S waves obtained from ground velocity
records. To describe the observed frequency dependence
of the estimated values of Q, we used the functional form

O(f) = Qof". (12)

where Q, is the value of Q at 1.0 Hz.

Figure 9 also shows the least-squares fit obtained with
the estimates of Q in the 0.4—-63-Hz frequency band. For the
zone near the 1887 rupture, Qg = 35.9f"!, whereas for the
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Figure 8. The rms residuals calculated for each distance from

the nonparametric attenuation functions are shown in Figure 7. Re-
siduals from regional S-wave attenuation functions, dots; residuals
from near-1887 rupture paths of S and P waves, squares and trian-
gles, respectively.

regional paths, Qg = 31.6/%°. This indicates that the at-
tenuation component due to anelasticity is similar in both
regions. In contrast, the near-surface attenuation is greater
near the 1887 rupture, as can be seen in Figure 10 from
the K, values obtained by solving equations (9) and (11).
At 1 Hz, for instance, K|, is a factor of 1.9 greater in the re-
gion of the 1887 rupture and even greater at higher frequen-
cies. The greater near-surface attenuation in this region is
probably due to a combined effect between scattering pro-
duced by the highly fractured fault zone and the complex
mixture of sedimentary and extrusive rocks of the San Ber-
nardino Valley, where the 1887 rupture zone is located.
To understand the characteristics of the high-frequency
attenuation of this rupture zone, we also estimated empirical
functions with P waves recorded on the vertical component
of ground velocity (solid lines in Fig. 7) and with S waves of
the horizontal components of the ground acceleration. We
then calculated Q with the same procedure already described
previously. Figure 11, which compares our P- and S-wave
estimates of (Q, indicates greater attenuation for P waves
(Qp = 20.8f"1) than for S waves (Qg = 83.8/%9). This
can be also seen in Figure 12, where we plotted the
Qg/Qp ratio as a function of frequency; Qg/Qp is greater
than 1.9 for the whole frequency band shown. This ratio is
useful to find the attenuation mechanism of Q. For instance,
Sato (1984) predicted Qg/Qp = 2.4 for high-frequency
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Figure 9.
the triangles to the zone near the 1887 rupture.

Rayleigh-wave scattering, whereas Q¢/Qp > 1 was reported
for dry rocks from laboratory measurements (Toksoz et al.,
1978; Johnston, 1981). On the other hand, for intrinsic shear
losses, it is expected that Qg/Qp = 4/9 (Anderson et al.,
1965), whereas for most types of scattering, Qg/Qp > 1
(Hough and Anderson, 1988). It thus may be that the ratio
of Qg/0p > 1.9 that we obtained for the region near the
1887 rupture zone is mainly caused by scattering.

To verify the consistency between the estimates of Q
and K, (Figs. 9, 10, and 11) and the nonparametric attenua-
tion functions (Fig. 7), we calculated the expected spec-
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"
o
100 F oV
0 Ve
a v
o Ve
(u] v
10-1 d o 'v
o] e Og "
X v
v
%00 Voo
oo v
1072 |- 5
(m)
o
10—3 Lilll L1 11111l L
100 10°
f (Hz)
Figure 10. Estimates of the near-surface attenuation parameter

K. The squares correspond to regional paths and the triangles to the
zone near the 1887 rupture.
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Estimates of 1/Q =+ 1 standard deviation (right frame) and S-wave Q (left frame). The squares correspond to regional paths and

tral amplitudes with equation (7). Figure 13 compares the
S-wave nonparametric attenuation functions (dots) with the
expected spectral amplitudes (solid line) as a function of dis-
tance for eight different frequencies. We did the same for the
P waves and found, as shown in Figure 13, that in both cases,
equation (7) provides spectral amplitudes consistent with the
nonparametric functions.

Studies in the Basin and Range province report values of
QLg between 138 and 774 (Aleqabi and Wysession, 2006),
but most estimates give values of Q between 200 and 300
(Singh and Herrmann, 1983; Chavez and Priestley, 1986;

Fault zone
v
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Figure 11. Body-wave estimates of Q for the zone near the

faults that ruptured in the 1887 earthquake. P waves, triangles; S
waves, squares. The lines are least-squares fits of the Q values.
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Figure 13. Nonparametric attenuation functions (dots) esti-

mated from S-wave spectral amplitudes of regional source-station
paths (curves plotted also with dots in Fig. 7). The solid lines
are the expected amplitudes calculated with equation (7) using
the Q and K, values shown with squares in Figures 9 and 10, re-
spectively.
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Xie and Mitchell, 1990; Benz et al., 1997; Bager and
Mitchell, 1998). These values are consistent with our esti-
mates of Qg near 4 Hz (Qg = 83.8f%9). Estimates of Q,
based on L, coda have been reported for different parts of
the world. Cong and Mitchel (1998) found that Q, varies
between 350 and 450 throughout most of the Arabian
peninsula. De Souza and Mitchell (1998) reported for the
western margin of the South American continent that
250 < Qg < 450. The lapse-time dependence of coda Q es-
timates has been studied by different authors; for instance,
Gupta et al. (1998) found in the Koyna region of India a
significant increase of Q, with lapse-time-window lengths
(from 66 for a lapse-time window of 20 sec to 182 for
60 sec). Thus, it may not be pertinent to compare our esti-
mates of Q, with other estimates based on coda waves.

Smith et al. (1989) also estimated regional values of
Q in the southern Great Basin of the Basin and Range
province and obtained Qg values between 255 and 587 in
the frequency band of 5-25 Hz. These values are com-
parable with our Qg regional estimates (Q5 = 31.6f%7) in
the 10-25 Hz band.

Low Q values are usually associated with unconsoli-
dated sediments, but have also been reported from fault
zones (Malin et al., 1988). Consolidated rocks like granite
may also exhibit low Q values; for instance, Abercrombie
(1997) finds Qp ~50 and Qg ~ 23 in the upper 2.9 km at
the granite site in the Cajon Pass borehole.

The low estimated Q values (Fig. 11), particularly at low
frequencies (f < 3 Hz) may be the result of the sedimentary
fill of the basins of northeastern Sonora, such as the San Ber-
nardino basin and the complex Basin and Range structure of
this region.

Conclusions

The nonparametric attenuation functions for local and
regional earthquakes recorded in northeastern Sonora by the
RESNES array indicate that the body waves attenuate more
near the 1887 earthquake fault zone compared with the re-
gional § waves. Although the estimates of Qg in the region
near the rupture zone are similar to the regional values, the
near-surface attenuation is considerably greater than that
calculated with the regional data set. At high frequencies
(10-25 Hz) the regional values of Qg are consistent with
estimates reported in the southern Great Basin of Nevada
(Smith ef al., 1989). In the region of the 1887 rupture, our
P- and S-wave estimates of Q indicate greater attenuation for
P waves (Qp = 20.8f"!) than for S waves (Qs = 83.8/%)
in the 0.63-63.1 Hz frequency band. The Qs/Qp > 1.9 ratio
calculated with local estimates of Q within the frequency
band analyzed (0.63-63.1 Hz) suggests scattering to be an
important mechanism controlling the observed decay of
the spectral amplitudes with distance.
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