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Applications of Attenuation Tomogrphy to Imperial Valley and 
Coso-Indian Wells Region, Southern California 

PHYLLIS Ho-Liu, Hmoo KANAMORI, AND ROBERT W. CLAYTON 

Seismological Laboratory, California Institute of Technology, Pasadena 

Spatial variations in seismic wave attenuation were tomographically imaged from observed S to P 
wave amplitude ratios in the Imperial Valley and Coso-Indian Wells regions of southern California. 
In the Coso-Indian Wells region a highly attenuating body (S wave quality factor Q • 30) coin- 
cides with a slow P wave anomaly mapped by Walck and Clayton (1987). This coincidence suggests 
the presence of a 3- to 5-km depth magmatic or hydrothermal body in the Indian Wells region. In 
the Imperial ¾alley, slow P wave travel time anomalies and highly attenuating S wave anomalies 
were found in the BrawIcy seismic zone at a depth of 8-12 kin. The effective S wave quality factor is 
very low (Q• 20), and the P wave velocity is 10% slower than the surrounding area•. These 
results suggest either magmatic or hydrothermal intrusions, or fractures at depth, possibly related to 
active shear in the Brawley seismic zone. This attenuation tomographic technique is shown to be 
useful in delineating the spatial variations in seismic wave attenuation and in estimating the effective 
seismic quality factor of attenuation anomalies. 

INTRODUCTION 

Back projection tomography is a technique that utilizes 
an iterative approach to a solution of an inverse problem. 
It has recently been applied to travel time data of seismic 
waves to invert them for velocity perturbations [Humphreys 
et al., 1984; Hearn and Clayton, 1986a b; Walck and Clay- 
ton, 1987; R. W. Clayton snd R. P. Comer, unpublished 
manuscript, 1987; R. P. Comer and R. W. Clayton, unpub- 
lished manuscript, 1987]. In this paper a similar method is 
applied to amplitude data to locate attenuating bodies in 
the crust. An attenuating body decreases the amplitude of 
seismic waves passing through it, just as a low-velocity 
body lengthens the travel time. Previous work on estimat- 
ing the quality factor of a medium includes the reduced 
spectral ratio technique [Ward and Young, 1980] which 
inverts the spectral data directly for the P wave attenua, 
tion, spectral ratio analysis which calculates the quality fac- 
tor for S waves IKobayashi et al., 1986; Sudo, 1987], and 
cross-hole seismic imaging at two sites which reconstructs 
the perturbations of P velocities between the holes [Wong 
et al., 1983]. This paper describes the technique of the 
tomographic inversion of amplitude data and presents two 
applications. The results from travel time tomography and 
attenuation tomography are also compared. 

TRAVEL Tram TOMOORAPHY 

Standard travel time tomography uses the relation 
between slowness and travel time and is applied to travel 
time perturbations (R. P. Comer and R. W. Clayton, 
unpublished manuscript, 1987). The seismic travel time is 
given by the relation 

fs dl =t (1) 
where t is the travel time from source to receiver, dl is the 
incremental ray length, and s is the slowness along the ray 
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path. However, since the ray path depends on s, this equa- 
tion is nonlinear with respect to s. A linear system can be 
obtained by the use of perturbations in t and s [Fawcett 
and Clayton, 1984]. Equation (1) then becomes to first 
order 

fzx d=zxt 
where As and At are the perturbations in slowness and 
travel time, respectively. If the medium is divided into 
blocks, equation (2) can be written as 

Ezx; 

where j is block number, i is ray number, and lii is the 
length of the i th ray in the j th block. 

ATTENUATION TOMOGRAPHY 

The tomographic method described by R. P. Comer and 
R. W. Clayton, (unpublished manuscript, 1987) can also be 
applied to amplitude data to determine attenuation struc- 
ture of the medium. We divide the medium into N blocks 

and let Q, be the quality factor in the i th block. Then the 
amplitude of a ray j, A•., is given by 

Aj=AoiIIexp - •r/ tq (4) 
, --•-1 Qi 

where A oi is the initial amplitude of ray j, f is the fre- 
quency, tii is the travel time of ray j through the i th 
block, and N is the total number of blocks in the medium. 
We set tq (and l,. below) to be zero for blocks not crossed 
by the j th ray. 

Rearranging (4) and substituting t O. by l,• si, with s, 
denoting the slowness of the i th block, we have 

or 

In 

A"O, --•I•xexp - •,' (5) 

-, :, ,, = m,i (o) 
10,501 
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where m,, is (•rs, li•). Denoting I-In (A,/Ao,)] and 
f/Qi by aj and q• respectively, we have, from (6), 

N 

Equation (7a) h• the s•e fo• • equation (3) wi•h q;, 
aj •nd mq replying Asi, Ate, •nd li•, respectively. We 
c•n •hen •e •he •lgori• developed by R. P. Comer •nd 
R. W. Cl•y•n, (unpublished m•uscrip•, 1987) •o •lve for 
•he u•nown q, in •he medium: 

q• •+•=q• • + , (7b) 

a i • =% •mi• q• • (7c) 

w•ere k denotes •he index of iteration, 
length of ray j, and p is a damping fac•r •o reduce •he 
e•ec•s of less constrained model parame•rs and •o stabilize 
•he solution (R. P. Comer and •. W. Clayton, unpublished 
manu•ripL 1987; P. ••iu e• al., unpublished manuscripg, 

The effective quality fac•r in the medium can be calcu- 
lated from (7). •owever, the block slowness •, is not 
known a priori. We can approximate •i by 
•he i •h block in •he reference velociW model used • trace 
rays through the medium. Also, •j is noC known because 
ghe initial amplitude of •he ray is unknown. We obtain 
by the following analysis. •ere we denote •he obse•ed 
P wave •pliCude by A,,•, •he initial & P wave amplitude 
by A,,%, ghe •pli•ude radiation pa•tern of 8 and P waves 
by R,,•, •he instrument respon• for 8 •nd P w•ves by 
I,,•, •he geometrical spre•ing factor for 8 and P waves by 
•,,•, •he frequency by • •he quali•y f•tor for 
waves by •,•, •he distance •raversed by seismic wave by 
1, and the slowne• par•eter by • •,•. The observed P and 
8 •pliCudes are given by 

.4, =a,oa, a, 
Dividing (9) by (8), we have 

z, = a, o 
If we assume that I•k•Ip (where k• is a constant), 
G0 •G,, and A,ø•ku Af (where ku is l a/B] s) and let the 
quality factor for P waves, Qa. be represented by r/Q½ (r/is 
a constant), we then obtain 

A, .•--..f•exp -•'f I • 1--- (11) 
For normal crustal rocks, r/•2.25 and the ratio s,•/rls • is 

approximately 1/4 [Anderson and Archambeau, 1964; 
Anderson, 19671 . If the attenuation is caused by the 
existence of fluid phase, the ratio is even smaller than 1/4. 
We therefore neglect this term in the inversion. Some 

observational work indicates that r/ in the midcrust can be 
as low as 1 IRauriah et al., 1978; Frankel, 1982]. If r•l, we 
see from equation (11) that we only need to multiply the 
inverted quality factor by a factor of approximately 0.4. 

The constant k • is determined by the response of the 
seismograph (in this case, vertical component instruments 
are used) to the incident P waves and SV waves. It 
depends on the incidence angle of the wave at the station. 
Because the velocity of the medium near the surface is very 
low, the incidence is near vertical so that the vertical com- 
ponent seismograph is not as sensitive to $V waves as it is 
to P waves. We therefore expect k • to be a small number, 
probably in the range of 0.1-0.5. We cannot calculate the 
exact value of k • because we do not know the actual P and 
$ velocity profiles in the areas. Errors in k x propagate 
throughout the inversion. We include this ratio as an 
unknown parameter in the inversion and vary it, thereby 
obtaining the sensitivity of the inversion results to k 1. 

The constant k u is determined by the P and $V velocities 
at the source and is approximately 5 for most rocks. 
Therefore we expect the product k •ku to be on the order of 
1. Since the value of k x is uncertain, we perform the inver- 
sion for several trial values of k•ku and compare the 
results. With these assumptions, we obtain 

As 
----- 7cf l Rp exp - 

or 

A,/A, } f (12) In klk2 R• /R• --a' 8• l Q• 
Equation (12) can be cast into discrete form as equation 

(7) with a1 replaced by - In [( A,/A•, }/( k •ka R, /R•, } ], 
q; by f /Q;, and m 0 by lij 7r s ½i. The tomographic tech- 
nique can be readily applied to solve (12) for the attenua- 

35.0 

Sierra -,,,,,. Nevada 

Fault x x 

\ x 

•/• '-• 

, 

-120.0 -115.0 

0 100 km 

! . , , , 

Fig. 1. Boxes enclose the attenuation tomography study areu in 
Co•o-Indian Wells Valley and Imperial Valley, southern California. 
Major faults are indicated and the abbreviations are CR,Coso 
Range; IWV,Indian Wells Valley and BSZ,Brawley seismic gone. 
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Fig. 2. Numbers indicate the locations of the 16 earthquakes used 
in the attenuation inversion. Station codes show the locations of 
the Southern California Array stations used in the Coso region 
study. Inner box is the study area of travel time inversion by 
Walck and Claltton [1987]. 

reasonable level. Depths of these 16 earthquakes are listed 
in Table l a. These earthquakes are relocated individually 
[Sanders ½t al., 1988]. In the attenuation inversion we used 
the same block size (2 km x 2 km x 0.2 kin) as that, used in 
the travel time inversion of Walck and Cla•lton [1987]. 
There were 72 blocks in the E-W direction and 72 blocks in 

the N-S direction, covering an area of 144 km x 144 km. 
The depth of the model was spanned by 75 blocks, so the 
mode] extended down to 15 km. Since the ray-tracing code 
that we used requires a nonzero velocity gradient in the 
model, we used the small (0.2 km) block dimension in the 
depth direction to accommodate the velocity discontinuities 
in the mode] shown in Figure 7a. Since we do not expect a 
spatial resolution of 0.2 km from our data set, we averaged 
the results over several ]ayers and present the final results 
in 1 or 2 km thick depth slices. 

A data set of 15 earthquakes was chosen from an initial 
set of more than 200 earthquakes for both the P wave 
travel time and S wave attenuation inversions in the 

Imperial Valley (Figure 3). The earthquake depths are 
listed in Table lb. All earthquakes used in this study are 
relocated individually using the layered-velocity model 
shown in Figure 6b. Similar to the case of Coso-Indian 
Wells region, other earthquakes could have been used in the 
inversion, but we limit our choice to a relatively small 
number of events with a good coverage of azimuth and 
depth to keep the amount of computation at a reasonable 
level. There are events outside the Brawley area that could 
have been selected. However, most of these events were 
not recorded on the stations within the area of interests. 

The station distribution is not as dense in this area as in 

Coso, forcing us to use more events in the Brawley area to 
maintain enough resolution in the BrawIcy seismic zone. 

tion parameter f /Qi for the appropriate frequency range 
of the data. 

APPLICATIONS 

We have applied the method to data sets obtained for 
the Coso-Indian Wells Valley and the Imperial Valley, 
southern California (Figure 1). These two areas have 
several features in common. Both are sediment-filled basins 

in active tectonic areas that are local spreading centers or 
regions of extensional stresses [Hill, 1977; Weaver and Hill, 
1978]. Earthquake swarms are common in both areas. Mag- 
matic activity has been suspected to cause such swarm 
activity. However, the three-dimensional structure in these 
two areas is not known in sufficient detail to determine 

whether the swarms are due to magmatic, hydrothermal, or 
other causes. The attenuation tomographic method 
described above helps us to detail the three-dimensional Q 
structure of the underlying medium, thereby adding a con- 
straint on the characteristics of the causes of earthquake 
swarms. 

For Coso-Indian Wells Valley we used the 1õ earthquakes 
shown in Figure 2, which were also used by $•ger, et d. 
[1988] for $ wave screening studies (Figure 4). Many other 
earthquakes in the same area could have been used in the 
study. We limit our choice of events to these 1õ earth- 
quakes because they provide an even depth and azimuthal 
coverage. The amount of computation can be kept to a 
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Fig. 3. Numbers indicate the loc•tions of the 15 e•rthqu•kes used 
in the •ttenu•tion inversion. Station codes show the loc•tions of 

the Southern C•liforni• Array stations used in the Imperial V•lley 
study. 
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TABLE la. List of Dates and Hypocenters of 16 Earthquakes 
Used in the Coso-Indian Wells Region Study 

Event Date Latitude 
, 

1 Oct. 30, 1983 3õø0õ.89 • 
2 Feb. 24, 1984 35ø41.11 f 
3 Feb. 24, 1984 35ø55.1ff 
4 Jan. 9, 1984 35ø49.87 • 
5 Jan. 27, 1984 35ø57.44 • 
6 Jan. 20, 1984 35ø49.34 • 
7 Oct. 6, 1983 35ø48.72 • 
8 Feb. 2, 1984 35ø37.75 • 
9 July 24, 1983 35ø43.48 • 
10 July 31, 1983 35ø59.04 • 
11 April 6, 1984 35ø21.õ2 • 
12 Sept. 7, 1983 35ø43.07 • 
13 April 11, 1984 35ø47.31 t 
14 April 12, 1984 35ø45.51 • 
15 Aug. 16, 1980 36ø11.31 • 
16 Au•. 22• 1980 35ø54.18 • 

Longitude 
-117ø40.35 • 
-118ø0õ.02 • 
-118ø19.27 • 
-117ø3õ.29 • 
-117ø57.93 • 
-117ø44.64 • 
-117ø29.72 • 
-118ø20.48 • 
-118ø24.46 • 
-117ø50.91 • 
-117ø54.30 • 
-118ø03.63 • 
-118ø02.21 • 
-117ø59.71 • 
-117ø53.11 • 
-117ø43.5õ • 

Depth,km 
3.2 

10.5 
5.5 
7.5 
9.8 
6.8 

6.5 
13.6 

12.0 
7.4 

10.2 
7.0 
9.4 

7.7 
9.6 
9.5 

The attenuation anomaly is established by events not only 
in the Brawley area but also outside the area (for example, 
event 9 on Figure 5a). The same block size as in the 
Coso-Indian Wells study was used (2 km x 2 km x 0.2 km). 
The model was divided into 80 blocks across (E-W) and 72 
blocks in the N-S direction, covering an area of 160 km x 
144 km. The model had 80 blocks in depth, extending to 
16 km. The results were averaged over several layers and 
presented in 4-km-thick depth slices. 

In analyzing the data, amplitudes of P waves were deter- 
mined by measuring the maximum peak-to-peak amplitudes 
on the seismogram at the expected P arrival time. The S 
wave amplitudes were also maximum peak-to-peak ampli- 
tudes within a 0.5-s time window before or after the 

expected arrival time of direct P and S waves, or Pg and Sg 
waves. On some seismograms the S wave period is longer 
than the P wave period, suggesting some attenuation of 
high-frequency S waves, though this could be a source 
effect. The values R,/Rp were determined by estimating 
the focal mechanism for each earthquake from first motion 
data (Figures 4b and 5b ). 

RESULTS FOR THE COSO REGION 

We first used a homogeneous half-space to invert the 
data and compared the results with those obtained by the 
screening technique described by Sanders [1984]. Figure 6 
shows the results from the half-space model inversion for 
the Coso region at depth ranges of 1-3, 3-5, and 5-7 km. 
Results are shown in terms of 1/Q such that solid circles 
indicate high attenuation (low Q ). The larger the size of 
the circles, the stronger the attenuation. Smallest circles 
indicate infinite Q. The term k•k2 is assumed I in the 
half-space inversion. The main purpose of the half-space 
experiment is to compare the geometry of the anomalous 
bodies obtained by the half-space inversion with that 
inferred from the observations of screening. The exact 
value of k •k2 is not important for this comparison. Loca, 
tions of anomalous attenuating bodies inferred from screen- 
ing of S waves [Sanders etal., 1988] are plotted on the 
same figures for each depth range. The anomalies mapped 
by the half-space inversion correspond closely to those 
obtained by screening. 

We next used the vertically varying structure shown in 

TABLE lb. List of Dates and Hypocenters of 15 Earthquakes 
Used in the Imperial Valley Study 

Event Date Latitude 

1 Dec. 24, 1983 32ø58.22 • 
2 Sept. 2, 1983 33ø18.44 • 
3 Nov. 15, 1983 33ø02.10 • 
4 Oct. 15, 1983 32ø57.43 • 
5 Dec. 12, 1983 33ø03.74 • 
6 Jan. 30, 1984 33ø02.72 • 
7 April 26, 1984 32ø44.77 • 
8 April 22, 1984 32ø49.14 • 
9 Oct. 18, 1984 32ø49.85 • 
10 Oct. 3, 1984 32ø48.60 • 
11 April 17, 1984 32ø5õ.96 • 
12 May 29, 1984 32ø52.1õ • 
13 March 21, 1984 32ø58.8õ • 
14 April 29, 1984 32ø58.04 • 
15 Oct. 30• 1984 32ø56.51 f 

Lon•jitude 
-115ø33.85 • 
-118ø20.55 • 
-115ø33.67 • 
-115ø30.12 • 
-11õø03.22 • 
-116ø12.70 • 
-115ø25.92 • 
-115ø2õ.73 • 
-115ø36.96 • 
-115ø42.9õ • 
-115ø51.99 • 
-115ø31.73 • 
-115ø32.75 • 
-115ø31.õ2 • 
-115ø32.79 • 

Depth•k• 
8.62 
8.95 

8.77 

9.43 

8.28 
2.49 

11.88 
9.87 

10.56 

10.11 

8.13 
8.26 

9.12 
9.26 

10.18 
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Fig. 4a. Examples of seismograms in t, he Coso-Indian Wells region wit, hat, t, enuat, ed S arrivals. Arrows indicat, e t, he 
expected S arrival time [Sandere et al., 1988]. 
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Fig. 4b. Plots of ray paths with indication of degree of attenuation for the two events shown on Figure 4a. Short 
dashes are for highly attenuated rays; long dashes are for partially attenuated rays and solid lines are for normal 
rays [Sanders •t al., 1988]. The focal mechanisms are also plotted on the top left corner of each event. 

Figure 7a for inversion. This structure was obtained by 
Walter and Weaver [1980] and was used by Walck and 
Clayton [1987] for velocity inversion. Results with k tk2---- 
I are shown in Figure 8a. Depth slices from P wave travel 
time tomography [Walck and Clayton, 1987] are shown in 
Figure 8b. Since the travel time inversion was done using a 
larger data set of more than 400 earthquakes, we did not 

perform travel time inversion using the smaller data set 
used for attenuation tomography. There is a good correla- 
tion between low-velocity anomalies and high-attenuation 
anomalies, despite the fact that a smaller data set was used 
in the latter. Although the data set used in the amplitude 
inversion was relatively small, the ray coverage in the cen- 
tral region was dense at depths from 3 to 9 km, as indi- 
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TI -I LTC 73,1 

TI -I Mll 14,1 

T2-I I1• 23,1 

Yl -I CO& 43,l 

TZ -I YUN 4g,I 

tl-I Ii[P 

i 

10 sec. 

Fig. 5a. Examples of seismograms in the Imperial Valley with attenuated S arrivals. Arrows indicate the expected S 
arrival time. 
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Fig. 5.. (continued). 

cared by the large number of hit counts shown in Figure 
8c. The number of rays used in both cases was of the order 
of 300. We inverted the data for blocks with two hit 
counts or more. We also inverted the data for blocks with 
four or more hit counts. Since the blocks with four or more 
hit counts are relatively sparse, the results were given only 
for these sparse blocks. However, if these sparse anomalies 
were spatially smoothed, the overall pattern was essentially 
the same as that obtained for blocks with two or more hit 
counts. These anomalies include the major anomalies in 
both Indian Wells Valley and BrawIcy areas (see next sec- 
tion for results on the Imperial Valley). For layers with 

sparse ray coverage, for example, layers 1 and 2 in Coso 
region and layer 1 in Imperial Valley, any anomalies are 
considered insignificant. Since this tomographic inversion 
used the number of hit counts of a block as the weighting 
factor for that block, the higher the number of hit counts, 
the more reliable the result is. There is an apparent 
correspondence between the locations of resolved anomalies 
and dense hit counts (Figures 8a and 8c and Figures 11 and 
12a), suggesting the possibility that the resolved anomalies 
are artifacts of the dense hit counts due to the weighting 
scheme used in this method. In order to examine this, we 
used a generalized inversion technique (P. Ho-Liu et al., 
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Fig. 5b. Plots of ray paths with indication of degree of attenuation for the four events shown on Figure 5a. Degree 
of attenuation is indicated by the types of lines az indicated az in Figure 4b. The focal mechanisms are also plotted 
on the top left corner of e•ch event. 
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Fig. 6. Results of half-space inversion for Coso region. Depth slices at the depths of 1-3, 3-5, and 5-7 km are shown, 
together with the anomalies located by the forward modeling of Sanders et al. [1988]. Solid circles indicate areas 
with high attenuation, and open circles indicate areas with low attenuation. Cross-hatched areas are the resolved 
anomalies from the forward modeling of Sanders et al. [1988]. Locations of the anomalies in each depth slice 
obtained by inversion and forward modeling agree well. 

unpublished manuscript, 1987) which uses an entirely 
different approach to test the resolution. We found that 
the locations of the anomalies are well resolved in both 

cases. Therefore we conclude that these resolved anomalies 

are not artifacts of the weighting scheme used in the back 
projection method. The quality factor Q• in the attenuat- 

ing body is as low as 30, and the average Q• in the whole 
region is about 160. 

In view of the uncertainty in k •ka, we inverted the same 
data with k •k2 -- 10 (Figure 8d) and a value of k •k2 -- 0.5 
(Figure 8e). Although the spatial extent of the anomalous 
body in the depth range 3-5 km is slightly reduced in both 
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,I,iI,,..I...,I....I....I,,..I 

0 I 2 3 4 5 6 7 8 9 10 

P velocity (ian/sec) 

b. Velocity model for Imperial Valley 
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Fig. 7. (a). Velocity-depth function used in Coso region study. Thin line indicates the velocity model by Walter and 
Weaver [1980] and bold line is the modified velocity model actually used to trace rays. (b). Velocity depth function 
used in Imperial Valley study. Thin line indicates the velocity model of Fuis et al. [1982] and bold line is the 
modified velocity model used to trace rays. 
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Fig. 8a. Results of attenuation inversion using the Coso velocity modal shown in Figure 2a. Depth slices at (1) 1-3 
kin, (2) 3-5 kin, (3) 5-7 kin, and (4) 7-9 km are shown. A value of 1 was used for k lk 2. Attenuation anomalies are 
resolved beneath the Coso Ra.nge and the Indian Wells Valley in the depth range of 3-5 kin. The locations of these. 
two anomalies agree very well with the low-velocity anomalies obtained by inversion of P wave travel times [Walck 
and Clayton, 1987]. The anomalies at the edge of ray coverage (see Figure 8c) are probably spurious resulting from 

'low hit counts or poor azimuthal ray coverage. The Coso range anomaly disappears below 5 kin, but the Indian 
Wells Valley anomaly still exists at 5-7 km depth range. 
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Fig. 85. Results of travel time tomography [Walck and Clayton, 1987] for the same depth slices as in Figure 8a. The 
area covered by their study (80 km x 70 kin) is smaller than the area covered by this attenuation study (144 k'm x 
144 kin). CP stands for Cactus Peak, SM for Sugarloaf Mountain, CB for Coso Basin, DK for Devil's Kitchen, and 
WH for White Hills. Shaded regions indicate slow anomalies while h•chured areas are fast. Notice the good agree- 
ment in locations of these two anomalies (Coso Range and Indian Wells Valley anomalies) in the depth slice of 3-5 
km with the anomalies resolved by attenuation inversion shown in Figure 8a. 

. . 
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Fig. 8½. Hit count maps of Coso for the depth slices of (1) 1-3 km, (2) 3-5 km, (3) 5-7 km, and (4) 7-9 km. The 
depth slice of 3-5 km is well covered at the locations of the two resolved anomalies. The hit count is highest in the 
center of the model in both 3-5 km and 5-7 km depth slices. 

cases, the overall pattern is the s•me as that shown in Fig- 
ure 8a (with k •k •1). Because of the uncertainty in k 
the size and the Q• value of the attenuating body are not 
definitive, but the overall geometry of the attenuating 
bodies in the Indian Wells Valley appears to be well 
resolved. 

RgSULTS FOR THE IMPERIAL VALLEY 

Figure 9 shows the results for the half-space model for 
the Imperial Valley together with the anomalies inferred by 
screening. The value of k •k2 is 1 in the half-space inver- 
sion. Attenuation anomalies are found in both the 3-5 and 

0-1 Km 1-3 Km 3-5 Km 

5-7 Km 7-9 Km 

Coso rel•ion: Attenuation Inversion Q lO 
0 40 km 

1/Q 

0.03 0.0 

Fig. 8d. Results of attenuation inversion with k lit2 -- 10. The two anomalies in the depth range of 3-5 km still 
exist, and the general pattern resembles that shown in Figure 8a. Anomalies at the edge of ray coverage (e.g., the 
anomaly just northeast of Lake Isabella in the depth range of 5-7 kin) are probably spurious. The value of • # 
remains approximately the same •s in Figure 8a. 
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Fig. 8e. Results of attenuation inversion with k 1 k 2 -- 0.5. The Indian Wells Valley anomaly still exists in the range 
of 3-5 km. The image of the anomaly remains the same as in Figure 8a. The value of Q # is slightly lower than the 
value of the anomaly in Figure 8a but is of the same order of 30. 

5-8 km depth slices in the screening. The largest anomaly 
is located just north of the Imperial fault in the southern 
Brawley seismic zone in the 5-8 km depth slice. By invert- 
ing the amplitude data in a half-space model, we found 
anomalies in the 3-5 and 5-8 km depth slices at almost the 
same locations as from screening. 

Next, we relocated all earthquakes used in the analysis 
(figure 3) using HYPO71 [Lee and Lahr, 1975] and traced 

the rays through the velocity model derived by Fuis et al. 
[1982] for the southern Imperial Valley (Figure 7b). 

The result of travel time tomography is shown in Figure 
10. A slow anomaly is found north of the Imperial fault in 
the Brawley seismic zone. The anomaly is deeper than that 
found by using the half-space model because rays are trav- 
eling downward from the earthquakes to the stations in this 
velocity model. In the half-space model the rays travel 

3-5 Km 5-8 Km 

0 40 km 
ß 

Imperial Valley: Halfspace Attenuation Inversion 

1/Q 

0.05 o 

Fig. 9. Results of half-space inversion for Imperial Valley. Depth slices of 3-5 and 5-8 km are shown, together with 
the anomalies resolved by forward modeling ($ wave screening technique). The major anomaly is that north of the 
Imperial fault in the southern portion of the Brawley seismic zone, in the depth range of 5-8 km. The locations of 
the anomalies obtained by inversion and forward modeling agree well with each other. 



Ho-Lrc ET AL.: ATTENUATION TOMOGRAPHY FOR IMPERIAL VALLEY AND Coso 10,513 

0-4 Km 4-8 Krn 
.... 

'.?: .:...... ....... •.'..:..:..• i.. '.' .. :.... ..... .•.¾. 

":? ...!:•:-:-:'.':: ' ':•iii:. :::'•i: 
':'"' ..... 

_...• -.-.-.....-.-. :•_.:• .... - ..... . .... ...:•"::'-'_-...-.-.'./:.:.'..'.?'.. ..... :.:." 
ß •.. -.-.•-.-"•'• ..... '"'"'" :""" .... :•- .-:-:'--"•ii-'"."-.:,:2'::':':':':':':" ...... :'"-':• 

..... ::":'. .... ..... ' .... 

0 40 km 
! , ! 

Imperial Valley: Travel time Inversion 

velocity variations 

-6X o 6X 

Fig. 10. Results of travel time inversion for the depth slices of (1) 0-4 km, (2) 4-8 km, and (3) 8-12 km. The scale 
indicates percentage variations in P wave velocities. Solid circles indicate slow velocities, while open circles indicate 
fast velocities. The 8-12 km depth slice is best resolved. The velocity is 10% slower in the southern BrawIcy seismic 
zone in this depth range compared to the surrounding region. 

straight up from the earthquakes, and the image of the Figure 12a shows the results of the attenuation tomogra- 
anomaly is formed at a shallower depth. The velocity is phy using the same data set with k ik2 -- 1. A highly 
about 10% slower than normal in the 8-12 km depth range. attenuating anomaly is located north of the Imperial fault 
The number of hit counts is the highest in the area north of in the vicinity of the slow velocity anomaly at the same 
the Imperial fault in the depth range of 8-12 km (see Figure depth range of 8-12 km. Figures 12b and 12c show the 
12 for the hit count map of attenuation inversion). The hit ' i'esults of the attenuation tomography with k •k• -- 10 and 
count map of travel-time inversion is similar to Figure 11. k ik• -- 0.5, respectively. Notice that in both cases where 
With a larger number of hit counts in the Brawley seismic k •k• is not 1, a highly attenuating anomaly is imaged in 
zone the weighting factor is higher, and therefore the the southern Brawley seismic zone at 8-12 km depth. The 
results obtained in the Brawley seismic zone are more reli- value of Q • remains of the order of 20 in all three cases. 
able than those in other areas of the model. This similarity suggests that the overall geometry of the 

0-4 Km 4-8 Km 8-12 Km 

0 40 km 

Imperial Valley: Attenuation Hitcounts 

Fig. 11. Hit count maps for attenuation inversion in the same depth slices as in Figure 12. Travel time hit count dis- 
tribution was approximately the same. The highest hit count occurs in the depth range of 8-12 km in the southern 
Brawley seismic zone. Any anomaly found in this depth range in the Brawley seismic zone is considered well resolved 
because of the high hit count. 
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Fig. 12. (a) Results of attenuation inversion with k lk2 •--- 1. The best resolved depth slice of 8-12 km shows a 
highly attenuating anomaly in the southern Brawley seismic zone, correlated well with the slow anomaly from travel 
time inversion (Figure 10). (b) Results from attenuation inversion with k lk2 = 10. The attenuating anomaly is 
more concentrated in the general Brawley seismic zone. (c) Depth slices for results of attenuation inversion with 
]• 1]•2 ---• 0.5. The attenuation anomaly is less intense in the Brawley seismic zone but the general geometry is the 
8ame as in Figure 12a. 

anomalous structure is resolved well despite the uncertainty 
in k •ke. This is not surprising because the distribution of 
the attenuated paths is essentially controlled by the loca- 
tions of the attenuating bodies. The details of the struc- 
ture, however, depend on the value of k •ke. Here we take 
the result with k •ke -- 1 as a representative structure. 
The average Q • for the area covered by the rays is about 
140 which reflects the high attenuation due to soft sedi- 
ments in the valley, a result similar to that obtained in an 
independent study by Liu [1983] on the 1976 Brawley 
earthquake. 

RESOLUTION ESTIMATES AND NOISE EFFF_L"I• 

In order to evaluate the resolution of our inversion we 

performed a test using synthetic data sets. We first gen- 
erated a synthetic anomaly either at the location of an ano- 
maly obtained by inversion of the data or at a location 
where azimuthal ray coverage is poor but the number of hit 
counts is high, as a test of the effect of poor azimuthal ray 
coverage on the results. We assigned Q•-- 1.0 to one 
block at the center of either the anomaly obtained from 
real data or the area with poor azimuthal ray coverage, set- 
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Fig. 13. (a) Location of a synthetic anomaly in the Coso study. A value of Q # -- 1.0 was assigned to the shaded 
block. This block was chosen because of its high hit count but poor azimuthal ray coverage. The depth of this 
block is 7 krn. (b). Results of resolution test for the synthetic anomaly shown in Figure 13a. Northwestward ray 
steaking can be seen in the depth range 5-7 krn. 

ting Q• to infinity elsewhere. Using this attenuation struc- 
ture, we computed the amplitude for the rays used in the 
real data set. We inverted this synthetic data set to test 
the resolution of our inversion. 

For the Coso ray set a synthetic anomaly with Q • = 1.0 
is assigned to a block at 7 km depth with a high number of 
hit counts but situated at the edge of ray coverage as 
shown in Figure 13a. This block was of poor azimuthal 
coverage. As Figure 13b shows, some smearing of the 
image occurred to the west of the point anomaly. The 
smearing is more pronounced in the horizontal direction 
than in the vertical direction. About 90% of the anomaly 
was recovered by inversion after 30 iterations. 

For the Imperial Valley a synthetic anomaly was 
generated for both the travel time set (ds =1.0) and the 
amplitude set (Q • = 1.0) and was given to the block at the 
center of the anomaly (Figure 14a) resolved by inversion of 
the actual data. This block was situated at a depth of 8.6 
kin, and it carried the maximum hit count. Inversion 
results of travel time (Figure 14b) and amplitude data (Fig: 

ure 14c)show some smeari'ng of the image in the vertical or 
horizontal directions. After 30 iterations, about 83% of the 
travel time anomaly and about 97% of the attenuation 
anomaly were recovered. 

In order to test the effects of noise on the inversion, the 
data set was replaced by random noise and was inverted. 
If the anomaly found by inversion of real data is caused by 
the presence of high noise level, inversion of random noise 
will image an anomaly at the same location as the anomaly 
found from inversion of the actual data. As shown in Fig- 
ure 15, the synthetic data set consisting of random noise 
yielded a random distribution of anomalies at the depth 
slice where a single anomaly was found by inversion of real 
data. Therefore we believe that random noise was prob- 
ably not a major cause for the anomalous structure for 
either Coso or Imperial Valley. 

DL.SC•SSlON 

Since most of the stations of the southern California net- 

work have only a vertical component seismometer, we had 
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Fig. 14. (a) Location of a synthetic anomaly in the Imperial Valley study. In the travel time inversion a value of d8 
= 1.0 was used, and a value of (• # • 1.0 was used in the attenuation inversion. The block was at a depth of 8.6 
km. (b). Results of resolution test on travel time inversion for Imperial Valley: Little ray steaking is seen and over 
82% of the travel time anomaly was recovered after 30 iterations. c). Results of resolution test on attenuation inver- 
sion for Imperial Valley: The result is very similar to the travel time test and over 96% of the anomaly was recovered 
after 30 iterations. 

to measure S wave amplitudes from vertical component 
records. The S wsves observed on vertical component 
seismogrsms are mostly SV wsves which are more difficult 
to interpret than SH wsves. Furthermore, the incidence 

angle st the ststion is usually small, especially on the thick 
low-velocity sedimentsty lsyers of the Imperial Valley, so 
thst the vertical component is not very sensitive to S 
wsves. Thus the experimental setup is not ideal for our 
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Fig. 15. Results of tests on inversion with random noise as synthetic data. (a) Depth slice 8-12 km of the Imperial 
Valley travel time test: near the vicinity of the BrawIcy seismic zone, no anomaly is resolved by inverting random 
noise as synthetic travel time data. (b) Depth slice 8-12 km of the Imperial Valley attenuation test: By inverting ran- 
dom noise as synthetic amplitude data, no systematic anomaly is resolved in the BrawIcy seismic zone. (c) Depth 
slice 3-5 km of the Coso test: no systematic anomaly at the location of the Indian Wells Valley anomaly resolved by 
inverting data is created by the random noise input. 

purpose. Admittedly, we still do not thoroughly under- 
stand the nature of these S waves recorded on the vertical 

components. One philosophy is not to use them until we 
can understand them well. Perhaps this has been the pre- 
vailing philosophy among seismologists, and, for this very 
reason, a large amount of data has accumulated unused. 
We took a somewhat positive philosophy and tried to use 
these seismograms for mapping attenuating bodies in the 
crust. This could be a dangerous experiment unless we care- 
fully examine the data. Our intuitive visual inspection of 
the data in the manner presented by Sanders et al. [1988] 
indicated that the basic patterns of S wave amplitude vari- 
ations are large and systematic, suggesting that they are 
primarily caused by localized 1ow-Q bodies in the crust. 

If horizontal instruments ar• installed in these areas in 

the future, our method can be used more effectively to 
determine the crustal Q structures. In the present study 
we tested the effect of the sediments on the final result by 
choosing different values for the parameter k•k2. As we 
showed earlier, the overall result remained unchanged for a 
large range of values of k •k2, though the details of the 
geometry of the anomalous bodies and the Q values 
changed. 

There is one station in the Imperial Valley area that has 
one horizontal component (SNRE). We examined 
seismograms of the events recorded at this station. The 
station SNR is situated on thick sedimentary layers, and 
any effect of sediments on the measurement of SV ampli- 
tudes should be apparent on the set of vertical and horizon- 
tzl records at SNR. Since SNR is located south of the 

Brawley anomaly, we should have a very good constraint 
on the southern extent of the BrawIcy anomaly if S waves 
are observed at SNR. We found that the S to P amplitude 
ratios on the vertical component are normal to partially 

normal on all records of the events used in the study. This 
suggests that the effect of sediments on the measurement is 
not as large as'we initially estimated; therefore k lk2•l is 
probably a. good '•ssumption, and the southern extent of the 
BrawIcy anomaly is well constrained by the existence of S 
arrivals at SNR. 

In the formulation of the attenuation tomography given 
by equations (4)-(12), we did not include the effect of focus- 
ing and defocusing (scattering) of the energy caused by the 
heterogeneity of the medium. In the actual medium, how- 
ever, the wave amplitude can be amplified by focusing. As 
a result of this, negative values of Q often resulted from 
the inversion. In the results shown in Figures 6, 8, 9, and 
12, we have imposed a positivity constraint on the Q 
values. Whenever negative Q values were obtained, they 
were replaced by Q =co. In order to see the effect of this 
constraint, we inverted the data Without the positivity con- 
straint. As shown by Figures 16a (k •k2 •- 1) and 16b (k •k• 
-- 1), the results are essentially the same as those obtained 
with the positivity constraint (Figures 8a and 12b). 

We computed the variance of the residual of the right- 
hand side of the equation (7a) at each iteration. Between 
the initial and the last iterations, we obtained a variance 
reduction of 53% in the Coso case and 72% in the Imperial 
Valley, with k •k • 1.0. 

The effect of focusing and defocusing is hard to assess 
unless we have a fully three-dimensional velocity model for 
both P and S waves. Such a model is also necessary for 
assessing the validity of our assumption that P and S wave 
geometrical spreading factors are the same. We can obtain 
a P wave velocity model by inverting the P travel time 
residuals, but with frequently missing S waves, it is unlikely 
that we can invert the S wave data, in the same fashion, to 
obtain S wave velocity models. 
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Fig. 16a. Results of attenuation inversion using /c lk2: 1.0 for Coso-Indian Wells region. There is no positivity 
constraint for (•i in this inversion. Notice that the geometry of anomalies resolved is the same as in the correspond- 
ing results in Figure 

There are some questions about the Brawley anomaly 
being in the same location as some of the events used in the 
study. We have shown previously that the effects of noise 
in the data do not result in spurious anomaly in the Braw- 
ley area. In order to show that the anomaly is not due to 
clustering of events in the same location, we inverted the 
data from only 10 out of the original 15 events. Only one 

event (event 1) is located in the Brawley region. Results of 
this inversion is shown in Figure 17b. The Brawley ano- 
maly is still clearly imaged at the same location as that 
imaged by using 15 events (Figure 17a). By using 15 
events we obtained a smooth pattern of anomalous areas 
and some anomalies seen in Figure 17b disappeared in Fig- 
ure 17a. This set of results supports our conclusion that 

4-6 Km 6-12 Kr• 
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Fig. 16b. Results of attenuation inversion using k 1]c2 •--- 1.0 for Imperial Valley. No positivity constraint was 
imposed in the inversion. The geometry of the BrawIcy anomaly is the same as in the results in Figure 12a. 
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Fig. 17. Results of attenuation inversion with k I k 2•1 by using (a) 15 events and (b) 10 events in the Imperial Val- 
ley. The 10 events used are events 1, 2, 5, 6, 7, 8, 9, 10, 11, and 12. The general geometry of the Brawley anomaly 
is very similar to that imaged by using 15 events. Some anomalies shown in Figure 17b are probably a result of the 
poorer ray coverage with less events and are spurious. 

the Brawley anomaly is a real anomaly and not an artifact 
of inversion of the data set with many events in the area of 
the anomaly. 

CONCLUSION 

For the Indian Wells Valley, despite the use of a limited 
data set of only 16 earthquakes as compared to more than 
400 earthquakes in the Walck and Clayton study of this 
region, we could resolve an attenuating body with Q t• of 
approximately 30 in the same location as the slow velocity 
anomaly. This shallow attenuating body between 3 and 5 
km beneath the Indian Wells Valley (IWV) extends north- 
ward close to the Coso Range. It extends down to 5-7 km 
range and to the west (Figure 8a) of Indian Wells Valley, 
but the anomaly north of the IWV anomaly disappears at 
this depth range. At the depth range of 7-9 km, the IWV 
anomaly extends to the west of the Sierra Nevada fault 
(Figure 8a). An attenuating body east of the Indian Wells 
Valley could be an artifact of ray streaking in a general N- 
S direction due to the poor azimuthal coverage in this 
vicinity (see Figure 8c). 

For the Imperial Valley, 15 earthquakes were analyzed, 
but we resolved a slow anomaly and a highly attenuating 

anomaly in the region of the Brawley seismic zone. Based 
on the hit count map (Figure 11), we expect to have good 
resolution near the Brawley seismic zone, especially in the 
8-12 km depth range. Travel time inversion images a slow 
velocity anomaly (about 10% slower) at a depth range of 
8-12 km in the Brawley seismic zone (Figure 10). This slow 
anomaly extends to the 4-8 km. depth range in the same 
vicinity, but the anomaly decreases in magnitude to about 
5% at this depth range. Inversion of the amplitude data 
shows a highly attenuating body extending from 4 km 
down to 12 km, which is also in the Brawley seismic zone. 
The depth range of 8-12 km (Figure 11a) shows a more 
extensive attenuating anomaly which is confined in the gen- 
eral area of the Brawley seismic zone. A Q t• value of 
approximately 20 is obtained for the major attenuating 
body located at a depth of 8-12 km in the Imperial Valley. 
The other anomalies shown at the edge of the dense hit 
count area are probably artifacts of poor azimuthal cover- 
age. According to the resolution analysis, the anomaly in 
the depth range of 8-12 km in the vicinity of Brawley is 
well resolved. 

The shallow attenuating anomaly in Coso is probably a 
magmatic body, as was discussed extensively by Sanders et 
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al. [1988] and is supported by the conclusions of Walck and 
Clayton [1987] and Walck [1988]. It is possible that the 
Imperial Valley attenuating body is of the same nature as 
the one in Coso because the values for both velocity varia- 
tions and Q # are similar. However, the difference in the 
depth suggests some differences in the cause of such 
anomalies. One possibility for such a deep crustal anomaly 
is that it is related to the transition from upper to lower 
crust at a depth of about 10 km [Hearn and Clayton, 
1986a]. This transition depth is also supported by the max- 
imum depth of seismicity data in the area [Doser and 
Kanamori, 1986]. Another possibility is that it implies an 
active shear region. By shear region, we mean a region of 
shattered rocks that is undergoing large-scale shearing. 
Because of the presence of highly fractured rocks, seismic 
waves traversing the region are both attenuated and slowed 
down. Either magmatic or hydrothermal activity may be 
responsible for the anomalous structure, though the depth 
range of 8-12 km is probably less favorable for the presence 
of hydrothermal activity. 
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