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Abstract

I determine 505 fault plane solutions from the first motions of P-waves for the

background seismicity (3.0s M <6.0, 1981-1991) and collect mechanisms of major

earthquakes (M>6.0, 1927-1994) from the literature in the southern California region.

Then I study the seismic strain and tectonic stress fields in individual domains (ten in

total) by analyzing these mechanism data. The seismic strain tensors are obtained by

tensorial summation of individual seismic moment tensors. The tectonic stress tensors

are determined by performing numerical inversions of the slip vector data, using

Angelier’s (1990) method. The findings are summarized as follows:

)

)

€)

Of the 505 fault plane solutions for the 1981-1991 background seismicity, 54%
are strike-slip (SF), 21% reverse (RF), 17% normal (NF), and 8% oblique-slip
faulting (OS) events. The catalog of the major earthquakes for the period 1927-

1994 also displays similar proportions of the faulting mechanisms;

The similarity of the focal mechanisms can be measured by a parameter, seismic
consistency (Sc) introduced by Apperson (1991). It is defined as the ratio of the
scalar moment of the total moment tensor to the surh of the scalar moments of
individual moment tensors. In southern California, the Brawley fault (BYF)
domain shows the highest Sc (0.70), whereas the White Wolf fault (WWE)
domain displays the lowest Sc (0.44). Sc values in other domains vary between

the above two values;

The depths of possible low-angle faults inferred frorh the fault plane solutions
vary from 20 km in the Transverse ranges where N-S convergence dominates, to
only 1'km in the southern Sierra Nevada fault (SSNF) domain where E-W diver-
gence dominates. Our current data do not show the existence of a sigle unified

seismically-active master detachment in the seismogenic zone;
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The axes of the maximum principal stress, o;, are oriented N6°E *11°, whereas

those of the maximum principal strain, ¢,, are oriented N5°E 21°

The strain and stress tensors are similar to each other in the Mojave (MVE), San
Jacinto (SJF), Elsinore (ESF), BYF, western and eastern Transverse Ranges
(WTR, ETR) domains, but dissimilar in the central Transverse Ranges (CTR),
Newport-Inglewood fault (NIF), WWEF, and SSNF domains. Areas with small
values of @ = (5, — 63)/(0; — 03) (<0.35) such as the WTR, CTR, and NIF domains
are associated with more than 40% of RF events. Areas with @ values around 0.5
such as the SJF, ETR, WWF, ESF, BYF, and MVE domains are associated with
more than 47% of SF events. The SSNF domain has a large ® (>0.65) and
shows 49% of NF events. Variation of the state of stress appears to be in the
Transverse Ranges where hypocenters are generally deep. Other areas show a

relatively stable state of stress throughout the seismogenic depth;

Seismic fraction of deformation, n, is a measure of the deformation mode. It is
defined as the ratio of seismic strain rate to the total deformation rate. Because of
the limited seismic data, we can usually estimate the apparent instead of the real
seismic fraction of deformation. Therefore, caution must be exercised in applying
the values of n to evaluations of seismic potential. In southern California, there
are some indications that areas in which seismic deformation nearly accounts for
the total deformation are typically associated with cold and rigid batholithic rocks
or high seismic velocity anomalies such as in the SJF, south central MVE, WWEF,
and possibly the ETR domains. However, areas With low seismic velocity
anomalies are not free of earthquakes as seen, for example, in the BYF domain,
which-shows 1 = 0.6-1.0. Other domains show n < 0.4. The problem of whether the
missing deformation is being released aseismically or has accumulated elastically

remains to be resolved.
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Chapter 1
Introduction

This thesis deals with an interdisciplinary subject involving both seismology and
geology. Seismology provides us with a quantitative analysis of seismic sources and
the associated deformation. For example, Brune (1968) used the scalar seismic
moment introduced by Aki (1966) to estimate seismic slip on major continental faults.
Kanamori (1971, 1977) applied the same method to subduction zones and compared
the seismic deformation with plate motions. Anderson (1979) assessed the maximum
potential earthquakes in various faults of southern California by integrating geologic
slip rates on individual faults. Kostrov (1974) expanded Brune’s method to three
dimensions by correlating the seismic moment tensor with the strain tensor. This
method was applied to Tibet and southwestern Asia (Molnar and Deng, 1984) and the
Mediterranean region (Jackson and McKenzie, 1988; Jackson et al., 1994). Similar
applications of seismic moment tensors to tectonics were also presented by Molnar
(1979), Ekstrom and England (1989), Frohlich and Apperson (1992), and Anderson et
al. (1993). In the aspect of regional kinematics, Holt et al. (1991) and Holt and
Haines (1993) quantitatively estimated the rotation about a vertical axis in addition to
the horizontal translation of the deforming blocks in southwestern Asia by inverting a

continuous function of strain variation with space.

Another piece of important information provided by the earthquake data concerns
the tectonic stress field. With the fault plane solution data, it is possible to study the
state of stress in which earthquakes occur (see Raleigh and Healy, 1972), and analyze
the dhectioﬁs of principal stresses and their relative values (see Angelier, 1979, 1984).
Numerical inversion of tectonic stress fields was originally applied to structural geol-

Oogy in an attempt to reconstruct the paleostress field under which faults and/or



slickensides were formed (see Angelier, 1979). This method has now been expanded to
use slip vectors obtained from focal mechanisms to obtain the current tectonic stress

field (Gephart and Forsyth, 1984; Michael, 1984, 1987; Angelier, 1990).

From the geological point of view, Allen et al. (1965), after regional studies of
seismicity in southern California, pointed out that earthquakes occur on active faults
that can be prerecognized from studies of geomorphology and Quaternary geology.
Since then, many efforts have been spent in the study of active faults in order to deter-
mine fault slip rates and earthquake recurrence intervals (e.g. Clark et al., 1972; Allen,
1975; Sieh, 1978a,b; Sieh and Jahns, 1984). Well constrained Holocene or Quaternary
slip rates on many major faults are now available in southern California (see Wesnou-
sky, 1986). They have been used for comparisons with the geodetic measurements,
which quantitatively monitor the present-day deformation across many major faults and
over the whole southern California region (see Savage, 1983; Ward, 1992; Johnson et
al., 1994). Compared to 30 years ago, we now have a better kinematic picture of fault
motion in southern California (see Bird and Rosenstock, 1984). More and more data
show that the boundary between the North American and Pacific plates in southern
California is not a simple one. This is exemplified by the diversity of fault geometry
and fault plane solutions of recent major earthquakes. In addition to the general
northwest-southeast movements, N-S shortening is evident and complicates the ongo-
ing kinematics of deforming blocks. Possible decollement or detachment structures
down to the seismogenic zone, which is typically 15 kilometers (see Sibson, 1982,
1984) have been inferred geologically (Ehlig, 1968; Yeats,v 1981; Davis et al., 1989)
and geophysically (Anderson, 1971; Hadley and Kanamori, 1978; Webb and
Kanamori, 1985; Huang et al., 1993a). Strain partitioning is inevitable in oblique col-
lision, and the associated deformation is expected to be complex (see Lettis and Han-

son, 1991; Molnar, 1992). One of the common structures resulting from oblique



convergence is the fold and thrust belt. Fold and thrust belts have been geologically
observed in the western and central Transverse Ranges (Namson and Davis, 1988;
Davis et al, 1989), geodetically measured across the Santa Maria Basin (Feigl et al.,
1990) and seismically interpreted in the Los Angeles Basin (Hauksson, 1990).

Since 1978 when the southern California seismic network was largely expanded,
the accuracy of locating earthquakes has been greatly improved, both horizontally and
vertically (see Hutton et al.,, 1991). It is now possible to determine reliable focal
mechanisms of events as small as M=3.0 from P-wave first motion data. With these
data, quantitative analyses of faulting patterns and the associated deformation become
feasible. Motivated by the large amount of data and the general concerns for seismic
hazard in southern California, I investigate the relationship between seismic deforma-
tion and the geological environment in the hope of contributing to a better quantita-

tively understanding of seismic behavior and earthquake potential.

This thesis consists of five chapters. Chapter 1 is the introduction. Chapter 2
describes seismic data acquisition procedures. Chapter 3 summarizes the basic charac-
teristics of focal mechanisms and explores their tectonic significance. Chapter 4 com-
pares the seismic strain fields and the tectonic stress fields. Chapter 5 discusses the
relationship among seismic, geodetic and geologic deformation and implications for

seismic potential. The appendix tabulates the original data.



Chapter 2
Earthquake Data

Except in the central Transverse Ranges where a few events with magnitudes
smaller than 3.0 are studied in detail, the majority of the seismic data used are M 2
3.0 events, of which focal mechanisms are determined from the P-wave first motions.
They are all distributed within the region between latitudes 32.4° N and 36.1° N and
between longitudes 115.1° W and 121.1° W. The studied region encompasses the
extensional areas such as the southwestern end of the Great Basin, and the northern
terminus of the Gulf of California, or the Salton Trough, strike-slip regimes such as
the Peninsular Ranges, the Mojave Desert, as well as the convergent regime of the
Transverse Ranges (Figure 2.1). The time interval is from 1981 to 1991 for
3.0 £ M < 6.0 events, which are regarded as the background seismicity. Because of the
diffuse distribution of seismicity, it is necessary to study the seismic characteristics
domain by domain. Ten domains are divided based on the geographical distribution of
seismicity and the tectonic setting, as indicated by the dashed lines in Figure 2.1.
Overlapping between adjacent domains is allowed for some domains because of the
ambiguity of the domain boundaries. Over 98% of the earthquakes are encompassed
in the domains delineated by the dashed lines of Figure 2.1. For major events of

M > 5.8, the time interval is extended to the beginning of this century (1900-1994).

Figure 2.1 Map showing the background seismicity (3.0 < M < 6.0, 1981-1991) and domain divi-
sion. The abbreviations are: CTR, central Transverse Ranges; ESF, Elsinore fault; ETR, eastern
Transverse Ranges; MVE, Mojave Desert domain; NIF, Newport-Inglewood fault domain; SJF, San
Jacinto fault domain; SSNF, southern Sierra Nevada fault domain; WTR, western Transverse Ranges;
WWF, White Wolf fault domain. Throughout this thesis, these abbreviations are used. The figure on the
right is a latitudinal cross section. The one at the bottom is a longitudinal cross section of focus depths.
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2.1 Background seismicity (1981 to 1991)

Earthquakes from the CIT/USGS catalog for the 10-year period from 1981 to
1990, with M; 23.0 are selected. For the year 1991, only the largest event of that year
- the Sierra Madre M| = 5.8 earthquake in the central Transverse Ranges, is used. In
total, 505 events are chosen and focal mechanisms determined (Table Al, Appendix
A). All of them, except those that have been relocated and published by other work-
ers, are quality-A earthquakes, with epicenter error less than 1 km and hypocenter
error less than 2 km.* Most of the phase data of P-wave first motions are picked up by
the USGS/CIT data analysts. We check and add P wave first motion polarities to the
events that originally had less than 20 P-wave phase data so that the fault plane solu-
tions can be better constrained. The takeoff angles of the P-waves are determined
using the HYPOINVERSE program (Klein, 1985) with the southern California velocity
structure model constructed by Hadley and Kanamori (1977). The focal mechanisms
are determined using a grid-search algorithm, FPFIT, written by Reasenberg and
Oppenheimer (1985). In most cases, the fault planes can be constrained to within 5° in
strike and dip, and 10° in rake. Jones (1988) noted that even significant changes in the
velocity model would not change the solutions more than 5° for the events along the
San Andreas fault. Comparing some of the events we determined using the southern
California velocity structure model with those that are determined by other workers
using different velocity structure models, we found that except for a few events with a
small number of P-wave first arrivals, the solutions are in general very éimilar (Figure
2.2, Table 2.1). Therefore, we decided to use the southern California velocity model
throughout this study. From Figure 2.1 it is noted that the San Andreas fault, except

at the southeastern bend where it branches into the Banning fault and the Mission

*see, for example, Hutton et al. (1980) for definition of location quality.



Creek fault, was seismically quiet. Seismicity in the past 10 years can be outlined in
the following three areas: the southern Sierra Nevada, the Transverse Ranges (the
eastern Transverse Ranges in particular), and the San Jacinto fault zone. At the bottom
and to the right of Figure 2.1 are cross sections of focal depth versus longitudinal and
latitudinal distances, respectively. Most earthquakes are located at depths above 15
kilometers. A few are below 20 km. Earthquakes with deeper hypocenters are concen-
trated in the Transverse Ranges, in particular the western Transverse Ranges. This has

been noted by Bryant and Jones (1992).

Figure 2.2 Comparison of focal mechanisms determined by different investigators using various
velocity models. The first column on the left is time in the order of year, month, day, hour, and minute.
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Table 2.1 Comparison of Focal Mechanisms from Different Researchers

Event Webb & Kanamori (1985) Hauksson (1987) Jones (1988) This Study

_Date | Time | M D(Km)| Dip | Rake | Strike] M |D(Km)] Dip | Rake | Strike] M |D{(Km) Dip | Rake | Strike] M JD(Km)] Dip | Rake i Strike
810506 | 0556 31| 50 | 55 |-140 0 3113311 30 {-120 | 25
810925 | 1413 133|200 | 70 43 | 223 321200 71 | -36 | 221 |31)|2143| 8 | 40 | 225
820609 | 0327 |32 | 13.8 | 63 67 | 38 311729 50 0 35
820707 | 0844 (3.6 | 1381 78 | 41| 40 351402y 75 | -10 40
821110 | 1121 (36| 9.2 | 75 21 | 203 421 94| 72| 26 | 199 (42| 831 | 75 | -30 | 200
821126 | 1230 3.1y 129 42 | 69 75 (311157} 35 | 60 70
831007 | 1040 |3.1| 13.6 | 60 19 64 317188 45 | 30 75
831023 | 2335 3.1 129 | 66 -89 | 26 3.1)1508| 75 | -80 30
831029 | 0638 |34 12 75 10 20 341118 55 | 30 25
831227 | 2134 31| 27 | 583 9 66 13128 | 40 | 10 80
831229 | 1946 36| 96 | 61 | 241 | 331 §{3.61538 | & | 170 | 45
840312 | 1017 35({ 1351 78 | 22 | 345135{1274| 55 | -10 25
840610 | 2019 31} 56 | 65.212403(169313.1(573 1 90 | 90 -60
840624 | 2157 351 73| 80 | 350 | 235 (35/696 ] 75 | -10 | 235
840725 | 1843 34) 39| 77 | 347 | 44 |341405 | & 0 215
841108 | 0943 32| 89 | 75 | 20 60 32| 57 {45 | 40 80
850102 | 0524 38| 95| 76 | I 34 |38 874 | 50 0 30
850119 | 0030 35 33 71 | 199 | 314 {3.8|276 | 65 | 180 | -25
850210 | 1359 36f 1.1 80 ) 190} 160 36| 159 | 60 {|-160 | 165
850525 | 1550 32| 142 56 | 31 65 |3211465| 70 | 20 50
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Figure 2.3 Major earthquakes, M 2 5.8, 1900-1994. Open circles indicate events with no fault
plane solutions due to lack of instramental records. Southeast of line AA’ strike-slip faulting mechan-
isms are dominant, whereas northwest of line AA’ complex faulting mechanisms exist with reverse
faulting mechanisms dominant.

2.2 Major Earthquakes (1900-1994)

For this period, we only collected events that are larger than M>5.8 (Table 2.2).
Events since 1927 were well recorded instrumentally, and hence their locations, magni-
tudes, moments and/or focal mechanisms are constrained reasonably well. Most of
them have been studied and published by many workers. As a magnitude comparison,
we followed Kanamori’s (1985) method to determine the surface wave magnitudes for
the 1925, 1941 Santa Barbara Channel events, and the 1923 event on the northern San
Jacinto fault. In general, the surface wave magnitude M is slightly larger than M;, the
Richter local magnitude scale. Figure 2.3 shows their spatial distributions and the asso-
ciated focal mechanisms. The open circles indicate that no focal mechanisms are avail-
able because of the lack of instrumental records. Fault plane solutions are determin-
able for most of the events, and they correlate very well with the surface geology. For
example, the San Jacinto fault zone is typically associated with strike-slip events, while
the Transvérse Ranges are associated with reverse or oblique-slip events. From Figure
2.3, we can divide the southern California region into two subregions using a NE-SW
trending line AA’*. Southeast of AA’, the mechanisms are relatively uniform and
characterized by the San Andreas type strike-slip fault pattern whereas northwest of

AA’ the mechanisms are complex, both in orientations and mechanisms. They are

*This line was also recognized by Sykes and Seeber (1985) who pointed out the symmetric
feature of the bends on the San Andreas fault in southern California.
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dominated by reverse mechanisms with diverse orientations of fault planes. The SSNF
domain shows dominant N-S trending normal faulting. The WWF and WTR, CTR
show dominant reverse faulting events. This indicates that instantaneous block
motions associated with major earthquakes in southern California are very complex. It
is an oversimplication to only consider the strike-slip movements. It is worthwhile to
point out that every domain outlined in Figure 2.1 has experienced at least one
M 2 6.0 event, indicating relatively uniform distribution of major earthquakes in the
region as a whole. However, the released seismic energy varies widely from domain
to domain. The White Wolf fault (WWF) and Mojave (MVE) domains together take

up more than 50% of the total released seismic energy (Figure 2.4).

Figure 2.4 Proportions of released seismic energy in different domains. The WWF domain has
the largest earthquake and hence the greatest amount of energy released, reaching 41% of the total
energy since the beginning of this century.
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Table 2.2 Earthquakes of M 2 5.5 in Southern California (1900-1994)

5
No. Year Mon Day I;;,t L‘:;g My M, M, dip° rake® strike® ioioczm) Refs
1 1907 20 3420 117.10 6.0 ? ? ? <0.1 1
2 1908 11 4 36.00 117.00 6.5 ? ? ? ? 1
3 1910 S5 15 3370 117.40 6.0 ? ? ? <0.1 1
4 1915 6 23 3280 11550 6.3 ? ? ? 0.5 1
5 1916 10 23 3490 11890 6.0 ? ? ? <0.1 1
6 1918 4 21 3380 117.00 6.8 87 -176 150 150 1,1a
7 1922 3 10 35.80 12030 6.5 ? ? ? 1.0 *1
8§ 1923 7 23 3400 11730 6.3 64 8 180 320 1.0 1,1a
9 1925 29 3430 119.80 6.3 70 ? ? ? 20.0 1
10 1927 11 4 3435 12090 6.8 66 95 340 20.0 2
11 1933 3 11 3361 11797 63 6.6 80 -170 315 10.0 3,1
12 1933 3 11 3368 118.05 5.5 ? ? 0 ? 2.0 A
13 1934 6 8 3580 12033 6.0 88 167 325 ? *
14 1937 3 25 3341 11626 6.0 83 -136 309 0.75 4
15 1938 5 31 3370 11751 55 ? ? ? ? 7
16 1940 5 19 3273 11550 6.7 7.1 90 180 332 48.0 5
17 1940 5 19 3276 11548 55 ? ? ? ? A
18 1940 S 19 3276 11548 55 ? ? ? ? A
19 1940 5 19 3276 11548 5.5 ? ? ? ? A
20 1941 7 1 3437 11958 6.0 60 ? ? ? 0.9 6
21 1942 10 21 3297 11600 6.5 88 10 61 2.4 4
22 1942 10 22 3323 11572 S5 ? ? ? ? A
23 1943 8 29 3427 11697 55 ? ? ? ? 7
24 1943 12 22 3433 11580 5.5 ? ? ? ? 7
25 1945 8 15 3322 116.13 5.7 ? ? ? ? 7
26 1946 3 15 3573 118.06 6.3 45 243 346 1.0 3,1
27 1946 7 18 3453 11598 5.6 ? ? ? ? 7
28 1947 4 10 3498 11655 6.2 85 8 65 3.0 9
29 1947 7 24 3402 11650 5.5 ? ? ? ? 7
30 1948 12 4 3393 11638 6.5 70 160 300 1.0 10
31 1949 5 2 3402 11568 5.9 ? 7. ? ? 7
32 1950 7 29 3312 11557 55 ? ? ? ? 7
33 1951 1 24 3298 11573 56 ? ? ? ? 7
34 1951 12 26 32.82 11835 59 ? ? ? ? 7
35 1952 7 21 3500 11902 72 75 77 63 55 50 200.0 11,1
36 1952 7 21 3500 119.03 5.6 ? ? ? ? A
37 1952 7 21 35.00 119.00 64 ? ? ? 3.0 Al
38 1952 7 21 35.13 11877 55 ? ? ? ? A
39 1952 7 23 3537 11858 6.1 ? 7 ? 0.4 Al
40 1952 7 23 3522 118.82 5.7 ? ? ? ? A
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25
No. Year Mon Day I;;t L‘(?)vrig My M, M, dip° rake® strike® I:g?éi (::m)

41 1952 7 25 3532 118.49 5.7 ? ? ? ? A
42 1952 7 25 3532 11852 5.7 ? ? ? ? A
43 1952 7 29 3538 11885 6.1 ? ? ? 3.0 A
44 1952 7 31 35.03 118.60 5.8 ? ? ? ? A
45 1952 8 22 3503 11892 58 ? ? ? ? A
46 1953 6 14 3295 11572 5.5 ? ? ? ? A
47 1954 1 12 3500 119.02 59 ? ? ? ? A
48 1954 3 19 3328 116.18 6.2 85 175 307 2.2 4
49 1954 3 19 3328 116.18 5.5 ? ? ? ? A
50 1966 6 28 3590 120.53 5.6 88 167 325 2.6 12
51 1968 4 9 3319 116.13 6.4 83 180 312 6.0 13
52 1969 4 28 3334 11635 5.8 80 180 305 0.48 14
53 1971 2 9 3441 11840 64 6.6 6.6 52 72 293 10.0 15,1
54 1971 2 9 3441 118.40 5.8 ? ? ? ? A
55 1971 2 9 3441 118.40 5.8 ? ? ? ? A
56 1973 2 21 3410 119.04 6.0 62 113 120 0.1 16,1
57 1978 8 13 3437 11972 51 6.0 56 40 60 300 1.1 17
58 1979 10 15 3261 11532 6.6 90 180 320 ? 18
59 1979 10 16 33.01 11556 5.5 ? ? ? 16
60 1980 2 25 3356 116,51 55 ? ? ? 19
61 1981 4 26 3310 11563 57 ? ? ? ? 16
62 1986 7 8 3400 116.61 5.9 45 180 300 ? 20
63 1987 10 3406 118.08 5.9 25 90 270 ? 21
64 1987 11 24 33,08 11578 59 90 180 305 ? #
65 1987 11 24 3301 11584 6.3 90 180 305 ? 22
66 1991 06 28 3426 11799 58 5.6 45 80 60 0.33 C
67 1992 04 23 3396 11632 6.1 6.1 85 -10 75 1.9 C
68 1992 06 28 3422 11643 74 173 90 175 350 100 C
69 1992 06 28 3418 11682 65 6.4 70 -10 45 4.5 C
70 1992 07 11 3521 118.07 55 5.1 75 -30 25 0.07 C
71 1994 01 17 3422 11854 6.6 6.7 40 1100 125 15 C

Mechanism based on the same wave form as that of thg 1966 event in Parkfield;

Aftershock;

Epicenter from Toppozada et al. (1978), Moment from Hanks et al. (1975);
Mechanisms from Doser (1992);
Helmbefger et al. (1992);

Hauksson & Gross (1991);

Focal mechanism from Doser (1990b). Moment is average of Doser (1990b) and Bent & Helm-

berger (1991);
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Doser & Kanamori (1987),
Coffman & Hake (1973), Real et al. (1978) (cited by Yerkes, 1985);
Hileman et al. (1973);

Mechanism is from Dollar & Helmberger's (1985) work. They determined the mechanism of the
M;=4.0, 1962 event, and suggested that this event may have the same mechanism as that of the
1946 M; =6.3 event;

Doser (1990a);

This mechanism is obtained by comparing the two references. Richter et al. (1958) from the prel-
iminary P wave first motions inferred that the mechanism was right-lateral with thrust slip. The
fault plane strikes NW, approximately corresponding to the surface attitude of the Mission Creek
fault, which is at a high angle (73°) dip to NE; Nicholson et al. (1987) by analysis and com-
parison of wave forms of the 1948 and 1986 events concluded that these two events have similar
mechanisms. But the 1948 event has a higher dip angle to the NE, with 20%-30% thrust.

Mechanism from Gutenberg (1955). Stein & Thatcher’s work (1981) suggests that the dip angle
of the fault plane changes along the fault strike, from 75° at the southwestern end to 20° at the
northeastern end;

Mechanism from McEvilly et al. (1967). Moment from Kanamori & Anderson (1975);
Allen & Nordquist (1972);

Bent & Helmberger (1991);

Whitcomb et al. (1973);

Mechanism from Stierman and Elisworth (1976). Moment from Hanks et al. (1975);

Mechanism from Lee et al. (1978); Magnitude cited by Corbett and Johnson (1982); Moment
from Wallace et al., (1981);

Johnson et al. (1982);
Sanders et al. (1981);
Jones et al. (1986);
Hauksson & Jones (1989);
Magistrale et al. (1989);

This is the first main shock of the 1987 Superstition earthquakes. Because of the immediate
foreshocks, the first motions of the P-Wave were obscured, and a high quality mechanism could
not be determined (Magistrale, 1990). But based on aftershocks and surface geology, the two
main shocks can be regarded as occurring on conjugate faults. Thus, they have the same mechan-
ism, '

Mechanisms from personal communication with E. Hauksson and H. Qian. Moments from H.
Thio of the Seismological Lab, Caltech.



- 16 -

Chapter 3
Characteristics of the Source Mechanisms

Earthquakes in southern California are diffuse in distributions and diverse in
mechanisms. The first problem we are confronted with is how to measure or describe
the variations quantitatively. In this chapter, we first discuss how to classify the focal

mechanisms and then explore their tectonic significance.

3.1 Classification of the Source Mechanisms

Following Frohlich and Apperson (1992), we classify focal mechanisms based on
inclinations of P, T and N axes. In this method, there is no need to select a fault plane
from the conjugate planes. Herein we set the threshold angle at 45°. That is, mechan-
isms with a P-axis plunge > 45° are normal-faulting mechanisms; those with a T-axis
plunge = 45° are reverse-faulting mechanisms; those with an N-axis plunge = 45° are
strike-slip mechanisms. All others that do not belong to any one of the above groups

are termed oblique-slip mechanisms.

Figure 3.1 Ternary diagram showing distributions of different focal mechanisms in southern Cali-
fornia. (a) Events are M > 3.0 from 1981 to 1991. N: normal-slip; O:’Oblique-slip; S: strike-slip; and
R: reverse-slip events. (b) Events are M25.5, 1918-1994. Note that the proportions of mechanisms
between the short-period (1981-1991) background seismicity and the long-period (1918-1994) major
carthquakes are similar, to the first order. see text for definition of the different mechanisms.
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Of the 505 events of background seismicity, 54% are strike-slip, 21% reverse
faulting, 17% normal faulting and the remaining 8% are oblique-slip faulting mechan-
isms (Figure 3.1a). Mechanisms of major earthquakes (M=25.5) between 1918 and
1994* show similar proportions: 70% strike-slip, 26.7% reverse faulting, 2.3% normal
faulting and 0.0% oblique-slip faulting (Figure 3.1b). Therefore, oblique-slip major
earthquakes, as defined above, appear to be uncommon in southern California. But if
we examine Figure 3.1b carefully, we can see that two of the major events are at the
margin between strike-slip and oblique-slip groups (Center of Figure 3.1b). Therefore,
to the first order, the proportions of mechanisms of background seismicity in the inter-
val 1981-1991 are consistent with those of the major events in the interval 1918-1994.
This is a very interesting result because it implies that about every seven major strike-
slip faulting earthquakes are accompanied by about three major reverse faulting earth-
quakes in southern California. Spatially, the strike-slip events are the most prevalent
and spread almost everywhere in the region (upper left, Figure 3.2), whereas reverse
faulting events are concentrated mainly in the WIR, CTR, NIF, and WWF domains.
Some are in the ETR. The normal faulting events are mainly in the SSNF domain.
Some are in the BYF domain. The oblique-slip events are scattered. It is worthwhile
to point out that the strike-slip events have fault planes striking more or less parallel to
the general trend of the San Andreas and Garlock faults, the two prominent strike-slip
faults in southern California. The reverse faulting events have fault planes striking
approximately E-W, a few striking NW-SE. The normal-faulting events are relatively
small both in magnitude and number (below). They strike roﬁghly N-S (lower left, Fig-
ure 3.2). These patterns of seismic faulting are generally consistent with the surface

distributions of the active faults.

In this classification, the period is from 1918 to 1994, But when computing the released seism-
ic strain, the time interval is set at 1927-1994.
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Figure 3.2 Spatial distributions of different types of mechanisms classified based on inclinations
of P, T, and N axes. see text for detail.
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Figure 3.3 Ternary diagrams of focal mechanisms for individual domains.

Classification of focal mechanisms in individual domains is presented in Figure
3.3, in which distributions of different mechanisms are displayed. The largest percen-
tage of strike-slip events, up to 75%, is in the MVE domain. The largest percentage of
reverse-faulting mechanisms is in the WTR domain, up to 64%. Note that the percen-
tage of reverse faulting events decreases eastward along the Transverse Ranges, from
64% in the WTR to only 21% in the ETR, indicating significant differences in strain
fields between the two deflections of the San Andreas fault. The largest percentage of
normal faulting mechanisms, up to 40%, is in the SSNF domain. And the largest per-

centage of oblique-slip faulting is in the WTR domain, up to 15% (Figure 3.4).

Vertically, large-magnitude events are located in the middle crust around 10 to 15
km (top of Figure 3.5). The dominant earthquakes, both in size and frequency, are
strike-slip and reverse-slip faulting events. The important information from Figure 3.5
is that strike-slip and normal-slip faulting events are most frequent in the uppermost
crust between O and 5 km, whereas the reverse-slip and oblique-slip events are most
frequent between 5 and 10 km. This implies that many of the blind faults are at these
depths and they deform the crust by thrusting or oblique-slip faulting that is usually

not associated with clear surface traces of the faults.

If we compare the occurrence frequency of earthquakes on individual faults, we
can also see that the reverse faults are associated with less frequent earthquakes than
the strike-slip faults. As pointed out above, statistically, the dominant focal depths are
deeper for the reverse faulting events than for the strike-slip events. This may account

for the low frequency of reverse faulting events, because higher temperatures and



-23 .

hence greater inelasticity can be associated with in the deep crust so that elastic strain
is accumulated at a relatively low rate. If the temperature is not the major effect, then
the pressure may play the role. Because the confining pressure increases downward,
the resistance to failure can increase with depth in the crust. Therefore, either mechan-

ism can make the reverse faulting earthquakes occur less frequently.

Figure 3.4 Comparisons of preponderance of different focal mechanisms in different domains.
The strike-slip events are dominant in all domains except in the WTR domain. The WTR and NIF
domains show a large percentage of reverse faulting events while the SSNF domain has the highest per-
centage of normal-faulting events. The oblique-slip events are generally small in number.
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Figure 3.5 Depth distributions of classified focal mechanisms. The plots on the top are depth vs.
magnitude. The plots at the bottom are depth histograms. It is shown that large magnitude events are in
the range between 10 and 15 km. The reverse and oblique-slip events are more dominant at 5 to 10 km
deep. This implies possible blind thrusts in this depth range.

3.2 Detachment-type Mechanisms

Detachment-type mechanisms are herein referred to fault plane solutions that have
one fault plane dipping no greater than 30°. They are possible associated with detach-
ment faulting in the crust. Most of the low-angle faults are buried in the middle crust
and do not show clear surface expressions. Focal mechanism study is a very useful and
economic way to determine them. Hadley and Kanamori (1978) were the first workers
presenting evidence of earthquakes occurring on low-angle thrust faults in the west-
central Transverse Ranges. Yeats (1981), from the geological point of view, suspected
the regional existence of decollement(s) in the middle crust beneath the Transverse
Ranges. He categorized them as flake tectonics. Webb and Kanamori (1985) extended
the studies to the western and eastern Transverse Ranges and found more
decollement-like mechanisms. These thrust mechanisms have been used as the support-
ing evidence for constructing balanced cross sections, in which many low-angle thrust
faults ramp up from the major decollement as exemplified by the 1987 Whittier Nar-
rows earthquake (see Davis et al., 1989), and the 1994 Northridge earthquake (Davis
and Namson, 1994, Yeats and Huftile, 1995). Based on geological arguments and
mechanisms of small earthquakes (M = 3 *), we interpreted the San Gabriel Mountains
in the central Transverse Ranges to be bounded by south-dipping blind thrusts to the
north, and north-dipping reverse faults to the south, so that the whole mountain range

is squeezed up as a result of nearly N-S compression (Huang et al., 1991, 1993a).
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Table 3.1 Listed Detachment-type (dip £ 30°) Mechanisms (1981-1991)
No. Time Long.(W) Lat(N) My D(km) Dipl Rakel Strikel Dip2 Rake2 Strike2 Note
1 81080611 -120.24 3480 3.6 073 10 110 150 81 87 310
2 81111100 -119.16 35.01 34 240 70 80 58 22 116 265 WK
3 81120922 -119.14 33.69 3.3 1448 10 170 125 88 80 225
4 81121411 -119.16 33.71 39 1697 90 -80 35 10 -180 125
5 82021619 -117.33 3412 3.1 1746 80 -80 60 14 -135 195
6 82082704 -117.82 3393 3.1 1736 75 100 120 18 57 266
7 83111116 -11831 3592 3.7 141 75 -100 50 18 57 264
8 83111412 -11831 3592 33 1.69 80 -100 55 14 45 280
9 84010605 -11833 3596 3.2 550 85 -90 95 5 -9 275
10 82011604 -118.30 3592 34 138 65 90 20 25 9 200
11 84020520 -11891 3454 3.2 2149 25 80 9% 65 95 281
12 84021114 -118.92 3454 3.0 2036 30 70 75 62 101 278
13 84021416 -11832 3593 3.1 140 75 -100 50 18 -57 264
14 84032308 -118.31 3597 38 050 75 90 55 15 90 235
15 84042122 -119.63 3425 34 699 8 -90 275 5 -9 95
16 84061302 -119.32 3440 3.1 13.66 65 80 8 27 110 288
17 84070622 -118.06 3573 3.6 594 10 -160 140 87 -81 30
18 84100507 -116.70 33.67 39 18.07 85 80 75 11 153 319
19 84101800 -118.03 3393 3.1 1832 85 -100 50 11 -27 294
20 84111905 -117.73 3586 3.1 500 30 -60 45 64 -106 191
21 84112608 -119.46 3425 3.1 9.99 5 -8 150 85 -90 320
22 85082904 -115.51 3288 32 561 20 -160 140 83 -71 31
23 86052311 -118.02 3581 41 7.72 30 -120 350 64 -74 204
24 87052518 -119.11 34.38 3.2 598 5 50 65 86 93 285
25 87070721 -118.18 33.84 3.2 1461 25 -110 345 67 -81 187
26 87082506 -117.57 3438 3.7 937 70 100 135 22 65 288
27 87100114 -118.08 34.06 59 1460 25 90 270 65 90 9 HJ
28 87110219 -117.82 3534 34 788 75 -80 40 18 -123 186
29 87112418 -11591 33.01 43 640 25 70 115 67 99 317 CK
30 87121402 -119.05 3490 3.3 1322 15 90 8 75 90 265
31 88011923 -118.06 34.08 3.5 1626 70 90 70 20 90 250
32 88060608 -116.33 3330 3.2 9.84 5 90 205 85 90 25
33 88121523 -116.54 33.48 33 11.78 20 -80 S 70 94 174
34 89020204 -118.85 3394 39 662 20 140 120 77 74 248
35 89071923 -116.68 3397 3.0 11.12 65 90 45 25 90 225
36 90051719 -11568 3285 34 739 20 -180 95 90 -70 5

CK: Checked events for P-wave first arrival polarity. HJ: Hauksson and Jones (1989); WK: Webb
and Kanamori (1985).
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Table 3.1 lists all mechanisms that have one of the conjugate planes dipping no
greater than 30° Figure 3.6(a) shows their spatial distributions. 56% of these events
are located in or adjacent to the Transverse Ranges. Some are in the SSNF area, and a
few are in the Salton trough and in the Peninsular Ranges along the SJF fault zone.
Two very impressive features are displayed in Figure 3.6. First, both reverse and nor-
mal faulting events exist (Figure 3.6a). Second, the possible low-angle faulting events
are located at various depths with diverse slip directions (Figure 3.6b). There are three
possible reasons to explain the first feature. First, they may reflect the roughness of
the nearly flat shear surface. The undulation of the surface can provide thrust mechan-
isms in some areas and normal mechanisms in others. This is very similar to the nappe
structure (Figure 3.7a). This mechanism may explain the events with approximately the
same strikes and at about the same depth. Possible events of this kind are events 15,
24, and 34 in the WTR (Figure 3.6a). Second, the low angle faulting may occur in
association with folding above a basal decollement. Interlayer or intralayer reverse slip
is likely to occur at the flank of a synform where a local intensified compressional
regime exists, whereas normal faulting is likely to occur at the hinge of an antiform
where a local enhanced extensional regime exists (Figure 3.7b). This mechanism can
explain events with the same strike but different depths. Possible events of this kind
are events 19 and 31 in the CTR (Figure 3.6a). The third possibility is that the low
angle faulting is transferrd from major strike-slip faults, being a normal fault at the
divergent end and a reverse fault at the convergent end (Figure 3.7c). This is also
very likely because southern California is located in a broad’ transform platé boundary
between the North American and Pacific plates. Many strike-slip faults within the
boundary are composed of short fault segments that are aligned en echelon. Normal
faults have been observed in the releasing bends (Crowell, 1974) or in the dilational
jogs (Sibson, 1986),' and reverse faults have been observed in the restraining bends

(Crowell, 1974) or in the antidilational jogs (Sibson, 1986) of a strike-slip fault zone.
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This mechanisms can explain events with strike oblique to the general trending of the
strike-slip fault. Examples of this kind are in the SJF zone, such as events 23, 23, and
36 (Figure 3.6a).

in the depth dimension, the low-angle faults are generally shallow (around 5 km)
in the southern Sierra Nevada (Figure 3.6b), and the motion there is primarily E-W
extension (Figure 3.6a). In contrast, the Transverse Ranges are associated with deeper
(more than 10 km) (Figure 3.6b) low-angle faulting events and their motions are
mainly N-S contraction (Figure 3.6a). Complexity exists in the Peninsular Ranges and
in the Salton Trough. It is evident from Figure 3.6b that there is no single unified,
seismically-active detachment in southern California. Instead, the focal mechanisms
indicate that the low-angle faults move in various directions and at different depths.
Many of them do not correspond to the surface traces of active faults. But this does
not exclude the possibility that all these low-angle faults are controlled by deeper large
detachment(s) slipping aseismically, above which many low-angle faults branch and

occasionally slip seismically.

Figure 3.6 (a) Map showing mechanisms associated with possible detachment structures. The
numbers in parentheses adjacent to the focal mechanism numbers are hypocenters (in kilometers). 56%
of the events are located in or adjacent to the Transverse Ranges as indicated by the shaded area; (b)
Cross sections across the WIR, CTR, ETR, and SSNF domains, showing different levels of detachment
structures based on focal mechanisms of Figure 3.6a. SCIF, Santa Cruz Island fault; ORF, Oak Ridge
fault; APF, Arroy Parida fault; SYF, Santa Ynez fault; PMF, Pine Mountain fault; SAF, San Andreas
fault, PT, Pleio thrust; RF, Raymond fault; SMF, Sierra Madre fault; BF, Banning fault.
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Figure 3.7 (a) Sketchy diagram illustrating the possibilities of coexistence of normal and reverse
low-angle faulting mechanisms on a wavy detachment surface; (b) In association with folding above
basal shear; (c) En echelon structure on a strike-slip fault can also cause both reverse and normal faults
in the jog areas of a strike-slip fault zone.



-33 -

In addition to the earthquake evidence, other lines of evidence also support the
possible existence of detachments: the seismic reflection profiles across the Santa
Maria basin and offshore (Henrys et al., 1993), and the Pg velocity variations over the
whole southern California region (Hearn and Clayton, 1986). The COCORP seismic
profiles revealed gently south-dipping discontinuities in the upper and middle crust
beneath the western Mojave block (Cheadle et al., 1986). The major discontinuity is at
the middle (156 km) crust and extends northward into the Great Basin, but is lost
southward near the San Andreas fault. Cheadle et al. (1986) therefore concluded that
the San Andreas fault is a vertical deep fault, while the Garlock fault is not. Recent
work by Li et al. (1992), who combined COCORP and gravity data, showed that
beneath the southwestern Mojave there exists a gently north-dipping ENE-striking low
angle reflector at about 5-6 km depth. Unfortunately, there is no seismicity in the
western Mojave Desert to permit us to determine the focal mechanisms there. If the
nearly horizontal discontinuities discovered by Cheadle et al. (1986) and Li et al.
(1992) are active structures, they may have slipped aseismically without generating
earthquakes. This is possible because the Rand schist and Pelona schist are exposed in
the north and southern parts of the western Mojave block, and the western Mojave

appears to rest on the ductilely-deformable schist.

The implications of Figure 3.6 are schematically visualized in Figure 3.8. It is
evident that the seismogenic zone generally is above 15 km, but locally extends down
to 25 km in the Transverse Ranges, indicating that the brittle-ductile transition is
deepest beneath the Transverse Ranges. Many imbricate reverse faults may be con-
cealed beneath the thick alluvium shed off from the Transverse Ranges. Others may
have nev’er“reached the surface as indicated by the large fraction of reverse fault events

that do not correspond to mapped faults (previous section).
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REGIONAL PRINCIPAL COMPRESSION

30 knit

BRITTLE-DUCTILE TRANSITION BLIND THRUST & DETACHMENT

Figure 3.8 Schematic block diagram illustrating possible imbricate or cross blind thrusts beneath
the Transverse Ranges. They become shallower away from the ranges. See text for detail.
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The kinematic significance of the brittle-ductile transition zone is speculative. It is
generally believed that the lower crust is plastic (e.g. Anderson, 1971, Sibson, 1984)
and deforms ductilely (e.g. Hadley and Kanamori, 1977, Hearn and Clayton, 1986b),
and hence is relatively weak to account for the general absence of seismicity (Chen
and Molnar, 1983). It has been suggested that even the giant San Andreas fault may be
offset by the regional decollement between the upper and lower crust (Yeats, 1981), or
between crust and mantle (Hadley and Kanamori, 1978). Some people believe that the
transition zone is a thick interval and the upper and lower crust are strongly coupled
together to accommodate the plate motion (e.g. Bird and Rosenstock, 1984, Hum-
phreys and Hager, 1990, Molnar, 1992), although they deform in different styles.
Nevertheless, there is no doubt that the Transverse Ranges indicate shortening of the
crust in an essentially N-S direction. A significant fraction of the strike-slip motions on
the strike-slip faults are apparently converted into movements on reverse faults beneath

the Transverse Ranges.

In summary, regional deep (10-20 km) detachment structure is most apparent
from earthquakes beneath the Transverse Ranges. The possible detachments in the
southern Sierra Nevada are shallow in depth and characterized by extensional rather
than contractional motion. Our current data do not indicate the existence of a single
unified seismically-active detachment in the seismogenic crust. If the master detach-

ment exists, it may be below the seismogenic depth and slip aseismically.
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3.3 Seismic Consistency

Seismic consistency (Sc) is a measure of similarity of a group of focal mechan-
isms (Apperson, 1991). It is defined as the ratio of scalar moment of the total moment
tensor to the sum of the scalar moments of individual or normalized moment tensors,

ie.,

Mgum
= N ’

M
1

Sc

3.1
k=
where M§U™" is the scalar moment of the total moment tensor. MY is the scalar

moment of an individual tensor. N is the total number of events and k represents the

kth event.

Both M§"™ and M§ should be calculated from the unit tensors which are normal-
ized by their own scalar moments. When the magnitudes do not have a large range of
variation, Sc may be approximated using unnormalized tensors. In the following dis-

cussions, Sc is calculated using unit tensors unless otherwise specified.

Figure 3.9 Plot showing geometric relationship between parameters of focal mechanisms and the
seismic consistency (Sc). The mechanism to the leftmost of each plot is compared with those on the
right. (a) Sc vs. dip; (b) Sc vs. rake; (c) Sc vs. strike.
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Eq.(3.1) indicates that Sc can vary from 1, representing two identical mechanisms
to 0, representing two opposite mechanisms. Since Sc is related to moment tensor in a
nonlinear way, Sc does not indicate whether the difference in mechanism is caused by
difference in dip, rake, or strike. In other word, the same value of Sc does not neces-
sarily correspond to the same difference of faulting mechanism in dip, rake, or strike
as illustrated in Figure 3.9. In Figure 3.9, the vertical axes are Sc varying from O to 1,
the horizontal axis is the source parameters, i.e. dip (Figure 3.9a), rake (Figure 3.9b),
and strike (Figure 3.9c). The first mechanism to the left is compared to the mechan-
isms to the right. Graphically, the similarity of the two mechanisms can be understood
as the overlapping areas that have the same polarities on the focal sphere. It can be
seen that if two mechanisms are opposite, their Sc = 0, corresponding to no overlap-
ping areas of the same polarities; if two mechanisms are identical, Sc =1, correspond-
ing to complete overlapping areas of the same polarities. For southern California as a
whole, Sc is 0.53 from the background seismicity. For individual domains, Sc varies
from 0.44 in the WWF domain to 0.70 in the BYF domain (Figure 3.10). In general,
bimodal or even trimodal distributions of focal mechanisms such as in the WWF and
SSNF domains correspond to small values of Sc whereas unimodal distributions such

as in the MVE and BYF domains correspond to large values of Sc.

Figure 3.10 Plot showing the relationship between distributions of fault patterns, seismic con-
sistency (Sc), and the relative values of principal stresses, or the stress ratio, @, in different domains.
® = (0, — 63 ) / (0| — G3), where 0y, 0,, and 03 are the maximum, intermediate and minimum princi-
pal compressive stresses, respectively (see next Chapter 4 for detail).



The advantage of using Sc from Eq.(3.1) is that similarity in a group of focal
mechanisms is described numerically or quantitatively. The disadvantage is that the
value of Sc does not indicate whether the dissimilarity in mechanisms results from the
differences in strike, dip, rake, or all of these. Hence, it is more practical just to distin-
guish the four different types of focal mechanisms, i.e., the strike-slip, reverse-slip,
normal-slip, and oblique-slip faulting mechanisms. However, we still miss the spatial
orientations, even using Frohlich and Apperson’s method because their method does
not involve fault strikes. Therefore, it is necessary to study the strain patterns. This

will be presented in the neXt chapter.

34 P, T, and N Axes Orientations

Earthquake focal mechanisms are commonly represented by the principal strain
axes, i.e., P, T, and N axes. These axes are not necessarily the same as the principal
stress axes, although in many cases, the average directions of the P axis are close to
the principal maximum compressive stress axis (next chapter). Figure 3.11 (a) shows
the horizontal projection of P axes from individual earthquakes. The length of the bars
is proportional to the plunge angle of the axes (the same for Figure 3.11b). It can be
seen that the majority of P axes are oriented N-NW, particularly in the SJF and the
ETR domains. The CTR domain shows dominant N-S directions while the WTR
shows both N-NE and N-NW directions. Large scatter exists in the WWF and SNNF
domains. The T axes are mainly oriented E-W and vary more widely from place to
place (Figure 3.11b). In general, P axes are more stable and consistently in the N-S
direction whereas the T axes are less stable, not only in orientation, but also in plunge
angle (Figufe 3.12). This pattern partly reflects the fact that both reverse and strike-slip
faulting events coexist regionally. Even within individual domains, P axes show very

stable orientation while both T and N axes vary (Figure 3.13).



Figure 3.11 Horizontal projection of P (a) and T (b) axes from individual earthquakes. The
length of bars is proportional to the plunge angles of the axes, with maximum for horizontal axes and
zero for vertical axes.
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P Axis T Axis N Axis

M>=3.0, 1981-1990
Southern California (I=1.0%)

Figure 3.12 Equal-area projection of the P, T, and N axes. It shows that P axes are persistent
throughout southern California whereas T and N axes vary, both in orientation and plunge as indicated
by the large girdies. I: Contour interval.

Figure 3.13 Equal-area projection of P, T, and N axes for each domain. Overall, the P axes are
very stable, being oriented dominantly N-S whereas the T and N axes are scattered. Note the large
plunge of P axes in the SSNF domain. Others are near horizontal. Earthquakes used for this figure are
again the background seismicity. (a) P axis; (b) T axis; (¢) N axis.
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3.5 Summary

The characteristics of source mechanisms in southern California can be summar-

ized as the following:

(1) The proportions of strike-slip, reverse, normal and oblique-slip faulting events
for the interval 1981-1991 3.0 < M <6.0 background seismicity are about 7:3:2:1.
These proportions of mechanisms, to the first order, are similar to those of the interval

1918-1994 M >5.5 earthquakes;

(2) Of the 505 fault plane solutions, 36 of them are possibly caused by slip on
low-angle faults. 56% of these events are located in or adjacent to the Transverse
Ranges. The depths of the possible detachments vary from 1 km in the SSNF to 20 km
in the Transverse Ranges. They indicate near E-W extensional movements in the SSNF
and near N-S compressional movements in the Transverse Ranges. The available fault
planes solutions so far do not appear to indicate the existence of a single unified
seismically-active detachment in the seismogenic crust. If the master detachment

exists, it may be located below the seismogenic depth and slip aseismically;

(3) Focal mechanisms are very similar in the BYF, MVE, SJF, and ESF domains
(Sc > 0.60), but are not very similar in the WWF, WTR, NIF SSNF, CTR, and ETR
domains (Sc < 0.60);

(4) Orientations of P axes are very stable while those of T and N axes are vari-
able from place to place. P axes are nearly horizontal and oriented nearly N-S, whereas
T axes are dominantly vertical and oriented nearly E-W. ‘The neutral axes are also

variable from domain to domain.
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Chapter 4

Seismic Strain and Tectonic Stress

4.1 Introduction

Two pieces of information can be extracted from the instrumentally recorded
seismic data. They are (1) the total released seismic strain and (2) the regional tectonic
stress field under .which faulting occurs. In an isotropic and homogeneous elastic
medium, strain is linearly related to stress by Hook’s law. In this case, the principal
axes of the stress tensor coincide with those of the strain tensor, i.e. the maximum
deformation corresponds to the maximum stress. But the strain and stress we want to
discuss herein are defined somewhat differently and have special meanings. The
medium we deal with here is the Earth’s crust that is highly heterogeneous in strength
and elastic properties. We consider a uniform regional tectonic stress field under
which the Earth’s crust fractures. The deformation in response to the uniform tectonic
stress is complex as a result of the heterogeneity of the mechanical properties of the
crust. In this chapter, we examine how heterogeneous a region is by studying the
differences between the strain and stress tensors. The strain used here is a measure of

the total deformation of a geological domain as a whole.

The procedures we employ are the following. After determining the fault plane
solutions of background seismicity in each domain, which are listed in the appendix
(see also, Huang et al., 1993), we perform numerical inversions from the slip vector
data to obtain the tectonic stress fields, and determine the seismic strain fields by ten-
sorial summations of individual seismic moment tensors (see also Huang et al., 1992).
These ideas are graphically illustrated in Figure 4.1 and will be explained in detail

below.
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SEISMIC STRAIN TECTONIC STRESS
g=XM/2pV o=Tn
(Kostrov, 1974) (See Angelier, 1990)

Figure 4.1 Graphic illustration of seismic strain and tectonic stress. The seismic strain is a meas-
ure of total seismic deformation averaged over a volume. The tectonic stress is the stress under which
all diversely-oriented faults slip within the deforming volume. Mj;, seismic moment tensor; V, volume
of the deforming domain; p, shear modulus; T, stress tensor; n, vector normal to the fault plane, F; o,
stress acting on F; s and q are observed and predicted slip vectors, respectively.
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4.2 Seismic Strain Tensor

The seismic strain tensor €;; is obtained using Kostrov’s (1974) formula:

1 X
L= ——YME, :
i z-u-vnz::l y @D

where W is the shear modulus; V, deforming volume; N, the total number of events;

M.., individual seismic moment tensors. The magnitudes. of deformation can be calcu-

ije
lated from Eq.(4.1) once V is specified (Huang et al., manuscript in preparation). We
herein consider orientations, only. Hence, the total moment tensor EMij is used to
represent the strain field. The directions of the principal strain axes are then easily

determined by finding the eigenvectors of &.

To display the seismic moment tensor or seismic strain tensor graphically, we use
the P-wave radiation pattern plotted on the focal sphere. If the P-wave polarity is up,
we use a plus symbol to represent it; if the P-wave polarity is down, we leave the
sphere blank. The P-wave radiation pattern presented this way gives us an intuitive
picture of how close the source is to a double-couple. For a pure double-couple source,
the P-wave radiation patterns are represented by up and down quadrants separated by
the two conjugate fault planes. However, when the total moment tensor is not a pure
double-couple, which is usually the case, the P-wave radiation pattern may not be

represented by two conjugate fault planes as exemplified in Figure 4.2.

Figure 4.2 Plots showing P wave radiation patterns of the total moment tensors obtained from
two moment tensors of the same sizes. (a) mixture of strike-slip and normal faulting on the releasing
bend of a right-lateral shear zone; (b) mixture of strike-slip and thrust fauiting on the restraining bend
of a right-lateral shear zone; (c) Opposite mechanisms give zero total strain as if no deformation had
occurred. '



-50 -

(©

(b)

(a)

Figure 4.2
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4.3 Tectonic Stress Tensor

Very similarly, but in a less straightforward manner, the stress tensors, T, are
obtained by performing numerical inversions of a group of slip vectors. By definition,

the stress, o, acting on the fault plane, F, is related to T by
oc=Tn, (4.2)

where n is the vector normal to the fault plane (see Angelier, 1990). The objective for
stress inversion is to find a common uniform stress field T that will best fit all
observed slip directions, i.e., the predicted slip vector from T will have the minimum
angle differences from the observed slip vectors. The basic assumption is that all
faults with diverse orientations slip in response to a common stress tensor regardless of
their strength (cohesion or friction). The magnitudes of slip are not i\mportant. Only
the directions are involved. There are basically two algorithms used to find T (see
Angelier, 1984). One is a simplified linear approach (Michael, 1984, Angelier, 1990).
The other is non-linear or the grid-search technique (Gephart and Forsyth, 1984). For
fast inversion with appropriate resolution, we follow Angelier’s (1990) method. The
problem for stress inversion using fault plane solutions is to choose one of the conju-
gate planes. In our algorithm, fault planes that can collectively produce a minimum
dispersion parameter are chosen unless we have other independent evidence to deter-
mine the actual fault planes. Absolute value of stress is not derived from the stress
inversion. But the stress ratio @ is obtainable. @ is defined as @ = (0,~03)/(0,—03),
where 0;, 0,, and 053 are the maximum, intermediate, and minimum principal compres-
sive stresses, respectively. @ reflects the shape of the stress ellipsoid and bears infor-

mation on faulting patterns (Hill, 1982, Huang et al., 1994) (further discuss