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ABSTRACT

Heterogeneous Slip and Rupture Models of the San Andreas Fault Zone based upon Three-Dxmenswnal
' Earthquake Tomography

by
* William Foxall
Doctor of Philosoohy in Geophysics
University of California at Bérkeley

Professor Thomas V. McEvilly, Chair

Crustal fault zones exhibit spatially heterogeneous slip behovior at all scales, slip being partitioned between
stable frictional sliding, or fault creep, and unstable earthquake rupture. An undefsfanding the mechanisms
underlying slip‘ segmentation is fundaxoental to research into fauit dyn_amics and the physics of earthquake
generatioh. This thesis investigates the inﬂuenoe that large-séale along-strike heterogeneity in fault zone
hthology has on slip segmentation. Large-scale trammom from the stable block sliding of the Central
Creeping Section of the San Andreas fault to the locked 1906 and 1857 earthquake segments takes place
along the Loma Prieta and Parkfield sections of the fault, respectively,'ithe transitions being accomplished
in part by the generation of earthquakes in toe magnitude range 6 (Parkfield) to 7 (Loma Prieta).
Information on sub-surface lithology interpreted from the Loma Prieta and Parkfield three-dimensional
crustol velocity models computed by Michelini (1991) is integrag,ed with informati(m on slip behavior
provided by the distributions of earthquakes located using the three-dimensional models and by surface

creep data to study the relationships between large-scale lithological hetei'ogenoity and §lip segmentation

along these two séctions of the fault zone. 'The velocity models are calibrated using published velocity-

pressure and velocity-temperature data for basement rock types that outcrop within the study areas, and

both models arein good agreement with published refraction surveys. Both image a large anomalous high- ‘

velocity body at mid-crustal depths underlying the fault zone that probably has a gabbroic or other mafic

-composition. The active plane of the San Andreas fault cuts through each body. A model is proposed in

which these high-velocity bodies act as barriers that arrest stable sliding. Concentration of stress on the

strong, frictionally unstable fault contacts within the bodies causes them to evolve as the asperities that

nucleate the Loma Prieta and Parkfield earthquakes. The fault system also responds to mé barriers by

iii



iv
transfcrring slip to secondary structures and attempting to slide around the barriers 6n new splay féults that
form at frictionally favorable lithological contacts. It is proposed th.at' this is often the fundamental
mechanism underlying the observed relationship between the segmentation of earmquake rupture and fault
geometry. Development of splay faults is the mature stage of the formation of a damage zone of intense
fracturing in front of the barriers. The damage zone at P&kﬁéld is imagedvdirectly as a prominent positive . g
Vp/Vs anomal); under Middle Mountain. Three-dimensional imaging of lithological barrier/asperities by ©
earthquake tomography répresems a signiﬁcént step forward in quantitative modeling of fault zone
dynamics, since it provides not only the locations and geometries of tﬁe barrier/asperities but also realistic .

estimates of their fracture, frictional and in situ elastic properties.

%Aﬂ M > 2/ Ao T2

Thomas V. McEvilly

Dissertation Committee Chair
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CHAPTER 1
INTRODUCTION

Displacement on active faults within the brittle crust of the Earfh takes place either as stick-slip, a
mechanical instability that results in earthqua_kes, or stable sliding, which is a quasi-static process termed
fault "creep”. Partitioning betwe.env these t\\‘fob modes of SIih along the é;ﬁkes of crustal fault zones has
become recognized as a fundamental characteristic of the faulting process at all séa}eé. An understanding |
of me imderlyin_g causes of slip segmentation would alléw us to désign appropriate tcchhiques to be;t
model fault zone-deformation, dynamics and evolution, and would provjde realistic data on fault zone
structure and the. prbpertie_s of faultv zone materials upon which to base the models. This in turn would
provide constraiﬁts, such as ﬁle locations, geometries and elastic properties of ruptufe planes, on models of
individual earthquake ruptures to enhaﬁce our fundamental understanding of the physics of the eaﬁhquake
source_.‘ From tﬁc prac.:ti'cal standpoint of geismic risk assessment, not only would we be ablé to predict-
wheré along major fault zones damaging'earthq.uakes are likely to be located, but also, thrbugh adequately
constrained modeling of the earthquake cycle, when such earthquékes might océur. Similarly, properly
constrained modeling of potential‘ rupture zonesAv.vould allow more accurate predictjqn of the strong ground '

motions produced by ezirthquakes.

To date, most studies: of the causes o'f.fault zone segmentation have concentrated on the géometrical
segrhentation evident in the zones at the Earth's surface. While geometry-based theories can expléin, at
least in part, how eartﬁquake ruptures are nucleated and arrested, they fall short in add;essing the more
fundamental question of slip segmentation along fault zones asa whéle. T_hi; thesis e);plores the role of the-

second potential cause of slip segmentation - heterogeneity in fault zone material properties due to variable

lithology. Surface mapping tells us that the geology along the strike directions of most major fault zones is

~ highly variable, and the significance of lithological heterogeneity as a potential cause of slip segmentation

has long been recognized but has remained almost uninvestigated. This has been due to the lack until
recently of tools adequate to image the lithology of fault zones at seismogenic depths. This lack is

beginning to be remedied by the advent of crustal tomography ‘using earthquakes as energy sources, the



technique upon which the research described in this thesis is based. The research itself deals exclusively
with the San Andreas fault zone (SAFZ) in central California, but many of the results are applicable to

faults in general.

- The remainder of this chapter is devoted to a review of the characteristics and scaling of fault zone
segmentation, and a brief examination of the hypotheses that have been advanced to explain it. Chapter 2
'exagnines the potential causes of slip heterogeneity in more detail in the context of current theories of fault
strength and frictional stability. Chapter 3 describes the method éf analysis. Chapters 4 and 5 discuss the
application of the technique to two sections of the SAFZ and develops sl'ip and rupture models of these two

sections. Chapter 6 explores the generalization of these models and Chapter 7 summarizes the work. '
1.1 Scaling of Slip Heterogeneity

* At the largest scale, on the order of 100 km, major fault zones are observed to be divided into segments

having distinctly different slip behaviors. The best studied example of such large-scale segmentation is the

San Andreas Fault Zone (SAFZ) between Cape Mendocino and San Bernadino, California (Allen, 1968,

1981) (Figure 1.1). This stretch of the fault is divided into two "locked" segments, separated by a central
creeping segment. The twc; locked segménts generate infrequent major stick-slip events but exhibit a very
low level of microseismicity and little or no measurable surface fault creep. The 450 km-long segment
between Cape Mendocino and San Juan Bautista and the 300 km-long segment be_tweenvParkﬁeld and San
Bernadino were entirely ruptured by the great earthquakes of 1906 and 1857, respectively. In sharp

contrast, the measured surface creep rate along the 150 km-long Central Creeping Section increases from

less than 1mm/yr at either end to greater than 30 mm/yr along its 50-km long central zone (Burford and -

Harsh, 1980), but apparently does not generate major earthquakes. Since the creep rate along the central
zone approximately accounts for the entire relative motion between the Pacific and North American plates
(DeMets et al., 1987), slip is essentially purely stable block sliding here whereas it is essentially stick-slip

along the locked segments. Present research results suggest that stable sliding on the scale observed on the
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Figure 1.1: Map of California showing segmentatioh of the San Andreas fault.

Central Creeping Section is unique among crustal fault zones. However, the large, well-defined contrasts
in slip behavior that result from its presence provide an ideal opportunity to study slip segmentation in

detail



Examination of the Central Creeping Section reveals that it is itself segmented at scale lengths on the order

of 10 ki between the constant creep-rate central zone and Lhe transition iones to the NW and SE along
which the creep rate declines. Microseismicity accompanies stable sliding within all three of these zones,
but the NW and SE transition zones also generate relatively frequent earthquakes in the magnitﬁde range S
to 6. Evidendy slip within these transition zones is partitioned between stable and unstable sliding. Slip
heterogeneity along the Centrai Creeping Sectiqn is clearly revealed by the strong correlation between

intense clusters of microearthquakes and steep spatial gradients in the creep rate (Wesson et al., 1973).

Slip heterogeneity at the 10-100 m scale is revealed in kinematic and dynamic models of the ruptures of
individual earthquakes, which usually show complex variations in slip velocity along the rupture surface
(e.g. Beroza and Spudich, 1988; Steidl et al.,, 1991), and at even finer scales in the rich high-frequency

content of recorded seismograms (e.g. Haskell, 1964; Madariaga, 1977; Hanks and McGuire, 1981).

An important aspect of slip heterogeneity is its stability in space and time. Paleoseismicity studies of, for
| example? the 1857 segmem of the SA;Z (Seih, 1984: Seih and Jahns, 1984) show that major earthquakes
repeatedly rupture the same planes within the fault zone and suggest that the segmenté retain their identities
over time periods at least as long as 104 years. Within the hisiorical seismicity record, the rﬁoderate
: eanhquakes _that occur along the SE transitibn segment of the central creeping section of the SAFZ at
Parkfield apparently repeat évery 22 years, on average. These events also appear to rupture exactly the
same planes within the fanlt zone, as shown both by the almost identical seismograms that these eventé
write (Bakun and McEvilly, 1984) and by the identical coseismic surface ruptures ;hey prodpce (Brown,
1.970). These observations have led to the "characteristic earthquake" concept (Shimazaki and Nakata,
1980; Bakun and McEvilly, 1984: Schwarti and Coppersmith, 1984), in which certain fault segments

rupture repeatedly in similar earthquakes.

There is evidence that characteristic fault behavior also operates at small scales. Within the SAFZ Central

Creeping Section the distributions of both seismicity and creep appear to be stationary in time for periods of

X



at least tens of years (Wesson et al., 1973). A very striking illustration of this stationarity at scales as small

as 10 m is prdvided by results of high-re,éoluﬁon studies o>f microearthquakes within'the nucleation zone of
the Parkfield eanhquékes (Foxall and McEvilly, 1987, 1988; Antoiik et al 1991). Approiihately 50
percent of the earthquakes within this zone recofded by the Parkﬁeld downhole, broad bandwidth High
Resolution Seismic Network bel:ong_ to cluster;% of events that write identical seismograms to frequencies as
high as 75 Hz, and are therefore located within tens of meters éf each émer. The clusters are concentrated
on fault patches having dimensions on the order of 100 m. Members of the cluster‘s occur Q;/er time périods
ranging from seconds to (at the time of writing) several years, which indicates ﬂ_{at the repeated failure of
the same limited number of faulf patcﬁes is an important, and perhaps the dominant, mode of minor seismic v
failure accompanying stéblé sliding .Withi;l this. zone. A secbhd importaﬁt reéult of this work is that
seismograms frbm neighboring clusters are quite different. This can even be the case when a clﬁster
member is closer to events in the adjacent cluster than it is to those within its own cluster, which illustrates

the heterogeneity of the fault zone at this small scale. In fact, we see no fine-scale limit. .
1.2 Geometrical and Material Heterogeneity of Fault Zones

The stability of the distributions of seismicity and fault creep suggests that segmentation of slip results from

'heterogeneity of strength and frictional properties algng fault zones. Earthquake ruptures apparently are

- repeatedly nucleated and arrested by the same local features along faults, the arresting features delimiting

the fault segments. In essence, what is required is variation ih_ the effective fracture Strength and frictional
stability of the fault with respect to the tectonic loading at the fault plane. Variations in effective strength

or frictional properties.can be achieved by hcterogeneity in either fault zone geometry (King and Nabelék,

" 1985; King, 1986) or in the intrinsic strength-and frictional properties of fault zone materials (Husseini et

_al, 1975.), including their degree of fluid saturation imd pore pressure.



1.2.1 Summary of Present State of Knowledge
1.2.1.1 Geometrical Segmentation

Faults are geometrically segmented even when viewed as a single trace on a small-scale map . The SAF,
fbr example, has prominent Iarge-scélg variations in geometry at scales on the order of 100 km, an extreme
example being the 30° change in" strike at the "Big Bend" where the SAFZ enters the California Transverse
Ranges (fig. 1.1). En echelon offsets along the fault can be és large as 1.5 to 2 ki, such as the right step at

Cholame.

Viewed in more detail, fault zones in general are geomeujcally complex zones of brittle deformation. At
all scales, they appear as sets of anastombsing and offset traces and splays (Brown, 1970; Tchalenko and
Berberian, 1975). In a detailed study of faulting in three dimensions, Wailacé and Morris (1986) found that
i11di§idual trace segment lengths varied from a few meters to a few km, and they observed large changes in
strike and dip over distances as small as a few hundred meters, both along-strike énd vertically. At tile
finest scales, Wallace énd Morris (1986) and Chester and Logan (1986) fbund that an individual fault
consists of a gouge layer at its center and a breccia zone of sheared rock gradihg outwards to a zone of
fracture and ‘subsidiary faults. Thus, size scales range from the dimensions of gouge grains through

increasingly larger breccia blocks to the lengths of fault segments.

There have been numerous detailed studies that indicate that earthquake ruptures can be nucleated and
arrested or impeded at even relatively modest fault bends and offsets (King and Nabelek, 1985; Sibson,
- 1986, King, 1986). For example, the 1857 earthquake on the southern SAF probably nucleated close to the
prominent 1.5-2 km offset in.the main fault trace near Cholame (Bakun and McEvilly, 1984): Lindh and
Bodre ( 198.1) argue that the 1966 Parkfield earthquake nucleated at a slight (5°) bend in the main fault trace
and the coseismic rupture terminated at the offset at Cholame: Coseismic slip during the 1979 Coyote Lake

earthquake on the Calaveras fault similarly' was arrested at a fault offset (Reasenberg and Ellsworth, 1982).
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It is important to note, however, that by no means all moderate and major earthquakes can be shown to be
nucleated.‘or arrested by geometrical inegularities, nor do brominént fault bends and offsets arrest all
ruptﬁres. A good example of the latter case is the 1968 Borrego Mountain éarthquake on the Coyote Creek
fault, which, although it was only a little larger in magnitude (ML 6.4) than the Coyote Creek earthquake

(My_ 5.9), ruptured through two offsets of similar size to that at Cholame (Sibson, 1986).

At smaller scales we have no direct eQidence relating slip heterogeneity to geometrical complexity. Several
workers (e.g., Aviles, et al., 1987; Scholz, 1990) have suggested that the segment lengths of the SAF main
trace form a self-similar fractal set, which can be directly related to the empirical Gut_ehberg-Richter power
law distribution of eanhqqaké size within restricted magnitudé ranges. Whereas. King (1983) has shown
how this association éan be applied to a fault system as a whole, it is not cléar yet that it can be applied to
the immediate fault zone in isolation. Aviles et al. (1987) showed only that the SAF rﬁay be very weakly
fractal at scale lengths greéter than 1 km. Okubo and Aki (1987) obtained a similar result, but concluded

that the fault zone within 1 km of me main trace”is not self similar. S}cholz (1990, p. 151),‘ on the otherk
hand; concludes that tﬁe fault trace is probably fractal up to segment lengths of about 20 km, zzb()ve which

fractal scaling does not apply.
1.2.1.2 Segmentation in Fault Zone Material Properties

Investigations'into the role of fault zone'lithology in segmentation haye been more general in nature. Allen
»( 1968) first suggested that segmentation of the SAFZ may be influenced by the types of/rock in coméct at
the fauit, and went on to say (Allen, 1981) that "... the concept that basement rock types can affect the mode
of surficial strain release appears to be more and more 'valid." Allen's_ observations, however, were limited
to noting that fault creep appears to coincide with the presence of serpéntinite outcrops and that the 1857

segment begins where, it was believed at that time, the NE wall rock of the fault changes from Franciscan

~ formation to Sierran.basement. Irwin and Bames (1975) refined Allen's hypothesis regarding the

~ association of fault creep with serpentinite by pointing out that creep actually corresponds to the occurrence



of the nappe of the Great Valley sequence overlying the Franciscan formation at the fault. Sérpeminite
occurs at the base of the Great Valley seqhence as part of the Coast Rangé ophiolite. They pointed out that
not only is the Great Valley sequence present along the Central Creepi‘ng Section of the SAFZ, but is also
the eastern wall rock of the Calaveras and Hayward faults, along which cree'prcontinues to the nprthwest of

the Central Creeping Section, rather than on the main SAF trace.

Since fluid effects on fault slip behavior are controlled by the permeability of fault zone materials and the
adjacent country rocks, they can also be regarded as being related to lithology. Berry (1973) and Irwin and
Barmnes (1975, 1980) postulated that creep along the SAF system is related to high fluid pore pressures

within the Franciscan formation NE of the fault zone. Irwin and Bames proposed that metamorphic fluids

are pressurized by the production of abundant CO2 within the Franciscan, and flow to the fault zone’

s

through the relatively permeable Franciscan rocks where the Franciscan is capped by the low-permeability
rocks of the Coast Range ophiolite. Other. studies have focused on the f)resence and propertiés of f;aull

gouge within the SAFZ (Wang et al., 1978; Stierman, 1984; Wang, 1984; Wang et al., 1986, Mooney and
Ginzburg, 1986). These studies have generally indicated that the fault zone is characterized by low seismic
velocities and low_ densities that are consistent with the presence of gouge and damage zones, but they have

lacked the resolution to investigate the actual structure of the fault zone at depth.

The detailed_ studies of the role of fault zone geometry in slip segmentation contrast with the few,
superﬁci:;\] studies of the role of along-strike lithological heterogeneity. Lack of progress on this front has
_stemined from the difﬁculty inherent in attempting to relate variations in mapped surface geology to fault
‘slip at depth in a systematic fashion. Variations in subsurfacl:e‘ fault zoﬁe lithology have rarely been
observable. This has been a result of the availability until recently of only one-dimensional crustal velocity
models in earthquake seismology, and from the difficulty of imaging localized fault zones, with their often
severe vertical and lateral velocity gradients, by convenﬁonal reflection and refraction techniques (Feng

and McEvilly, 1983; McBride and Brown, 1986; Louie et al.,, 1988). Such surveys provide images of two-

|\r:



dimensional slices of the crust, and the cost of attempting surveys at high resolution for large distances

along the strike of a major fault zone would be prohibitive.

' 1.3 Fault Zone Imaging Using Three-Dimensional Earthquake Tomography

L
Computational methods for three-dimensional structural imaging using earthquake sources (e.g. Thurber,

1983; Eberhart-Phillips, 1989; Michelini and McEvilly, 1991, Michelini, 1991) have advanced during the

past decade to a degree that makes it possible to define major subsurface lithologic inhomogeneities along

well-instrume‘n’ted active fault zones to a resolution of a few km. This is sufficient to pérmit study of the
large- and intermediate-scale (on the order of 10-100 km) segméntati_on of fault zone lithology, anci thus to
investigéte ﬁle role of inhomogeneous matériai r;x;operties in fault zone dynamics. Recent application of
this method by Michaelv (1988) and _Miéhael and EBerhan-Phillips (1991) have pointed to a general
correlation betweenv variations in >se_ism'icit‘yv along sections of the SAF system and P-velocity anomalies at

depth.

In this thesis I make detailed interpretations of existing three-dimensional tomographic velocity models of
the transition zones at either end of the Central Creeping Section of the SAFZ computed by A. Michelini

(Michelini, 1991; Michelini and MCcEvilly, 1991). These sections of the fault zone, near L.oma Prieta and

Parkfield, are where the changes in slip mode from creeping to locked are the most dramatic and both have

experienced significant earthquakes during the past 30 years Therefore, we would expect to see

correspondingly large changes in fault zone structure or composition, or both, along these sections.

Abuﬁdaﬁt travel time data are available from the dense seismograph coverage of each sectién to constrain
the three-dimensional models. The models érg "calibrated” against laboratory velocity data for basement
rock types on either side of the fault and availablé seismic refraction mddels._ This enables anorhalous
velocity bodies to be identified and candidate lithologies for them to be investigated. Informationvaﬁout

fault slip is provided by' the locations of earthquakes computed uSing the three-dimensional velocity models

 and from geodetic data. Information on the influence of lithology on slip stability is therefore contained in



the relationships between the seismicity and surface displacemerit and the velocity models. 1 also

investigate the relationships between variations in lithology and surface fault geometry. »

Lithological interpretations for the L.oma Prieta section are based on only the P velocity model availablg for
- this section. Both P and S velocity, models are available for the Parkfield section, which provide enhanced
constraint on candidate mineralogies, and also permit investigation of the role of porosity, fluid Samraﬁon
and pore pressure in fault ‘proc_:esses. In addition, the P and S models enable realistic estimates of in situ

élastic constants to be made, which provide important input to numerical models of fault deformation.

10
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CHAPTER 2
STRENGTH AND SLIP STABILITY OF HETEROGENEOUS FAULTS

In this chapter I examine the conditions-necessary for unstable versus stable slip on a fault, and fér the
nucleation and arrest of dynamic rupture. I then explore the ways in which these conditions can be
achieved within a fault zone in the Brittle crust of the Earth. The description d_f fault stability is based upon
current theories of frictional mechanics. The equivalence between frictional and fracture theories of
dynamic failure allows concepts of fault strength to be expressed by the same set ofv matg:riiﬂ-debendent

parameters as fault stability.

The strength of a frictional contact can be expressed as the shear stress necessary to initiate sliding at the

. contact by a linear coﬁsﬁtutive law of the type (Jaegér and Cook, 1979, p.56):

Cs = Gg + UGy Q1)

where o and 6, are the shear and normal stresses, respectively, o, the cohesion and p the coefficient of
friction. To first order, base frictional strength as expressed by this equation is found to be. essentially

constant and the same for most rocks (including fault gouge but not some clays) above a normal stress of a

few hundred bars (Byerlee, 1978), and is insensitive to temperatures below about 400° C (Stesky etal.,

1974), surface roughness, and displacement and displacement rate. There are two ways to change the

effective- base frictional strength of a fault. Following Anderson (1951), the first way is to change the

- fault’s orientation with respect to the local tectonic stress field, thus changing the resolved shear and normal

stresses on the fault plane (see, for 'example, Jaeger and Cook, 1979, p.65). The second way is to, introduce

pore fluids at pressure P, which reduces the effective normal stress at the fault so that (2.1) becomes:

G5 = Go+M( Gy - P) e

1
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In the absence of either variations in géométry or pore fluid pressure, the notion of what is meant by fault
"strength” in the context of earthquake rupture becomes more complex. This is discussed in Section 2.2
“below. It is also important to realize that Equation (2.1) tells us nothing about fault stability, which

depends upon second-order perturbations about the base friction, as described in the following section.
2.1 Frictional Stability

It has long been known that 1 drops appreciably from its static value to a kinetic value once surfaces in
contact are in motion. This is termed "slip weakening”. It is this perturbation about the base frictional
strength, coupled with the regponse of the surrounding elastic system, that determines whether slip will be
stable or unétabl_e. If p falls off more rapidly with displaéemeni, u, than the elastic system, stiffness K, éan
respond, thena dynamic instability occurs, as expressegl by (Scholz, 1990, p.74):

T 23)

du

Slip weakening is sufficient to explain how an instabiliiy can begin but not how it can be arrested.
However, laboratory experiments have shown that friction duﬁng sliding is a function of sliding velocity,
‘rather thz_m displacement (e.g. Dieterich, 1979; Tullis and Wéeks, 1986: For a reviéw, see Sholz, 1990,
chap. 2). These velocity weakening constitutive laws provide the necessary mech;mism for strength to be
regained to arre;et the instability after sliding has begun. In addition to a direct velocity dependence, ihese
laws also include dependence‘ on one or more state variables, y, which, in a general way, express the
dependence of friction on the microméchanical state of the frictidnal contact as it evolves during sliding.
General forms of these state- and rate-dependent laws are giveﬁ by, for example, Ruina (1983) and Tullis

and Weeks (1986). A single state variable form given by Scholz (1990, p.79) is:



(D) = Lo + by(t) + a In(VV™) - (24

dv _ vy +n(vvY) o
dt - D o o . ‘(2.41'))

[

 where 1L, is the base frictional strength, _V"< is some reference velocity, and a, b and D are constants. The

third term in (2.4a) gives the direct dependence on sliding velocity and the second the dependence on y, the-

evolution of which is given by (2.4b). Figure 2.1 shows the response to a step in velocity from V* to eV,

where I have set =y, for V=V* From this figure the direct velocity effect is given by:

Hy=iq+a . . (2.5)

at which time y begins to evolve to its new steady-state value at the new vélocity over characteristic

distance De, and p drops from py to its new steady-state Kinetic value:
- Uk=Ur-b _ ‘ 2.6)
Hence the dynamic stress drop from 1] to pk is given by:

Ap=a-b _ ' @7

and for velocity weakening:

(a-b) <0 : , _ '(2.8)’

13
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Figure 2.1: Response of rate- and state-dependent friction constitutive law to an e-fold change in sliding

velocity.
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From (2.4) we have:

e L(p-m) =L(b-a) | 29)

(2.10)

n

Rice and Ruiﬁa (1983), Gu et al. (1984) and Tullis and Weeks (1986) show that there are three possible

stability states:
1. Velocity strengthening, (a - b) > 0: system is always STABLE.

2. Velocity weakening, (a - b) <0
System will always be UNSTABLE if the stiffness of the elastic system is less than some

critical stiffness:

ou(b-a)

(2.11)
If K > K¢ the system istONDITIONA'LLY UNSTABLE; i.e. it will be stable unless it
experiences a sudden large velocity jump. A conditionally stable crustal fault will slip stabley

- under normal steady-state tectonic loading, but will fail unstably under high dynamic loading

during an earthquake.

15



2.1.1 Factors Affecting Sliding Stability

The parameters a, b and D¢ of (2.4) are identified with the micromechanical properties of the frictional

contact and are therefore intrinsic material properties. In the interpretation of Dieterich (1979), for

example, D¢ is identified as the mean asperity radius. In this interpretation, the state variable, y, assumes

)
the role of the average lifetime of an asperity contact. Thus the second-order perturbations, -;L:- , on the

base frictional strength that govern the stability of sliding are very sensitive to the properties of the

materials in contact, and also to the environmental factors that in tum affect those properties.

Byerlee (1970) identified the predominant mechanism of unstable sliding to be brittle fracture of asperities.
Byerlee and Brace (1968) and Brace (1972) found that the following factors promote unstable sliding: (1)
Low porosity, siliceous rocks, especially those comziining quartz; (2) Smooth surfaces with small

thicknesses of fault gouge; (3) high normal stress; and (4) low temperature. Factors which favor stable

sliding are platey, soft and ductile materials, thick gouge layers, and the presence of fluids.

The dependence on normal stress is expressed in Equation (2.3) and results from an increase in the real area

of contact as asperities deform under increased normal stress. The dependence on temperature in multi-

mineralogic rock is moré_ complex (Stesky, et al. 1974, Stesky, 1978), but stems from a change from brittle

to ductile mechanisms of asperity failure at higl; temperatures. The effects of fluids are twofold. First,
fluid pore pressure reduces the effective normal stress as explained above. Secondly, water (specifically)
weakens asperity contacts owing to its chemical reactivity _wi(h silica. In addition, fluids significantly alter
the characteristics of fault gouge, both by chemical alterati-on and by enhancing cataclasis and acting as

lubricants (Moody and Hundley-Gough, 1980).

Apart from the environmental effects discussed above, the factors that affect slip stabili"ty are directly
related to lithology. The first intrinsic lithological factor results from the presence of specific weak or

ductile materials, such as serpentine, talc and calcite. Byerlee and Brace (1968) found that as little as 3

16
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percent of serpentine drastically modified the slip behavior of gabbro towards stable sliding, and serpentine

has generally been proposed as a stabilizing agent along fault zones (Allen; 1968; Irwin and Barnes, 1975).

" The second lithological factor, the thickness and nature of gouge, assumes importance for lithologies in

general.

1

2.1.1.1 Wear and the Production of Gouge

Once a gouge layer has formed between two sliding surfaces, high shear strain becomes localized within it.

Therefore, the fault "surface” is actually the gouge layer, and it is the properties of the gouge that determine

the characteristics of frictional sliding at the contact. Sammis et al. (1986) and Chester and Logan (1986)
describe the deilelopment of gouge both within natural fault zones and in 'laborat'ory experiments. The final
characteristic self-similar or log-normal distributions of gouge particle sizes (Sammis et al., 1986; Marone

et al,, 1990)) result from comminution of sharp, angular breccia fragments produced by the damage and

. wear processes that are described below. Shear deformation within a mature gouge layer is localized on

discrete shear planes within the gouge and at the gouge/rock (or gouge/damage zone) interface, and takes
place by a combination of grain boundary sliding and rotation, and dilatation. Chester and Logan (1986)

observed significant variations in the stiffness and strength of the gouge layer along strike arising from

small-scale variations in the properties of the wall rocks and from localized geometrical irregularities.

They go on to-describe the development of the damage zone between the core gouge layer and intact rock
resulting from continued fault displacement. The damage zone grades outwards through increasingly larger

breccia fragments to fractured rock and subsidiary faults.

Marone et al. (1990) investigated the dependence of sliding stability on gouge thickness in tenﬁs of a rate-
and state-dependent constitutive law of the type outlined above. They found that the parairieter (a-b) is
directly probortional to gouge thickness. Therefore, thick gougev layers are velocity srengthening and
inherently result in stable sliding. Their results indicate that this ve]ocityvstrength'enin.g is the result of

dilatancy, which means that in natural fault zones stable sliding is favored in _unconéolidated gouge or



shallow sediments. This introduces a further dependence on normal stress, since increasing normal stress

will compact granular materials. The parameter D¢ was found not to be a function of gouge particle size or

layer thickness.

Three main .frictional wear mechanisms have been identified (Scholz and Engelder, 1976; Engelder and
Scholz, 1976; Logan and Teufel, 1986; Scholz, 1990, chap.2): (1) Brittle fracture of asperities; (2) Plastic
deformation of asperities followed by shearing off of the asperities (adhesive wear); and (3) Ploughing of
asperities through the opposite surface; The first mechanism characterizes the cbntact of two hard rocks,
the second the contact of two ‘soft rocks, and the tﬁird the sliding of a hard rock acfoss a soft one. Thus, for
example, wear at a sandstone/sandstone contact takes place by brittle fracture of quartz asperities, at a
limestone/limestone contact by flattening and shearing of calcite asperities, and at a sandstong/limestone
contact by ploughing of quartz asperities through the calcite substrate of thé limestone. (Scholz, 1990,

p.61).

" In generﬁl, wear between rocks of contrasting hardness, but when both hardnesses are relatively high,
involves both Mechanisms 1 and 3. The asperities fractured off by Mechanism 1 become sharp, angular
gouge fragments. In addition, micfofractuﬁng behind an asperity slidihg across the opposite surface results
in the formation of relatively large particles which are eventually plucked out of the substrate. These
"pluck-outs" significantly increase the volume of gouge produced (Moody and Hundley-Gough, 1980).
The plucking process is particularly important when there is a significant hardness contrast befween the two
surfaces and Mechanism 3 operates in addition to Mechanism 1. This is because the lower grain boundary

strength of the softer rock allow microfracturing to occur more easily. -

In summary, laboratory results indicate that abrasive wear and plucking are the predominant mechanisms of

gouge production in quartzo-feldspathic rocks. The dominant factor controlling the volume of gouge

~

produced appears to be the hardness confrast between the surfaces in contact. Distinction between the

three basic mechanisms described above is based upon the hardnesses of the individual mineral constituents

18
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of the rocks. However, the plucking mechanism appears to depend on bulk hardness, which is a measure
of £he grain bounddry strength of the rock. This:was suggested by Scholz (1990, p.70), wﬂo compared the
wear rates at a sandstone/sandstone contact with those ata granite/granite contact. Although the significant
mineral hardness of Both rocks is that of quartz, the wear rate of the sax;dstone was 3 to 4 times higher than
that of the granite. This difference is explained by pluc}cing, the bulk hardness (as measured by uniaxial

strength) of sandstone being about three times lower than that of granite.

I have discussed in this section the basic theory of Slip‘ stability as it is described by state-and rate-

dependent frictional laws, and the factors that determine slip stability in nature. The main limitation at

present'in applying these empirical laws is unc‘ertainty in scaling the Iaborzitory-derived values of the

19

parameters (a - b) and D¢ to crustal faults. In particular, no guides presently exist as to what might be -

éppropriatc values for D¢ on crustal faults. In order to obtain geophysically reasonable results, Tse and

Rice (1986) had to assume a value for D¢ of about 1 cm, which is three orders of magnitude greater than

laboratory-determined values. The constitutive laws have been investigated in the laboratory for only a few

of the rock types likely to be encountered in fault zones. In particular, the stability behavior of different:

rock types in contact has not been investigated, and no wear data presently exist for frictional sliding:

between quartzo-feldspathic rocks having different hardnesses.

\
~

_Further application of these ideas to crustal fault zones is deferred until I have discussed the concept of

fault stncngth‘ and described a unified fault model.

/
/

2.2 Fault Strength

Current models of earthquake nuéleation and arrest of dynan‘lic. rupture propagation envisjon_ a fault as
having an heterogeneous distribution of st‘rehgth. However, as I noted at the beginning of this chapter,
according to Byerlee's law, the base_frictidna1 strength should not vary significantly over a fault plane. For

a more or less straight fault, then, and in the absence of pore fluid effects, how can variations in frictional



"strength” be achieved? Clearly the "strength” incorporated into the dynamic rupture models cannot be the

base frictional strength.

Q-

Upper vield stress

Initial stress

Sk T

> U

Figure 2.2: Slip-weakening instability model.

~ Fracture mechanics treats a slipping fault as probagating shear cfack. For propagation, the crack driving
force per unit length of crack extension, G, must exceed a critical value, G.. The crack driving force ét any
point along the crack front is supplied by‘thc local applied shear stress, ¢;. In the case 6f dynzimic rupture,
o, is the sum of the local ambient shear stress and the dynamic stress field in front of the propagating crack.
Behind the crack front, the crack slips at its kiﬁetic frictional level, 6. G corresponds to the intrinsic
fracture strength of the material, Oy, the crack propagating dynamically when o, reaches Oy. In order for
the stress at the crack front to remain finite, the stress must fall from oy to the frictional level, ok, over a
finite distance, d;, immediately behind the crack frbnt, which means that a critical crack length ("nucleation
length™) must be attained before dynamic rupture can propagate. A crack-front slip weakening model of
this type' (Andréws, 1976) is shown in Figure 2:2. In this fracture-mechanical formulation, G and oy are
mateﬁal properties that can vary ovér the fault surface, thus providing the source of one type of suengm

heterogeneity.

20
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-Comparing Figures 2.1 and 2.2 we see that the form of thé fracture slip-Weakening model is the same as the
"state- and rate-depéndent fﬁcﬁondl Ihodel if oy is set equal to pyoy. This says that the directv analog of the
fractre strength oy must be the friction level that results from the direct velocity effect in Equation 2.4a,
which is always positive. Therefore, this frictional strength depends on thé pafmneter é and is a material
property (as required by its equivalence to Gy) which can vary over the fault plarie under the influence of
the same féct()rs that control friciional stability. For these two equivalent formulations of dynamic fault

rupture we define the qﬁanu'ties dynamic stress drop:
Ac ='(01-ck)=(a-b)c,, \ (2.12)
and "strength excess”:

(oy-01) =ac, : (2.13)
k .
The strength parameter that governs dynamic rupture is the dimenszionless‘ ratio of the strehgth excess (i.e.
the increase in stress above o, required to initiate dynaﬁic rupture) to stress drop (Das and Aki, 1977;

Okubo, 1989; Scholz, 1990, p.170):

Oy 61 _ _a

2.14
G -Cx - ‘a-b ¢ )

Vs
S is a measure of strength in that it éxpressés the resistance of a fault to' dynamic rupture, and is again a
. material property. Note that because S is depéndent on o; it may vary through the earthquake cycle. In
particular, S depends on the previousJ history of fault rupture, since ¢; includes cdntn‘bu_tions from dynainic
loading by previous earthquakes as well steady-state tectonic loading. The use of the word "strength"

throughout the remainder of this thesis, unless otherwise qualified, refers to the fracture strength, Gy, and its

“frictional equivalent.
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2.3 Models of Fault Stability and Strength Heterogeneity

I have shown how two measures of fault strength, S and Oy. can be expressed in terms of the same

parameters that control fault stability. This enables a unified heterogeneousb fault model to be developed

that combines con;epts of ‘earthquake nuclea;ionvand aﬁest with partitioning of slip stability. For this
purpose it is useful to introduce the "seismic éoupling" .parameter, X, which is defined as 'the ratio of
coseismic moment release rate to total moment release rate as calculated from geological slii) rate or from
relative pléte motioh (Scholz, 1990, p.284).. This parameter is a measure of the degree of stabiliiy ofa
| fault. |
T\v‘vo mbdel's have been proposed to— explain earthquake. nucleation and arrest vand the observed
heterogeneity in dynami;: rupture during earthquakes. - These are the barrier and asperity ‘models. The
barrier concept was éﬂginally introduced to explain the arrest of dynamic rupture.at localized "high-
strength" patches on a fault (Das and Aki, 1977; Madariaga, 1977; Aki, 1979; Papageorgiou and Aki,
1983a,}b). A balrier,' therefore, is a patch having reiatjvely high rupture resistance, S. Equation (2.14)
shows that this can be achieved in two ways. The first is that the iﬁtrinsic strength of the fauit at that point,
Oy. is high. This is termed é "strength barrier" (Aki? 1979) or "fracture energy barrier” (Husseini et al.,
1975) and is a permanent featare of the fault. The second way to achiexlre. high S is for the locél appiied

stress, o, available to drive the dynamic rupture to be low. This is termed a "driving stress barrier"

,(.Husseini et al., 1975) or "relaxation\barrier'" (King, 1986). Since 6, may depend on the stage in the

seismic cycle the fault patch is at, a relaxation barrier may not be a permanent feature. On the other hand,

22

o, on a fault segment that always slides stably will always be close to zero, so such a segment can act as a ‘

permanent relaxation barrier. It is important to note that in order to achieve the long-term segmentation
demanded by the characteristic earthquake model, certain barriers must be permanent, and not rely on

variations in ¢, through the seismic cycle for their existence.
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An asperity was originally defined as a area having relatively high stress drop on a fault that nucleates

- dynamic rupture and does not slip otherwise (Lay and Kanamori, 1980; Lay et al., 1982; Rudnicki and

Kanamori, 1981; Kanamori, 1986). The high stress drop is usually attributed to a large &, in (2.12)

resulting from stress being concentrated at "strong” patches on a fault plane (analogous to asperities in the

micro-mechanics of friction) during tectonic loading. If such an asperity is a patch that has a high Gy, then

that patch could evolve from a barrier to an asperity through the seismic cyclé: S falls from the high value

it has when the patch acts as a barrier as 6, increases due to loading by the arrest of successive earthquakes

and at the steady-étatc tectonic rate. The patch fails when o, equals Gy'(S=O). Beéause Oy is high, 0; at the

time of failure is also high, so the resulting stress drop is large and the patch acts as an asperity.

According to the definition above, an asperity need not necessarily be a particularly strong patch on the.

fault, but merely one that fails unstably and nucleates dynamic rupture on the surrounding fault plane. This

could happen at a low value of oy if, for example, oy were small. Therefore, the essential attribute of an

asperity, unstable slip, derives from the friction;\ll constitutive law that governs slip stability on that part of

\

" the fault compared with the surrounding fault. Following Scholz (1990, chap.7), this realization, together -

with the fact that the strength, Gy, of a fault can also be expressed in terms of the same constitutive:
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parameters, leads to a heterogeneous fault model that is based upon frictional stability. In this model each - -

part of a fault can behave in one of the following ways:

1. Always slide stably. This is the velocity strengthéning case, for which (a - b) > 0 in Equation
(2.10). This behavior characterizes creeping parts of a fault. olis low, and these parts of a fault
can act as relaxation barriers to arrest earﬂlquake rupture. ) is zero. The central zone of the

~ Central Creeping Section of the SAFZ is an example.

2. _Slide stably under steady-state tectonic loading but unstably under dynamic loadirig. This is the
conditionally stable case for which (a - b) < 0. This behavior characterizes the "locked" parts of

faults, which do not nucleate earthduakes but which rupture dynamically during eanhquakes.' In

7
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this case we:can regard the "locked" parts of fault zones as creeping at a very slow, perhaps
imperceptible rate. 7y is approximately 1. The 1906 and 1857 earthquake segments, except
within the hypocentral zones and possibly where the mpiures are arrested, are examples of this

kind of behavior.

" 3. Slip only unstably. This is the unstable case for which (a- b) < 0. ‘These parts of the fault are the
asperities where earthquakes are nucleated, and are. envisioned as being of limited extent

compared with the dimensions of the "locked" parts tha_t rupture during earthquakes. y is 1.

These are the three basic types of fault contact. Mixed zones exist containing the three basic types of
contact in varying proportions. Examples of mixed zones are the NW and SE transition zones of the

Central Creeping Section of the SAFZ. y for these zones is some intermediate value between 0 and 1.

Having developed this self-consistent model of a heterogeneous fault based upon frictional stability, what

remains is to explore how these stability transitions can be achieved along the strike of a fault zone.
2.4 Stability Transitions

wer.

2.4.1 Stability Transitions with Depth

Empirical laws of the type described in Section 2.1 have been applied to crustal faults to investigate

transitions between stable and unstable sliding with depth. Tse and Rice (1986) obtained a realistic ‘

simulation of the seismic cycle and depth distribution of earthquakes on the SAF by using laboratory-

derived relationships between (a - b) and pressure and temperature. In this model, the bottom of the

seismogenic zone occurs as a temperature-induced transition from unstable to stable sliding. The upper
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bound of the seismogenic zone is similarly identified as an unstable-stable transition caused by the -

reduction of normal stress and changes in the stiffnesses of the surrounding rocks at shallow depths,



according to Equation (2.3). Marone and Scholz (1988) pfoposed an alternative explanation of this upper
stability transition based upon the intrinsic properties of the fault zone materials. In this model, the
transition to stable sliding results from the inherent velocity strengthening properties of poorly consolidated

fault gouge or sedimentary rocks at shallow depths, as described in Section 2.1.1.1. This is an indirect

result of decreasing normal stress, since the degree of compaction of the gouge or sediments is proportional .

_to normal stress.
-
In terms of the unified stability;based mode], the one-dimepsional model of a typical active crustal fault is:
surface to upper stability transition, Type 1, always stable; upper stability transition to lower stability
transitibn, Type 2, conditionally'stablé, or mixed Types 1, 2 and 3; lower s@biiity transition to final brittle-
ductile transition (semi-brittle zone), Type 2. Séholz (1990, chap.7) used the compéction mechanism of
Marone and thoiz.( 1988) in his .applicau'on of the stability-based heterog.eneous fault mddel to subduction

zones.” In this application, variations in (a -b) are a function of compaction of subducted sediments under

varying normal stress.
2.4.2 Stability Transitions Along Fault Strike

The factors that are re;ponsible for the vertical stability transitions discussed above ér_e temperature and
pressure. In the along-strvike-dimen;eion‘ we are faced with a different sét of choices. At a given depth
within the seismogenic range, the temperéture does not vary sufficiently to induce siip‘stability @siﬁons,
and the limostz;tic pressure is essentially consxani. To account for- along-strike‘stabilit.y tr:«.ms'itions,
therefore, we are léft with a choice of v;.lriationsj in effective normal stress caused by fault geometry or fluid

pore pressure, or variations in the properties and amounts of fault zone materials brought about by

lithological heterogeneity or by alteration by fluids.

The geometfy-based models described in Chapter 1 play an impbrtant role in explaining nucleation and

arrest of dyﬁamic rupture along fault zones. Geometry, therefore, provides one type of physical barrier.
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Fault steps are strength barriers (Husseini et al., 1975; King, 1986) because at them rupture on a fault
segment is terminated upon encountering intact rock. Steps of either sense act in this way. Bends change
the fault orientation with respect to the local driving stress (o)) field, thus altering the resolved normal and
shear stresses on the plane. In general, compressional bends (e.g. a left bend on a right-lateral su_'ike-slip
fauit) result in an increase in the normal stress across a fault and so impede'rupture. Geometrical features
can also act as asperities, either because they act to increase the strength, Gy, of &e fault and perhaps follow
. the'bénrier-aspeﬁ'ty evolution model described above, or because the resolved normal stress across the fault
acts either directly or indirectly (through increased gouge compaction, for example) to increase the

instability of the fault at that point.

Geometry, therefore, can explain fault zone segmentation in terms of delimiting segments that rupture

independenty during earthquakes by providing a physical explanation for barriers and asperities. However, .

because geometrical irregularities are essentially localized, they cannot éxplain segmentation at the more
fundamental level embodied in the stability-based model, and in particular, why some fault segments slip

stably whereas other, roughly parallel, segments fail in earthquakes.

What we are left with, therefofe, upon which to base an overall along-strike stability-based segmentation
model, is a set of parameters that depend either directly or indirectly upon lithological heterogeneity along a
fault zone. This considers that fluid and pore pressure effects depend upon the peﬁneébilities of faﬁlt zone
materials and the surrounding rocks.  The important intrinsic lithological factors are the presence of specific
weak minerals, the thickness of gouge, ahd the relativeé hardnesses of fault wall rocks from which the gouge
is produced. In the case of fluid-related effects, the ii’nfmrtzmt parameters are porosity, permeability and
degree of saturation. .All of these lithological faétors are io some degrée amenable to study through seismic

subsurface imaging.
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CHAPTER 3.
METHOD OF ANALYSIS

I use existing three-dimensional crustal velocjty models of two sections of the SAFZ in central California
computed by A. Michelini (Michelini, 1991; Michelini and McEvilly, 1991) to study the relationships
ainong Iimolegical heterogeneify at seismogenic depths within the fault zone and variations in slip,
earthquake nucleation and rupture, and the surface geometry of the fault. The locations of the study areas,
the first centered on Lqma Prieta and the second on Parkfield, are shown in Figure 3.1. The Lema Prieta
section straddles the final transition at Pajaro Gap from the NW end ‘of the Central Creeping Section to the
locked 1906 segment (see Section 1.1). The Parkfield section covers the final stages of the fall-off in creep
rate at the SE end of the Central Creeping Section but does not extend beyond Gold Hill into the lqcked

1857 segment. -

These two fault sections are almost ideally located to attain the objectives of fhe present study. The
transitions from the Central Creeping Section to the locked 1906 and 1857 segments are the most profound
changes in the large-scale slip behavior of the SAFZ b'etween its ends. The Loma Prieta section includes
the rupture zone of >the M. 7.0 October 18, 1989 UTC Loma Prieta earthquake. The Parkfield section
iﬁciudes the rupture zone of the M 5.5 June 27, 1966 UTC earthquake.as far as 4 km NW of Gold Hill.
Therefore, I am able to relate both the transitions in the overall slip behavior of the fault and the dynamic
ruptures of two earthquakes to lithological inhomegeneities interpreted from the models.
\

The aftershocks of the 1989»emhquake and intense pre-mainshock, "background”, microseismicity in the
southeastern half of the section recorded on the U.S. Geological Survey's (USGS) pennanent CALNET
seismographic neswork psovide abundant data to eonstrain the Loma i’rieta P velocitymodel. The level”of
seismicity within the Parkfield study area is lower, but this'is partially compensated for by the dense, high

sensitivity seismographic coverage in this area. Most importantly, the Parkfield instrumentation records

three components of ground motion, which permitted an S velbcity model to be computed in addition to the
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P model. In addition to the seismographic data, both sections of the fault zone are being intensely studied

' using a wide variety of geophysical and geological techniques. These studies, particularly the geological

and geodetic investigations, provide constraint on lithological interpretations and slip distributions.

- 3.1 Method

The research described here is based primarily upon thrée data sets. The first set ié the P and, for Parkfield,
the S velocity model, from which lithological and structural interpretations are made. The second data set
consists of the seismicity, variatioﬁs in which reflect the slip stability_of the fault contact. Long;tenn
Background microseismicity contains infdrmation about large- and intermediate-scale stable slip on the
fault, while mafnshocks and aftérshocks provide information on unstable slip (dyna_mib rupture). The third,

geodetic, data set is taken from published sources and provides information on long-term slip.
Analysis and interpretation follow the following scheme:

1. Well-resolved parts of the near-surface P velocity (V) model are compared with geology maps. This

first enables the general quality of the model to be assessed by ensuring that the overall velocity -
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pattern agrees with the distribution of outcrops (relatively high velocities) and surficial sediments

(low velocities). The shallow models are also compared with gravity and aérdmagnetjc maps.

. Secondly, the shallow V, model can be "calibrated" against outcropping basement'lithologies.

- 2. Toextend the interpretation to depth, "normal™ basement Vp-depth (VplzD profiles are computed for

the uppermost 15 km of the crustal blocks on both sides of the SAFZ, based ‘upon published
laboratory fopressure and Vp-temperature data for specific basement rocks that outcrop in the study
areas or for other rocks that are possibly representatiVe of the central California Coast Ranges.

Velocity is computed as a function of depth using the following equation:



V@ = Vo | D T

oP 9T 4z G

where Vj, is the surface velocity anda the average density of the rock between the surface and

depth z. The first term in the brackets assumes lithostatic overburden pressure. The geotherm,
dT/dz, is taken as San Andreas Profile A of Lachenbruch and Sass (1973), which is approximately
30°C/km in the upper 15. km of crust. The partial differentials are published velocity-pressure and
velocity-temperature gradients for given fock types. Most of the published sources givé- actual
velocities atvdiscreet pressures and room temperature so, after the pressure vaiues are convéned to

depth assuming lithostatic pressure, (3.1) reduces to:

V(z) = V(@ T=20) + CAM z (2)
aT dZ '

Certain sources do not give the temperature derivatives of velocity. For these cases an average value
of -8.(10)4 km/s/°C was used. As the temperature derivatives of velocity are about two orders of

magnitude less than the pressure derivatives, this does not introduce appreciable error.

The velocity-pressure relationship for a partiéular rock type de;rived in the laboratory at pressures
| greater than about 0.1-0.2 GPa (crustal depths of 4-8 km) is usually considered toy_be applicable at
any lo.catio'n within the crust at or below those depths (Christensen and Salisbury, 1975).
Measurements made at lower pressures, on the other hand, are in general heavily dependent upon the
porosity,bparticularly the fracture porosity, of the particular laboratory sa:npie; so the behavior of a
specific rock type at shallow crustal depths may vary significantly from location to location.
Therefore, although the laboratory daté are probably representative in an average sense, they are not

expected to represent near-surface in situ velocities in detail.
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Suitable laboratory data are not available for certain rock types of known composition that outcrop

within the Loma Prieta ahd Parkfield study areas. For these cases, theoretical rock velocities can be

estimated as averages of the velocities of their major mineral constituents, as follows:
Vi =p1V1+p2Va+--- -+ piV: - (3

where V; is the roék velocity, and p; and Vj are the percentages and velocities of the constituent
minerals, respectively. Following Christenseﬁ ‘(1966a), the relationships between mineral
composition andbvelocity c.an conveniently be expréssed using tn"amgle diagrams in which the ap’exés
are the velocities of reasonably pure monomineralic ziggregates of the three majo; constituents taken
from pubiished sources. Agreement to within a ‘few percent bétween theoretical velocities calculated
in this way and velocities measured in the laboratory has been found for ultramafic (Christenéen,
1966a; Chriétensen and Saligbury, 1975), mafic (Christenvse_n and Salisbury, 1975), and metamorphic

(Christénsen, 1965, 1966b) rocks, at pressures of 0.1-0.2 GPa.

3. Further constraint on the sub-surface V), structure is provided by published regional and local seismic

» refraction models.

4. Vertical profiles. through the three-dimensional Vp models are made at various locations, including at
basement outcrops and through the surficial sédiments. Comparison of these profiles with the

refraction models and lziboratory_Vp(z) data enables the surface-calibration made in (1) above to be
continued to depth, and major sub-horizontal subsurface geological contacts to be identified in the

three-dimensional models.

5. The three-dimensional Vp, models are now examined for significant anomalies with respect to the
normal basement velocities. Possible rock types that these inhomogenietiés could be composed of

are assessed by compéring their velocities with the laboratory data.



6. Poisson's ratio, or-equivalently, the Vp/Vj ratio, is especially diagndstic of certain mineralogies. For
Parkfield, a Vp/Vs model is derived from the Vp and Vs models and used to refine the constraint on

candidate anomalous rock types.

7. Gravity, aeromagnetic and reflection data are examined for evidence of the inhomogeneities

identified, and these data are used to constrain further their lithologies.

8 Porosity and the influence of pore fluids is investigated within the Parkfield zone by interpreting the

Vp/Vs model using relationships between Vp/Vs and fracture density and fluid saturation (O'Connell

and Budiansky, 1974).

9. The interpreted velocity rhodels are now correlated with the spatial distributions and mechanisms of
background seismicity, mainshocks and aftershocks located using the three-dimensional models, and
with published geodetic data. This enables qualitative correlation of slip stability and earthquake

nucleation with the lithology and porosity models.

3.2 Joint Inversion for Velocity Structure and Hypocenter Relocations

The tomographic inversions for the Loma Prieta and Parkfield three-dimensional velocity models are
described in Michelini (1991) and Michelini and McEvilly (1991), and are briefly summarized here. The
method is a progressive joint inversion for P and-S velocity models and hypdcemer locations. The models

are parameterized on a grid of nodes in terms of cubic B-spline basis functions: This parameterization

yields inherently smooth models, since the B-spline basis functions are everywhere continuous up to and

- including the second spatial derivatives of velocity, and, being cubic, are defined on 64 contiguous nodes. .

This intrinsic smoothing forms part of the regularization of the inherently under-determined seismic
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tomography problem. The relatively accurate cubic interpolation limits bias caused by the parameterization

of the model, and the smooth model retains the principal features of the velocity distribution.

The resolution matrix of the inverse solution wa§ computed and from it a scalar "spread function" (e.g
~ Toomey and Foulger, 1989) was derived that venables the resolution of the model to be shown graphically in
a meaningful manner. >The spread function for any particular node is essenﬁa]]y a weighted sum of the
elements of the.row >of' the resolution matrix corresponding to that node, the weights (or penalties)
corresponding to the distances from that node to the rest of the nodes iﬁ the grid. The row of the resolution
matrix fof a perfectly resolved node will have all élemems zero except for the diagonal element, and since
this is multipli_ed by a distance penalty of zero, the spread function will be zero. Large off—diagonal
elements at lafge distances Will correspondingly rapidly inflate the spreqd function. Therefore, the scalar
value of the spread function is a measure of how peaked (i.e close to a delta function) the estimated velocity
is at a particular node. The spread function field is superimposed on the velocity model diSplay, as shown

on Figures 4.4-4.7.

The ultimate resolution of a computed model is limited by the uneven source-receiire: geometry, and hence
non-uniform ray coverage and sampling of the model volume, that is a fundamental problem in earthquake
tomography. The Vs model is always less well resolved and inherently less accurate because of the relative

paucity and lower accuracy of S travel-time data. The different ray coverages for P and S causes the Vp/Vs
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model to be particularly susceptible to instabilities, which appear as spurious Vp/Vs anomalies. This is

mitigated to some extent by the smoothing intrinsic in the cubic B-spline parameterization. In addition, the
coupling between P and S can be controlled as an a priori constraint, and Vp/Vy is stabilized about some
preset average value. Resolution is also determined by the node spacing in the grid, since this imposes a

spatial sampling limit on the data.

Michelini (1991, chap. 3) tested the performance of the method in terms of Vp and Vi resolving powé_r,

stability and accuracy by an exhaustive series of synthetic tests. The variablves' in these tests were node



spacing, and a priori conditioning on damping, smoothing, ray-density weighting, and Vp-V; coupling
Michelini set up two test models. The first, a "spike” test, contained several small, intense velocity
~ anomalies of alternating sign and having a .wavelength of2to3 km “The second was a simuiated one km-
wide low-velocity fault zone having steep, 1.2 km-wide gradients on either side, and a +0.3 V/V anomaly
within the fauit zone. The exact Parkfield source-receiver geometry was imbedded in both models aﬁd
synthetic travel times gen_erated by ray tracing. Node spacing in km for the spike tests was (x[across-
strike], y [along-strike], z [depth]) = (2, 5, 2.5), and for the fault test (1.2, 5, 2.5). Michelini shows the
results of these tests are in the (x,z) plane, which contains all of the velocity variation in the fault model,

and the most severe variation in the spike model.

In general, the method recovered smooth versions of the true models within the central part of the model
volume. For example, a positive spike anomaly having a width of 2 to 3 km would be imaged as a4 to 5
km wide feature of lower (about 5%) amplitude. Positive anomalies are smeared into the adjacent lows with

an attendant reduction of the core anomaly amplitude. Negative anomalies tended to be obliterated at the
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expense of the highs. The absolute resolving power appears from this test to be approximately 2+ km, i.e '

approximately the node spacing. The edges of the recovered models are generally not accurate and exhibit

instabilities, but this is usually indicated by high values of the spread functidn. The spread function does a

good job in indicating model resolution overall. Shallow structure is resolved better than deeper parts of

the model because of the improved ray coverage. The S models have significantly smaller well-resolved

volumes, concentrated in the middle of the model volume.

In the fault model test, the overall 3 km §vidth of the fault zone, almost three times the node spacing, was
accurately recovered, but with somewhat génﬂer'gradieﬁts. On the high-velocity side of the fault the
imaged model is accurate towards the center but velocity contours at the (apparently ;vell resolved) edge of
the model are systematically pulled about 1 km too deep. The position of the V[',/VS anomaly was
accurately recovelred, but it ié smeared laterally to a width of about 4 km and compressed vertically, with a

" corresponding 10% reduction in its core amplitude to about 1.9.



In general, the recovered models are only mildly sensitive to reasonable variations in a priori conditioning,
except that explicit smoothing tends to degrade and de-stabilize the models. Vp/V conditioning was found
- to be effective in limiting instabilities and improving the accuracies of the Vp/Vs models, and also

improved the fit of the S models in the inner parts of the model volume. - Absolute hypocenter mislocations

for earthquakes within well-resolved central part of the fault model average about 0.75 to 1 km, the

locations being systematically too shallow by up to about 0.5 km and pulled into thé high-velocity block by

as much as 1 km. The across-fault mislocation systematically increased with depth.

Michelini (1991) concluded that the resolving‘ power of the Parkfield data set is sufficient to recover the

main features of the Vp, Vs and Vp/V; structures there. For the actual Parkfield inversion, Michelini used

the same node spacing (1.2, 5, 2.5) km] as for the fault model tests. The above discussion indicates that

this model should be able to resolve features as small as 2 to 3 km. Michelini also checked the robusness-

of the inversions with respect to the choice of grid at both Parkfield and Loma Prieta, and obtained very
similar models in all cases. For Parkfield he also examined robustness with respect to the a priori
conditioning options mentioned above, and with respect to different combinations of sub-sets of data. Here

again, he found only minor differences in the resulting models.

35



CHAPTER 4
LOMA PRIETA

4.1 Joint Inversion

Michelini's (1991) inversion for the Loma Prieta V[, model used 5422 P-wave arrival times from 173
earthquakes - aftershocks of the October 18, 1989 'earthquake and pre-mainshock "background” events
(since January, 1984) recorded at a minimum of 25 and 30 local staﬁons, respectively, of the USGS

CALNET central California network. The accuracy of these well-recorded P-wave onsets is estimated to

be +0.02 sec. The starting model for the three-dimensional inversion was a one-dimensional inversion

result from the linear B-splines method of Thurber (1983), a model which yielded a weighted RMS residual
~ 0f 0.236 sec.

The model is discretized in the 9x11x6-point (X x Y x Z), 594-node grid shown in Figure 4.1. Node
spacings are 3, 7, and 3 ki, respectively, in the X, Y, and Z directions. The XY coordinate system is
roiated 45° counterclockwise. to aiign approximately _along the SAF trace. Figure 4.1 also shows the 173
, earth@akes and the stations used in the veloéity inversion. After seven iterations the final three-
dimensional rﬁodel yielded a weighted RMS residual of 0.092 sec. Interpretations are bconservatively based

on the well-determined aspects of the model.’
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The part of the model volume considered in the present study is contained within the dashed box in Figure v

4.1, and extends along strike from y= -45 km to y= 15 km. A total of 717 earthquakes (424 background
seismicity events, ﬂ)e 1989 mainshock and 292 aftershocks) of niagnitude (M1)) 1.5 and greater that lie
within this volume were reloéated with the three-dimensional model determined from the simultaneous
inversion, and are shown in Figure 4.2. The mainshock focal depth is 15.9 km. Fault-plane solutions for
all of th_ese earthquakes were computed using the take-off angles of the relocations as input to the program

FPFIT of Reasenberg and Oppenheimer (1985). Representative mechanisms are shown in Figure 4.2.- The



Y

374 - 1 l ] 1 t ] t 1 1 1 r_ {
A .
A .
A
37.2 - .
(
37 ¢ i
36.8
10 km ‘ ) ) K
36.6 L I ) ! I i ' 1 1 ] 1

1223 1221 -121.9 1217 -1215 -121.3

Figure 4.1: Map of southern Santa Cruz Mountains region showing horizontal distribution of node points.

(crosses), earthquakes (dots) and CALNET stations (triangles) used in Loma Prieta
simuitaneous inversion. Loma Prieta hainshock epicenter indicated by diamond. Major faults
shown as bold lines. Inversion grid extends from (x,y) = (-9 km,-55 km) atb lower left comer to
(15,15) at upper right. Study volume (hea\;y dashed line) extends from y = 45 to 15 km.

Based upon Michelini (1991), fig. 5.1,
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Figure 4.2: Map of Loina Prieta study area showing 1989 mainshock (diamond), October (M>2.5) and
November, 1989 (M=>1.5) aftershocks (filled circles), pre-mainshock se‘isfnicity (M=1.5)
(6pen circles), and representative fo;:al mechanism solutions. Major faults: BeF, Berrocal;
BuF, Butano; SAF, San Andreas; SF, Sargent; VF, Vergeles; ZF, Zayante. See fig. 4.1 for

map orientation.
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rotated X-Y (NE-NW) position convention of Figure 4.2 will be used in figures throughout this section on

Loma Prieta.

a2 The Loma Prieta Velocity Model
' J

Figure 4.3 shows the maf) view‘of the near-surface (z= -3 km) Vp model for compaﬁgon with the surface

_ geology and isostatic gravity data also shown in this ﬁgure: .MapAviews of the model at deepe; horizons are
‘shown in Figure 4.4. Figures 4.5 and 4.6 are across-Scrike (SW-NE) and along’-st’rike (SE-NW) depth

_ secfions through the velocity inodel at specified values of Y and X, réspectivelyf The'velocity r'field is
shown both by contours and by color hue . Values Qf the spread function are indicated by color sqturation, :
fading to white for no reso}htion. The hypocenters showﬁ on Figure$-4.4 -4.6 aré projected onto the planes

of section as described in the individual figure captions.
4 2.1 Relation Between the Velocity Model and Surface Geology

The near-surface velocity stfucture in Figure 4.3 is well correlated With the surface geology and gravity
data. The fc;ur major surface géological units within the area are seen ih thé velocit& model and marked in
the figure as regions I, 11, I11, and IV. | | |

Region I.. The elongated veiocity high enclosed within the 5.2 km/s coniour on the NE side of the San
Andreas and Sargent faults between y= ‘-30 and y= 12 coincides wiﬂl an 6utcrop of Franciscan basement
rocks. The Franciscan complex is a highly deformed? heterogeneouns assemblage 'cohsisting chiehy (about .
90%) of late Jurassic io Cretaceous altered and unaltered graywacke and shale (Bailey et al., 1964; Page,

- 1981; Irwjn, 1990). These rocks range from unmetamorphosed graywacke to high-grade (jade;ite fdcies)
metagraywacke '(iErnst, 1971; Lin and Wang, 198‘0; Stev.vart‘and Peselnick, 1977, 1978).v To the SE of here,

along the Diablo Rangé antiform, the Franciscan rocks are overlain by the nappe of the Great Valley



Figure 4.3: (left) Simplified surface geology, based on Jennings (1977); (center) map view of Loma

"Prieta 3-D Vp model at depth 3 km (below msl), contour interval 0.2 km/s; (right) isostatic

gravity, contour interval 5 mGal. Main geologic units: KJf and Ku, Franciscan complex;

gm, Salinian block; gb, gabbro, Q, Quaternary sediments. See fig. 4.2 for fault identification.
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Figure 4.3



Figure 4.4: Map views of Loma Prieta 3-D V model at depths (below msl) of: (a) 6 km; (b) 8 km; (c) 10
km; (d) 12 km. Contour interval 0.2 km/s. Interpretative panel in b. outlines anomalous high-
velocity bodies. See fig 4.2 for fault identification. Filled red circle is 1989 mainshock
epicenter. Aftershocks (filled black circles) and background earthquakes (open circles)

projected from depth intervals: (a) 3-8 km: (b) 5-9 km; (c) 9-12 km; (d) 11-13 km.
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Figure 4.5: Across-strike (SW-NE) sections through Loma Prieta 3-D V, model. Contour interval 0.2
km/s. Bottom panel of each figure shows lithological interpretation. Lithological units: gm,
Salinian block; KJf, Franciscan formation; Tm, Tertiary marine sediments; JT, Jurassic-
Tertiary marine and non-marine sediments; gb, gabbro. Arrows indicate major faults (see fig
4.2) and locations of velocity profiles A-E shown in fig 4.7. 1989 mainshock shown as filled
red circle in g. Aftershocks (filled circles) and background earthquakes (open circles)

projected from 1.5 km on either side of section plane.
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Figure 4.6: Along-strike (SE-NW) sections through Loma Prieta 3-D V, model. Contour interval 0.2
km/s. Bottom panel of b. shows lithological interpretation at x=-0.6 km (see fig 4.5 for
explanation). Aftershocks (filled circles) and pre-mainshock earthquakes (open circles)
projected from 1.5 km on either side of section plane except in ¢, where they are from x= -3.1
to 1.5 km. Mainshock hypocenter (red circle) projected on to all sections and shown as filled

symbol in its appropriate section (x=-3). Arrow in b. shows position of Pajaro Gap.
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sedimentary sequence, except at New Idria and east 6f Parkfield, where the Franciscan basement is exposed

(Page, 1981; Irwin, 1990).

Region II. The‘narrov‘v velocity low SW of the SAF extending from y= 10 to y= -40 correspohds to
the thick sectioﬁ of Tertiary marine sediments underlying the Watsonville Valley (Clark and Rietman,
1973; Irwin, 1990; Fuis and Mooney, 1990) and {?verlying' the Salinian basement, which is composed of
Paleozoic(?) metamorpﬁic rocks that ilavé been extensively intruded by. granitic plutons of Cretaceous age.
The metamorphic rocks are moderate- to high-grade gneiss, grahofels and impure quartzite and, withiﬁ the

Loma Prieta model volume, the granite is predominantly quartz monzonite (Ross, 1978).

Region ITI. The Salinian basement outcrops SW of the SAF as the Gabilan Range at the extreme
southeastern edge of the model. This outcrop is bounded to the NW by the Vergeles fault, and it correlates
with the relatively high velocities (IIT) centered on x=0 SE of y= 43, In Figure 4.3, it also appears that the

elongated velocity high between y= -25 and y= -40 might correspond to a buried northwesteﬂy extension of

the Gabilan Range, but this is probably not the case, as I will discuss later.

Region IV. Finally, the wedge of low-velocity material between the San Andreas and Sargent faults
SE of y= -26 corresponds to a very thick section of marine and non-marine sediments having the Great
Valley sequence of upper Cretaceous sedimentary and volcanic rocks as its lower constituent This

sequence rests on the Coast Range ophiolite, which is in fault contact with the underlying Franciscan rocks

at the Coast Range thrust (Bailey et al., 1970; Trwin, 1990). The rocks:of the Great Valley sequence are
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relatively undeformed compared with the Franciscan. The area between the San Andreas and the Sargent

faults to the NW of the apex of this low-velocity wedge is a zone of imbricated SW-dipping reverse faults

that juxtapose thin fault-sheared slivers of Great Valley sequence, Coast Range ophiolite and Tertiary

marine and non-marine sediments (McLaughlin et al., 1988). .



The quadrant pattern of alternating high- and low-velbcity bodies defines the San Andreas and Sargent
faults as near-vertical boundaries coincident with strong lateral velocity gradiems.' A similar pattern of
alternating high and 10w‘gravity anomalies separated by steep lateral gradients. is seeh in the gravity map
(fig. 4.3). In general, the shallow veloéi\ﬁes in the model are encouragingly correlative with the geology

and gravity, providing a reasonable degree of confidence for quantitative analysis of the deeper features in

the resolved model.

4.2.2 Interpreting Deeper Features in the Model

Figure 4.7a shows the. Vp model and laboratory velocity-depth [Vi,(z)] profiles for the Franciscan terrane
NE of the San Andreas and Sargent faults. The laboratory data include end members of the Franciscan
metamorphic suite from the work of Stewart and Peselniék (1977, 1978) and Lin and Wang (1981). Figure

4.7b shows the model and laboratory Vp(z) profiles for the Salinian block. The QM1 profile is for the
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Gabilan quartz monzonite sample of Lin and Wang (1981), and GR2 and GR3 are granite samples from *

Birch (1960). Gneiss data shown in both Figures 4.7a and 4.7b are taken from Kern and Richter (1981).
Both figures also show profiles for mafic and ultramafic rocks. The gabbro sample .of Lin and Wang
(1981) is from the Point Sal, California ophiolite, as are the metagabbro and partially-serpentinized

peridotite sample (PSP1) of Christensen (1978). Partially-serpentinized peridotite sample PSP3 is from

Burro Mountain in the Santa Lucia Range, California (Christensen, 1966a).

The seismic refraction profile of Mooney and Colburn (1985) spans the model from SW to NE at about y=

-20. The SW-NE profile of Mooney and Leutgert (1982) covers x= 10 to x= 15 at y= -32. These transverse -

profiles sample only the uppermost (depth to 3 km) Salinian and Fransican basement velocities in the
model volume. The profile of Waltér and Mooney (1982) from Big Basin at (x,y) = (-9, 29) along thé axis
o‘f the Gabilan Range, runs along the southwestern e(ige of the model, penetrating the entire crustal
thickness, but provides only coarse resolution in any particular area. A prdﬁle through this model at y=

-50km is shown in Figure 4.7b. These three studies are combined into a regional transect through the Santa
\

-

Cruz Mountains in Fuis and Mooney (1990).



Figure 4.7: L.oma Prieta model (bold curves) and experimental Vp(z) profiles for (a) Franciscan formation

and (b) Salinian block. Locations of model profiles A-E shown on Figure 4.5. Ordinate is

depth below surface. Sources of experimental data: (1) Lin and Wang (1980); (2) Stewért '

and Peselnick (1977, 1978); (3) Christensen (1978); (4) Christensen (1966a); (5) Kem and

Richter (1981); (6) Birch (1960).
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The locations of the model Vp(z) profiles, labeled A-E, shown in Figure 4.7 are given on the cross-

sections of Figure 4.5.

Profiles A and B. Profile A (y=-36 km) at the Sargent fault reaches the lower bound of Franciscan .

velocities at a depth around 6 km, and remains within the Franciscan velocity range to the limits of model v

resolution at about 11 km depth. The very thick section of low-velocity material above the Franciscan at

* this location is the Great Valley sequence and ovérlying Cenozoic sediments. This section is thickest here,

thinning both vertically and laterally as it pinches out between the San Andreas and Sargent faults to the

NW. Profile B at y= -30 km, east of the Sargent fault, is within the Franciscan band of velocities from the

surface down to 10 km depth, corresponding to the outcropping Franciscan rocks at that location.

Profile C. Profile C at y= -45 km is through the Gabillan Range SW of the Vergeles fault, and
corresponds to granitic bﬁsement at the surface. The surface velocity is in fair agreement with the zero-
pressure velocity for quartz monzonite QM 1, but the model velocities fall siéniﬁcantly below the laboratory
.values for that sample.- This is probably due in part to the lateral smoothness of the model, which broadens
the abrupt transition in the upper crust from fast Salinian basement to the very slow Tertiary sediments of
the Watsonville Valley at the Vergeles fault. Farther into the Gabilan, SE of y= -50 km, the shallpw
velocities 6f Proﬁlé c' agree more closely with the QMlbvalues. However, the modal composition of QM1
(Lin and Wang, 1981, Tabie 1) is in poor agreement with the composiﬁon of the most abundant granitic

“rock type in the northern Gabilan Range, the quartz monzonite of F;emont Peak, identified by Rosé (1972).
The QM1 sample has 23% more quartz than the Fremont Peak quarti monzonite (Ross, 1972, Table 6), at
the expense of feldspars. Smnl;le GR2 (Birch, 1960, Table 4) is almost identical in cémposition to Ross'
sample, and agrees fairly well with Profile C' at depths be]bw 1-2 km. Thé GR2 profile is close to the
Vp(2) profile thfough the refraction model of Walter and Mooney (1982) at y= -50 km (fig. 4.7b). The

* laboratory data do not account for possible macroscopic fracturing and associated low velocities in the

Gabilan rocks adjacent to the SAF that may be associated with the intense microseismicity within the depth
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range 4-8 km, as suggested by Feng and McEvilly (1983). In fact, the C' velocity proﬁlé matches very

~ closely in the 1-10 km depth interval the V(z) at a location 10 km SW of the SAF in the Gabilan rahge-

* found by Feng and McEvilly (1983) from a 22 km long seismic reflection profile which crossed the SAF at

a location y=-75 km in the Loma Prieta model coordinate system.

The smoothness of the model makes it difficult to resolve the contact between the Salinian basement
and the overlying sediments to better than about 2-3 k. The refraction profiles of Moonéy and Colburn
(1985) and Walter and Mooney (1982) have uppermost Salinian basement velocities in the range 5.3-5.5
k:ﬂ/s. This raﬂge corresponds to the steepest vertical velocity gradiem in the three-dimensional model on
the SW side of the SAF. Therefore, we take the 5.3 km/s contour as the sediment/Salinian contact. With
this definition, the velocity cros‘s-secbtionsvin Figure 4.5 indicate that the sediments uﬁder Wétson’ville
Valley reach a maximum depth of 4-5 km. Mooney and Colburn (1985) show a maximum sediment depth

of 2.5# km between the Zayante-Vergeles and San Andreas faults.

Profiles D and E, Apart from the major outcropping units described thus far, the most striking feature
imaged by the three-dimensional model is the large, SE-NW elongated dome -of high velocity rock
extending from depth to as shallow as 7-8 km within the southwestern two-thirds of the model (figs. 4.4

and 4.5). The best view.of this high-velocity rock mass is in Figure 4.6 on the longitudinal cross-section at

" x=0.6 km. A high-velocity bbdy was also imaged inthis vicinity by Eberhart-Phillips et al. (1990) and

Michael and Ebefhart—Phillips (1991). At depths greater than 8 km, the body extends to the NE, cutting

across the trace of the SAF. Profiles D,_SW of the SAF, and E, io the NE, show that the well-resolved

velocities within this body are much too high for both granite and Franciscan rocks. I am confident of the

existence of this high-velocity rock mass at depths as shallow as 7-8 km, and the body would still be

» ' .
evident even if these apparently well-resolved high velocities dre overestimated by as much as 0.4 km/s

(which seems unlikely given the good agreement attained with independently determined vélocity data in
the rest,of the model), although the anomalous rock mass would then be considerably smaller than it

presently appears. Furthermore, the discussion of Section 3.2 suggésts that the smoothing inherent in the
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. cubic B-spline parameterization tends to smear and lower the velocities at the cores of high-velocity
anomalies. I use the 6.4-6.5 km/s contour as the boundary of this rock mass, this velocity being

substantially higher than the highest granitic and Franciscan velocities predicted for these depths. |

A second, much smaller high-velocity body within the Franciscan to the north, between y= -5 and y= 10,
" and perhaps a third body to the east are also suggested in Figures 4.4 and 4.5. These may be three separate
uniis, or they may be peaks on the irregular upper surfﬁée ofa single, large rock mass at depth. Becausé the.
model is not well resolved below 12 km I cannot differentiate -between the two possibilities. The main
(southwestern) mass may also extend beyond the model towards the SW at depths below 9 km and NW of

y= -20 km, but the model resolution precludes clear definition.

4.2.3 Other Data on the Extent of the Deep High-Velocity Body

Refraction studies to date have not recognized the high velocity body. The southwestern edge of the well-
resolved part of the main body is grazed by the regional profile of Walter and Mooney (1982), who report
either a locaily faster basement or a rise in the bﬁsemem elevation near the Santa Cruz Mountaiﬁs. 12/[00ney
and Colburn (1985) observed a wide-angle reflection from a reflection point at a depth of 8.5 km belbw
(x,y) = (9,-20). The velocity under this reflector is estimatéd to be greater than‘6.3 to 6.4 km/s. This depth

is in good agreement with the top of the high-velocity body at y= -20 km, and the reflection point is located

- 2-3km to the east of the 6.4 km/sec contour.

Zandt (1981) found a relatively large-scale 4% high-velocity anomaly within the upper 10 km of crust in
the Southern Santa Cruz mountains area using teleseismic P-wave travel-time tomography. The shape ‘oi ‘
his anomaly is similar to the one described here, elongated NW-SE and located on the southwestern side of
thé SAF with the northern end bending eastward to cross the SAF (see his Figure 6). Zandt's anomaly is
displaced some 10 km to the SE of the high-velocity body in Figure 4.4, but the resolution of his model in

the upper crust is only 10 km.
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Zandt's anomaly retéins its amplitude and shape into Layer 2 of his model, which extends from 10 to 30 km

depth (see his Figure 2). Even though the resolution of Zandt's model in Layer 2 is 20 km, his result does .

suggest that a large body extends into the middle crust and, probably, the lower crust. Layer 2 éncompasses

roughly equal thicknesses of lower crust and mantle in this area and contains the 1989 Loma Prieta
hypocenter.
One explanation for the presence-of a mass of high-velocity rock at shallow and middle crustal depths is

that it has been upthrust from below the Salinian'and Franciscan basements. Figure 4.7 shows that the

velocities within the body approximate those of mafic rocks, moderately serpentinized ultramafic rocks or

AY

_ the highest grades of gneiss. On a regional scale, velocities of 6.8 km/s are observed underlying the

Franciscan at depths between 12 and 16 km (Stewart and Peselnick, 1977; Lin and Wang, 1981; Walter and

Mooney, 1982; Fuis and Mooney, 1990). These authors have tentatively argued for an oceanic mafic sub-
basement under the Franciscan, to which Walter and Mooney (1982) added the possibility of high-grade

gneiss or norite..

The preferred Gabilan model of Walter and Mooney (1982) has a 6.35 km/s refractor at a dépth of 10 km,
which they tentatively idéntify as a gneissic sub-basement underlying the Salinian block (see also Fuis and

Mooney, 1990). Details ‘Vof their model in the lower crust are not well-constrained but a mafic lower crust

having velocities of 6.6 to 6.8 km/s at depths of 16-17 km under the Watsonville Valley is permitted by

their data. It seems feasible, therefore, that the high-velocity body is up-thrust sub-basement rock. The
’ i

presence of a continuous upthrust rock mass beneath both the Salinian and the Franciscan favors a common

sﬁb-ba‘sement, counter to the preferred interpretation of Walter and Mooney (1982) and Fuis and Mooney

- (1990). Healy and Peake (1975), however, found evidence fdr a 6.8 km/s layer at a depth of 10-15 km

adjacent to, and on both sides of the SAF in the Bear Valley region, 40 km SE of San Juan Bautista. It is

also possible that the upthrusted high-velocity sub-basement consists of an underplated crustal section. The
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onset at the focus of the reverse faulting in the Loma Prieta earthquake occurred in the lower crust,

demonstrating emphatically the presence of major thrusting within the lowermost crust in this region.

Altemnatively, the high-velocity rock masses are rootless, drifting along in the mid-crustal fault zone. The
apparent depth extent of the anomaly in Zandt's model argues against this model. Or, the main high-
velocity body may consist of a relaﬁvely small mass on the NE side of the SAF, juxtaposed with a larger

block on the SW side by right-lateral displacement along the SAF system.

4.2.4 High-Velocity Body Composition and the Logan Gabbro

The only exposure of basement rocks between the Zayante-Vergeles and San Andreas faults is not vSa]inian
basement but an outcrova.S to 1 km ;vide of hornblende-quartz and lesser anorthositic gabbro near Logan
on the SW side of the SAF, between y= -38 and y= -29 km (see fig. 4.'3). This outcrop coincides with the
northeastern edge of the narrow velocity high NW of that associated with the Gabilan. The Logan gabbro
body was originally identified by Ross (1970) as a fault sliver .correlative witﬁ slivers of similar
composition to the SW at Gold Hill and at Eaglev Rest Peak in the San Emigdio Mountains. However, the
positive gravity and maghetic anomalies located immediately to the SW of the Logan body led Hanna et al.
( 1972),‘ Clark and Rietman (1973) and Brabb and Hanna, (1981) to suggest that it is merely a small surface
exposure 6f alarge gabbr(_) body that extends to the SW in the subsurface, possibly as far as the Vergeles
fault. Hanna et al. (1972) further proposed that a continuation of this gabbro body would be the most likely
source of the large, elongated positive magnetic anomaly centered between the Zayante and Butanq faults.

In fact, Ross (1978, 1984) speculates that, based upon these data, the area between the Zayante and Butaﬁo

faults is a suture zone of oceanic gabbroic crust that subdivides the Salinian block.

The average composition of the hormblende-quartz gabbro of Logan and Gold Hill given by Ross (1972,

Table 12) is 45% plagioclase, 40% homblende, 11% quartz, and 4% minor minerals (average density 2840
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kg/m3). The quartz content, which ranges from 10% to 20%, makes this a highly unusual composition,

which is not matched by any of the gabbro samples for which velocity data are available (including sample

shown in Figure 4.8. The end members in these diagrams are aggregate velocities at 0.1 Gpa for o quartz
(Montana quartzite, vBirch, 1960, Table 5), plagioclase and hémbiende (Christensen and Salisbury, 1975,
fig. 15). The V, of 6.74 km/s at 3.6 km depth estimated from Figure 4.8a is plotted on the Vp(z) profiles in
Figure 47 and is probably roughly the same at 7-8 km depth. This est'i:mate isin g@ agreemeni with the
velocity of the high-velocity body NE of the SAFZ, but low for the highest .velocitiés within the body to the

Sw..

Following the surface ex})ression of the Logan body to depth in the velocity model (see figs. 4.5 and 4.6),
we see an elongated near-vertical slab of relatively high velocities in the uppermost 6 km. The slab is about

3 km wide and is sandwiched between low-velocity sedimentary sections. The model velocities within this

 slab are much lower than the estimated value for the Logan gabbro; the 3-km k-nodé spaéing of the model

cannot resolve such a narrow feature, producing instead a 3-km wide anomaly having velocities that match
averages of high gabbro velocity and the low velocities on either side. The Logan velocity anomaly may be

an extension of the southeastern "nose” of the deep body, which supports the hypothesis that the deep body

GBS in Figure 4.7). The theoretical velocities for this composition are estimated from the triangle diagrams

may be gabbro, as suggested by Hanna et al. (1972) and Clark and Rietman (1973). However, the NWend -

of the high;velocity body is approximately coincident with the sdutheastem extent of the most intense part
of the Zayante-Butano magnetic anomaly, so the velocity model does not support the hypothesis that the
gabbro extends between the Zayante and Butano faults to north of Ben Lomond Mountain.

4.2.4.1 An Oceanic Basement Southwest of the San Andreas Fault?

The contact between Salinian basement and the overlying sediments is not resolved to better than 2-3 km.

The band between the 5.3 and 6.5 km/s contours, which we take as the top of basemént and the boundary of

the high velocity mass, respectively, is 2-3 km wide even where the top of the high velocity body is most .



a. Vv QUARTZ
P (6.11)

20 20

HORNBLENDE 80 60 40 20 PLAGIOGLASE
(7.01) : (6.67)

HORNBLENDE 80 60 40 20 PLAGIOGLASE
(4.03) : (3.30)

& = Logan/Gold Hill gabbro
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(1972)
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shallow. The speculation of Ross (1984) that the basement between the Zayante and Butano faults is

oceanic does not appear to be supported by the velocity model. Rather, there appears to be a slice 2-3 km

thick of Salinian basement overlying the high velocity body. This is consistent with the refraction model of

Mooney and Colburn (1985), which has an average uppermost basement velocity between the Zayante and

San Andreas faults (at y= -20 km) of 5.45 km/s. A similar interpretation also appears to be supported by
modeling of the magnetic and gravity data (R. Jachens, U.S. Geological Survey, personal communication,

1992).

4.2.5 Model Summary

The three-dimensional velocity model, along with auxiliary crustal data, suggests a mid- and upper-crustal

- rock mass having anomalously high velocity underlying both the Salinian and Franciscan basements in the

hypocentral zone of the Loma Prieta earthquake. This body is seen through the entire thickness of the crust

in a regional tomographic model and its existence, at least SW of the SAF, is also suggested by magnetic

and gravity data. The full extent of the body is not constrain'ed. by either our model or the regionhl models.
The evidence favors this massive body being an up-thrust section of sub-basement rock. The rather tenuous
link between the high-velocity body and {he unusual outcrop-of gabbro SE of Logan suggests gabbrdic
composition, in which case it may be similar to the sﬁb—basement underlying the Franciscan assemblage.
The velocity model permits a variety of alternative explanations, including intrusive emplacement and
crustal underplating, with elevation by' repeated earthéuakes of the Loma Prieta type near the base of the

crust. This massive body appears to play an important. role in determining the mode of strain release within

- the southern Santa Cruz Mountains segment of the SAF zone. Even with only' this limited knowledge of

the origin and composition of the high-velocity body, I am able to construct a model of how the fault zone
behavior is controlled in this segment by along-strike variations in lithology. I continue with a discussion

of the relation of earthquake activity to features of the model.
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4.3 Relationship of Seismicity to Fault Zone Lithology

-In the final transition from the Central Creeping Section of\the SAF on the SE to the lockéd 1906 segment
to the NW, the fault creep rate drops from 14 mm/yr at San Juan Bautista to léss than Imm/yr at Pajaro Gap
(see fig. 3.1). This drop .occurs in an abrupt fashion NW of San Juan Bautista (Burford and Harsh, 1980).
The 1989 Loma Prieta mainshock and aftershocks, occupying the southeastern end of the locked segment,
reveal details of rupture geometry and processes there. By examining the relationship of these two sets of
data to each other and to the fault zone lithology as inferred from the velocity modei, we see evidence for a

complex process in which major changes in lithology along the fault zone control its slip behavior. I

discuss first the background seismicity and closely associated (presumed triggered) activity during the

aftershock sequence, and then consider the central aftershock sequence associated with the primary

mainshock rupture. The purpose of this section is to demonstrate the connection between earthquake

occurrence and structural features of the three-dimensional model.

4.3.1 Background and Aftershock Seismicity

San Juan Bautista to Pajaro Gap. Background seismicity falls off along with surface creep NW of San
Juan Bautista. Seismicity associated with the SAF proper stops abruptly at Pajaro Gap (y= -30 km)v(ﬁg.
4.2). Hypocenters SE of Pajaro Gap define a single plane stﬁking NW and dipping 70°-75° SW from the
SAF trace to about 8 km depth (fig. 4.5). Mosi of this seismicity is confined to th¢ depth range '3-7 km,
which corresponds in the velocity model to the contact at the SAF between Great Valley sequence and
Gabilan gfanite. Earthquakes occur where the sedimentary section NE of the SAF is thick, aﬁd activity
essehtially ceases as the section begins to pinch out at Pajaro Gap. The shallow bound on seismicity
correspdnds apl;)arently to the contact of Watsonville Valley Tertiary sediments with Great Valley and

overlying sediments. NW of y= -38 km, the granitev on the SW side of the SAF is replaced by the Logan

' gabbro at shallow depths, and perhaps throughout the depth range of the shallow seismicity.
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Aftershocks that occurred on this section of the fault are within the same 'depth range as the background

activity and are apparently triggered events that are not directly associated with the primary mainshock

rupture plane. Fault plane solutions for the background earthquakes and aftershocks are similar, indicating
predominantly right-lateral displacement on planes that strike NW-NNW and dip steeply SW (Solution 1,

fig. 4.2). An interesting feature of these solutions is a consistent normal dip-slip component of

-displacement which increases as the strike of the slip plane beconies more northerly.

.

Pajaro Gﬂn to Hecker Pass. Background microseismicity beneath the Sargent-Berrocal fault zone

begins at about y= -31 km, where SAF creep-related seismicity begins to shut down, and forms a linear

' A trén_d that strikes N60°W to y=-20 km. The plane defined by this trend is near-vertical to a depth of 7 km

and dips approximately 70° NE between 7 and 8.5 km. Surface creep observed on this section (y=-30 to

-19 km) of the Sargent Fault is about 3 mm/yr (Prescott and Burford, 1976). Although the surface
projection of the plane of seismicity falls within about 0.5 km of the Sargent fault trace, the overall trend
defined by the earthquakes is about 20° oblique (towards the W-NW) to the local strike of the trace. The

fault plané solutions (e.g., Solution 2, fig. 4.2) for these events also indicate predominantly right-laterél

displacement on WNW-striking planes. A very .minor reverse dip-slip component of displhcement,

presumed to be on the steep NE-dipping plane, is seen for some of these events. This activity is confined

largely to the 4-8 km depth range and occurs within Franciscan rocks between the Great Valley sequence

' contact above and a rather ill-defined high-velocity body below (fig. 4.5). This shallow seisrhicity cuts off

at Hecker Pass as abruptly as that on the SAF does at Pajaro Gap.

~ The abrupt cutoff in San Andreas seismicity and surface creep at Pajaro Gap occur exactly where the fault

encounters the southeasterly nose of the high-velocity body at a depth of 7-8 km. The cutoff in shallow
seismicity under the Sargent-Berrocal system occurs similarly where the trend meets the high-velocity body

at about y=-20 Lm
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Cross-trend Seismicity. Apart from the shallow earthquakes associated with the Sargent-Berrocal ‘

system, the only background seismicity that occurs between y= -30 zind -15 km is within the depth range 9-
13 km between the San Andreas-and Sargent fault traces. These events define short, linear cross-trends
which closgly align with the eastern boundary of thé high-velocity body (see figs. 4.4 and 4.5). These
deeper earthquakes occur on the contact between the high-velocity rocic masé and the Franciscan rocks NE
of the SAF. Faﬁlt-plane solutions for most of the background évents (e.g., Solution 3, ﬁ;g. 4.2) in the cross-
trends are similar to those of the SAF microearthquakes to the SE. Nodal planes do not ;appear to be rotated

systematically northward to line up with the cross-trend hypocenter alignments.

Lake Elsman Sgismicity. Background activity has been ektremely low in the 20 km stretch of the fault
zone north of Hecker Pass that contains the Loma Prieta mainshock and central rupture zone. Background
s'eismicity resumes with the tight cluster of earthquakes near Lake Elsman NW of the high-velocity body.
Low-level activity persists on a long-term basis in this vicinity, but the cluster of earthquakes here also
includes the M5.0 earthquake of June 27, 1988 and the M5.2 earthquake of August 8, 1989, along with their
aftershocks. These sequences define a plane that strikes about N60°W énd is near-vertical or steeply NNE
dipping between 10 and 14 ki depth. This plane lies. beneath that defined by Loma Prieta afte.rshocks in

the northwestern section of the rupture zone. The relationship of this plane to the trace of the Sargent fault

is not clear. If the Sargent fault is near-vertical to depths as great as 15 km, then the Lake Elsman activity

‘could lie on it. But if the plane of seismicity dips NNE, it may intersect the mainshock plane at about Skm

depth. The depth range of the Lake Elsman background seismicity is the same as that of the cross-trend
background activity that occurs to the SE on 'the ¢ontact between the eastern edge of the high-velocity body
and Franciscan rocks. The Lake Elsman earthquakes occur within a steep laterai velocitykgradierllt similar
to that associated with the cross-trends. This gradieﬁt occurs on thg: southwestern side of a small high-
veiocity body. Therefore, the Lake Elsman events may be analogous to the éross-trends in that they occur
at the contact betwee_n Franciscan rocks and high velocity méterial, although the Lake Elsman events are
located 1-2 ki SW of the 6.5 km/s boundary contour, S0 the relationship is tenuous. Fault-plane solutions

for the majority of the Lake Elsman earthquakes, including the M5.0 and M5.2 events, are right-lateral and



"aligned with the seismicity trend, and are similar to the solutions for the shallow events under the Sargent-

Berrocal system to the SE.

4.3.2 Primavry Aftershock Zone

1 distinguish the (primary) aftershock activity on the mainshock fault plane from those (triggered)

aftershocks which a'pparentlif occurred on other fault surfaces.

Pajaro_Gap. Cpincident with the abrupt cessation of SAF creep-related seismicity where thé fault
encounters the high-velocity b.ody at Pajaro Gap there is an equally abrupt increase in aftershock activity
uponventering the ‘primary aftershock zone. At this southeastern end of the pﬂﬁmy aftershock zone, the
aftershocks define a plane (fig. 4.5) withih th_e,high-veldcity body that is a conﬁﬁuation to the NW and to
depths greater than 8 km of the plane defined by the creep-related seismicity and triggered (or secondary)

aftershocks to the southeast. This implies that the main active SAF plane begins to cut the high-velocity

bcdyvat Pajaro Gap. Aftershocks in this region have fault plane solutions (e.g. Solution 5, fig. 4.2) similar

to the events to the southeast. At this location Lhé plane of aftershocks is sparply ‘defined and dips 75° té
80? SW, slightly steeper than its dip farther to the SE. For this deep fault plane to be éoﬂtinuous with the
SAF trace at the surféce' it must become ne>ar-vbertical at about 5-6 km depth. This dep& correspoﬁds
roughly to the basement/sediment contact, so thve fault plﬁne would become vertical after it emerges from

the basement into shallow low-velocity sections on both sides of the fault.

Hg. éker-Pzi§s. From y= -23 km northwestward, the sharply defined plahe of aftershocks is lost, and the
main concentration of aftershoéks forms a belt that plunges NW to a maximum depth near 19 km at about
y=-13 km, SE of the mainshock hypocenter (fig. 4.6). This belt of. aftershocks lies within the high-velécity
body, and there are very few aftershocks 4within the high-velocity body above this plunging belt NW of y=
-23. Following Mendoza and Hartzell (1988) and Beroza and Spudich (1988), this gép in the aftershock

zone, within the high-\}elocity body above and SE of thé mainshock hypocenter, is presumed to be part of-



 the mainshock rupture plane. Assuming that the high-velocity body extends to the depth of the mainshock
focus, the mainShock itself is located close to the .boc_ly's northwestern end. Note that the mainshock
hypocenter shown in Figures 4.1-4.6, éompﬁted from first P-arrivals on local and regional seismograms,
actually belongs to a small [M:S (Ellsworth, 1992)] event that preceded the main moment release by about
1.5 seconds (see also Choy and Boatwright, 1990). W. Ellsworth (personal communication, 1992) finds
that the hypocenter computed from the main P-arrivals is located close to that of the small event. In
longitudinal section (fig. 4.6), the gap .in the aftershock zone is seen to continue beyond the top of the high-
veloéity body between y= -23 and y= -5, indicatiné that the mainshock rupture extended upwards into the
Salinian/Franciscan contact at the SAF. The bﬁs_emem/sediment contact appears to have been the upper

boundary of the rupture plane, since the shallow aftershocks tend to concentrate there.

- Mainshock Vicinity to Lake Elsman. The full extent of the majnshock ruhture plane can be seen in
Figures 4.4 and 4.6. The main concentration of aftershocks NW of tﬁe mains.tiock' hypocenterl occurs
between y=0 and 15 Km, well to the NW of the end of the high-velocity body and on the
Salinian/Frﬁnciscan contact at the SAF. The mainshock rupture plane, therefore, exténd_s to the NW
beyond the'highv-velocity bodZ along the Salinian/Franciscan contact. Mirroring the southgastem boundary
of the rupture plane, the northwestern aftershocks define a boundary that slopes upward from the edge of
thé high-velocity body to the basement/sediment contact at 4-5 km depth. In léngitudinal section,
therefore, the presumed mainshock. rupture plane is a rough triangle having its apex close to the mainshock
hypocenter. In plan view (fig. 4.4) the rupture plane is confined to the high-velocity body below 10 km but

extends progressively NW along the Salinian/Franciscan contact with increasingly shallower depths.

Definition 6f the precise sujike and dip of the mainshock rupture plane itself is.uncertain. Based upon the
small concentrations of aftershocks that appear to mark its upper and lower boundaries and the few
aftershocks that are taken to define the rupture blane itself, the strike of tﬁe plane is NSO°W-N60°W
between y= -15 and 7 km. Its dip SE of y‘= -8 km is 70°-75° SW. In the immediate vicinity of the

mainshock the dip appears to be 65°-70° SW. The aftershock zone between y=0 and Lake Elsman (y=6)

N
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defines a relatively steeply dipping (75° SW) zone.” NW of Lake Elsman.the plane defined by the

aftershocks assumes a strike of N35°W-N40°W and the dip shallows to about 60° SW.
4.3.3 Aftershock Mechanisms

Oppenheimer (1990), among others, reported on the wide variety of focal mechanisms observed in the
Loma Prieta aftershock sequence. Close study, however, reveals systematic patterns in the different parts
of the mainshock rupture surface and on its boundary. In the following discussion, the numbers refer to

specific mechanisms shown in Figure 4.2.

Southeastern Zone. Aftershocks Be!ow 12 km along the sloping sou_theaétem boundary qf the rupture
ha\}e focal mechanisms, (6) that are almost purely right-lateral on WNW-NW-striking planes that dip
steeply SW. Nodal planes of the deepest events tend to rotate to the west with an increased reversé dip-slip-
component (7). At more shallbw_ depths within the higﬁ-velocity bociy the mechanisms are more ;/ariable.
There dips tend to be steeper, and both some NE-dipping (8) aﬁd some nearly north-striking planes are

"seen. Abové the high velociiy body mechanisms are largely right-lateral on north-striking planes (9), but -

there is greater variability than within the deep zone.

Hymcer;tml Zone. The few aftershocks along thc_: presﬁmed mainshock mpguré plane updip from the
hypocenter have mechanisms that are distinctly differem from those at the rupture béﬁndar&. Here, the
predominant sense of slip is reverse on steep SW-dipping,- NW—strikihg planes, typified by the immediate
M=5 foreshock at the mainshock :hypocenter (11). The mechanism for this event is pure thrust, if we use
only the up-going raypaﬁls within the model volume to consirain the fault-plane solution (see als,o
Romanowicz and Lyon-Caen, 19‘90). “The minor strike-slip component for most of the aftershocks in this .

region is right-lateral.



Northwestern Rupture Boundary. A variety of mechanisms is seen on the northwestern boundary of
the rupture (y=0 to 7 km). For example, aftershocks in the cluster at (x, y, z) = (-2.5, 2, -12) apparently
occurred at the upper surface of the high-velocity body (figs. 4.5d and 4.7d) and involved left-lateral

displacement on NW-striking planes (12).

NW_of Lake Elsman. The SAF trace bends towards the north near Lake Elsman. In general,

aftershock focal mechanisms appear to reflect this change in strike. Mechanisms at all depths are
predominantly right-lateral on steep planes that strike within 10° of north. Most of these mechanisms have
a significant reverse component (17), and deeper thzin 6 km there are several pure reverse mechanisms that
have nodal planes that strike more northwesterly (16). In contrast to the geometry suggested by these
mechanisms, the plane best defined by the aftershock hypocenters strikes N35°W to N40°W and dips 60°
SW. |

Triggered Background Seismicity. Two main groups of aftershocks apparently are not directly
associated wiUi the mainshock rupture plane. The aftershocks in the imbricate zone between the San
Andreas and Sargent faults NW of y= -4 km and above 5 km depth seem to be niggered activity. The tight
aftershock cluster ‘centered at (x.,y) = (3,-6) is simi-lar to activity at the contact between the sloping

northwestern end of the high-velocity body and Franciscan rocks.
4.3.4 Seismicity - Lithology Summary

The seismicity provides strong evidence for the prominent role played by the high-velocity body in the
transition from stable to unstable fault slip under the Santa Cruz Mountains. The Loma Prieta mainshock
clearly broke through the high-velocity body, and the rupture plane defined by the primary aftershocks
appears to be continuous at Pajaro Gap with the creepihg SAF plane to the southeast. Between Pajaro Gap
and Hecker Pass'background seismicity closely conforms to the eastern boundaq of the body. SE of the

hypocenter vicinity the dip of the aftershock plane is about the same as that of the creeping plane and right-
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lateral focal mechanisms predominate. Four km either side of the mainshock hypocenter the dip shallows
by 5°-10°, with reverse-slip mechanisms on SW-dipping‘ planes (including that of the mainshock)
predominating. The shallowest dip (60°SW) is seen northwest of Lake Elsman, where there was also

significant dip—slip displacement.

4.4 Lithology-Based Fault Slip Modei for mea I’rieia

The probable relationship bétwgen the high-velocity body beﬁeath the southern Santa Cruz Mountains and
thé mode of slip along this sectioﬁ of the SAF zone was reéo_gnized by Aki (1979) and Zandt (1981). Zandt
pointed (;ut that the major faulté form the bo‘uﬁdaries of his regional-scale crustal velocity anonialies, the
single ex.ce.ptiorvl‘ béing the high-ve’locity. body near San Juan Bautiéta, which is cut by the fault. 1 extend
this concep‘t by apblying the unified model of heterogerieous fault strength and slip stability presented in
Chapter 2 to the more detailed three-dimensional structuré for Loma Prieta discussed above. This enables
me to develop a model for the transition from stable slip to unstable earthquake rﬁpture on the SAFZ undér

the southern Santa Cruz Mountains, which forms the framework within which I construct a rupture model

for the 1989 Loma Prieta earthquake based upon lithological considerations.
44.1 SE of Pajaro Gap

Episodic shallow creep and infense miproseismicty in the depth range 3 to 8 km on tﬁe_SAF SE of .Pajaro
Gap is attributed to the contact betwéen the hard granitic and metamorphic focks of thé Gabilan Range and
the abnormally thick section of soft sediments which include the Great Valley seduence. In ien_ﬁs of. the
unified fault model of Section 2.3, this is a Type 1 fault contact, having low oy and always slipping stably.
The 'Iarge contrast in velocity across this contact 'probably implies a high contrast in hardness and porosity,
although, to my knowledge, the relationship of bulk rock hardness to seismic ve]oci;y has not been
systematichlly investigéted. This apparently high-contrast hard/soft contact certainly appears to fulfill the

conditions required for efficient production of fault gouge discussed in Section 2.2.1.1 and so favors siable



sliding. Thus, although the resolution of the model is insufficient to image a gou'ge zone directly, we are

able to infer the presence of such a gouge zone from a high contrast in velocity across the fault contact.

This implies that the correlation discussed in Section 1.2.1 between the presence of the Great Valley
sequence as one wall of the fault and creep behavior need not rely specifically on the occurrence o‘f
serpentinite from the Coast Range ophiolite, but can in part‘be explained by the hardness contrast between
the soft Great Valley rocks and those of the opposite wall 6f the fault. Obviously this is true only for the
upper part of the seismogenic depth range above the Coast Range thrust contact. SE of Pajaro Gap
aseismic stable sliding preshmably is occurring below 8 ki, at the underlying Salinian/Franciscan contaét.
Since the Saliniah/Franéiscan contact NW of Lake Elsman' is a Ty;;e 2 (locked) contact at all depths,
additional factors are required to explain the apparént Type 1 behavior~ of the contact SE of Pajaro Gap.
The presence of serpentinite could be a factor in this relatively shallow transition to éntirely aseismic slip,
" in addition to the poséible high fluid pore pressures within the I;ranciscan discussed in Section 1.2.1.
Meaningful invéstigation pf the role of porosity and fluids requires both Vp and Vs models and is

considered in the discussion of the Parkfield models in Section 5.3.3 below.

4.4.2 Pajaro Gap Barrier
N
The transition here is from the apparently stable Franciscan/Salinian contact below a depth of 7-8 km to a

strong, unstable hard/hard contact as the SAF begins to cut the high-veloéity body. In terms of the unified

fault model, I hypothesize that the hard/hard contact within the high-velocity body is a Type 3 contact,

having high strength, oy, and failing only unstably T‘he;efore, this contact can act both as a barrierb(high_‘S)
and as an asperity (S=0), evolving from barrier té asperity_ as thé tectonic loading, &,, builds up. Acting as
a barrier, the fault contact within the high-velocity body is locked below depths of 7-8 km. As indicated by
the background seismicity and the surface creep data, this locks the fault at shallower depths also.
Cessation of surface slip may also be attributable in part to the Great Valley»sequence/Gabilan (or gabbré)
contact thinning as the Great Valley sequence ﬁinches out, merging into the imbricate zone between the San

Andreas and Sargent faults. There are two main responses to this barrier. The first is to load the high-
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velocity body so that it evolves from barrier to asperity, as predicted by the theoretical model. Failure of
this asperity, which occupies the fault zone from Pajaro Gap to Lake Elsman, produced the Loma Prieta

earthquake. I defer discussion of the I.oma Prieta asperity model to Section 4.5.
4.4.3 Transfer of Slip to Secondary Faults

The second response of the system tb the suddenly incre#sed slip resistance on the‘ fault is to attempt to
slide around the .high-velocity body by transferring slip off the main SAF plane on to secdndary structures,
appargntly by the formation of new faults at contacts having f’élatively low strength and high frictional
stability. Evidence for this behavior can be found in the cross-trends of baékground earthquakes at the
contact between the high-velocity body and Franciscan r()cks? where the hard/soft cohtact permits stable

sliding at relativé]y great depths (9-13 km). In fracturefmechanical terms the high-velocity body represents

a hard obstacle encountered by a quasi-statically propagating crack, and the driving force required for crack

propagation along the boundary of the obstacle is less than that required to rupture the strdng plane within
the obstacle. This is a good example of the control of fault zone geometry by lithological heterogeneity,
which is further discusséd in Chapter 6. Fault plane solutions suggest that this new faulting takes place as a

series of en echelon fractures that are themselves aligned with the SAF. '

The geometry of the main SAF trace is also closely related to the high-velocity body, the presence of the

~ body being expressed by the prominent northeastward bow of the trace between Hecker Pass and Lake

Elsman. The right bend at Hecker Pass is adjacent to where shallow stable slip within the fault zone is
finallyl arrested, and the sharp left kink ét y= -1 occurs near the point where the fault leaves the

northwestern end of the high-velocity body.

Slip is also transferred to the Sargent-Berrocal system adjacent to Pajaro Gap. Although the relationship of
the Sargent fault to the present position of the high-velocity body is not as clear as that of the cross trends,

there is a spatial correlation, and I propose a similar mechanism for the evolution of this fault. In this



v model, the splaying of the Sargent fault NW of the high-velocity Body and the occurre.nce of the Lake
Elsman earthquakes representva more mature stage of the "obstacle-avoiding” faulting process suggested by
the cross-trends. Why the splaying of the Sargént fault occurs 10 km NW of the high-velocity body rather
than along its northwestern boundary is not clear. One possibility. is that the position of ;he splay relates to
a previous location of the high-velocity body. Also, the possible association of the Lake Elsman

‘eart.hquakes with the southwestém boundary of the small high;velocity body mentioned previously may
suggest that splay faulting here is occurring, like the cross-trends, along the hard/soft contact between high-
velocity material and Franciscan rocks. Following the.Sargent fault southeastward from its intersection
with the SAF, the fault strikes sub-parallel to the small high-velocity body to just beyond the southeastern
end of this body at y= -5, where the fault bends to the right to follow closely the northeastern boundary of
the main high-veloéity body. In my model, the splay-fault system is growing along favorably situated

hard/soft contacts to circumvent the high-strength obstacle.

My model for this large-scale process is based upon the apparent relation of the Sargent fault trace and the
Lake Elsman earthquakes to the deep high-velocity body. Southeast of the high-\}el'ocity body, where
Sargent-Berrocal seismicity defines a plane at shallow depths, that plane apparently is located within

Franciscan rocks on the trend of a sharp lateral gradient in the velocity model, but not at a lithologic

interface. Between y= 16 and -10 km the Sargent fault is mapped slightly NE of the high-velocity body,

but, as it is mapped as SW-dipping, it may cut the body at depth, consistent with the cessation of shallow

activity at Hecker Pass.

4.5 Loma Prieta Asperity Model

The 1906 earthquake rupture extended SE about to San Juan Bautista. Aki (1979) pointed out, based upon
. evidence presented by Thatcher (1979), that the rupture does not appear to have extended appreciably into
the creeping section, and was not, therefore, axrested by sudden reduction of the tectonic loading (o))

available to drive the rupture. Rather, Aki suggests that the 1906 rupture was arrested by Zandt's (1981)
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high-velocity body, which acted as a fracture energy barrier with sufficiently high strength (oy) to resist the '
. Y

dynamic loading of the propagating rupture (i.e. S in Equation {2.14] remains above zero). va this is correct,
then the high-strength fault contact within the /high-yelocity body not only concentrates stress from steady-‘
state fectonic loading but also was dynamically loaded by the 1906 rupture. Furthermore, the high stress
across this contact will not be uniformly distributed, but the NW end of the contact will be more highly.

loaded than the SE. Having acted as a barrier to the 1906 rupture, the highly stressed contact within the

. high-velocity body evolved to an asperity as 6; continued to increase under steady-state tectonic 10ading,

and S became zero in 1989. While the 1906 rupture was largely arrested by the barrier below 7-8 km

depth, a much depleted residual rupture continued along the "normal" SAF Salinian/Franciscan contact .

above the barrier as far as San Juan Bautista. This éxplains the interpretation of Segall and Lisowski (1990)

that the rupture there was confined to shallow. depths. It also provides a reason for the abrupt decrease in

coséisihic fault slip in the 1906 earthquake along the stretch of the SAF located at y=20 to 40 km in the

model coordinates (Thatcher, 1975;-Boore, 1977).

The resulting aspeﬁty model for the Loma Prieta segmém 6f, thé SAF is shown in Figure 4.9. The elliptical
asp;aﬁty is an idealization of me shapé.of the high-velocity body in Figure 4.6.. The SE creeping section of
the SAF approximates the low stress (o), low strength (dy), freely slipping fault plane surrounding the
classical asperity of Rudnicki.and Kanamori (1981). The Salinian/Franciscan contact at the SAF above 2de
NW of the asperity in the Peninsular and Santa Cruz Mounﬁins sect_ion of .the 1906 rupture plane is a Type
2, conditionally stable éomact 'that has a strength mu_c-h higher than' that of the c;eeping seémem but
signiﬁcantiy lbwer than that of the Type 3 contact within the high-velocity body. The .microseismicity of
th Peninsular section is appreciably vhi'gher than that along the 1906 break to the NW of the Golden Gate,
which suggests that the Peninsular section may be sliding at a very low rate. Dynamic loading of the

Peninsular section can come from either a SE- (1906) or, as we suggest next, a NW-propagating rupture.
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Figure 4.9: Cartoon of Loma Prieta asperity model. Regions I, IT and III represent Central Creeping

.

Section of SbAF, 1906 rupture surface and Loma Prieta asperity, respectively. 1989
hypocenter shown by cross and directions of rupture prbpagation by arrows. SJB, PJ and LE

are positions of San Juan Bautista, Pajaro Gap and Lake Elsman, réspectively.

Dynamic rupture of anvelliptical .asperity ;)n an infinite fault plane has been studied theoretically ny Das and
Kostrov (1985). In their model, the l®ked asperity is loaded quasi-statically by allowing the surrounding
low-s&ength fault plane to slip stably in response to a fixed displacement applied at "infinity". The
resulting stress field within thé asperity has maximum stress concentrations at the ends of the major axis of
the ellipse. Since the fracture criterion at any point is that the loading stress (G,) equal the (unifdrm)
fracture strength (Oy) of the asperity, the asperity will always fail (S=0) first at one or both of the ends of
the major axis. Furthermore, dynamic rupture of the ésperity would nucleéte oﬁly by fracture in the vicinity
of one of the ends of the major axis. The asymmetric loading of the Loma Prieta asperity and the point of

rupture initiation certainly satisfy this requirement. The M=5 foreshock and, apparently, the mainshock

P
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hypocenter are located within the dynamicé]ly-stressed northwestern end of the :asperity (fig. 4.6). Thev
aftershock distribution shows that the mainshock nucleated at the down-dip end of the rupture plane, which
extended along the emife length .of the high-velocity body except at its southeastern edge, Where the
plunging belt of aftershocks indvicatés the rupture boundary:. Das and Kostrov's result for an elliptical
asperity oriented with respect to the faplt diéplacement as at Loma Pfieta has the rupture propagating
linearly from one end to the other, the displacement being in-plane, or strike-slip. Given that the
mainshock nucl_eaie‘d at the northwestern eﬁd éf _the Loma Prieta asperity (i.ei the high-velocity body), tﬁe '
‘asperity itself ruptured primarily from northwest to southeast, and the predominance of right-lateral
displacement in focal mechanisms southéast of the mainshock hypocenter isv consistent with £he asperity

model.

In this ~model the NW-SE asymmetry in the stress field across the asperity resﬁlting from dynamic ldading
in 1906 left tﬁe southeastern end of the Loma Prieta asperity well belbw its fracture strength. ‘This end of
the asperity acted as a lo;y-driving-stress barrier which arrested the 1989 rupture. The resulting streés
concentration was responsible for the dense clustering of aftershocks there. The lack of aftershocks within
the mainshock rupture ind?cates that few barriers on the fault plane remained unbroken, consistent with a

high pre-stress across the asperity.

The other main de}parture' from @e simple asperity model is rg:placemént of the stable fault plane around the
northwestern end of the asperi.ty with a Type 2 conditionally. stable plané. Dynamic rupthre behavior across
a Type l;Type 2 transition has not been studied. Okubo (1989) studied the rupture of a simple one-
dimensional aspérity model with é rate- and state-dependent friction law, showing that asperity rupture can
overshoot onto the stably-sliding plane and produce a transient high peak o, there. I suggest that normal
tectonic loading on the relatively strong fault plane NW of the 1989 Loma Prieta asperity had reached a

significant level since 1906, and that failure of this part of the fault during the mainshock was unstablé

rupture triggered by dynamic loading from overshoot of the asperity rupture.



In my model the Loma Prieta rupture consists of two parts, rupture of the Type 1 asperity and of the Type 2

plane to the NW. Kinematic models of the rupture history, such as that of Beroza (1991), show that this is

- indeed the case. These models have three distinct sub-events - & small nucleation event at the mainshock

hypocenter, then momen\t release on two patches, SE and NW of the hypocenter. Beroza's (1991) model is
parameterized in terms of the strike-slip and dip-slip components of displacement. The largest sub-event in
his model is centered (after correcting for small differences in hypocenter location) at about (x,y,z) = (-2,
-10, 12.5) in our model, at the "core"” of the high-velocity body. Displacement (5.9&1 maximum) of this
sub-event is predominantly strike-slip, consistent with rupture of the asperity. The smaller northwestern
sub-event is centered at about (x,y,z) = (-1.5, 3.5, 10.5), just above the northwestern end of the high-
velocity body, and is predominantly dip-slip (maximum slip '4.5n_1). It is not clear why dip-slip
displacement should predominate NW of the hypocenter, although this may be related to possible warping
- of the fault plaﬁe in and near the northwestern end of the high-velocity body: Viewed as a fracture system
the broad fault zone (ZF, BuF, SAF, SFin fig. 4.3) NW of the mainshock becomes a restraining bend, and,
as such, the locus for the .N-S compressional éccommodati().n represented in the prgdominam reverse
fauiting seen there. Furthermore, estimated locations for aftershocks during the first 10 minutes of the
sequence (Simila et al.; 1990) in this NW region (y=10 to 20 kﬁl) suggest a distinct, SW-dipping fault
sﬁrface offset a few km to the SW from the plane ‘of the later aftershocks, 'perhaps indicative of a different
mode of deformation in the NW part of the failure zone. The actual loqalization of high slip at this sub-
event is probably controlled by interaction of the dynamic stress peak as the rupture emerges from the end

of the asperity with the quasi-static stress' field, which, judging by the great variety in focal mechanisms

there, is complex. Beroza's kinematic model is generally consistent with my asperity model.
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4.5.1 Implication of the Asperity Model for Earthquake Recurrence

If the asperity model is correct, then the Loma Prieta earthquake is a distinctly different type of event from '

the 1906 earthquake. The only parts of the SAF that were ruptured by both events are the ,

_ Salinian/Franciscan contact NW of the 1989 hypocenter (see fig. 4.6) and the narrow continuation of this

contact at shallow \depujs above the high-velocity body. Even though my model requires that the 1906 and
1989 earthquakes both rup'tured the SAF in the southemn S.anta Cruz.Mountains, I concur with Beroza
(1991) that the 1989 Loma Prieta earthquake did not involve a repeat of 1906 slip. The potential for future
earthduakes in this region remains unclear. The potential of the 20-25 km-long segment of the Sargent
fault between Hecker Pass and Lake Elsman for producing earthquakes in the rangev M6-6.5 has not bé_en '
addressed. This fault segment may show evidence for recent displacement (McLaughlin, 1974) but it |
remhined aseismic during the Loma Prieta aftershock sequence. Like the Loma Prieta mainshock mﬁture

plane, the Sargent fault piane may cut the high-velocity body at depth immediately NW of Hecker Pass.



CHAPTER 5§
. PARKFIELD

5.1 Joint Inversion

The joint inversion for the Parkfield Vp and V5 models is described by Michelini (1991), and used three
data sets. The first data set consists 6f 396 P travel times from 36 earthquakes recorded at 10 or more

USGS CALNET stations in the Parkfield area. These data havg an estimated timing precision of 20 ms ,

and were included to constrain the gross features of the Vp model. The second set consists of 1380 P and

435 $S travel times from 133 selected earthquakes recorded by the ten-station three-component, downhole

High Resolution Seismic Network (HRSN) deployed in the Parkfield area, which is described in

Karageorgi et al. (1992). The selected earihquakes each have at least 8 clearly recorded P or S phase
readings. Timing precision of the P times recorded by the HRSN is 2 ms. Only reliably identifiable S
arrivals were used, which have an estimated reading pfecision of about 4-8 ms. Finally 35 P and 25 S

travel times recorded by the HRSN as part of the routine travel-time monitoring experiment at Parkfield

(Karageorgi et al., 1991) were used to provide near-surface velocity control. The starting one-dimensional

model was computed using a linear inversion, and yielded a weighted RMS residual of 0.141 s. .

The velocity model is parameterized on a the 9x6x5 (X,Y,Z), 270-node grid shown in Figure 5.1. Nbde

spacings are 1.2, 5, and 2.5 kminX,Y,Z, respectively. As at Loma Prieta, the XY coordinate system is

rotated 45° counterclockwise to align with the surface trace of the SAF. The origin of this coordinate -

system is at the reported epicenter of the 1966 Parkfield earthquake, 53° 57.3'N, 120° 29.9' W (McEvilly et
al,, 1967). Figure 5.1 also shows the earthquakes and stations used in the inversion. The final velbcity

models yield a weighted RMS residual of 0.025 s after 9 iterations.

The model volume extends from 15 km SE of the 1966 epicenter to 10 km NW, and includes the nucleation

zone of the Parkfield earthquakes and the rupture zone to the SE as far as 4 km NW of Gold Hill. 1279
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~ Figure 5.1: Map of Paricﬁeld area showing horizontal distribﬁtion of node points (crosses), earthquakes
(dots), HRSN stations kﬁlled trianéles), CALNET stations (open triangles), and vibrator
poims. {diamonds) used in the Pa;kﬁeid simultaneous inversion. Majpr faults shown as bold.
lines, see fig. 5.2 for fault identification. Inversion grid exte_nds from (x,y) = (-5, -15 km) at

lower left comer to (4.6, 10 km) at upper right. Based upon Mi_chelini, 1991, fig. 4.1.



10
5‘.—
ol
=
<
£
x
>
_5"
-10[
o ]
2 _
e 5 |
.’oo\ w!
® 1
-15 —%— EE— g
-5 0 5
X (Km NE)
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earthquakes that occurred within the model volume Bétween February, 1987 and December, i991 recorded
by the HRSN were located with the three-dimehsional Vp and Vi models The smallest events have an
estimated M of abbut -0.5. These em&quakes are plotted on Figure 5.2, which also showé the surface
traces of*the major faults in the Parkfield area. The rotated X-Y (NE-NW) coordinate system of Figure 5.2

will be used in all subsequent figures.
52 The Parkfield V, Model

I begin by interpreting the better-resolved Vp model and then ref'mé and add to thé iﬁterpretation us{ng the
\FIP/VS model. The map view of the V, model at a depth of 1.8 km (z=-0.8 km) is shown In Figure 5.3 for
comparison with the geology, isostatic gravity and ae'romagnetic_'maps thét are also showh in this figure.
Map views at deeper horizons are shown in Figure 5.4. Fig_ureS 5.5 and 5.6 are across-strike (SWjNE) and
along-strike (SE-NW) depth ‘sections thrdugh the model af specified values of Y and X, respectively.
Display of the velocity and spread function is the same as described in Section 4.2. Backgrouﬁd seismicity
(cifcles) énd aftershocks of the 1966 earthqua.ké (crosses) afe projected -on to the planes of sectioﬁ as
described in the individual figure captions. The subset of aftershocks plotted in these figures are discussed
ip Section 5.5.1. The creep rate plot éhown on Figure 5.6b is based upon data from lé'urford and Harsh

(1980) and Lienkaemper and Prescott (1989).

N

I begin by summarizing the geology of the SAFZ in the Parkfield area. ’

52.1 Summary of Gedlogy

The descriptions of the Salinian and Franciscan basement rocks on either side of the SA_FZ'at Loma Prieta
(Section 4.2.1) apply equally well to the Parkfield area. The only-basement outcrops within the Parkfield
model area are Franciscan rocks and serpentinite along its NE margin from y=-7 northwestwards (fig. 5.3).

Dickinson (1966) describes the fault zone within 5 km of the SAF in this area as a complex domain of
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Figure 5.3: (a) Surface geology within the Parkfield study area; (b) Map view of Parkfield V|, model at 0.8
km depth (below msl); (c) isostatic. gravity map, contour interval 2 mGal; and (d)

aeromagnetic map, contour interval 20 nT. Main geologic units are blue (f), Franciscan

complex, purple, serpentinite. See fig. 5.2 for fault identification. Geology, gravity and

aeromagnetic maps from Wentworth et al. (1992), courtesy of Carl Wentworth, U.S.

Geological Survey.
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Figure 5.4:

Map views of Parkfield 3-D Vp model at depths (below msl) of: (a) 3.2 km; (b) 4.4 km; (c)
5.6 km; (d) 6.8 km; (e) 8.6 km. Contour interval 0.2 km/s. Interpretative panel in d. outlines
deep anomalous high-velocity body and positive Vp/Vg anomaly from fig 5.11d (shown in
red). See fig 5.2 for fault identification and seismicity symbols. Filled red circle is 1966
mainshock epicenter. Hypocenters projected from depth intervals 1.2 km on either side of

section plane.
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Figure 5.5: Across-strike (SW-NE) sections through Parkfield 3-D V}, model. Contour interval 0.2 km/s.
Bottom panel of each figure shows lithological interpretation. Lithological units: gm,
Salinian block; KJf, Franciscan formation; Ts, Tertiary marine and non-marine sediments;
Myv, Miocene volcanic rocks; gb, gabbro. Arrows indicate major faults (see fig 5.2) and
locations of velocity profiles A-E shown in fig 5.7. Filled circles are clustered earthquakes,
open circles other background seismicity and crosses 1966 aftershocks. Hypocenters

projected from 1.25 km on either side of section plane.
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Figure 5.6: Along-strike (SE-NW) sections through Parkfield 3-D V, model. Contour interval 0.2 km/s.
Bottom panel of b. shows lithological interpretation at x=-0.68 km (see fig 5.5 for explanation),
positive Vp/Vg anomaly from ﬁg 5.13b shown in red. Mainshock hypocenter shown as red
circle. See fig 5.5 for seismicity symbols. Hypocenters projected from 1 km on either side of
section plane. Surface creep rate profile in b. based upon data from Burford and Harsh (1980)

(circles) and Lienkaemper and Prescott (1982) (triangles).
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sliced and shattered rock. The main outcrop of Franciscan rocks and Coast Range ophiolite is bounded by

the NE-dipping Table Mountain thrust fault SE of y=7, and by the SAF itself to the NW. The Great Valley

sequence is absent, zipart from local occurrences of limited extent (Dickinson, 1966; Sims, 1990). Within
the wedge of deformed upper crust between the SAF and the Table Mountain fault,‘ the t\yo main structures
are the SW-dipping Gold Hill and Jack Ranch faults (fig. 5.2); The Golci Hill and Table Mountain faults
bound the Parkfield Syncline, within which me Fra‘nciscaln formation is overlain by Miocene to Pliocene
marine and non-marine sedimentary rocks (Sims, 1988, 1990). The arcuate Jack Ranch fauit bounds the
Gold Hill block immediately to the SE of the study area(fig. 5.1). The Gold Hill block is a hormblende-
quartz and anorthositic gabbro body that is closely similar in 'com.position to the Logan gabbro described in

Section 4.2.4 (Ross, 1972; Simms, 1989). This gabbrb body outcrops at Gold Hill, 4 km SE of the model

area.

Southwest of the SAF the Salinian basement is overlain by a thick section of Miocene to Pliestocene
sediments. Volcanic rocks consisting mainly of flow-banded rhyolite, obsidian, rhyolite breccia and some
dacite outcrop along a 1 km-wide, fault-bounded band about 2 km SW of the SAF trace between y=-6 and

y=3 ki (Sims, 1989). These rocks are poorly exposed, the best exposure being at Lang Canyon.

The main structural feature SW of the SAF is the Southwest Freeture Zone (SWFZ), which. is an en-echelon
right-lateral strike-slip fault sub-parallel to the main SAF trace (fig. 5.2). Ten km SE of uie model area the
main SAF trace is offset 1,52 km to the right across the Cholame Valley (fig. 5.1). Sims (1988,1989)
suggests .that the S'WFZ is a continuation of the SW en ech.e‘lon segment of the SAF on the SW side of

Cholame Valley, based upon a set of short fault scarps that extends between ends of the mapped exposures

of the two faults. Sims (1989) also suggests that the SAFZ merges with the SAF at Middle 'Mouintain.

Brownet al. (1967) measured 2.6 cm of right-lateral displacement across this fault after the 1966 Parkfield

earthqdake. g
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5.2.2 Relation Between the V, Model and Surface Geology

The lack of basement outcrops withiﬁ the Parkfield rﬁodel area maké correlations of the shallow velocity
model with surface geology less definitive than at Loma Prieta. Near-surface velocities on the NE side of
the SAF in the area where the Franciscan basement outcrops are poorly resolved, and dd not appear to
correlatev\.vith the outcrbp. Elséwhere on the NE side of the SAF the generally low velocities correlate with
the thick sediments of the Parkfield Syncline. There is no evidence for the outcropping Franciécan rocks on
the gravity map either, but the intense aecromagnetic anomalies reﬂéct the outcrops of serpentinite. The
ridge' of high velociiy centered on x=0 that ex.tends from the SE edge of thé model tovabout y=-9 I\m may
correspond to a shallow sub-sufface extension of the Gold Hill gabbro body. The Gold Hill block is
bounded by the Jack Ranch fault to the NE, E and SE but its northwestern extent is concealed beneath
Plgistdcéne deposits and probably extends at _least as far ﬁs y=-10km {. Sims, personal communication,
1992). Michael and Eberhart-Phillips (1991) show a positive Vp, anomaly centered on Gold Hill. The

velocity ridge corresponds to similar featurés on the gravity and aeromagnetic maps. -

There is much more character in the shallow velocity model on the SW of the SAF.. Adjacent to the fault,

an elongated velocity low extends from y=-11 to y=7 k. This low is most intense between y=-7 and y=1

km, where it indicates pooling of sediments in the Middle Mountain Syncline betvyeén the SWFZ and the
SAF. The SW boundary of this velocity feature at x=-2 to -2.5 km is a steep ahd remarkably linear vélocity

gradient. Southeast of y=-9 this gradient is coincident with the mapped trace of the southwesterly en

_ echelon segment of the SWFZ. Sims (1989, 1990) suggests that this segment of the SWFZ continues to the;

NW under the surficial sediments and is the northeastern boundary fault of the Lan_g.Canyqr.l volcanic body,

the outcrops of which correlate exactly with the high velocity ridge that extends between y=-6 and y=8 km

SW of x=-2. ‘The most intense part of this velocity high is located between y=1 and y=7 km, extending NW

of the volcanic outcrops. There are moderately steep gradients on the aecromagnetic and gravity maps

f

o : { S
roughly coincident with the linear velocity gradient, the former extending between y=-7 and 10 km and the

_ latter between y=-7 and y=3 km.



In summary, absence of outcrops of basement rocks within well-resolved parts of the near surface velocity
model makes the correlation with surface geology less satisfactory than at Loma Prieta. However, the
apparent correlation of velocity anomalies with the small outcrops of exotic rocks on both sides of the SAF

and with structural features to the SW is encouraging.
5.2.3 Interpreting Deeper Features of the V, Model

Figures 5.7a and 5.7b show the Vy(z) model profiles for the Franciscan formation and the Sé]inian block at
Parkfield, respectively. The laboratory data shown in these figures are the same as those for Lom; Prieta
shown in Figure 4.7. No seismic refraction data are available for the immediate Parkfield area. Stewart
and O'Neill (1972) carried out refraction surveys along NW-SE pfoﬁles located 3-5 km on either side of the
SAF (see also Eaton etal., 1970). Both profiles extend 20 km to the SE from about 1 km off the SE end of
the Parkﬁeld model area.. The maximum depth of penetration albng both profiles was 3.5-4 km. The
southeastem-most shot point of thé Gabilan profile of Walter and Moohey (1982) déScribed in Section 4.2.2

is at (x,y) = (-11, 4) in model coordinates. The SE end of Walter and Moonéy's Diablo pi'oﬁle NE of the

SAF is about 70 km NNW of Parkfield, but Vp(2) data from this profile are included in Figure 5.7a to

provide constraint on Franciscan velocities below 5 ki depth. The locations of the model profiles (A-E)

shown in Figure 5.7 are given in Figure 5.5.

Profile A, Profile A (y=-6.25 km), through the Parkfield Syncline, reaches the lower bound of Franciscan

velocities at 2-2.5 km depth (z=-1 to -1.5). This profile is 0.75 km ‘SE and 0.3 km NE of the Varian well,
within which the depth to Franciscan basemém is '1.7 km. Sims (1990) shows th.e'sedimentlFranciscan
contact NE of the Gold Hill fault dipping apprdximately 50° NE. Therefore, the depth to Franciscan
basement estimated from Profile A is in close agreement with the well data. The velocity of the uppermost
Franciscan rocks estimated from Profile A is about 4.'5 km/s, which is close to the uppermost Franciscan

velocity of 4.3 km/s in the refraction model of Stewart and O'Neill (1972). Therefore, the 4.4 km/s contour
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in the three-dimensional r_nédel is adopted as the sediment/Franciscan contact. This estimate is close to the
lower bound of Franciscan velocities, and is considerably lower than the 4.9 km/s velocity estimated for‘ the
contact at Loma Prieta. Profile A remains within the Franciscan range of velociﬁes to thc-allimits of model
resolution at about 7.5 km depth (z=-6.5) at this location. The overlying sediments appear undeformed and

deepen gradually from SE to NW.

Profile B. Profile B (y=-8.75) is through the Salinian block and overlying sediments to the SW of the
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SWFZ and SE of the outcropping volcanic rocks of Lang Canyon. The slope of Profile B begins to steepen

at 2.3 to 2.5 km depth (z=-1.3 to -1.5), which is aésumed to indicate approximately the top of the granitic
basement. The model velocity at this depth is 5.3 km/s. The lower range of granite laboratory velocities is
not reached until 3.5 km depth. However, both Salinian refraction models have velocities that also fall
lbelow the laboratory range of values above a depth of 3.5-4.5 km (fig. 5.’/;). The refraction model of Walter
and Mooney (1982) has an uppermost granite velocity of 5.4 km/s at 2.0 km depth about 10 km WNW of
the location of Profile B. This velocity is in good agreement with my estimate of 5.3 km/s from Profile B
The 5.3 km/s model contour is therefore adopted as .the sediment/Salinian contact, which is the same as that
for the Loma Prieta model. The refraction model of Siewart and O'Neill (1972), 16 km to the SE of Profile
B, has an uppermost basement \;e]ocity of 5.0 km/s at 1.5 km depth. Well data 20-30 kim SE indicaté
basement depths ranging from 1.2 to 2.0 km (Shedlock et al., 1990), and geological estirﬁates in-tﬁe
Parkfield area range from 1.5 to 2.5 km (Page et.al., 1979; Dibblee, 1980). Below 6 km Profile B exceeds

the upper bound on the range of Salinian velocities as it enters a zone of high velocity deeper in the section.

Profile C Profile C (y=0;0) is located SW of the SWFZ at the NW end of the surface exposures of the Lang
Canyon volcanic rocks, and at abéut the center of the elongated high vélocity ridge seen in the near-surface
model (fig. 5.3)>. At depths between 2 km (z=-1) and 4 km (z=-3) the velocities along this profile are
significantly higher (up to 0.6 km/s) thah those along Profile B and the uppermost granite vélocity of

Walter and Mooney's refraction model. Between 2.5 and 4 km the Profile C velocities exceed the upper

~
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bound of laboratory estimates for Salinian granite Below 4 km depth Profile C is confined within the

narrow range of granite velocities and agrees closely with the Walter and Mooney model.

Profile C, therefore, indicates that the anomalously high velocities that appear at depths as shallow as 2 km
below the surface in the mode]>cross-sections'between y=-6 ahd y=8 km are a real feature. Northwest of

y=0 the shallow high velocities define a lenticular Body between depths of 2 and 4.5 km (z=-1 and -3.5)

(figs. 5.3, 54). To the SE, between y=-1 and y=-6 km, the body becomes elongated in depth and merges

with deeper high velocities. The apparently near-vertical NE boundary of the body SE of y=0 is difficult
to define within the resolution of the model, but detailed examination suggests the general shape shown in
the interpretive' banels of Figure 5.5. Thc_e near-vertical SW bodndary could be an artifact of the poor
resolution of the southwestern edge of the model below z=4 'km; Michelini's (1991) synthetic fault model
tests showed a tendency for velocity contoufs to be pulled too deep near the edge of the high-velocity side

of the model (see Section 3.2). The boundary between the bottom of the body and the deeper high-velocity
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bbdy is also difficult to define. Therefore, the shallow high velocity body could be limited to the 2-4.5 km

depth range and could be continue to the SW beyond the edge of the model.

The almost perfect coincidence of the SE-NW axis of this velocity anomaly between y=-6 and y=0 km with

the narrow (1 km) band of volcanic outcrops strongly suggests a causal relationship. The Lang Canyon -

volcanic rocks are correlative with the Neenach Volcanics to the SE in the San Emigdio Mountains and
with the Pinnacles Volcanics at the SE end of the Gabilan Range (Ross, 1972; Simé, i989). The much
larger exposures at the Pinnacles consistl of dacife, andesite and rhyolite. John Sims (personal
communication, 1992) estimates the unit thickness at the Pinnacles as 2.2 kﬁl, and_imei"prets the Lang

Canyon outcrops as the upper edge of an up-tilted, near-vertical slab of volcanic rocks having this thickness

~and unknown depth extent. This suggests that the interpretation shown in Figure 5.5 might be correct.

However, the standard reference (Carmichael, 1982) lists no velocity data for volcanic rocks apart from
basalts, so this hypothesis cannot be tested at present. The high-velocity rock mass does not disrupt the

overlying, apparehtly flat-lying Tertiary sediments even where the volcanic rocks outcrop, but this may be a



result of weathering of the uppermost edge of the slab. The relatively steep, lineé aéromagnetic gradient
that coincides with the NE boundary of the high-velocity body (fig. 5.35 is actually the NE side of é 10 km-v
wide (in x) rectangular magnetic high (Wentworth et al., 1992). R. Jachens (personal communication,
1992) considers this to be related to a topographic feature on the granitic basement surface, but there is no

corresponding expression in the gravity data (Wentworth et al., 1992).

The L-ang‘Canyon volcanics play an important role in ﬁgumeﬁs concerning the evolution and aisplacement
history of the SAF systerﬁ. Sims (1989, 1990) suégests that the southwestern boundary fault of the Lang
Canyon volcanic body is the extension of the Chimineas-San Juan-Red Hills-White Canyon féult system,
along which he finds evidepce for Holocene displacement an.d which he identifies as an ancestral active

trace of the SAF.

Profiles D and E. Between y=-2 and y=-11 km the southwestern half of the model below a depth of 6 km

(z=-5) is occupied by a high-velocity body. This feature is very similar to the high-velocity body identified
at Loma Prieta_, and I will baée my discussion upon a comparison between the two bodies: In comparison
with Profile C in Figure 5.7‘6, the velocity along l?roﬁle D, which also penetrates the shallow high-velocity
body, continues to increz_:se beyond the range of grimite velocities at depths below 4 km (z < -3) to a
_ maximum resolved velocity of 6v.6 km/s at 8-8.5 km depth (z=-7 to.v-7.5). Profile B similarly reaches a
velocity well beyond the granite range. A much highér velocity (7.2 km/s) is reached within the high-
velocity body at Loma Prieta, but at a depth of about 10 km. At 8 km depth (z=-7) on Loma Prieta Profile
D (fig. 4.7b) the velocity is 6.7 km/s, comparable with that in the Parkfield model. Therefore, it is possible
that if the Parkfield model were résolved at greater depths a higher maximum‘velocity might be observed.
More importantly, however, the velocity maximum on Parkfield Profile D is significantly higher (0.4 km/s)
than the Walter and Mooney refraction model and the QM1 granite velocity. Profile E, NE of the SAF,
similarly reaches a velocity of 6.6 km/s at about 8 km depth (z=-7), which is 0.8 km/s higher than the
Walter and Mooney model for Franéiscan crust at this depth, and 0.3 km/s higher than sample P5, the

highest grade (jadeite facies) Franciscan metagraywacke studied by Stewart and Peselnick (1977).
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As at Loma Prieta, I chose the 6.4 km/s contour as the boundary of the high-velocity body. So defined, the |

high-velocity body shown in Figurés 5.4-5.6 is similar in form to that at Loma Prieté; a domed rock mass,

roughly elliptical in map view and longitudinal section with the ‘major axes oriented along the strike of the

“SAF. Like the Loma Prieta body, the Parkfield ahomaly crosses beneath the trace of the SAF. The

Parkfield body is. smaller in scale, measuring about 4.5 km in width (x) by 9 km in length (y), compared
with the 10 km‘width and 30 km length of the Loma Prieta body. The Parkfield body extends to within 5-6
km from the surface, while that at Loma Prieta reaches a minimum depth of 7-8 km. The Parkfield body is

not resolved at depths greater than 9 km.

The high-velocity ridge on the NE side of the SAF identified in the near-surface model as a possible
subsurface extension of the Gold Hill gabbro body (Section 5.2.2) can be followed to a depth of about 6.5

km (z=-5.5) from the SE edge of the model to y=-7 km. However, resolution of this part of the model SE

of y=-11 is marginal so the definition of this feature is tenuous. In map view the high-velocity ridge is seen -

to converge with the SAF, and it merges with the deep high-velocity body between y=-11 and y=-7 km (fig.
5.4c). Therefore, it appears that the part of the high-velocity body NE of about x=-1.5 could be the end of
the subsurface extension of the Gold Hill gabbro body. Alternatively, the ridge of high velocity is the

continuation of the high-velocity body to the NE of the fault, and is unrelated the Gold Hill gabbro. The

latter alternative would be favored by other workers who, based upon aeromagnetic data (R. Jachens,

- that the Gold Hill body is only 1-2 km thick. The gravity contours in this part of the model (fig. 5.3) mimic

the velocity model.” The possible relatiénship of the high-velocity body to the Gold Hill gabbro is further

explored in Section 5.3.1 below.

personal communication, 1992) and the regional Vp model (Michael and Eberhart-Phillips, 1991), argue -



5.2.4 Other Evidence for the Deep High Velocity Body

There is no evidence for the deep high velocity body in the acromagnetic data (fig. 5.3 and Wentworth et
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al., 1992). Michael and Eberhart-Phillips (1991) present a regional-scale three-dimensional Vp model for

Parkfield. The shape of the contour bounding the high velocities on the SW side of the SAF in this low-
resolution miodel is similar to ihe outline of the shallow and deep high-velocity bodies merged together.
McBride and Brown (1986) re-analyzed a COCORP seismic reflection liné that crosses the fault zone
through Parkfield. The crooked geometry of this line is centered approximately on y=-7.5. One of the
main features of their section is a set of short horizontal reflectors SW of the SAF at about 3.4 s two-way
travel ﬁme. Converting the travel time to deptl; .using a model Salinian Vp(z) profile at y=-7.5 km puts this
horizon at about 7 km, approximately thé same depth as the top of the deep high-velocity body. However,

P

the set of reflectors extends to the SW beyond the edge of the Parkfield model.
Based upon the V, model, the same range of candidate lithologies is possible for the Parkfield high-
velocity body as for the Loma Prieta body (Sections 4.2.3 and 4.2.4). In the next section I examine the
Vp/Vs model for possible further constraint.

5.3 The Parkfield Vp/Vg and Vg Models

Figures 5.8, 5.9 and 5.10 show the Parkfield Vs model in map view, across-strike section (SW-NE), and

along-strike section (SE-NW), respectively. The Vp/Vs model is likewise shown in Figures 5.11-5.13. No

spread function is calculated for the Vp/Vs model, but a ro.ugh idea of the resolution is provided by scaling

color saturation by the spread function calculated for the Vg model.

This section is largely devoted to interpretation of the Vp/Vs model but I will first give a brief description
of the Vs model. The general features of the Vy field are similar to the Vp model but, as anticipated from

the discussion in Section 3.2, it is well-resolved over a smaller proportion of the model volume. Definition
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»

Figuré 5.8: Map views of Parkfield 3-D Vg model. Contour interval 0.1 km/s, Seé fig 5.4 for explanation

of seismicity.
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Figure 5.8a,b,c
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Figure 5.9: Across-strike (SW-NE) sections through Parkfield 3-D Vg model. Contour interval 0.1 km/s.

See fig. 5.5 for explanation of seismicity.
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Figure 5.10: Along-strike (SE-NW) sections through Parkfield 3-D Vg model. Contour interval 0.1 km/s.

See fig. 5.5 for explanation of seismicity.
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Figure 5.11: Map views of Parkfield 3-D V/Vs model. Contour interval 0.05. See fig 5.4 for explanation

of seismicity.
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Figure 5.11a,b,c
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Figure 5.12: Across-strike (SW-NE) sections through Parkfield 3-D Vp/Vsmodel. Contour interval 0.05.

See fig. 5.5 for explanation of seismicity..
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Figure 5.13: Along-strike (SE-NW) sections through Parkfield 3-D Vp/Vs model. Contour interval 0.05.

See fig. 5.5 for explanation of seismicity.
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of the shallow high-velocity body is similar to that provided by Vp, but the gradient bounding the NE side
of this anomaly is considerably steeper. This is a result of the § velocities within the adjacent Franciscan
/ - .

formation being relatively lower than the P velocities. The deep high-veiocity'body is defined by velocities

that reach 3.6 km/s, but the definition is poor because of the limited resolution-of the model.

The most- prominent feature Qf the Vp/Vs deel is the thick layer of very high Vp/V m vthe shallow
~ subsurface. Towards the eenter of the model,_these high V/Vs values are well resolved, and have been
confirmed by a high-resolution tomographic ihversiop at the Varian well (Daley and Mcﬁvilly, 1992.
Deeper in the section, a localized Vp/Vs low (1.65-1.7) is resolQed ie the depth range 3.5-7 km (z=-2.5 vto
-6) within the Franciscan formation between y=9 and y=-2.5 (ﬁés. 5.11a-e, 5.13a). A si‘mila: anomaly,

although less intense, is reSol.\_red on the SW side of the SAF between y=9 and y=0 (figs. 5.13c,d). At the
NW e'nd'of the model volume this anomaly is eentered between the SAF and the shallow high-ve;ocity
body at a depth of 4.5 km (z=-3.5). Towards the SE it moves deeper and towards the SW, under the
lenticular secnon of the shallow high-velocity body deﬁned in the Vp model. The Vp/V s low on both sides

‘of the SAF result from relatively high S velocities (fig. 5.8a).

A very intense, narrow Vp/V high (2.0) is resolved centered at y=0 and a depth of 8 km (z=-7). The
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anomaly results from low S velocities that extend from well into the Franciscan formation to the fault plane

defined by the s'eismicity. This lobe of low V; develops suddenly at about y=4 and disappears equa]ly,i

, .
abruptly at y=-3 (figs. 5.9¢ and f). The P velocity field remains virtually unperturbed within the volume

occupied by this lobe of low Vs. The Vp/Vi high is well-resolved above z=-8.5 between y=3 and -3 but

resolution is lost bel_oW z=-7 ateach end. The positive Vp/V anomaly is drawn on the interpretive panel of
. Figure 3.16b, which shows that it is truncated by the deep high -velocity body defined in the Vp model.

" Outside the Vp/Vs high the immediate fault zone below 6 km depth has normal values for quértzo-

feldspathic crust (see below), in the range 1.7-1.75.



The symmetry apparent in Figures 5.11c and 5.120 and d in the pattern of alternating negative and positive
Vp/Vs anomalies raises the possibility of long-wavelength oscillation in the Vp/Vs model. Long
»\-/avelength oscillations were observed in some of the fault modei tests of Michelini (1991), but Vp/V‘S
conditioning (Section 3.2) was“shown to be effective in minimizing these. Since the synthetic tests were
based upon the actual Parkfield source-rgceiver geometry, it seems unlikely that the true inversion would be
-s0 unstable as to produce long-wavelength artifacts in the well-resolved central part of the model volume
having ar_r;pliiudes as large as the observed Vp/Vs anomalies. However, the possibi‘lity of oscillations iﬁ the

Vp/Vs model cannot be discounted, and increases the uncertainty of the interpretation of the prominent

Vp/Vs anomalies.

There is no anomaly in the V/V model corresponding to the shallow high P-velocity body, Vp/V values

in this part of the model being in the range 1.750-1.8. No prominent Vp/Vs anomaly is associated with the
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dee;; high P-velocity body. On Figure 5.12g a relatively high Vp/Vy, in the range 1.8-1.85 is resolved ina -

small area located at the center of the deep high-velocity body, and the shape of the Vp/Vy =1.8 contour
here mimics the domed top of the high-velocity body. Outside of the intense anomalies described above,
well-resolved Vp/V values are generally about 1.75. Therefore the values associated with the high-

velocity body are significantly higher than the surrounding Franciscan and granitic crust.

5.3.1 Lithological Constraints from the Vp/Vs Model

Major changes in .lithological composition can be accompapied by variations in Vp/V's ratio but aré
generally observed not to occur without significant changes in both the P and S velocities themselves.
Therefore, it is assumed that only the anomalies in the 'Parkﬁeld Vp/Vs model that are assdciated with the
features identified in-the. Vp model.relate to lithological composition, while the remaining V/Vs anomalies
are caused by other factors. Specifically, the intense Vp/V high centered within the fault zone and the two
shallow VpN s lows on either side of the SAF are assumed not to be related to lithological composition, and

are dealt with in the Section 5.5.5 below. In this section I discuss the relatively high Vp/V values that



apparently characterize the deep high P-velocity body, although the evidence for these values discussed

_above is weak.

The constraints on the corhpositibn of the}deep high-velocity body are a P-velocity of 6.6 km/s at 7-8 km
depth (pressure 0.1-0.2 GPa) and a V}/V; ratio in the range 1 .8-1.85. One candidate lithology for this body
is the éuartz-homblende gabbro of Logan/Gold Hiil, as discussed in Section 4.2.4. The theoretical P- and
S- ve}ocities fof the composition of these gabbro bodies at 0.1 GPa estimated from Figure 4.8 (as described
in Section 4.2.4) are 6.74 km/s and 3.69 km/s, respectively, which give a Vp/V ratio of 1.83. Therefbre,
the o'bserved Vp and Vp/Vs vélu’es at Parkfield are consistent with the composition of the'Gold Hill gabbro,

although the P-velocity is a little low.

In general, the systexhatics of velocity variations in basic rocks are controlled by the proportions of
hornblende (Vp=7.0, Vp/V=1.74) and plagioclase (V=6.7, Vp/Vs=2.02) (see Christensen and Salisbury,

1975; fig. 15). Therefore, relatively high Vp/V ratios are expected to accompany relatively low P-
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velocities towards the anorthosite end of the series, and vica versa moving towards the hornblende end. - -

Christensén (1978) remarks that the relatively low V, and V/V values that characterize metagabbros from
the Point Sal ophiolite (e.g. sample MG2, fig. 5.7), compfxred with unaltered gabbros (e.g. sample GBS5), are
due to the significant (8%) quartz content of these focks. Therefore, the particular rélationshib between Vp,
~ and Vp/Vs endowed by the unusual quartz com;cm.of the Gold Hill gabbro,b and the fact that this unusual
‘ rock type outcrops close by, tends to favor the same quzirtz-horriblende composition for the deep rock mass.
However, it is conceivable that the velocities of the deep anbmaly at Parkfield could be accounted for by
'metamorphosed basic rocks of a ranée of compositions. These might. include andesite z.md dacite, which
réises the possibility that the deep and shallow high-velocity bodies SE of y=0 are expressions of the same
volcanic rock mass, 'which outcrops_as the Lang Canyon volcanics. As noted above, no data on the

velocities of andesites and dacites appear to exist at present.



Ultramafic rocks of the types belonging to the Coast Range ophiolite are also possible lithologies for the
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deep high velocity bodies at Parkfield and Loma Prieta. The velocity systematics of ultramafic rocks -

depen'd on the proportions of pyroxene (VP=7.9, VP/VS=1.7-1.73), olivine (V=8.5, VP/VS=1.8) and
serpentine (Vp=5.1, Vp/Vss=2.2 for chrysotile) (all velocity values are at 0.1 GPa and are taken from
* Christensen and Salisburyv [1975]). In particular, Vp/Vs for ultramafic rocks is controlled almost
exclusively by the degree of serpentinization. A vaalue of 6.6 km/s such as that of the deep high-velocity
body at Parkfield indicates a relatively high degree of serpentinization (greater than 30%), based both upon
compositional analysis (Christensen and Salisbury, 1975, fig. 15)’ and on laboratory xﬁeasurements of
partially-serpentinized peridotite samples from the Califérnia Coast Ranges (Christensen, 19662, 1978).
For this amount of serpentine a relatively high value of V/Vy, in the range 1.87;1.9, is expected, which is
substantially above the apparent value for the Parkﬁeld deep high-velocity body. However, individual
laboratory samples deviate significantly from the average values, and an l;ltramaﬁc composition for ;be
deep high velocity bodies cannot be ruled out. Granitic gneisses of the type that outcrop within the Salinian
block SW of the SAF generally have Vp/V ratios in the granite range (ll.7-1.8) (Christensen, 1965, 1966b).

Other types can have higher values depending on their protoliths and metamorphic grades (Kern and

Richter, 1981).

5.3.2 Summary of Lithological Interpretation

The Parkfield three-dimensional P-velocity model images an anomalous high-velocity body at depths as '

shallow as 5-6 km below the surface on boih sides of the SAF trace that is similar in form to the high-
velocity body seén in the Loma Prieta model. As at Loma Prieta, the fuil depth extent of the body isvnot
resolved by the Parkfield model. Therefore, the possible interpretations (Section 4.2.3) of the high-velocity
body as either an up-thrust block of sub—basemen_t, as two rootless rock masses that have been brought into
juxtaposition by lateral displacement along the San Andreas system, or as a rootless rock.mass brought into
juxtaposition against an up-thrust block apply equally to Parkfield. While the additional constraint on

czindi_date lithologies supplied by the Parkfield Vp/V s model is scant, it does indicate that the Parkfield high

ay



vélocity body has neither extremely high nor extremely low V,/V, but a value that is moderately higher
;llan that expected fof granitic or Franciscan cfust. The observed value of 1.8-1.85 is consistent with the
unusual horﬁblende-duartz composition of the Gold Hi.ll gabbro body. This strengthens the péssible
interpretation that Gold Hill is é ;small outcrop of a relatively lélrge buried gabbro body, which is _suggested
by the tenuous connection of the higﬁ-velocity body at shallow depths to the poorly resolved ridge of high

velocity on the NE side of the SAF that appears to be a subsurface extension of the Gold Hill outcrop. The

Parkfield velocity modeis, however, are not adequate to rule out the other possible ultramafic or

metamorphic compositions discussed in Section 4.2.3. A shallower high velocity body is also imaged on

the SW side of the SAF that is coincident with outcrops of the Lang Canyon volcanic rocks.

The Parkfield high-velocity body appears have the same kind of influence in detemiining the transition
from stable slip to unstable rupture as that at Loma Prieta, although at the lesser scale concomitant with its

smaller size.
5.4 Relationship '(I)f Seismicity to Lithology and Vp/Vs Anomalies

The interpretive panels on Figures 5.4-5.6 show the major lithological contacts interpreted from the Vp

model. Fault contacts are inferred from hypocentral alignments.. Figures 5.4 and 5.6 also show the positive
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Vp/Vs anomaly. Focal mechanism solutions are not computed for the earthquakes recorded by the HRSN,

owing to the limited azimuthal coverage of the network. I rely instead on the high-quality representative -

recorded by the USGS CALNET.
5.4.1 Earthquakes Northwest of Middle Mountain

From y=10 to y=0 two distinct seismicity trends are defined. The first consists of intense seismicity above

a depth of 6.5 km (z=-5.5), which defines a near-vertical or steep NE-dipping plane. The second consists of

" solutions presented by Nishioka and Michael (1990) as part of their detailed study of Parkfield seismicity as



events below 6.5 km depth, which define a plane that dips approximately 80° SW and that projects to the

surface at the SAF trace. This second plane, which conforms to a break in slope of the velocity contours, is
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identified as the active SAF plane. Therefore, the intense shallow microseismicity is occurring on a_

secondary fault which intersects the main SAF plane at a depth of 6.5 km (z=75.5), the point of intersection
moving progressively upwards to 4.5 km (z=-3.5) at y=1 k. The plane defined by the shallow seismicity
intersects the surface at a locatién that coincides with the projected trend of the SW en echelon segment of
the SWFZ.(fig. 5.2). As discussed in Section 5.2.2, Sims (1989, 1990) suggests that this fault segment

continues to the NW beneath the surficial sediments. Further to the SE, between y=-3.5 and y=-5 km, the

intense microseismicity above a depth of 5.5 km (z> -4.5) also appears to define a near-vertical plane

oblique to the SW-dipping SAF plane. Aty=-5 km the shallow seismicity trend again intersects the"surface
along the projected strike of the SW en echelon svegment of the SWFZ, rather than at the trace of its NE en
echelon segment that is mapped in this vicinity. The upper limit of thé seismicity conforms closely to the
4.6 km/s contour, in approximate agréerhent with the sediment/Frandscén contact. The shalléw seismicity

is also confined below the near-surface band of very high Vp/V; ratios (fig. 5.13).

Between the NW edge of the model volume and y=7.5 most of the shallow seismicity is confined below the

sediment/Salinian contact. Southeast of y=7.'5, however, the 5.3 km/s contour defining the top of the '

Salinian basement becomes depressed towards the fault so 'that' the granitic SW wall rock at the fault is

replaced by the rocks at the base of the overlying sediments (or perhaps by highly fractured granite). By

y=5 km, the shallow activity'is entirely confined above the sediment/Salinian contact. The nature of the
material in the wedge between the SAF and the secondary fault cahnot be resolved by the model.
Franciscan rocks are at the SAF at the surface NW of y=7 km (fig. 5.3). Dibblee (1980) maps an ou:tcrop of
Franciscan rocks SW of the main SAF trace between y=6 and 9 km. This block is mapped as being fault-
boundedi on its SW side, but the map scale is too small to assess the possible relationship of the mapped

fault to the NE-dipping plane of seismicity.



The two regions of »relatively low Vp/V flank the zoné of intense shallow microseismicity on either side
between y=1‘0 and y=1 km. The two low Vp/V;s regions are at their closest approach to each other where
the NE-dipping plane intersects the S:AF, forming a band of slightly lower than average vp/v; there. Iﬁ
longitudinal section (ﬁg. 5.13b), the shallow seismicity appears as a funnel-shaped band which mimics the
broadening of the zone of low to normal V,/V towards thé NW. The most intense concentrationl of
shallow seismicity éccurs at the naﬁow end of this funnel at y=-4. Themfore, it appears that the shallow

" creep-related seismicity occurs where the 'VP/V s Tatio is low to normal within the fault zone.- Fault-plane
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solutions for all of these events indicate right-lateral strike-slip on a plane striking parallel to the SAF '

(Nishioka and Michael, 1990).

Seismicity on the main SAF plane below its intersection with the shallnw secondary plaﬁe is sparse at the
NW end of the model volume but suddenly intensifies at y=3, éppean‘ng as a sharply defined "tube” of
earthquakes between y=3 and y=2 km (figs 5.4¢, ‘5.6b and ¢). Between yis and y=1 km sub-trendsvof
events that dip relatively gendy SW from the steeply-dipping SAF plane are clearly deﬁﬁed (fig. 5.5), and
are particularly evident in t./h'e detached groups of earth@akes _bel.ow 10 kmm debth (z=-9). Nishioka and
Michael (1990).also comr‘nént of the broadening of the zone of seismicity h_ere._ vThese trends indicate

small-scale faulting éuxiliary to the SAF. The complexity in the seismicity disappears abruptly at y=0,

where the SAF plane becomes sharply defined. At this point activity on the shallow secondary fault ceases

and the surface creep rate begins its steep descent.
- 5.4.2 Earthquakes Southeast of Middle Mountain

* On the Vp/Vg model Sections shown in Figures 5.11d and 5.13b, thé seismicit); is seen to be cut off at y=0.5
km in the depth range 7.5-9.5 km (z=-6.5 to 8.5) where the fault plane enters the core of the zone of high
Vp/Vs. Relaiively intense seismicity continues to the SE both above and belbw the Vp/V high. Returning
now to the V, mp'del in Figures 5.4¢ and 5.6b and c, the isolated seismicity below 10 km (z=-9) is abrﬁptly

terminated at y=-2 by the NW end of the deep high-velocity body. At depths shallower than:6 km (z> -5)

‘



the situation is not so clear, but the few shallow events that occur SE of y=-5 are located only above the top
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of the high-velocity body. The main belt of shallow Seismicity ends with the intense concentration of

events centered at y=-3.5 If the shallow high-velocity boay extet;ds to depth as suggested in Figure 5.5f,
then it is at the fault at about 6 kin depth and may be related to the termination of the shallow seismicity.
However, this relationship is not clear because of the uncertain depth extent of the shallow high-velocity
body. Southeast of this point the seismicity is sparse at all depths, but until y=-9 km it continue; to
conform to the steep SW-dipping plane defined to the NW. At y=-9, the creép rate-levels off again and the
shallow seismicity becomes more diffuse. The cluster of events within the deep high-velocity body mostly

consist of the M, 3.7 earthquake of May, 1989 and its aftershocks.
5.4.3 Microearthquake Clusters

About 50% of the earthéuakes recorded by the HRSN during the period 1987-1991 define tight spatial
clusters contz;ining' (to date) from two to as many as 16 events (Foxall and McEvilly, 1987, 1988; Antolik et
al,, 1991). The clusters are defined based upon the close similarity of the seismograms recorded from their
member earthquakes on the broad-bandwidth (2-125 Hz) HRSN. P-wave trains commonly have
coherency's greate; than 0.98 to 75 Hz and S-waves to 50 Hz. This requires that the earihquakes within a

cluster occur within a few tens of meters of each other and have essentially identical mechanisms.

Very high resolution locations of the cluster members relative to each 6ther are determined by using a
cross-correlation/cross-spectrum technique to compute the time délayé of P and S arrivals of the events
relative to a chosen reference event in each cluster (Foxall and McEvilly, 1988). This permits sub-sample
(i.e. less than 2 ms) timing of the relative arrivals and relative hypocenter locations accurate to within a few

tens of meters 10 be computed. The characteristic dimension of the fault patch occupied by a cluster is 100-

200 m. Therefore, each cluster represents the repeated rupture of a precisely-defined patch of the fault - a -

fine-scale characteristic earthquake. The repeat times of the earthquakes in each cluster can range from

seconds to (to date) several years. -



/

The locations of clustered earthquakes are shown as filled circles on thc velocity model sections. They
comprise a large proportion of shallow creep-related events above 6.5 km depth, including the dense
concentration centered on (y,z)=(-3.5, -4). Th(_a group of earthquakes that mark the termination of

seismicity at the NW end of the high Vp/V zone are clustered but events to the NW within the same depth
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range are not. Two clusters are defined in the seismicity deeper than 11 km at y=3, and the aftershock .

sequence within the high-velocity body at y=-9 is composed of similar events. o
5.4.4 Long-Term Seismicity Patterns

The seismicity described above closely conforms to the long-term pattern of seismicity at Parkfield since

1970 described by Bakun and Lindh (1985) and Poley et al. (1987). Salient features of the long term

seismicity are shown in Figure 5.14. The higher resolutim; of the HRSN data located using the three-
dimensional model compared with the CALNET 1®aﬁons is reflected in tighter spatial cl'ustc‘rin:gY of the
seAismicity. Most of the larger earthquakes (M > 3) that have occurred within the model volume since 1970
are located NW of Middle Mountain on the main SAF plané below 6.5 km depth. The largest earthquake
(M4.8 in 1975) on the Parkfield section of the fault sincev1966 was located at y=6 km at 11 km dep_th, and
anM4.4 event occurred under the 1966 mainshock hypocenter at a depth df 11 km in 1981. Several events
located within the "tube" of seismicity betWeen y=2 ar}d'y=3 km had magnitudes greater than 3, including

an M4 event in 1982.

The group of earthquakes that mark the termination of deep seismicity at the NW end of the deep hig‘h-

velocity body (y,z=-1.5, -9.5) includes a sequence of M > 3 events that recur every 39-40 months (Poley et

-al., 1987). The stress drops of these earthquakes reported by O'Neill (‘19_84) are relatively high ( > 20 bar) -

compared with the other larger events located NW of Middle Mountain. Between Middle Mountain and

Gold Hill, the few larger events have generally occurred near the upper and lower pefipheries of the deep

high-velocity body.
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Depth (Km)

Figure 5.14: Summary along-strike (SE-NW) section through 1966 Parkfield earthquake rupture zone
showing: Slip contours in mm/yr from Harris and Ségall (1987); 1966 mainshock (solid
diamondb), aftershocks from Eaton et al. (1970) (ﬁlléd cifcles), and foreshoc];s (open

" diamonds); M>4 earthquakes since 1966 (triangles) and background seismicity (open
~ circles). ‘Boundaries of high-velocity body (thick solid and dashed curve) and positive Vp/V

anomaly (dashed ellipse) are from figs. 5.6 and 5.13, respectiVely.
5.5 Lithology-Based Model for Parkfield
I begin this section with a brief review of some of the data and models that are available for the 1966

Parkfield earthquake. Salient features of the 1966 earthquake are plotted on Figure 5.14 so that they can be

integrated with the lithological and seismicity data to develop a slip stability and earthquake nucleation



model for Parkfield. Development of the. model in terms of the concepts of fault strength and stability

discussed in Chapter 2 parallels that for Loma Prieta presented in Section 4.5.

5.5.1 The 1966 Parkfield Earthquake

The June 28, 1966 M 5.5 Parkfield earthquake nucleated under Middle Mountain and mptufcd unilaterally -

towards the SE (McEvilly et al,, 1967; Filson and McEvilly, 1967). The dense aftershock zone extended '

from Middle Mountain a distance of about 30 km to Highway 46 near Cholame (McEvilly et al., 1967;

Eaton et al., 1970), indicating that the SAF plane between Middle Mountain and Highway 46 ruptured

during the earthquake. Surface fracturing extended over about the same distance (Brown et al., 1967;

Brown, 1970).' However, aftershocks that occurred within the first 13 minutes after the mainshock

extended only 20 km to the 1-2 km offset in the SAF trace SE of Gold Hill (fig. 5.1) (MCcEvilly et al,,

. ]967), which suggests that the primary mainshock rupture was arrested at the offset and subseqilemly broke

through this barrier.to continue to rupture the plane between Gold Hill and Highway 46.
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The mainshock was preceded by two strong foreshocks, the largest of which was an M5.1 event that

occurred 17 minutes.befote the mainshock (McEvilly et al., 19_67);- Based upon the differences between
arrival times at .seismographs at Gold Hill and Priest (25 km NW of Middle Mountain), the mainshock and
foreshocks .occurred within 1.5 km of each other a]oné strike, éﬁd the mainshock is withip 2 km of y=0 in
our model coordinates (McEvilly and others, 1967; Lindh and Boore, 1981). The mainshock focal depth
was esu'mated.'as apprdximately 9 km (A. Lindh, unpublished) but is not well. constrained. - The foréshock_s
locate immediately to the NW of ﬁle mainshock (fig. 5.14) and apparendy ruptured uﬁilaterally t0 the NW
(Filson a'nd McEvilly, 1967; Bakuﬁ and McEvilly, 1979). Bakun and McEvilly (1981) est;mated that the
stress drops of the M5.1 foreshock and a similar foreshock that immediately ;;receded the 1934 Parkfield
an;xake were higher than those of foréshocks and "ba;kground" earthquakes located further to the NW,
in agreement with ﬁle results of O'Neill (1984). Bakuh,and MCcEvilly (1979) pointed out the similarity

between the ground motion recorded from the 1966 earthquake to that from the 1934 . earthquake that

-



occurred in the same vicinity, and the similarities in the foreshocks and surface rupture of the two
earthquakes. They later found that the 1922 Parkfield earthquake was also similar (Bakun and McEvilly,
1984), which led to their propdsa] that the 1966 earthquake was the latest in a quasi-periodic series of

characteristic M5.5-6 earthquakes which rupture the Parkfield segment of the SAF.
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The aftershocks shown in Figure 5.14 are the subset of the hypocenter locations of Eaton et al. (1970) that

have 'depths constrained by arrival time data. Seismograph coverage of the aftershock zone NW of Gold
Hill was sparse (Eaton et al., 1970) so relatively' few aftershocks were recorded by a sufficient number of

stations to compute a reliable hypocenter location, and the locations in this area are of a generally lower

quality than those further SE. The aftershock locations shown in the velocity model sections are a subset of

the events shown in Figure 5.14 that were recorded by temporary stations deployed NE of Gold Hill for

short periods during July and September, 1966 (Eaton et al., 1970). I attempted to relocate the aftershocks

that occurred within the velocity model volume using the USGS arrival times and the three-dimensional Vp

“model. However, the data are inadequate to locate reliably all but a féew of the aftershocks that occurred
there. I located a set of the best-recorded events for comparison with the original locations of Eaton et al.
(1970). The three-dimensional locations are systematically located on average about 1-2 km SW and 2-5

km shallower than the USGS locations.

Several models <;f ‘the 1966 ruﬁture (e.g. Aki, 1968; Anderson, 1974; Levy and Mal, »1.976; Archuleta and
Day, 1980) have been preseﬁted. Most of the models assume that the priméw rupture extended from
Middle Mountain to Highway 46 and adopt a single, 30 km-long dislocation blane based upon the
aftershock distri‘r;ution 6f Eaton et al. (1970). Trifunac and Udwadia ( 1974) accounted for the offset in the
SAF traée, SE of Gold Hill by modeling the fault plane as two segments ;vith a change in strike at Gold Hill.
The results of this more realistic médel indicate a peak displacement of approximately 2 m at about y=-11
km in the velocity model codrdinate systemn, and imply that the primary mainshock rupture extended as far
as the Gold Hill offse.t. Their results also suggest that the fault did not ruptﬁre to the NW of the mainshock

hypocenter.
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The case for primary rupture .being'arrested at the Gold Hill offset was arghed persuasively by Lindh and
Boore (1981). They propose that the Parkfield earthquakes nucleate at an asperity which they identify as a

5° bend in the fault trace at Middle Mountain and primary rupture is arrested at the barrier formed by the

Gold Hill offset. The bend at Middle Mountain is very subtle, and, based upon detailed mapping of the

SAF trace by Brown (1970), could be as small as 2°. Although Lindh and Boore state only that the bend

might correspond to a discontinuity at depth, subsequent studies have adopted it as a type example of
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geonietrical control of rupture nucleation. The scale of this proposed geometrical asperity is certainly

nowhere near that of the Gold Hill offset or of the fault bends near Lake Elsman and Hecker Pass along the

Loma Prieta section of the fault.

Harris and Segall (1987) computed the slip distribution along the Parkfield segment by inverting

_ trilateration and surface cr'eep data. Their dislocation model assumes only a planar vertical fault from the

surface to a specified transition depth beneath which the fault slips freely, bounded laterally by a locked

(1857) segment beginning at Cholame and a freely-slipping segment to the NW. The model is constrained

a priori to be-smooth. The inversion resolves a zone of low to zero slip that extends from about 2 ki depth

to the transition depth and from Middle Mountain to Cholame. The core of the locked segment is confined
to the fault plane NW of Gold Hill. Long wavelength (6-10 km) characteristics of the horizontal
distribution of slip are resolved but the depth extent of the locked plane is poorly constrained by the data.

The locked zone agrees closely with the 1966 aftershock zone, and is reproduced in Figure 5.14.
5.5.2 Fault Slip Northwest of Middle Mountain

The thick section of the Great Valley sequence sediments does not overlie the Franciscan formation at

Parkfield as it does SE of Loma Prieta. The creep-related ‘microseismicity at shallow depths on the Great

~ Valley/Salinian contact SE of Pajaro Gap is replaced by intense seismicity on the shallow secondary fault

NW of Middle Mountain. This takes place first at the Salinian/Franciscan contact above 6.5 km, and then



at a contact between the Tertiary sediments overlying the Salinian and, possibly, the Franciscan. The
Parkfield model does not extend far enough to the NW to ascertain what the shallow slip behavior is where
the secondary fault is not present, but the northwestern-most cross-sections through the model suggest that

intense microseismicity continues at depths above 6.5-7 km on the main Salinian/Franciscan contact.

The coincidence of the shallow secondary fault with the projected trace of the SW en echelon segment of
the SWFZ 9 km to the SE may be fortuitous, but the apparent alignment of the near-vertical trend in the
shalloﬁv seismicity with the projected strike of the SWFZ at y=-5 km, closer to the NW end of the mapped
trace, lends some credence to this hypothesis. Surface displacement was observed on this fault after thé
1966 earthquake (Brown et al., 1967), although no aftershocks were located on it (Eaton et al., 1970). As
discussed in.Section 5.2.2, Sims suggests that the SE segment of the SWFZ continﬁeé to the NW. Sims
(1989) also proposes that the SWFZ was the active trace of the SAF system NW of the Gold Hill offset
‘until 6 Ma. Therefore, it 19 possible that shallow slib NW of Middle Mountain and above the high-velocity
body is transferred from the main SAF plane in response to the locking of the main plane (discussed
below), in a similar way that slip is transferred to the Sargent fault adjacent to -Péjaro Gap (see Section

4423).

The low rate of seismicity on the Salinian/Franciscan SAF contact below a depth of 6.5 km at the
northwestern end of the Parkfield model appears similér to that SE of Pajaro Gap on the Loma Prieta cross-
sections. However, seismicity on the Parkfield section extends as far as 11 km depth; and the long-term
data discussed above indicate that earthquakes as 1afge as M5 occur on this deep fault contact at least as faf
as 7 km NW of Middle Mountain. Seismicity between San Juan Bautista and Pajaro Gap is strictly
confined aboye 9 km depth until it abruptly deepens at the SE end of the high velocity body, and slip below
that depth appears to be entirely aseismic (although the earthquakes between depths of 7 and 9 km there
may be occurring on the Saliniaﬁ/Franciscan contact). If it is assumed that the intrinsic strength and
stability properties of the Salinian/Franciscan contact rémain the same, the difference in bebavior is

attributed to differences in the detailed response of the otherwise stable contact to arrest of slip at the two
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locations. The Parkfield Vp/Vs model is not resolved at depths below 7 km at the NW end of the model so

the possible role of pore fluids in the slip behavior of the deeper fault plane cannot be assessed. The
Fraﬂciscan formation outcrops at the fault NW of y=7 km. Therefore, the Coast Range ophiolite with its

serpentinite is not present at seiémogenic depths as it is SE of Pajaro gap. -
553 ’l:he Middle Mountain Barrier

I propose that the fundamental barrier to stable sliding at Parkfield is the deep high~vélocity body.- This is
based on the abrupt termination of deep microearthquakes where the fault plane enters the high-velocity
body at y=-2 km, vand, with the notable exée’pﬁon of the clustered events near y=-9 km, the absence of
earthquakes within the body itself. Therefore, the high-velocity body arrests stable sliding at depths below
6.5 km and, as indicated by the surface creep data, inhibits stable sliding at shallqwer depths. The zone of
high Vp/V also may play a significant role but, as I explain in the Seﬁﬁon 5.5.5, it formed as a response to

the lithological barrier.
5.5.4 The Parkfield Asperity Model

As at Loma Pﬁeta, the asperity imaged as the high velocity body at Parkfield is a part of the fault zone of
fixed dimensions that has permanently high fracture strength (Gy) and unstable slip propertieé (a Typé 3
fault contact). The high-velocity body encompasses the lower, northwestern bart of the region of low to
zero slip of the. Harris and Segall (1987) model (fig. 5.14). I will discuss the dynamic rupture of this
asperity during the Parkfield earthquakes in terms of the elliptical asperity model of Das_and Kostrc;v

(1985) (Section 4.5).

The.nucleation zone of the Parkfield asperity is identified as the point of termination of the deep seismicity
at y=1.5-2 km at about 10 km depth. The high stress drops of the events in this small region and of the

immediate foreshock of thé 1966 earthquake suggest that the nucleation zone is just within the high-
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strength asperity close to its deep northwestern edge. The position of this zone is well within the error
bounds of the hypocentral location estimates of the 1966 earthquake and its foreshocks. Therefore, I
propose that the 1966 rupture nucleated at the highly stressed northwestern end of the major axis of the

- roughly elliptical asperity, in accordance with the theoretical asperity model.

The aftershocks distribution shown in Figure 5.14 suggest that the mainshock rupture propagated Fthrough ‘
the entire width of the high-velocity body to the SE of the nucleation point, because; in contrast to the
background seismicity, they extend through the hi’gh—velocit’y body. Note, however, that the best-
constrained aftershocks, which are shown in Figures 5.5 and 5.6, are mostly located outside of the high;
velocity body. This may indicate that the fault plaﬁe within the asperity fuptured essentially completely
during the mainshock (see Section 4.3.2). The zone of maximum displacement in‘ the rupture model of v
Tﬁfunaé and Udwadia (1974) appears to be close to the SE end of the high-v.elocity body where, according

to the théoretical asperity model, there should be a concentration of stress. This is also the location of the

1989 M3.7 earthquake sequence.

The veiocity model does not resolve the southeastern extent of the high-velocity body, so I cannot address
the nature of the fault plane to the SE. As;uming that the higih-velocity body ends near y=-13 as suggested
in Figure 5.6, then dynamic rupture was triggered on tl_le'(presumably)'Type 2 (conditionaily unstéble)
plane to the SE. The aftershocks also indicate that the fupture oyershot on to the partially-locked plane
Belween the high-velocity body and the dverlying sediments. There was négligible aftershock activity NW
of Middle Mountain, which shows that SAF plane there acted as a relaxation barrier. The driving stress, o,
had been reduced to a low level NW of Middle Mountain by the damage process near the barrier (see
below), by the larger events that occurred during the inter-seismic period, and finally by the apparently

NW-propagating immediate foreshocks.



5.5.5 The Middle Mountain Damage Zone

The effect of the Middle Mountain barrier is first seen as the abrupt increase in the intensity of seismicity
on the SAF plane below 6.5 km depth . These microearthquakes are the manifestation of the .build up of
stress on the deep part of the fault'-plape immediateiy in front of the barrier as stable slip is arre;ted, which
results in the formation of a damage zone of intense fracturing. The damage process appears to be fairly
well ordered, as indicated by' the systematic alignment of the ‘microear'thquakes into short yet clea:rly-
.deﬁm;,d sub-trequ that dip at relatively shallow angles to the SW. The significance of the orientatio‘nvof‘
these trends 19 difficult to evalvate v;rithout numerical modeling because the local stress field in front of the
barrier ié highly perturbed. The fault planev solutions of events within this zone computed i)y Nishioka and
Michael (1990) all sﬁow a signiﬁcant normal combonent of displacement on NW- to NNW-oriented pianes,

and one solution is pure normal.

The core of the zone of intense damage under Middle Mountain, where the damage process has advanced

the furthest, is imaged directly as the high Vp/V'S anomaly there. I propose that this anomaly, and the
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negative Vp/V anomalies on either side of the SAF can be explained in terms of the same mechanisms of

rock dilatancy and pore fluid diffusion that form the basis of dilatancy/diffusion models of 'earthquake

nucleation (Nur, 1972; Aggerwal et al., 1973, Whitcomb et al., 1973).

The formation of new fractures in the deep zone of seismicity under Middle Mountain in addition to
repeated slip on pre-exiéting blanes is suggested by the relatively few microearthquake clusters there.
Macroscopic shear fractures in rdck'under a compressive stress regime are oriented at an acute angle to the

direction of maximum compressive stress, G, according to the Coulomb criterion, but form by the

coalescence of extensional (Mode I) microcracks that are themselves oriented parallel to of (Brace et al., -

1965). This process is accompanied by volume dilatancy, which increases the pore volume of the rock.



The effect of dilatancy‘ on Vp/Vy ratio d;pends on whether the rock is dry or wet. Increasing the pore
volume of a dry rock decreases the bulk rock values of both Vp and V. The effect on Vi is less‘than onVp
80 Vp/V; decreases. Introducing fluid into the void space strongly increases the effective bulk moduius of
the rock aﬁd hence Vp, which approaches its intact rock value as fluid saturation increases, but has .no effect
on the shear modulus, so Vg is unchanged. Therefore, V'p/Vs in a partially saturated dilatant rock can
signiﬁcantly.exceed its value in the intact rock. Fluid pore pressure is an additional vafiable in the
problem, but its effect can be expressed in terms of changes in pore'vdlume. Increasing pore pressure
lowers.the effective pressure on the» pore space according to Equation (2.2), thus allowing the pores to
‘expand and increésing the pore volume. In a partially saturated crack this will have only a small effect on

Vp, but will significantly decrease Vs, resulting in an increase in Vp/Vs.

The above argumcnts mean that a positive V/Vs anomaly, such as that under Middle Mountain, must

involve either a decrease in pore volume if the cracks are dry or the effects of fluid saturation. In the

general case Of partially saturated cracks a positive Vp/Vg anomaly could be related to an increase in Vp
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due to saturation of previously dry cracks. However, the positive Vp/V anomaly under Middle Mountain.

appears to be caused by low Vg, which requires an increase in pore volume of partially saturated cracks.
{

This is consistent with the existence of the dilatant damage zone suggested by the concentration of

seismicity.

The effects of crack density and fluid saturation were quaritified according to a non-interacting crack model

by O'Connell and Budiansky (1974). Figure 5.15 shows the relatibnship between the fractional changes in .

Vs and Vp/V; for different values of crack density, €, and saturation, E. The ratios of the values of Vg and

Vp/Vs within the positive Vp/Vy anomz_lly under Middle Mountain to average values at the same depth as
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Figure45.15; Fractional variation 6f Vs (B) and Vp/Vs (R) as functions of fracture density; € (dotted
cuﬁes), and fluid éaturation, € (solid curves), for .Poisson's ratio (v) of 0.25. Bo and R, are
S-vélocity'and Vp/Vs ratio of uncracked solid, respectively. After O'Connell and
Budiansky (1974). Data‘ for positive Vp/Vy aﬁorhaly under Middle Mountain shown as

Cross.

the anomaly are plotted on this figure, and indicate that the damage zone has a modest fracture denSiiy

compared with the country rock and is fully saturated.

The negative Vp/V anomalies within the Salinian and Franciscan blocks on either side of and above the

positive anomaly and the relatively low Vp/V values within the fault zone to the NW of Middle Mountain

* suggest that the high saturation within the damage zone might be maintained by in-flow of fluid from these

- two zones. I propose that the permeability of the fault zone NW of the high-velocity body may be



relatively high' so that the fluid diffusion rate is comparable to the dilatancy rate within the damage zone.
Therefore, the supply of fluid to the damage zone can be maintained without the fault zone to the NW_
becoming significantly undersaturated, and its V/V; ratio remains only slightly below normal. Fluid could
also be supplied from the wall rocks adjacent to the fault because the permeability of the rock near the fault
is prbbably higher than normal due to fracturing associated with fault displacement (Chester aﬁd Logan,
1986). The intact rock away_from‘ the fault is less permeable. Therefore, the regions close to the fault that
sui)ply fluid to the damage zone will be recharged from the surrounding country rock at a lower rate than
the dilatancy rate, and the pore pressure may drop. This will result in low Vp/Vj ratios in these regibns, as
observed, due to an increase in V. ‘The feasibility of this hypothesis depends upon the actual

permeabilities within the fault zone and in the wall rocks.

Once it is formed, the damage zone at Parkfield must be a permanent feature of the fault zone in front of the
barrier which pre_,sumab]y is growing slowly towards the NW. The termination of seismicity at the NW end
of the' most intense part of the Vp/V anomaly suggests that dilatancy associated with the formation of new
fractures is presently taking place only outside the core of the anomaly. ’fhis raises the pdssibility that the
intensity of the anomaly may vary over the earthquake cycle in the following way. As the stress
concentration in front of the barrier builds-up after an earthquake, the pre-éxisting cracks within the core of
the damage zone open parallel to the direction of the local shear stress. The hypothesized high permeability
of the fault zone enables the cracks to remain close to saturation as they dilate, which means that the
intensity of the positive Vp/Vs ahomaly within the core of the damage zone would increase progressively
as the stress builds up. When an earthquake and its foreshocks occur, the stress conéentration is relaxed
and the Vp/V; ratio drops. The two negative anomalies on either side of the fault may also show a cyclical
variation, depending on the diffusion time constants of the fractured rock on either side of the fault. If this
scenario is correct, then it may prévide a powerful earthquake prediction tool; This possibility is explored

further in Chapter 6.
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The possible cyclic variation in Vp/V discussed above is similar in some respects to that of the volume

dilatancy/diffusion models, and to a fault zone dilatancy/diffusion model discussed by Rudnicki (1988).

These models assume that significant changes in V/V; occur on time scales of a few years and are caused
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by dilatancy of pre-existing and/or new cracks in response to the build-up of tectonic stress either in an

extensive volume surrounding an incipient nucleation zone or within the fault zone itself. Because these
models assume that the fluid diffusidn rate is significantly less than the dilatancy rate, the dilatancy causes
undersaturation and a drop in Vp/Vs. The attendant drop in po‘rg pressure increases tﬁe effective normal
stress, which leadsb to an increase in strength within the dilatant zone (dilatancy hardening) and further
sfress concentration. Fl_uid then diffuses into vthe dilatant zorie, increasing the Vp/Vy ratio back to normal,

increasing the pore pressure and causing weakening that results in earthquake nucleation.

However, the Vp/Vs.anorﬁaly under Middle Mountain represents an average for the three-year period
( .1987-1989) covered by the travel time data set used in the inversion. Therefore, even if we are now in the
immediate pre-nucleation phase' of the cycle, the high value of the anomaly is not consistent with the
previous models, which requiré adrop in VP/V s in the two-or three years preceding an earthquake followed
b); a rise back to a normal (rather than an a_nbmalously high) value. This leads-'to the ﬁost important
difference bet@éen the- possible cycle at Parkfield and the previous models, that of their implications on the
strength and stability of the fault zoné. The volume and fault zdne dilatancy/diffusién models rely on the
reduced pore pressure accompanying dilatancy to ﬁrst‘st'reng(hén the hypocentral zone so that it can act as

an asperity, and then the rise in pore pressure accompanying diffusion to weaken it and so trigger unstable

rupture.’ In contrast, the Parkfield model identifies the high-velocity body as the primary asperity/barrier

and the dilatant zone as a skubolrdinate feature.

The damage zone probably has a secondary effect on the nucleation process. Within the core of the zone
the stress has been relieved by fracturing, and the normal to high fluid pore pressure implieéd by the high
Vp/V; ratio means that the effective pressure within this zone is normal to low. Therefore, tectonic loading

(o,) within the high VbN s zone is low. If the damage process has advanced to the stage of cataclasis and
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" gouge production, the resulting granular material would be velocity weakening. Therefore, the core of the

damage zone acts as a relaxation barrier with o, being sufficienty low to inhibit even microearthquake

activity, and this will retard the concentration of stress at the primary barrier.

If the hypothesized in-flow of fluid to the damage zone from the faulf zone to the NW significantly lowers
the pore pressure, then this may result in a stréngthening of the fault plane there. This may account fof the €
_oécurrence of relatj?ely large earthquakes and foreshocks to the NW of the barrier on what is presumed to
be inherently a Type 1 (stably sliding) contact. The relatively low stress drops of these events indicate a

modest level of loading.



CHAPTER 6
GENERAL LITHOLOGICAL HETEROGENEITY MODEL
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. In this chapter I examine the application of the lithological heterogeneity model to fault zones in general.. [

begin by comparing the Loma Prieta and Parkﬁeld asperity models. This enables common fea&ures of the
models that may be of %cnerm applicability to be evaluated. Differences between the models indicaté the
variability in behavior that might be expected a.t different lbcations along a faul; zone, under the influence
such factors as scale, tectonic loading hAistor)vf and fault zone compléxity. I also assess observatioral
characteristics that may be.diagnostic of lithologica] barriers/aéperities, and suggest exberimems that can be

set up to detect and further investigate them.
6.1 Comparison of the Loma Prieta and Parkfield Asperity Models

The asperities imagéd és high-velocity bodies at Parkfield and Loma éﬁeta are similar in many 'reﬁpects, the
Pérkfield asperity being a small-scalé version of that at Loma Prieta. Both abpeér as ellipsoidal masses of
anomalously high velocity rock that are cut by the active plane of the SAF. The fault planes within the rock
masses are hypothesized to be Type 3 cohiﬁcts, having high fracture. strength and unstable frictional
properties. Ruptufe of the asperity in each locality initiates at one end of the major axis of the ellipsoid, as
predicted by the elliptical asperity rﬁodel of Das and Kostrov (1985). Both .nucleation points are apparently
within the deepest pért of the asperity, where the normal stress is highest. Rupture of the Parkfield asperity
involved only the crustal section above ébbut 12 k‘mvdepth, whereas tlie‘Loma Prieta eéxthquake apparently
ruptured through most of the crustal thickness, concotﬁit;mt with .the larger s-c':ale of tﬁe Loma Pﬁeta

" asperity. ' N

" The imporiant difference between the Loma Prieta and Parkfield ruptures is that the Loma Prieta -

earthquake nucleated at the end of the asperity furthest away from the Central Creeping Section of the SAF

whereas the Parkfield earthquake nucleated ai the end where stable sliding is arrested. I propose that this is



because the build up.in tectonic stress (o) that caused the Loma Prieta barrier to evolved to an asperity

included the contribution from dynamic loading by the 1906 earthquake as well as that from steady-state

tectonic loading. This resulted in asymmetric loading of the Loma Prieta asperity and caused rupture to.

nucleate at its highly-stressed NW end. The Parkfield asperity, on the other hand, experiences only steady-
state tectonic loading by arresting stablé s'liding atits NW end. Therefore, dynamic rupture nucleates at the

NW end of the asperity, where the stress concentration is the highest.

The Parkfield earthquake ruptured through the entire asperity to the SE of the nucleation point. The Loma
Prieta mainshock rupture appears to have been arrested within the SE part of the asperity. This may
indicate that the stress distribution within the Parkfield asperity is not so severely asymxﬁetric as that at
Loma Pﬁeta (Section 4.5), consistent with the lack bf dynamic loading at Parkfield. The 1966 rupture
propagated unilaterally to the SE and overshot the SE end of the asperity to trigger dynamic rupture on the
presumed Type 2‘ (condiﬁonﬂly unstable) SAF plane to_the SE. Dynamic rupture did not propagate to the
Nw beca_ﬁse the low o, on the fault plane NW of Middle Mountain meant that this plane acted as a
relaxation barrier. The Loma Prieta rupture propagated both to the_ SE, through the asperity, and to the
NW, where rupture on the relatively highly stressed Type 2 1906 earthquake plane was triggered by
dynamic overshoot Qf the asperity rupture.

- At both Loma Prieta and Parkfield the first effect of the barrier is seen as a fall-off in the surface creep rate.
This is followed .by an abrupt deepening of the microseismicity (see Hill et al., 1990, fig. 5.7), which is the
manifestation of the build up of stress on the deep part éf the fault plane immediately in front of the barrier

as stable slip is arrested, and the resulting formation of a damage zone of intense fracturing.

At Pajaro Gap some of the deep microseismicity is seen as the cross-trends, which indicate that daxhage

here has advanced to the stage of the formation of new faults having significant lengths. The most mature.

fault has developed along the favc;rable hard/soft contact between the high-velocity rock mass and the

Franciscan rocks, thus relieving stress in the most efficient way possible. The damage zone at Middle
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Mountain is less well developed and consists of series of short fractures. The damage procéss appears.to be
fairly well ordered, as indicated by the systematic alignment of the microearthquakes into sub-trends that
dip at relatively shallow angles to the SW. The smaller size of the Middle Mountain barrier permits some

stable sliding at shallow depths above it.

6.2 Application to Fault Zones in General: Geometrical Heterogeneity

The occurrence of large-scale material inhomogeneities associated with transitions in slip behavior along

fault zones has been noted previously (Doser and Kan;imori, 1986; Michael, 1988; Michael and Eberhart-

Phillips, 1991). The fact that the few three-dimensional crustal velocity models of eanhcjuake hypocentral

zones that have been developed so far all image significant lithological inhomogeneities strongly suggests
the fundamental role that such inhomogeneities play in controlling where and how earthquake ruptures

nucleate and propagate.

Basic fracture and friction theory require fault zones to respond to material inhomogeneities in ways similar

to those described at Loma Prieta and Parkfield. Such respbnse may well be often the fundamental

. mechanism underlying the observed relationship between fault zone geometry and nucleation and arrest of

earthquake rupture. The formation of splay faults, bends and offsets represent the more mature stage of the
obstacle-avoiding process by which the fault system attempts to dissipate the stress concentration in front of

a barrier. The formation of splay faulting at the frictional favorable hard/soft contact between the high-

velocity body and Franciscan rocks at Pajaro Gap provides a good illustration of this process. In fact,ona’

larger scale the obstacle-avoiding process there may signal the incipient formation of a new main trace of

the SAF. The tendency to circumvent the barrier is apparent a considerable distance to the SE, where the

- trend of the seismicity begins to describe a broad arc bending towards the north, and aligns with the cross-

trends between Pajaro gap and Hecker Pass (U.S. Geological Survey, 1990). At the smallest scale, the fine
structure of the damage zone revealed in the microseismicity under Middle Mountain suggests a relatively

well-ordered process.



The respénse of fault zones to lithological heterogeneity is analogous to fracture processes in
polycrystalline or two-phase materials such as ceramics (Lawn and Wilshaw, 1975, chap 6). In a two-phase
material a crack tip that encounters a hard inclusion will either fracture through the inclusion, propagate

along its boundary or propagate around the inclusion within the matrix, depending on which path offers the
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least fracture resistance. The behavior of a crack in this situation is controlled by a complex interplay .

between sevéral factors, including the contrast in elastic properties between the inclusion and the matrix,
the size and geometry of the inclusion, the cohesion of the boundary, the proximity of other fractures and
inclusions, and the stressing history of the composite system. The same set of faétors applies to fault zones,
énd we see all three types of obstacle-avoidance behavior at Loma Prieta and Parkfield. In the cases we are
pn'mérily concerned with, fracture of the intact inclusion is replaced by unstable slip on a pre-existing high-
strehgth," unstable fﬂctional_contact within the inclusion. This contact heals and regains its fracture
resistance (S) after dynamic fupture, SO slip within the system is partitioned bet_ween'dynamic slip within
the body and quasi-static stable sliding along the boundary and on secondaryv faults within the matrix

(country rock).

The behavior of a system once the obstacle avoiding process has been initiated depends upon the local

stress field, which evolves along with the secondary fr'ac_ture(s). Becausé the stress field evolves in a way
that depends on the same set of factors that détermines the initial response to the bam'ler, it rapidly becomes
complex. Therefore, the detailed behavior of a given system can only be determined by numerical
modeling. In some cases the geom¢Uy of thé system and the evolving stress field will increasingly favor
continued propagation of a particular splay fault and complete abandonment of the plane within the
inclusion, thus leading to the development of a new main fault trace. In omérs, the splay fault will evolve

to a geometry that is disfavored within the perturbed stress field and the splay will be abandoned. In.the

case that a fault encounters an intact obstacle (perhaps as a result of being previously deflected some

distance away along strike, for example) the same set of factors pertains, and concentration of stress within

the obstacle may eventually cause it to fracture, again creating a new main fault trace. '
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Since the partitioning of slip between dynamic rupture and stable sliding depends on the evolution of the

local stress field, the earthquake cycle must also evolve with time. Therefore, the characteristic earthquake
model can only invqlve' quasi-stationary behavior. In addition, the lithological barrier/asperity concept
"demands that each 'barrier/asberity has a specific lifetime that is determined by the along-strike length of the

" fault contact within the inhomogeneity; once the two halves of the rock mass have slid past one another the

unstable high-strength contact no longer exists. At'an average Quaternary slip rate of about 40 mm/yr

(Sims, 1989), the 10- and 30-km lengths of the Parkfield and Loma Prieta high-velocity bodies,

respectively, imply barrier/asperity lifetimes on the order of 105-10° years, above the lower bound of 104

years set by the paleoseismicity data.

A macroscopic shear (Mo_des‘ II and IIT) crack thzit develops in a compfessional stress reg_ime is oriented at
an acute angle to the maximum principal stress direcfion, Op, in acéordance with the Coulomb fracture
criterion. The étreés distributi(;n (e.g. Segall and Pollard, 19'810) resulting from the presence of the crack
predicts that it will not propagate by new fracturing within its own plane (e.g. Lawn and Wilshaw, 1975,

chap 3). Instead, extensional (Mode I) cracks propagate paréllel to the oy direction from the Mode II and

~ Mode III edges of the shear (see Scholz, 1990, p. 27). Propagation of the shear is achieved by the

coalescence of the Mode I crack arrays to form a shear zone. Experimental evidence indicates that the
Mode I cracks do not propagate for large distzmces, but the arrays of Mode I crack; a{re broken through by
cracks parallel to the shear plane (Cox and Scholz, 1988a,b). Therefore, alihough this process can explain,
and indeed requires, the c_omplex' geometries within fault zones themsel\'/es described in Chapter 1, it

probably cannot account for large-scale bends, offsets and splays.

The differences between rupture nucleation, propagation‘and arrest within the Parkfield and Loma Prieta -

[e]

asperities during the 1966 and 1989 earthquakes illustrate the imponanc.e of previous loading history on

" asperity evolution and failure. Here again the stress field within and surrounding an asperity, even an

isolated asperity -that has uniform strength and frictional properties, rapidly becomes complex, and



particularly so under.asymmetric and dynamic loading. Therefore, evolution and failure of asperities can
only be studied quantitatively by numerical modeling. However, the behavior of both asperities appears to
be well described qualitatively by the simple elliptical asperity model of Das and Kostrov (1985).

6.3 Suggested Future Research

The above discussion suggests that detection and intensive investigation of large-scale heterogeneity should

be an important part of research into fault zone segmentation and earthquake processes. The investigations -

of the Loma Prieta and Parkfield asperities suggest certain observational characteristics that may aid in

~ targeting localities for detailed study.

The first symptom of the presence of the barrier at both Loma Prieta and Parkfield is the decline in the raté
of surface creep. However, the high creep rate that characterizes the Central Creeping Section of the SAF
has not been observed along other fahlt zones, so the fall off in creep rate would be much more subtle in
most other places, and would therefore be of limited utility. The second observational feature is the abrupt
increase in the intensity of deeper seismicity associated with the formation of the‘ damage zone or
secondary faulting at depth in front of the barriers at Loma Prieta and Parkfield. This is an inevitable result
of the concentration-of stress at é barﬁer as it evolrvesvimovan asperity, and is therefore likely to be a
characteristic of many other barriers, including geometrical barriers (King, 1986). Previous workers (Poley
et al., 1987) have commented on the deepening of seismicity at Middle Mountain and Pajaro Gap. In fact
Moths et al. (1981) suggested that the latter may be symptomatic ofa potential nucleation point NW of San
Juan Bautista, thus correctly identifying the presence of theb‘Lorha Prieta asperity but not the actual

nucleation zone. Olson (1986) has suggested that a zone of deeper seismicity adjacent to San Francisco

may be associated with the epicenter of the 1906 earthquake.

A detailed systematic search for deeper than average background seismicity along the SAF and other fault

zones, together with associated variations in surface creep rate and fault geometry, might enable areas for



. detailed study to be identified. The Hayward and Calaveras faults of East San Francisco Bay would be

- good candidates for this type investigation because they are characterized by intense microseismicity, have

relétively high creep rates, and pose a significant earthquake risk. The high rate of seismicity in the East

I'Bay, and in particular the broadnesé and relatively deep extent of the seismic zone (see Hill et al., 1990,V

figs. 5.6 and 5.8), would provide good constraint on three-dimensional velocity models to image potential

asperities directly. This is even more true of the SAF system in southern California.

From a purely research perspective, detailed investigation of the variations in seismicity and creep rate
. ) ® .
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associated with the rupture zones of M5 earthquakes along the Central Creeping Section, similar to the ,

study of Wesson et al. (1973), would enable experiments to be carefully designed to image selected zones.

Here again, the abundant seismicity provides constraint for three-dimensional velocity models. Along most

of the Central Creeping Section the distribution of microearthquakes is essentially planar, as it is at

. Parkfield, and provides only limited ray coverage of the target volume. However, the seismic zone

broadens at Bear Valley, which is also the source of M5 earthquakes (Ellsworth, 1975), so this would be a

good candidate area.

Three-component, high-gain seismographs would be deployed to augment existing instruments in the
selected areas, to achieve coverage similar to that at Parkfield. These networks would be designed to
maximize ray coverage of the asperities. In addition, having identified target areas of limited extent,

reﬂéction and refraction shrveys would be feasible.

: The damage zone in front of the Middle Mountain barrier is apparently imaged directly as the positive

Vp/Vs anomaly there. The possibility that the intensity of this anomaly may vary through the ea;thquake
cyde may‘prévide a potemizﬂ]y powerful tool for earthquake prediction. Tﬁe present velocity modelé
averagev the vélocities within the model volume over the threevyear period of the data sample: 'Iheréfore,
recomputing the models using the next three or four years of data will be required to detect possible

changes in the damage zone as a whole. However, it should be possible to detect changes in P and S



velocities within the zone by continuously sampli'ng o/nly specific ray paths that penetrate the damage zone
and the surrounding rock. The deep microearthquake clusters undef Middle Mountain provide an ideal
energy source for this monitoring. The relative arrival times from these almost identical repeating
earthquakes can be determined with a precision of approkimately +0.3 ms using the cross-correlation/cross-
speétrum technique described in Section 5.4.3. Tt will be particularly important to look for the significant

changes that this hypothesis predicts should follow the next Parkfield earthquake, when it should be

possible to image the damage zone relatively accurately using aftershock data.

It is doubtful that the small damage zone at Parkfield could have been detected by routine monitoring using
a regional network. ‘However, the Parkfield barrier is a relatively small-scale féature and the largér damage
zones that are likely to be associated with larger barriers, such as that at Loma Prieta, may be observable in
the P- and S-wave data collected by fhe next generation of three-component, high-gain, broadband regional
networks. It may be possible to detect larger scale anomalous Vp/Vs zones using relatively few_selected
ray paths, as suggested above. If Vp/V, anomalies are indeed a ubiquitous feature associated with the
damage zones adjaéent to barriers, then attempting to image such an anomaly at Pajaro Gap, where the
barrier and damage zone have been located, would provide a test of the fea’siBility of this idea. This could
be achieved by deploying high-gain, three-component seismographé in this area to recdrd P- and S-waves
from th.e deepgr earthquakes, and by making use of the limited S-wave data recorded from the 1989

aftershock sequence.
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CHAPTER 7
CONCLUSIONS

The research described in this dissertation has demonstrated the utility of three-dimensional earthquake
tomography in investigating the structure and mechanics of a major active fault zone. In particular, I have

illustrated the major influence that large-scale along-strike lithological heterogeneity can have on fault

-strength and frictional stability, and hence on the nucleation and propagation of earthquake rupture. I

"prop'osé that this influence may often provide the fundamental mechanical framework underiying

commonly observed relationships between fault geometry and fault zone segmentation.

I have studied the creéping-to-locked transitions at either lend of the Central Creeping Section 6f the San
Andreés Fault (SAF) using available existing three-dimensionai crustal velocity models.of the Loma Priété
and Parkﬁeld vsectjons of the fauit zone. The joint velocity/hypocenter iﬁversion for Loma Prieta includes
only P-wave data. Both P- and S-wave velocity models are available for Parkfield. The P-wave velocity

(Vp) models are calibrated in terms lithology by experimental Vp-pressurg and Vp-temperature data for

known basement rock types on either side of the fault in the two areas, and by seismic refraction models.

The shallow partsAof the three-dimensional models generally correlate well with the surface geology, and

the unperturbed deepér parts of the models are in good zigreement with the refraction data. The resolution

" of the Loma Prieta model is about 2-3 km, while that of the smaller and more densely sampled Parkfield V

model is about 1-2 km. The Parkfield V5 model is less well resolved than the Vp model.

Large anomalous high-velocity bodies are imaged at mid-crustal depths along both sections of the fault.
The ellipsoidal shapes of the bodies are similar, but the Parkfield body is smaller. The southeastern extent

of the Parkfield body is not resolved by the velocity model, and the depth extent of neither body is resolved.

The Loma Prieta Vo m()del and other geophysical data suggest that the high-velocity body may be

- continuous with the outcrop of ql_xartz-homblende gabbro at Logan. A similar relationship is possible

between the Parkfield high-velocity body and the gabbro outcrop at Gold Hill--which is correlative with the
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Logan gabbro--but the association is more tenuous in this case. The theoretical velocity calculated for the
Logan and Gold Hill gabbro composition is in general agreement with the velocities. of the high-velocity
bodies. The ijV s ratio within the Parkfield high-velocity body is consistent with a gabbroic composition
but only a small part of the high-velocity body is resolved by the \./p/VS model so this result is not

conclusive. The modestly high V/V value (1.8-1.85) of the high-velocity body suggests that the body is
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~not composed of granitic gneiss of the type that outcrops SW of the SAF, and argues against a partially- -

serpentinized peridotite composition. The sum of evidence, therefore, favors a gabbroic composition for
- both high-velocity bodies, but is not adequate to rule out a range of alternative mafic, ultramafic or gneissic

compositions.

Both high-velocity bodiés are cut by the main -aét.ive plane of the SAF. Both clearly play a primary role in
arresting stable sliding at either end of the Ceptral Creeping Section of the SAF, as evidenced by the fall off
in surface creep rate and the cessation of minor creep-related seismicity as the fault encounters the bodies.
The aftershocks of the 1966 Parkfield and 1989 Loma Prieta earthquakes define the active fault plane

through the respective high-velocity bodies, indicating that these planes rupture unstably.

The méchanics of these slip transitions are investigated in terms of a general heterogeneous fault model that
unifies the concepts of fault strength and frictional stability in terms of the maierial properties of the fault
contact. I_proposé that the property that dictates the transition from stable to unstable siiding as the fault
encounters a high-véloci(y body is the change in the relative hardnesses of the wall rocks that are in cbnta(_:t
at thé fault. Outside of the high-velocity bodies there is a hard/soft contact, while within the bodies the
contact is hard/hard. High-contrast hard/soft contacts produce a thick gouge layer, which inherently results
in stable sl_iding. Hard/soft contacts having a lower contrast produce less gouge and‘ may be conditionally
stablé, failing unstably only when subjected to dynamic loading during an earthquake. Hard/hard contacts
prodixce little gouge, have high fr_acture strengths, and exhibit only unstable stick-slip failure. The high
fracture strength of a hard/hard contact emb1e§ it to act as a barrier to stable sliding and to dynamic rupture.

The increasing stress concentration at the contact can cause it to evolve from a barrier to an asperity which
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on the adjoining conditionally stable fault plane.

The hypocenters of the 1966 and 1989 earthquakes appear each to be located within the respective high-
velocity body, indicating that the hard/hard fault contacts within the bodies evolved from barriers to

asperities according to the above model. The nucleation points in both cases are at one end of the major

axis of the elliptical fault plane within the body, and the primary ruptures propagated as strike-slip

displacemént along the plane. This agrees with a theoretical elliptical asperity model under quasi-static

loading, in which rupture will always nucleate at one end of the major axis of the asperity and propagate in-

" plane though the asperity. The Loma Prieta earthquake nucleated at the NW end of its asperity, opposite to

the point at which stable sliding is arrested. I propose that this is because the Loma Prieta high-velocity

body was the barrier that arrested the 1906 earthquake rupture at its southeéstem extent, and therefore was
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ruptures unstably when the load reaches the fracture strength of the contact and nucleates dynamic rupture

loaded dyhamically. Subsequent steady-state tectonic loading brought the asperity to failure in 1989, but .

the stress distribution was highly asymmetric and the 1989 éathquake nucleated at its highly-stressed NW

end. The Parkfield barrier undergoes only steady-state loading by arresting stable sliding at its NW end.

Therefore, the NW end of this asperity is the most highly stressed, and rupture nucleates there. The _

aftershock distributions of both earthquakes indicate that the asperity failures triggered dynamic rupture on
adjacent conditionally stable fault planes beyond the asperitieé, to the SE at Parkfield and to thé NW at

Loma Prieta.

" The second response to the arrest of stable sliding at a barrier is for the fault system to attempt to avoid the

Ay

obstacle by transfen'ing' slip to secondary structures. ' These may be existing éecondary faults, such as the
Sargent fault at Loma Prieta and perhaps the Southwest Fracture Zone at Parkfield. Microseismicity on the
Sargent fault begins adjaéent to Pajaro Gap, where creep-related seismicity shuts off on the main SAF plane

as it émers the high-velocity body. At Parkfiecld most of the shallow seismicity both NW of Middle

Mountain and directly above the high-velocity body occurs on a sécondary fauit that intersects the main -

.

. SAF plane at depth and that may be a buried extension of the Southwest Fracture Zone that is mapped



further SE. Locking the main fault plane within the high-velocity bodies perturbs the local stress fields in

such a way as to initiate slip on the pre-existing faults.

New secondary structures are formed immediatel); in front of the barrier in an attempt to reduce the stress
concentration ﬁlere. At Pajaro Gap this process has advanced to the stage of formation of new éecondary
faults of appreciablev length.‘ The best developed secondary fault at Pajaro Gap appears to be growing along
the hard/soft contact between the high-velbcify body and Franciscan rocks, which, according to the
strength/stability model, offers the minimum fracture resistance path. I propose that this kind of obstacle-v
avoidance process is an important méchanism in the development of fault splays, bends and offsets, énd ig
often the fundamental causé of the observed-rélationship between fault geometry and the nucleation and

arrest of earthquake rupture. -

Formation of new splay faults represents the more mature stage of in the development of a damage ione of
intense fracturing in ffont of barriers. Systematic trends in the deep seismicity under Middle Mountain
indicate that the damége process is fairly well ordere'd. The Middle Mountain damage zbne is imaged
directly as an intense positive Vp/Vy dn'omaly that results from the dilatancy accompanying fracturing. I
propose an hypothesis whereby the fluid saturation within the damage zone is inaintained by in-ﬂow frorﬁ
the fault zone to the NW and from the wall rocks on either side. The model includes the possibility that the
intensity of tﬁe Vp/Vs anomaly could vary Lhrougl; the earthquake cycle as the existing fractures within the
core o'f th damage zone open and close ﬁnder the varying local stress concen-tration, but the present
veloc{ty models do vnot constrain such variation. This model differs from previous dilatancy/diffusion
models of earthquake nucleation in that the strength of the nucleation zone does not derive from the
v dilatancy, but the damage. zone is merely a consequencé of the presence of thg inherently strong and
frictionally unstable lithological barrier. The dilatancy/diffusion model is speculatilve and its feasibility can

only be tested by hydrological modeling based upon realistic estimates of the permeability of the fault zone

and wall rocks.
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The question of why the Central Creeping Section as a whole exhibits predominantly stable sliding

behavior has been only partly resolved. Earlier workers have proposed that the presence of the Great

Valley sequence as the NE wall rock of the fault promotés stable sliding. This is supported to some extent

by the Loma Prieta velocity model SE of Pajaro Gap, where the intense creep-felated microseismicity

above 8 km depth is taking place at the contact between the Gabilan granite and the Great Valley sequence.

This stable sliding behavior is attributed, according to the fault stability model, to the hard/soft nature of
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this contact, and does not rely on high pore pressure or the presence of serpentinite. However, the

-

the high-velocity body is conditionally stable_. The presence of serpentinite in the small quantities that are

Salinian/Franciscan contact below 8 km‘presumably is also sliding stably, whereas the same contact NW of

apparently needed to promoté stablé sliding cannot be reSo]ved'by the present velocity models. The

northwestern end of the Parkfield Vp/Vs model is not resolved below 8 km depth so the possible role of
high pore pressure at the Salinian/Franciscan contact within the Central Creeping Section cannot yet be

addressed.

. The chief limitation of earthquake travel time tomography is that-it reqﬁires an abundance of well-
distributed, well-recorded earthquakes, limiting its usefulness along sections of fault zones that have only

‘low levels of background seismicity. The latter unfortunately include locked fault 'segments or seismic

gaps whefé often we wouid particularly like to look for asperities and bzirriers. Of coﬁrSe, it shohld often be
possible to imagé the asperity responsible for a large earthquake afté; the event using its aftershocks.
Another limitation is the method's resolution, which at shallow and mid-crustal depths will probably remain
limited to about one l_<m at best. 'Resolution_of the deeper parts of a model falls off very rapidly as the
bottom of the seismogenic zone is approached, which is particularly troublesome because it is there that
large earthquakes nucléate. Vp/Vs models, which enable elastic pfoperties to be estimated and offer strong

lithological constraints, are significantly less well resolved than Vp models owing to the inherendy lower

accuracy and paucity of 'S-wave travel times. Suggested experiments to identify potential barrier/asperity

locations are outlined in Chapter 6. Once target zones have been defined, optimal results will be obtained



by carefully designing monitoring networks to take full advantage of seismicity distributions to minimize

these limitations.

Th¢ present study gives only a qualitative description of the mechanics of the lithological barriers/asperities
imaged at Parkfield and Loma Prieta that are generally consistent with kinematic models of the earthquake

ruptures. However, the fact that threg-dimensional tomography studies are now feasible on a routine basis

represents a large step forward in quantitative research into fault zone mechanics. For the first time barriers

»

and asperities that hitherto cbuld only be inferred from surface fault geometry and seismicity distribﬁtions
can be imaged directly. These images provide not only the geometry and locations of the barriers and
asperities, but alsd realistic conslraims on their in situ elastic properties. Idemi.fying'the lithologies of the
bodies and other fault wall rocks will enable laboratory research to be direct_ed towafds determining the
strengths and frictional properties of appropriate lithological coniacts. These data will provide the input to
quasi-static and dynamic fault slip models that can be as realistic as evolving computatibnal techniques
allow. The images also provide data upon which to base research into the development of large-scale fault
zone geometry, which will have an important bearing on models of fault zone evolution and displacement

history on a géological time scale.
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