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I. INTRODUCTION

Studies leading to earthquake prediction and control require
not only a knowledge of the causes and mechanics of earthquakes,
but also an understanding of the physical, compositional, and me-
chanical properties of the geologic system in which they occur.
Presently, little has been written about the nature of cataclastic
rocks within fault zones except that it is generally markedly dif-
ferent from rocks on either side of the fault; that it may be fault
gouge, fault breccia, cataclasite, or mylonite;! and that it ori-
ginates from mechanical crushing of rocks and from varying degrees
of secondary chemical and mineralogical alterations by fluids mov-
ing through the fault zone (Higgins, 1971).

The authors have recently completed a study of cataclastic
rocks along the present trace of the San Andreas (Anderson, et al,
in press) and the findings are summarized below in the section
""Cataclastic Rocks within the San Andreas Fault Zone of Southern
California." Our present effort has been directed at the San
Gabriel Fault (Figure 1 and Plate 1) which as a deeply eroded
precursor to the present San Andreas may provide intrafault mate-
rial representative of deeper crustal levels. First, the physical
effects of intrafault cataclastic material on rock failure charac-

teristics will be briefly reviewed.

'Following the nomenclature of Higgins (1971), these cata-
clastic rocks have the following characteristics (1) fault breccia-
no primary cohesion with more than 30% fragments which are greater
than 0.3 mm in diameter (2) gouge- ''paste-like' cataclastic rock
with no primary cohesion and less than 30% fragments greater than
0.3 mm, (3) cataclasite-aphanitic cataclastic rock with most frag-
ments less than 0.2 mm and constituting less than 30% and, (4) my-
lonite-cohesive cataclastic rock with fluxion structure and 10-50
percent porphyroclasts generally larger than 0.2 mm.
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A. Role of Intrafault Material

The importance of cataclastic intrafault material such as
fault gouge in controlling the failure characteristics of rocks
has been demonstrated in experimental studies. Scholz et al.
(1972) noted that the development of gouge allowed the samples
to reach a steady-state frictional behavior and that the gouge
seems to have the effect of reducing the stress drops to a small
fraction of their value for clean ground surfaces. The latter
feature concurs with the suggestion by Stesky and Brace (1973)
that the presence of low strength alteration materials in the
San Andreas fault zone may account for the low frictional shear
stress estimates provided from heat flow data relative to the
" much higher estimates from high-temperature frictional studies.

Wu et al. (1975) have suggested that the mineralogy of
gouge may govern the type of failure (creep versus stick-slip)
in fault zones. They argue convincingly that within the fault
zone, to a depth of perhaps 12 km, sodic and magnesian-rich Fran-
ciscan rocks alter to expandible clay (montmorillonite) gouge
which, by its strength, governs the nature of fault movement.

Recent experimental studies, however, have shown that the
stablizing influence of fault gouge decreases with increasing
confining pressure. Logan (1977 a,b; 1978) has shown that sta-
ble sliding is a consequence of low pressure and, even with the
presence of fault gouge, the failure characteristics become in-
creasingly unstable and change to a catastrophic stick-slip mode
of displacement as the confining pressure is increased. The
transition from stable to stick-slip motion is very dependent

upon mineralogy. For quartz and feldspar gouge the mechanical



transition is at about 2.5 kb. For soft minerals with a high
degree of compaction characteristics, such as carbonates, the
transition occurs only at about 1.0 kb. Although montmorillon-
ite clay gouge certainly enhances stability (transition occurs
at about 6.0 kb) other clays, particularly kaolinite, do not
readily affect the sliding behavior relative to other gouge min-
eralogies. Byerlee et al. (1978) have speculated that the over-
riding factor governing the transition from stable to stick-slip
displacement may be the compaction behavior or porosity of the
fault gouge. Engelder (1974) has demonstrated that the grain
size of cataclastic rocks within fault zones decreases with in-
creasing confining pressure and the resultant loss of porosity
(increased compaction) may favor unstable sliding. The prevailing
geothermal gradient is also a major factor governing this tran-
sition (Brace, 1972) and Logan (1978) has demonstrated that un-
stable sliding becomes increasingly stable as temperature in-
creases beyond 400°0C.

Unfortunately there have been few detailed petrologic
studies of the cataclastic rocks comprising the intrafault ma-
terial of fault zones. This is particularly evident for active
fault zones, such as the San Andreas, where realistic modeling
of rock failure is important. Nason (1972), Wu et al. (1975),
Wu (1977), and Wang (1977) have demonstrated the existence of
"clay" gouge along the trace of the San Andreas in central Cali-
fornia where large sections of the fault exhibit creep slippage

(Nason, 1973). This gouge differs from the gouge along the fault

in southern California.



B. Cataclastic rocks within the San Andreas Fault Zone of

southern California

As reported in Anderson, et al. (in press) and in our tech-
nical reports of last year, the principal cataclastic rock formed
along the San Andreas Fault in southern California is unindurated
gouge derived from a range of crystalline rocks including diorite,
tonalite, granite, aplite, and pegmatite. The mineralcgical na-
ture of this gouge is decidedly different from the ''clay gouge"
reported by Wu (1975) for central California and is essentially
a rock flour with a quartz, feldspar, biotite, chlorite, amphibole,
epidote and oxide mineralogy representing the milled-down equiva-
lent of the original rock. Clay development is minor (less than
4 wt. %) to nonexistent and is exclusively kaolinite. Alterations
involve hematitic oxidation, chlorite alteration on biotite and
amphibole, and local introduction of calcite. Electron microprobe
analysis showed that in general the major minerals were not re-
equilibrated with the pressure-temperature regime imposed during
cataclasis.

Petrochemically, the form of cataclasis that we have investi-
gated is largely an isochemical process. Some hydration occurs
but the maximum amount is less than 2.2% added H,0. Study of a
375 meter deep core from a tonalite pluton adjacent to the fault
showed that for Si, Al, Ti, Fe, Mg, Mn, K, Na, Li, Rb and Ba, no
leaching and/or enrichment occurred. Several samples experienced
a depletion in Sr during cataclasis while lesser number had an
enrichment of Ca (result of calcite veining).

Texturally, the fault gouge is not dominated by clay-size

material but consists largely of silt and fine sand sized particles.



An intriguing aspect of our work on the drill core is a general
decrease in particulate size with depth (and confining pressure)
with the predominate mode shifting sequentially from fine sand
to silt size material.

The original fabric of these rocks is commonly not disrupted
during the cataclasis. It is evident that the gouge development
in these primarily igneous crystalline terranes is largely an in
situ process with minimal mixing of rock types. Fabric analyses
reveal that brecciation (shattering), not shearing, is the major
deformational mechanism at these upper crustal levels.

C. The San Gabriel Fault

Near surface exposures along the present trace of the San
Andreas yield cataclastic rocks that must characterize the more
shallow levels when we consider that seismic activity exists down
to 12 to 15 km. The mineralogical and physical nature of cata-
clastic rocks deep within the San Andreas fault zone has not been
documented. However, exposures of intrafault material within
abandoned and deeply eroded faults within the San Andreas system
of southern California indicate rock types more indurated than
the gouge exposed on the present trace and ranges to cataclasite
in rock fabric and texture. In absence of very deep drill holes,
we have evaluated a deeply eroded precursor to the present San
Andreas, the San Gabriel fault zone of the San Gabriel Mountains.
This fault was the initial trace of the San Andreas system when
it was originated in the Late Oligocene to Mid Miocene (Crowell,
1952, 1954, 1968, 1973, 1975a, b, 1979; Ehlig, 1971, 1973;
Dibblee, 1968).
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While early workers concluded that the San Gabriel Fault was
a normal or high angle reverse fault (Kew, 1924; Hill, 1930; Miller,
1934), it was not until studies by Eaton (1939) in the Ridge Basin
area that a relationship between the San Gabriel and San Andreas
faults was suggested. Eaton recognized that Ridge Basin was a gra-
ben between the two faults and established the antiquity of the
San Gabriel Fault relative to the presently active San Andreas.
However, the first solid documentation of right-lateral strike-
slip displacement on the San Gabriel Fault was given by Crowell
(1952). Subsequent studies by Crowell (1954, 1968, 1973, 1975a,
b) show that the fault zone has had up to 60 km (38 miles) of
right slip and 4.6 km (15,000 ft.) of dip slip. The fault is
now locked at both ends and has been largely inactive for 4-6 m.y.
(since Mid to Late Pliocene) (Crowell, 1975a, 1979) with only mi-
nor movement in the Late Quaternary (Weber, 1977).

Since the Late Pliocene, and particularly since Mid Pleis-
tocene, the San Gabriel Mountains, as part of the Transverse
Ranges, has undergone tremendous uplift (Oakeshott, 1971; Ehlig,
1971; Morton and Baird, 1971; Jahns, 1973; Dibblee, 1975; Morton
1975). As evident from its imposing mountain front and rugged
internal relief (0.9 to 2.1 km or 3000-7000 ft.), erosion within
the San Gabriel Mountains has been significant. Reviewed by Ehlig
(1975) and Crowell (1975a, 1979), the uplift is in response to
the same tectonics that led to the San Gabriel Fault being aban-
doned in favor of the San Andreas. The change to the San Andreas
occurred when the '"bend" developed. Resultant N-S shortening
uplifted the San Gabriel block along the frontal fault system.

This set of high angle, reverse dip-slip faults includes the
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Cucamonga, Sierra Madre, Raymond Hill, Santa Monica, and Malibu
Coast faults. The result has been a NW tilting of the block
and maximum estimates of uplift since the Pliocene range from

4 to 9 km or 13,100 to 30,000 feet (Oakeshott, 1971; Morton

and Baird, 1971). The amount of erosion has not been estimated,
but using average erosion rates for this type of uplift (Blatt,
Middleton, and Murray, 1972) indicates that the present expo-
sures of the San Gabriel Fault represent crustal levels down

to 2 to 5 km.

Hence, petrologic studies along such eroded San Andreas
type faults should give us a more accurate picture of intra-
fault material in the seismically active depths of the San Andreas.
We were initially attracted to this old fault for our reconnais-
sance studies indicate that the cataclastic rocks are much dif-
ferent from the unindurated gouge typical of the upper levels
on the present trace. Past descriptions (Ehlig, 1973; Crowell,
1975) refer to the intrafault material as gouge, but in places
this hard, black, even flinty material is strongly indurated
and approaches the rock type 'cataclasite'" (Higgins, 1971).

II. DESCRIPTION OF LOCALITIES AND SAMPLES
Figure 1 shows the locations of the eighteen sites along
the San Gabriel Fault chosen for intensive petrologic study.
Below is a description of each site and a log of samples col-
lected.
Site 1. SW4%, SW4%, Sec. 1, T.2N., R.12W. - on north branch of
the San Gabriel Fault Zone at road cuts on Big Tujunga

Canyon Road approximately 3% km east of Big Tujunga Canyon.



-12-

Fault separates adamellite and tonalite. Rocks are
brecciated but significant development of cataclastic rock
is absent.
Samples SGl-pgrl: altered and brecciated leuco adamellite
SGl-grd: altered biotite, hornblende tonalite
Site 2. NW%, SWX%, Sec.9, T.2N., R.12W. - Roadcut on north side of
Angeles Crest Highway 1.2 km east of intersection with Angeles
Forest Highway.
Fault is within a major biotite, hornblende adamellite
body marked by breccia and gouge zone.
Samples SG2: microbreccia and gouge
SG2-pgr: Dbiotite, hornblende adamellite
Site 3. NEX%, NW%, Sec.l4, T.2N., R.12W. - Exposure on southside
of Angeles Forest Highway, 0.9 km northwest of Red Box Gap.
Numerous faults separate amphibolite, biotite-hornblende
tonalitic gneiss, and hornblende-biotite schist: alteration
involving hematization and chloritization is severe with some
brecciation and minor gouge development.
Samples SG-3A: amphibolite
SG-3B, 3C, 3D: hematized biotite-hornblende
tonalitic gneiss.
SG3pbs: hornblende-plagioclase schist
Site 4. SW%, SE%, Sec.7, T.2N., R.11W. - Exposure at crest of
ridge just east of Valley Forge Canyon.
Fault separates amphibolite and leucotonalite. Other
than minor brecciation there is no significant cataclasis.
Samples SG-4pa: amphibolite

SG-4pgr: leucotonalite
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Site 5. NEX%, NW%, Sec.16, T.3N., R.1l4W. - Exposure on Mendenhall
Ridge Road, 0.6 km north of Little Tujunga Road and Dillon
divide.

Extensive gouge and breccia . Rock contains abundant
small porphyroclast (0.1-0.5mm) of quartz, feldspar, magnetite,
and epidote in a moderately cohesive muscovite-rich matrix.

Sample SG-5: micaceous gouge

Site 6. SE%, NW%, NE%, Sec.1l7, T.3N., R.14W. - Steep exposure on
northside of Little Tujunga Road

Fault is the De Mille Fault (Oakeshott, 1958), a branch
of the San Gabriel Fault, and is marked by a breccia and shear
zone in leucogranite. Incipient gouge is developed within
the breccia.

Sample SG-6: brecciated leucogranite

Site 7. SEX%, NE%, NW%, Sec.17, T.3N., R.14W. - Small roadcut on
northside of Little Tujunga Road. De Mille Fault separates bio-
tite granodiorite and brecciawith clasts of biotite adamellite
and is marked by a thin 1-4 cm thick cataclasite zone. Catal-
lasite is dark brown to black in color, aphanitic, and flinty.
Breccia may be part of the Paleocene Martinez Formation. Gran-
odiorite is probably the late Cretacrous Josephine Granodiorite

Samples SG-7, 7-2: cataclasite. Sample 7—2‘is of the
interior of the cataclasite layer, sample SG-7 is of the less
fine-grained margin of the cataclasite layer.

SG-7pb: Dbreccia of biotite adamellite
SG-7pgr: Dbiotite granodiorite

Site 8. NW%, SE%, SE%, Sec.7, T.3N., R.14W. - Exposure at dry

waterfall on north side of Little Tujunga Road.

Fault separates Josephine Granodiorite (same as at site
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7) and the Precambrian Mendenhall Gneiss (Carter and Silver,
1972) and, as at site 7, is marked by a thin 2-5 cm wide
cataclasite zone. Cataclasite is dense, aphanitic, and black
in color. The gneiss is a quartz-plagioclase-biotite-actino-
cite gneiss formerly of granulite grade now retrograded to
greenschist faces.
Samples SéSA, 8B, 8-2: cataclasite
SG8pgn: Mendenhall Gneiss
SG8pgr: Josephine Granodiorite
Site 9. NW%, NW%, Sec.22, T.3N., R.14W. - just east of Barrel
Spring on Little Tujunga Canyon Road.
De Mille Fault separates diorite gneiss (''dgn'" of
Oakeshott, 1958) and the Martinez Formation. The gneiss
is a heterogeneous diorite or amphibolite gneiss with small
leucocratic granitic intrusives. The Martinez here is a
tightly cemented conglomerate containing abundant clast of
granite. Fault is marked by a 15m gouge zone (a black, mud-
like gouge) and a wider alteration zone extending another
30m into both the gneiss and the conglomerate.
Samples SG9A-1,2: gouge
SG9B: Martinez Formation (conglomerate)
SG9C: Brecciated diorite gneiss
Site 10. NE%, SW%, SE%, Sec.33, T.3N., R.13W. - on north side of
Big Tujunga Canyon Road at three large, vertically stacked
road cuts.
This is a major 70m thick gouge zone in heterogenous
granitic gneiss and leucogranite.

Sample SGl0A and B: gouge derived from granitic gneiss.
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SG10C and D: white gouge from leucogranite in

the gneiss.

Site 11. NE%, SE%, SW%, Sec.33, T.3N., R.13W. - on north side of
Big Tujunga Canyon Road at samall road cut.

Small fault in leucogranite with 4-7cm thick dense gouge
or cataclasite zone.

Samples SGllA: gouge

SG11B: Brecciated leucogranite protolith
Site 12. NW%, SE%, Sec.3, T.2N., R.13W. - at Vogel Flat on road
between Big Tujunga Canyon Road and Big Tujunga Station.

Sixteen meter wide gouge zone in granodiorite.

Sample SG-12: Sericitic gouge from fault surface

Site 13. NW%, SW%, SW%, Sec.2, T.2N., R.13W. - on Big Tujunga
Canyon Road 0.8km southeast of Big Tujunga Station.

The fault zone here has two faults within biotite
granite. The granite contains several screens of biotite
gneiss and both faults contain thin 5-10cm zones of dense
gouge. Gouge derived from the fault in the granite is
light colored while gouge derived from the gneiss is dark
and clay-like.

Samples SG13A: granite gouge

13ap: granite protolith to 13A
13B: dark gouge from gneiss
13bp: gneiss protolith
Site 14. SW%, SE%, SE%, Sec.2, T.2N., R.13W. - roadcut on Big

Tujunga Canyon Road east of Fusier Canyon.
The fault here is marked by shear zone in granite and
granite gneiss. Strong foliation is locally developed.

Fault has 5cm wide zone of dense gouge, and granite on north-
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west side of the fault is shattered and friable. The ex-
posure is quite weathered.
Samples SGl4A: dense, fine grained gouge

SG14B: friable granite gouge and breccia

Site .

Site

15 SE%, NW%, Sec.33, T.2N., R.12W. - Millard Campground.
San Gabriel (or Sierra Madre) Fault Zone separating horn-
blende granodiorite and granite gneiss. Gouge was sampled
at two locations: one of gouge derived from granodiorite
adjacent to campground parking lot, the other is of a bluish-
grey clay-like gouge forming a mudslide along the fault ex-
posed on a trail above the campground.
Sample SG15A: gouge and microbreccia from hornblende
granodiotite
SG15mp: Dbluish-grey clay-like gouge
16. NW%, SW%, Sec.30, T.6N., R.17W. - on unimproved road
to Whitaker Peak in the Ridge-Basin Area
The San Gabriel Fault here separates Cretaceous (?)
biotite adamellite and Precambrian (?) mafic, banded gneiss.
Fault is marked by l-4cm wide cataclasite zone. Cataclasite
is dense, aphanitic, and dark brown in color and is similar
to cataclasites of sites 7 and 8.
Samples SGl6A: cataclasite
SG16B: brecciated adamelline at fault
SG16C: brecciated gneiss at fault.
SG16D: banded gneiss 30m from fault
SGl6E: biotite adamelline 100m from fault

Site 17. NW%, SW%, Sec.l4, T.6N., R.18W. - on south side of Piru

Creek.
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Strand of San Gabriel Fault in banded biotite gneiss.
Fault is marked by 1-2cm shear zone. No significant catacla-
sis.

Sample SG17: sheared and altered gneiss
Site 18. NEY%, SW4%, Sec.6, T.5N., R.17W. - 2.1km south of Town-

send Peak on unimproved road.

San Gabriel Fault separates sedimentary clastic rocks
and amphibolitic gneiss. Six meter wide gouge and breccia
zone is developed within a strand of the main fault in the
amphibolitic gneiss.

Sample SG18: breccia and gouge derived from amphibolite.
III. ANALYTICAL PROCEDURE

Each sample was partitioned with a sample splitter to obtain
representative subsamples for the separate mineralogic, petrochemi-
cal and textural analyses.

The mineralogy of the cataclastic and related rocks was ana-
lyzed by optical examination of thin sections, X-ray diffraction,
scanning electron microscopy (S.E.M.), and electron microprobe.
Modal analyses and X-ray diffraction was done by subcontract to Kent
State University under the supervision of Donald F. Palmer. Half
of each thin section was stained for K-feldspar and modal analyses
involved duplicate measurements by two observers, each counting
a minimum of 1500 points per thin section. X-ray examination of
bulk samples and sample separates was done with a Philips-Norelco
diffractometer with a focusing monochromator and using Cu K-alpha
radiation. Scans were made a 1°26 per minute for all samples and
at %°26 per minutes over low angles of 26 on all samples exhibiting

alteration or cataclasis. Ultraslow scans were made to detect the natur
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of any existing clay minerals. X-ray analysis of grains utilized
the Debye-Scherer powder camera. X-ray examination was made on
bulk sample separates. Samples were separated first on the basis
of the grain size by using 0.177, 0.149, and .063 mm sieves. Most
of the samples also were sieved with a .044 mm screen in the hope
of obtaining fine clays. In most samples, avery fine fraction

was obtained by putting the whole sample into suspension and fil-
tering out the fine suspensate.

Electron microprobe analysis was done on an automated, 3-
channel MAC (Material Analysis Corporation) microprobe housed at
the California Institute of Technology. Data collection and re-
duction were performed on-line by a Digital Corporation PDP-8/L
computer utilizing the alpha correction factors of Albee and Ray
(1970) and the empirical reduction scheme of Bence and Albee (1968).
Operating conditions consisted of 15kv accelerating potential, 0.05
pamp current measured on brass and a 2-10 um beam diameter. Oxides,
synthetic silicates, and well characterize natural minerals were
used as standards.

Petrochemical analysis of the samples was done for eight
major (Si, Ti, Al, Fe, Mg, Ca, Na, and K), five minor or trace
elements (Mn, Li, Pb, Sr, and Ba), and combined volatiles (H.0
and CO;). Silicon was analyzed by UV-VIS colorimetric spectro-
photometry. All other elements were analyzed by atomic absorption
spectrophotometry using an HF - H3BO3 acid dissolution technique.
Standards and blanks were made synthetically and U.S.G.S. reference
samples (G-2, SY-2, and W-1) were used as internal standards as a
monitor of accuracy. As a further check on accuracy, sample splits

from site 4 of last year (San Andreas Fault at Lake Hughes) were also
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analyzed at Kent State University. Analyses from the two labs
(USC and KSU) are in excellent agreement (Figure 2). Total
volatile content was based on loss of ignition (L.0.I.) at
1000°C. For these samples, H,0O is the predominant volatile
component with CO, as a very minor constituent.

Although conventional sieving and pipette methods were
attempted to determine grain size characteristics of the first
set of samples collected from the San Gabriel Fault Zone, petro-
graphic analysis of resultant size fractions clearly showed that
disaggregation of the cataclastic rocks was incomplete. The
indurated nature of these samples necessitated that optical
methods be used to obtain textural information. Consequently a
Zeiss TGZ particle size analyzer was employed due to the high
measurement efficiency characteristic of this instrument as com-
pared to ocular microscopy. All photomicrographs were enlarged
143 times. The particle size analyzer was used in the standard
range with the exponential, distribution mode. Inasmuch as the
plane of a thin section generally does not transect the maximum
grain diameters of constituent particles, grain-size measurements
from thin sections tend to be smaller than corresponding measure-
ments obtained by sieving, settling tube or pipette methods. No
corrections were applied to these samples because the grain
shape and packing are not known. Furthermore, this error should
be small for measurements of dominantly silt-size particles.
Computer software was developed to facilitate the statistical
evaluation of these textural measurements. The Rosiwal-Shand
method (Galehouse, 1971) was used to obtain estimates for the

volume percent of measureable grains (2 0.0078 mm in diameter)



Figure 2: Plot comparing the chemical analyses of
the USC and KSU petrochemicstry laboratories.
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as compared with finer-grained, recrystallized matrix. The
length of all measured grains along 20 parallel lines spaced
at 0.4 cm intervals and each 9.5 cm long was summed for each
photomicrograph and expressed as a percentage of the total
length of all traverses (266 cm/photomicrograph).
Iv. ANALYTICAL RESULTS

Due to the lack of intense cataclasis at sites 1 and 4
and the extreme alteration at site 3, samples from these three
sites were largely excluded from study (modal analyses are in-
cluded in Table 1 for these sites). Of prime interest are the
cataclasites from sites 7, 8, and 16 as this dense and fine-
grained cataclastic rock type does not occur along the present
trace of the San Andreas and perhaps is intrinsic to more deeply
eroded fault zones. Samples from the other sites are less cata-
clasized than those from the above cataclasite sites, but are
more cohesive and finer grained than similar gouge and breccia
from the San Andreas.

A. Petrography and Petrofabric Analysis

The major mineralogy and mineral percentages are presented
in Table 1. The primary (pre-cataclasis) mineralogy of all
samples includes plagioclase, quartz, alkali feldspar, biotite,
muscovite, hornblende or actinolite, sphene, chlorite, epidote,
allanite, magnetite and ilmenite. Cataclasis has not readily
changed the mineralogy although associated alteration has
generated calcite, sericite (celadonitic muscovite), more
chlorite, hematite, and small amounts of laumontite, ferro-

pseudo brookite, and zeolite (species yet unidentified).
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The groundmass usually has the same modal mineralogy as is
found in the larger clasts down to the limits of resolution of
the optical system - 0.005 mm. However, in some samples the ma-
trix is rich in sericite, sericite and chlorite, or is heavily
veined with calcite. The term groundmass or matrix refers to
areas which are so fine grained that individual minerals are not
resolved. Nonetheless mats of very fine sericite or chlorite
may be identified by "bulk" optical properties.

1. C(Cataclasites - sites 7,8, and 16

The cataclasite at these sites consist of 10-15% porphyro-
clasts of feldspar, quartz, and lesser amounts of epidote, biotite,
magnetite, and actinolite (SG-8 only) dispersed in an aphanitic
dark-colored matrix. Typical photomicrographs are presented in
Plate 2. The matrix lacks foliation or fluxion structure although
a few cross-cutting slippage surfaces occur as is visible in
Plate 2b. Porphyroclasts are commonly sub-angular. Although
the matrix is generally opaque and too fine grained to optically
detect a grain size, Plate 2b, ¢, and d show the matrix to be
crystalline. This is more evident in scanning electron micro-
scope (S.E.M.) photographs of cataclasite from site 8 (Plate 3)
which show a recrystallized grain size of .0003-.0010 mm (Plate
3a-c). This is important as fault gouge of the San Andreas in
this same region has a flour-like, particulate matrix that is
not recrystallized. Also evident in the S.E.M. photographs
(Plate 3c-f) is the development of post-kinematic chlorite with
a distinctive '"bladed rosette' habit growing on feldspar and
quartz porphyroclast at the matrix/porphyroclast interface.

Energy-dispersive analysis of these rosettes show them to contain
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Plate 3.

Scanning electron microscope photomicrographs of cataclasite matrix
and porphyroclast from site 8; (a,b) quartz porphyroclast in catacla-
site matrix; (c) edge of porphyroclast. Note crystalline nature of
the matrix; (e-f) rosettes of unknown mineral growing on porphyro
clast at matrix-porphyroclast interface. Sequence of photomicrographs
is in increasing mignification.
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Si, Fe, Al, and Ti in decreasing order of abundance. S.E.M.
studies of the cataclasite from site 16 show a matrix rich in
foliated biotite or stilpnomelane with occassional sprays of
a yet unidentified K-Ca zeolite with a radiating stellated
habit. These phases are in too low an amount to be detected
by X-ray diffraction (next section) but is important as it is
evidence of a least minor development of new minerals formed
during or after cataclasis.

2. Gouge and Microbreccia

Cataclastic rocks from sites 2, 5, 6, 9-15, 17, and 18
are much coarser than the cataclasites described above and are
only weakly to moderately cohesive. They range from gouge to
microbreccia with interstitial gouge. Porphyroclasts are more
angular than those in the cataclasites and range in percentage
from 25-80%. Major porphyroclast minerals are quartz, feldspar
epidote, magnetite, and chloritized biotite or biotite. The
matrix in SG-2 (site 2) is weakly foliated due to the minor
amounts of matrix chlorite. The matrix in SG-5, and 12, is
moderately foliated and is rich in fine-grained muscovite or
sericite. The matrix in samples SG-9, 13b and 14a is rich in
fine-grained biotite or stilpnomelane. In addition, SG-9 contains
veins of laumontite (Ca Al1,Si,O0:, 4H,0).

B. X-ray Mineralogy

Due to the limitations of x-ray diffraction, it is not
possible to clearly detect a mineral which is less than about
3% in abundance in the sample. Thus, sample separations aimed
at concentrating certain phases relative to others are of pri-

mary importance. Samples were analyzed for the finer fractions
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down to -325 mesh. There was no consistent change in the x-ray
diffractograms as a function of grain size except where the matrix
is enriched in sericite and chlorite, commonly with quartz. In

all cases the major minerals detected by x-ray were quartz, plagio-
clase, and potassium feldspar with some chlorite, biotite, and/or
hornblende. The ratios of these, as measured by peak height, did
not change as a function of grain size for coarser fractionms.

In certain samples (SG 10b, 104, 12, 15A, 16c, 17, and 18)
the finer grain size fraction shows a significant change in the
increased percentages of quartz and sericite usually with chlorite
along with a decrease in the amount of feldspar. This change is
noted in figure 3 for sample SG-18, but the change is characteris-
tic of all samples which show a high sericite component in the
gouge by optical examination. Here the presence of low birefringent
quartz and chlorite seems to be masked by the highly birefringent
sericite.

As in the case of samples from the San Andreas Fault Zone in
the same region, no development of clay minerals was found (Figure
4). Even in the finest material, the gouge is dominated by sericite
and chlorite. While it is possible that these phyllosilicates may
be masking some clay mineral peaks, there is no evidence for any
clay peaks in the present gouge samples.

Superimposed upon the peaks related to the major minerals
were lesser peaks caused by the presence of calcite, epidote, and
rarely actinolite. Since the larger clasts were usually completely
fractured, even the largest grains could usually be forced through
a fine sieve. For this reason sieving was done very gently to

try to preserve the larger grains. The cloudy nature of many of
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the large feldspar grains supports the idea that much of the clay
within the gouge may be on or in the larger grains. Thus the
clay, while fine grained in and of itself was often segregated
with the medium grained size fraction.

X-ray diffractograms show that clays are either absent or
are generally not very well crystallized.

C. Detailed Mineralogy and Mineral Chemistry

Electron microprobe analysis of the major minerals (plagio-
clase, alkali feldspar, muscovite, biotite, chlorite, actinolite,
hornblende, epidote, calcite, apatite, magnetite, and ilmenite) in
the cataclastic rocks and their protoliths are presented in Table 2.

1. Cataclasites

X-ray scans from the rocks from site 8 show the cataclasite
to be intermediate in modal composition between the granodiorite
and gneiss juxtaposed by the fault. As shown in figure 5a, plagio-
clase in the cataclasite of site 8 has the same range of composi-
tion as the granodiorite and gneiss protoliths. 1In the presumed
P-T conditions of the fault zone (which must be greenschist grade
or less assuming normal geothermal gradients), plagioclase generated
during cataclasis would be albite. Yet plagioclase compositions
range continuously from Angs.s to Angps. The more albitic composi-
tions are evidently derived from the Mendenhall Gneiss which has
the bimodal distribution of plagioclase composition - An;;,1-2.7
and An,;,s-31.5 reflecting the polymetamorphic history of this
Precambrian unit (granulite and greenschist grade metamorphism);
compositions in the granodiorite are more uniform being An,i.u-25.7.

There is no evidence of a new feldspar compositions being generated
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during cataclasis. This is the same conclusion reached by us for
feldspars in gouge along the San Andreas Fault (figure 5c). The
biotites from the site 8 samples are interesting. The composition
of the biotites in the two protoliths and cataclasite are indis-
tinquishable in terms of AIIV, AlVI, Fe, Mg, and Ti, yet the con-
centrations of Mn and F of the cataclasite biotite matches well
only the biotite of the Mendenhall Gneiss. Weight percent MnO
in the biotites of the gneiss and the cataclasite range from 0.20
to 0.33% and 0.25 to 0.30%, respectively, as compared to 0.66 to
0.84% for biotite of the granodiorite. Likewise, fluorine ranges
from 0.00 to 0.18% and 0.11 to 0.12%, respectively, while the con-
centration in the granodiorite biotite is 0.17-0.75%. This implies
that the cataclasite is more derived from the gneiss rather than
the granodiorite, a conclusion confirmed by whole rock chemical data
(next section). Moreover both the cataclasite and the gneiss con-
tain actinolite and ilmenite which were not found in the grano-
diorite. Yet there has to be some component of the granodiorite in
the cataclasite as both contain alkali feldspar and hornblende which
does not occur in the gneiss at this locality.

There is likewise a suggestion of a larger contribution of
one protolith relative to the other in the cataclasite of site 7.
Plagioclase in the two protoliths are quite dissimilar (figure 5b).
In the granodiorite (same unit as at site 8) plagioclase ranges
Ani,,s-25,0, Mostly An,s,s-2:,¢. In the breccia (SG7-pb, presumably
Martinez Formation), the plagioclase is largely low in anorthite
(An) component and is primarily a solution of albite (Ab) and ortho-
clase (Or) end members. Most of the plagioclase is quite albitic

(Abgo.s-98.3), although some is more intermediate (Abgg.2-80.3
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OTi1u.u-30.0). In the cataclasite, most of the feldspar is either
albitic (Absg.3-99.0) or likewise of a K-Na solution (Abso.3-s3.s
Ori3.9-14.s) which suggest that the cataclasite is derived largely
from the Martinez Formation rather than the granodiorite.

At both sites, biotites show considerable chloritization.
Data for partially chloritized biotites are also given in Table 2
and shows a decrease in K, Ti, and Fe and greater Mn, Mg, H,0, and
F with alteraticn. In sample SG8-pgr (granodiorite of site 8),
biotites which are deformed, although not altered, exhibit system-
atic changes presumably related to cataclasis. Relative to unde-
formed biotite, deformed biotites are enriched in a1tV ana depleted
in Ti, AlVI, and Si. Also, on a total cation basis, the overall
charge of the deformed biotites is less requiring an increase in

+

the ratio of Fe“/Fe2 (the charge of all of the biotites is 1less

3
than the ideal charge of 22 due either to the presence of Fe toor
a vacancy in the octahedral and/or interlayer sites). This suggest
coupling of the following solution mechanisms during cataclasis:

IV. Lower

(1) 4A1TY = 3si (2) 2Fe’” = Fe?* + Ti, and (3) Fe’’ = Al
temperature biotites are commonly depleted in Ti (Guidotti, et al.,
1976) and the increase in Fe“/Fe2+ implies also an increase in
oxidation. The latter is consistent with the observed hematization.
Also indicative of low temperature is the coexistence of magnetite
and ferro pseudo-brookite in SG-7pb requiring that ilmenite, under
these low temperature-oxidizing conditions, is a relict, unstable
phase.

2. Gouge and Microbreccia

Mineral compositional data for site 2 samples demonstrate that

the material in the gouge zone does not correspond to the biotite-
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hornblende adamellite adjacent to the fault. Plagioclase porphyro-
clasts in the gouge range from albite (Abg,.s-95.9) to more potassic
compositions (Ab,;4.6-83.5 Or12.4-21.9) with low anorthite component
(<An,.s). In contrast, plagioclase in the adamellite is andesine
(An3g,e-us.8). Likewise the composition of chlorite (derived from
biotite) is systematically different. For the gouge chlorite,
Al,0; = 19.0-20.1 wt.%, MnO = 0.31-0.44 wt.%, Mg/(Mg + Fe) = 0.487-
0.507. For the adamellite chlorite, Al1,0; = 21.3-22.3 wt.%, MnO =
0.13-0.25%, and Mg/(Mg + Fe) = 0.155-0.382. Other differences in-
clude the presence of hastingsite in the adamellite which is absent
in the gouge and the presence of Th-rich allanite in the gouge
which is absent in the adamellite. Although this may simply re-
flect sampling bias it may also be a consequence of the considerable
displacement of rock units adjacent to this fault.

The mineralogy of gouge at site 9 also does not match well
the juxtaposed rock units. The gneiss has been retrograded to
greenschist grade and contains albite (Abgg.o0ri1s,.0-Abgs,.s0rq.6)
as the only feldspar. As before, the Martinez Formation (SG-9b)
consists dominately of sodic plagioclase (Abgs,2Ani3,o0-Absg .,
An, ,s0r¢.,) and potassic alkali feldspar (Ors,.¢Ab,s s-Oro1, 6Abg,4).
In contrast the cataclasite has three types of feldspar: (1) a
minor amount of sodic plagioclase (Abgs.0r;.:Ans,9-Abge, 30T, sAN:, W),
(2) some potassic alkali feldspar (Orsc.2Abig,s-Ore:.4Abg, ), and
(3) a significant amount of calcic oligoclase-sodic andesine
(An,,,6Abgs,s0rs g-Ans,, 4Abcsg, s0rs,). The latter feldspar does
not occur in either of the potential protoliths and is quite simi-
lar to the plagioclase of the Josephine Granodiorite which is ex-

posed on the southside of the fault, one kilometer to the west.
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Consistent with the right lateral movement, it is probable that
this gouge was largely derived from this now displaced crystalline
unit. As mentioned above this gouge contains minor amounts of
laumontite (Table 2M), a mineral diagonistic of very low-grade
metamorphism, specifically the laumontite zone of the zeolite
facies (Liou, 1979). As andesine is not stable at this low-grade,
it is evident that this mineral, as is much of the mineralogy of
these cataclastic rocks, is relict from an earlier igneous (or
metamorphic) history.

Gouge at site 5 is unusual in its high muscovite content in
its ultrafine grained, moderately foliated matrix. Gouge at sites
12, 14 and 16 also have a matrix rich in foliated, very fine grained
mica. The muscovite in SG-5 has a moderately low content of cela-
donite (the siliceous end-member K (Mg, Fe2+) (Fe3+,A1) Si,014 (OH),
common in phengitic micas of low-temperature origin) which ranges
from 11.6-14.2%. This differs from the composition of sericitic
muscovite (alteration product of feldspar) common at sites 2, 6,

9, and 12 which have higher celadonite contents of 13.6-28.4%.
Consistent with the high muscovite content, the matrix chlorite

in SG-5 is also quite aluminous with Al,0; ranging 22.7-23.8 wt.5%.
Chlorite in gouge at the other sites (sites 2, 6, 7, 8, 9, and 12)
has generally lower Al,0; (15.7-20.0%). Chlorite, as with sericite,
is a dominant primary mineral of the gouge. This is evidenced by

the abundance chloritization of biotite (Table 2E) and growth of new
discrete crystals. The chlorite commonly similar to the pre-existing
biotite in terms of Mg/ (Mg + Fe) and Al. For example, the chlorite
in the microbreccia at site 6, is generally only slightly Mg-richer

than the biotite from which it was derived. Here the Mg/ (Mg + Fe)
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of the chlorite and biotite are 0.448-0.479 and 0.429 respectively.

The microbreccia at site 6 also shows evidence of mixing of
presumably different portions of the same adamellite having slight
differences in composition. In SG-6, the plagioclase has the com-
position of Anio,e-1u4.s in addition to traces of albite of retro-
grade origin. Yet thin through going brecciated zones (2-4 mm wide)
contain plagioclase porphyroclasts that are systematically Ca-richer
with a composition of An;:,¢_17.56.

D. Petrochemistry

As an aid to establish the protolith for the cataclastic rocks
and to ascertain the role of chemical mobility (e.g., leaching or
enrichment) in its formation, we have analysed the cataclastic rocks
and the juxtaposed rock units at several sites. Tabulated in Table
3, the comparison of cataclastic rocks and potential protolith(s)
can be easily viewed in Figure 6.

The plotted element abundance pattern constitutes a compositional
"fingerprint" for the rock units and inspection of Figure 6 shows:
(1) the cataclasite of site 7 is more derived from the Martinez
sedimentary breccia rather than the Josephine Granodiorite, (2)
the cataclasite of site 8 is derived more from the Mendenhall Gneiss
(modeled 85%) than from the Josephine Granodiorite, (3) the cata-
clasite at site 16 is derived more from the PE (?) gneiss at
that locality than the biotite adamellite, (4) gouge at site 13
matches well the Josephine (?) Granodiorite that exist on both
sides of the fault at, and (5) the gouge at site 9 does not clearly
match either of the juxtaposed rock units at the locality. These
conclusions are consistent with mineralogic comparisons made ear-

lier. Note that the cataclasites at sites 7, 8, and 16 have not
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formed preferentially from the massive granitic units at those
localities. Although displacement history may be a factor, these
relations suggest that a physically heterogeneous lithology, such
as a more biotitic, foliated gneiss may be more easily milled-down
on the fault surface that a massive, more leucocratic granitoid.
Chemical mobility can be addressed by noting elemental com-
positions of the cataclastic rock that are anomalous relative to
the designated protolith. All of the cataclastic rocks show at
least moderate hydration relative to their respective protoliths
with an average of 1.85% added H,0 (range 0.40-3.87). To evaluate
net changes for other compositional constituents, the analyses
have also been calculated on a volatile-free basis (Table 3). In
general, the major elements show no evidence of significant mobility.
Moreover, the gouge at site 13 shows no evidence of mobility for
any element. The cataclasites at sites 7, 8, and 16 show a mod-
erate depletion in K and Rb and a moderate enrichment in Sr. The
most dramatic change, however, is for Li which exhibits a marked
enrichment, a 71 to 172% increase. Li is commonly concentrated
in the micas but unlike the other alkali metals, it goes into the
octahedral sites, a consequence of its small size. Its single
charge makes it anomalous relative to the other divalent (Fe2+,Mg,

Mn) trivalent (Fe5+, 1N

), and quadrivalent (Ti) octahedral ca-
tions and logically is less tightly bound. We suggest that during
cataclasis and alteration, Li is far more easily mobilized and
concentrated in any new micas that form (e.g. phengitic muscovite,

chlorite, stilpnomelane, or biotite) preferentially in the cata-

clasized material.
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Li was not found to be mobilized in the gouge along the San
Andreas Fault (Anderson, et al., in press). This is consistent
as that gouge, formed at higher level conditions, had minimal
mineralogic changes during cataclasis.

E. Grain Size Distribution

1. Cataclasites

Histograms showing the grain-size distributions for the
cataclasites (samples SG-7, SG-8 and SG-16A) are shown in Figure
7 and cumulative probability plots are shown in Figure 8. It
should be stressed that these histograms and probability curves
are based on frequency rather than weight percentages, and that
approximately 84.8, 89.3 and 90.1 percent of samples SG-7, SG-8
and SG-16A respectively are finer than 0.0078 mm, the lower limit
of optical measurement. Hence the size distribution data (Table
4, Figures 7 and 8) represents the porphyroclast portion of these
rocks, which is 15.2, 10.7 and 9.9 volume % for SG-7, SG-8 and
SG-16A, respectively.

Cumulative probability curves for SG-7 and SG-8 (Figure 8)
plot as straight line segments on logarithmic normal probability
paper. This suggests that logarithmic normal probability density
functions might characterize each sample; however, the possibility
of mixed stochastic distributions in the finer (matrix) portion
cannot be ignored. Assuming a logarithmic normal distribution
for each sample, the method of Cohen (1951) was used to estimate
the mean and standard deviation of each singly truncated distri-
bution shown in Figure 7. The calculations for SG-7 and SG-8 are

virtually identical with mean values equal to 0.0001Z mm (13¢)
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and standard deviation equal to about 0.63 ¢ units. These para-
meters are used in Figure 7 to schematically represent the initial
(pre-recrystallization) particle size distribution of the cata-
clasite matrix in samples SG-7 and SG-8. It should be noted that
there is no way to verify these estimates due to extensive recry-
stallization in both samples, and such estimates are meaningless
should mixed grain-size distributions occur in these samples.
These estimates suggest that the recrystallization has coarsened
the matrix of the cataclasites as the smallest crystal size ob-
served in the matrix of SG-7 is 0.0003 mm and the smallest in

SG-8 is 0.0002 mm as viewed from S.E.M. photomicrographs (Plate 3).
Likewise, the average grain size in the crystalline matrix 1is
about 0.001 and 0.0003 mm for SG-7 and SG-8 respectively.

Although the porphyroclast portion of sample SG-16A plots
according to a logarithmic normal distribution (Figure 8), the
histogram for this sample (Figure 9) indicates that the total
grain size distribution must be at least bimodal. The occurrence
of bimodality or polymodality in sample SG-16 coupled with its
truncated state make it impossible to calculate meaningful esti-
mates for characteristic population parameters.

2. Microbreccia and Gouge

Histograms showing the measurable grain-size distributions
for microbreccia and gouge samples (SG-2, SG-5, SG-6, SG-10A,
SG-13A, SG-13B, SG-15A, and SG-18A) are presented in Figure 9 and
corresponding logarithmic normal cumulative probability plots in
Figure 8 . The porphyroclast portion for each sample is indicated
on the appropriate histogram. The total size distribution for
each of these samples must be at least bimodal with one mode in

the medium- to coarse-silt fraction and the other in the clay to
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very-fine silt fraction (<0.0078 mm in diameter). S.E.M. photo-
micrography shows that the minimum grain size in the matrix por-
tion of the microbreccia and gouge samples ranges from 0.00011 mm
(SG-2) to 0.0011 (SG-13A and SG-13B). The minimum identifiable
grain size for all samples except SG-13A and SG-13B is less than
0.0005 mm. The cumulative probability curves for the porphyroclast
portion of these samples are nearly logarithmic normal; however,
the change of slope in the finer grain sizes in samples SG-5, SG-6,
SG-13B and SG-18A most likely represents mixing of at least two
grain-size populations. It 1is interesting to note that the por-
phyroclast portion in the microbreccia and gouge samples range
from 15.5 to 63.0% by volume and average 31.5%; whereas in the
cataclasite samples, corresponding values range from 9.9 to 15.2%
and average 11.9%.

3. Comparison with gouge of the San Andreas Fault

The principal conclusion that can be reached from the tex-
tural analyses carried out is that the cataclastic rocks from the
San Gabriel Fault Zone are much finer grained than gouge samples
from the present trace of the San Andreas Fault system in southern
California (Anderson, et al., in press). It is difficult to make
a direct comparison because the present values are in frequency
percentages rather than weight percentages and the measured grains
in this report only represent a part of the total grain-size dis-
tribution. Recrystallization of the volumetrically dominant matrix
further complicates a direct comparison of these two sets of gouge
data.

It is clear that very few grains coarser than fine sand

(0.25 mm) were measured, and the vast majority of the grains
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observed in all samples except SG-6 are less than 0.0078 mm, i.e.
very-fine silt or clay size. Such values contrast markedly with
the gouge textures developed in the upper levels of the present
trace of the San Andreas Fault (Anderson, et al., in press), where
much of the gouge is silt-, sand-, granule-, and gravel-size with
little very fine silt or clay. This reduction of grain size and
increase in sorting (uniformity of grain size) most likely reflects
increased confining pressure and/or increased displacement (Engelder,
1974, Aydin, 1977).
V. SUMMARY

In evaluation of cataclastic rocks within the San Andreas
Fault System of southern California, the San Gabriel Fault, a
deeply eroded late Oligocene to mid-Pliocene precursor to the San
Andreas, was chosen for petrologic study as it should provide intra-
fault material representative of deeper crustal levels. Cataclastic
rocks along the present trace of the San Andreas in this area are
exclusively a variety of fault gouge which is essentially a rock
flour with a quartz, feldspar, biotite, chlorite, amphibole, epi-
dote, and Fe-Ti oxide mineralogy representing the milled down
equivalent of the original rock (Anderson and Osborne, 1979;
Anderson et al., in press). Fault gouge along with breccia is
likewise common along the San Gabriel Fault but only where the
cataclasized zone is several tens of meters wicde. At several lo-
calities, the cataclasized zone is extremely narrow (few centimeters)
and the cataclastic rock type is cataclasite (Higgins, 1971), a
dark, aphanitic, and highly comminuted and indurated rock. Con-
ceivably, such narrowing of the cataclasized zone and intensity of
cataclasis is what might be expected in the higher confining

pressure of deeper crustal levels.
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The cataclasite and gouge along the San Gabriel Fault is
considerably finer grained than gouge along the San Andreas. The
average grain diameter for the San Andreas gouge is 0.01 to 0.06 mm
whereas for the San Gabriel cataclastic rocks it ranges from 0.0001
to 0.007 mm. Moreover, while the San Andreas gouge remains parti-
culate to the smallest grain size, the ultrafine grain matrix of
the San Gabriel cataclasite is recrystallized.

The cataclastic rocks along the San Gabriel Fault show
more mineralogic changes than observed for gouge along the San
Andreas Fault. At the expense of biotite, amphibole, and feldspar
there is some growth of new chlorite, celadonitic (phengitic)
muscovite, stilpnomelane or biotite, hematite, ferro-pseudo brookite
laumontite, and zeolite. However, much of the mineralogy is still
relict from the earlier igneous or metamorphic history of the
protolith and porphyroclasts even in the most cataclasized mat-
erial includes relict plagioclase (oligoclase to andesine), alkali
feldspar, quartz, biotite, actinolite, allanite, and Fe-Ti oxides
(ilmenite and magnetite). We have found no significant develop-
ment of any clay minerals (illite, kaolinite, or montmorillonite).
For most sites, the compositions of these minerals directly corre-
spond to the mineral compositions in rock types on one or both
sides of the fault.

Whole rock major and trace element chemistry coupled with
mineral compositions show that mixing within the cataclasized zone
is not uniform and that originally micaceous or foliated or phy-
sically more heterogeneous rock units may have a disproportionally
larger contribution to the final make-up of the intrafault material.
As previously found for the gouge along the San Andreas, chemical

mobility is not a major factor in the formation of cataclastic rocks
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of the San Gabriel Fault. We see no major changes for Si, Ti,
Al, Fe, Mg, Ca, Na, or Ba. There is moderate mobility of K, Rb,
Sr and marked mobility of Li, a probable result of the alteration
and formation of new mica minerals.
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