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Preface
(a) Objective _ _ |

One of the main objectives of this investigation is to assess the
utility of ERTS -1 imagery in identifying significant geological structures
to interpret their tectonic implications. The primary site is the south-
western part of the United States which includes by scientific necessity
large areas outside the United States around the Gulf of California.

In order to accomplish the main objectives of the study we have placed
our emphasis in those areas where important tectonic intersections occur.
In this report we describe the work accomplished in studying a major fault
intersection centered in southern California.

Before ERTS-1 imagery became available, we studied the fault pattern
in parts of southern California using Apollo and Gemini photographs. This
work resulted in developing a fault model which explains many of the apparent
discrepancies of the San Andreas fault and shows how the complex fault pat-
tern may have developed (Abdel-Gawad and Silverstein, 1972).

We were delighted to find that ERTS~1 imagery shows abundant evidence
of old Transverse shear in the Coast Ranges supporting our fault model,

For this reason we incorporated observations from one ERTS-1 scene

(MSS 1037-18064) in a paper entitled "The Fault Model of Southern California -
A Model for Its Development' to be submitted to the Geological Society of
America Bulletin. A preprint copy of thfs paper is enclosed for review by
NASA of ERTS-1 observations,

(b) Scope of Work

The bulk of this report describes additional observations on the Coast
Ranges, the San Andreas and Transverse sets which are compliementary to our
previous work, ERTS-1 MSS imagery covering areas of primary importance were
received late in September 1972, The report therefore represents an effective
period of study of .approximately two months, from the beginning of October

to the end of November 1972.

One S|gnlf|cant |mpltcat|on of our fault model based upon observatlons

on the southern segment of the:San Andreas fault is that the effects of

Transverse shear faults predominantly noted in the Transverse Ranges should



also be found in the California Coast Ranges. It Was natural, therefore,
when ERTS-1 imagery became available to study the Coast Ranges, the primary
features we were looking for were short segments of Transverse wrench
faults 1odged'b¢tween younger faults of the Sén Andreas set, The area
under investigation is one of the most seismically active in the United
States and includes areas of high population and industrial_density.
.+ This report includes: - .

(1) oObservations on the fault pattern in the Coast and Transverse
Ranges of profound significance to understanding the fault history.

(2) Plots of earthquake epicenters on overlays corresponding to
ERTS~1 imagery and preliminary analysis of relationships to the fault

pattern,

(c) Conclusions
ERTS-1 imagery is providing valuable data on active fault intersections.

It appears feasible to identify geomorphic criteria of recent fault movements.

(d) Summary of Recommendations

ERTS-1 imagery of the Coast and Western Transverse Ranges of California
is providing invaluable information on.the relationships of active faults
and the displacement patterns at their intersections. There is evidence
that a major phase of transverse shear faulting has affected the Coast
Ranges prior to the last phase of actlv1ty on the San Andreas system.

Many west-northwest trendtng segments of old wrench faults have been
ident{fied lodged between throughgoing faults of the San Andreas” system.
tn the geological maps many of these transverse fault segments are shown
incorporated with other faults wh|ch rendered their tectonic significance
to be largely overlooked.

Information on the existence of these faults as a distinct sysfem in
its own right énd not as a secondary or conjugate feature of the San Andreas
system is consistent with our fault model which explains the development
of the fault pattern in southern California. -

We are working in refining a fault model for the Coast Ranges comple-

~ mentary to the fault model developed for southern California. When this is



accompiished, the fault model is expected to shed considerable Tight on
the very complex fragmentation pattern of the westernkpart of California.
To state it briefly: ERTS-1 imagery is providing evidence that the
San Andreas ''fault' has not always been one fault as it appears today and
has been offset into several segments by.transverse faults during its
history. ' v '
e identified from ERTS-1 imagery of the Transverse Ranges a fault
lineament across the Pine Mountains (California) which seems to be quite
distinct from the Ozena and Pine Mountain faults, This lineament lines up
but does not seem at present to be connected with the middle segment of
the San Gabriel fault. » | : _ |
[t is speculated that the intervening unfaulted area in the vicinity 
of Lake Piru is a likely site for a future break. We recomménd that this
area be included in the netWork of geophysical measurements of tilt and
fault creep. )
Plots of earthquake epicenters from the vicinity of San Francisco to
Los. Angeles were completed and the patterns are under analysis., Preliminary
analysis suggests clustering controlled by fault offsets at intersections.
A fault lineament was identified in the Colorado Plateau in northern
Utah. Near Dragerton, Utah the lineament shows evidence of recent faulting

associated with moderate seismic activity.



Table of Contents

Preface « v v v v v v v 0 0 x w s F ifi
Table of Contents , 4+ « v v « v v v v v v v v v 0 d e e e e iv
FITUSErations + v v v« v 0 o v v e e e e b e e e e e e e e Vi
fables T R R
Introduction v v v v v 0 v e e e e e e e e e e e e e e e e 1

Observations on Fault Pattern . « « « v v v v v o o e 0 o s o 0 o 1

—

San Francisco-Monterey « « « « v v v v v v 4 4 e e e a e
Tl"anSVerse faU]tS L S L T L L T R S S O I T ST N S
Monterey-Lopez POINt 4 v v « v v v & 4 v v v 0 0 v e e e e e e

Lopez Point to Point Buchon + ¢« i v ¢ ¢ v ¢ ¢ ¢ v v v ¢ o o v o

O N v -

Western Transverse RANges « v « v « v v v o o o o e o s o o o &
) Hot Springs Lineament L 3 ] . L ] L] L] . * * ..' * q . . . e L] . . L] . 9

Earthquake Epicenters . . « v v v v ¢« v v 0 v e v e e e e e e 11

Preliminary Observations on Seismicity Patterns . . . . . . . . . . 17

Colorado P1ateal « « v v « v v o v o v v 0 v e e e e e 18
Program for Next Period . . ¢« ¢ ¢ ¢ v ¢ v ¢ ¢ v o o v o o o 4 o 0 s 21
Conclusions . v &« « v ¢« ¢« ¢ ¢ o o ¢ « o o & ; e e e e e e e e 21
Recommendations « + v v v v v o & 4 v e et e e e e e e e 21
Appendfx C ot e e e e e et e e e e e e e e e e e e e e e 22

References Cited . « v v v v « ¢ v ¢ v o v ¢ ¢ o o o« v o 0« 4o 23

vi



Figgre
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

—

_— = 0 0~ OV
(o]

List of 1}

Area Studied . , . , .

ustrations

« 0t 4 e 4 e 4 e e.e ¢ 4 w u

Fault Structures on Photograph'jOZI—l8]72g‘. I

Proposed Development of Fault Pattern in San
Francisco-Monterey Area State 1 - Ancestors . . .

Fault Structures on Photograph 1021-18174 , . . .

Fault Structures on Photograph 1056-18120 , . . .
Fault Structures on Photograph 1037-18064 . .

Generalized Fault Map
Earthquake Epicenters
Earthquake Epicenters
Earthquake Epicenters

Earthquake Epicenters

of the Hot Springs Lineament
on Photograph 1021-18172 . .
on Photograph 1021-18174 . .
on Photograph 1056-18120 , .
on Photograph 1037-18064 , .,

Fault Structures and Earthquake Epicenters on

Photograph 1013-17305

. . . . . . . . . . . . .

(Geologic Legend for Figure 11 . . . . . .+ v« .

vir

10
12
13
14
15
16
20
20a)



‘Table

_Pége
Table 1 ERTS~]1 Images Used for Earthquake Epicenter
P]Ots 4 . ] * L] . . . L) .‘| * L] . L L] . . . L] ) ]7



Introduction

The area studied in this report covers the southern part oflthe Coast
Ranges from San FranC|sco to the vicinity of Los Ange]es, including the
western part of the Transverse Ranges (Figure 1).

ERTS-] scenes covering this area used in this study are:

. MSS 1021-18172 and 1075-18173
- 102118174

1056-18120

1037-18064 .

Observations on Fault Pattern

The significant feature we were,lobkipg for in the Coast Ranges was
evidence for Transverse faults trending west-northwest lodged in blocks
between faults of the San Andreas set. Examples of these and other faults

are described,

San Francisco-Monterey
Reference: MSS 1021-18172; overlay Flgure 2
MSS "1075-18173

In Figure 2 the major known faults are: San Andreas, Hayward,
Calaveras, King City fault, and air photo lineament. In order to avoid
crowd{ng some major known faults are outlined by solid line. Observed
Iiheaments, believed to be faults which are efther not previously mapped
or only partially mapped or not sufficient]y’emphasiéed in the literature,
are indicated by broken lfnes.

(1) Fault lineament trending NNW parallel to and running approximately
between Hayward-Calaveras fault zone and air photo Iinéament (San Jose
map sheet). This lineament which cuts the Diablo Range was first'recognized
by Lowman (1972). ,

(2) Fault lineament along western side of Salinas River Va]ley and
eastern side of Sierra de Salinas. Fault trends northwest appears to.extend
to Monterey Bay. ‘
Transverse faults

Although the fault pattern here is dominated by horthwést—trending
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San Andreas and Hayward-Calaveras, we note the presence of another distinct
system of faults trehding west~northwest., These faults are relatively
short and often occur lodged between throughgoing faults of the San Andreas
system, Some of these transverse faults are shown in the geological maps
(Aﬁlas of California) incorporated as bends or branches in the San Andreas
§ysfem. Other have not been previous]y mapped. But certainly they are rep-
resented as secondary features and were not given the emphasis commensurate
with their immense significance‘in shaping the structure of the Coast Ranges.
Fault lineaments 3, 4, 5, 6, and 7 are examples of the transverse faﬁ]ts
we are referring to (Figure 2). |

The effect of the transverse fau]ts on the structure of the CoaCt Ranges
here can be visualized if one for a moment ignores the San Andreas fau]t
to realize that the blocks north of the transverse fault segments are
consistently shlfted westward relative to the b]ocks on their sourthern side.
This suggests that the most of the lateral dlsplacement on these faults was
left-lateral and had taken place at some time prior to the establishment
of the San Andreas along its present trace. TheAdevelopment of the fault
pattern of Figure 2 is illustrated in Figure 3. Our interpretation suggests
that the Hayward fault had developed by propagation to surmount a locked
structure created by the offset of San Andreas ancestor by left lateral
transverse.fau]ts. The segment of the San Andreas east of Monterey Bay may
be considered as another short cut surmounting the locked structures.

Another significant point is that despite the apparent linearity of
the San Andreas fault we note that minor bends in the fault may in fact be
small offsets at its intersection with the transverse faults. The resultant
knickpoints are eventually broken through by fault propagation. This suggests
that the tectonic forces .causing the transverse shear may have continued to
be active in the Quaternary. If this new interpretation is valid, the displaced
extension of the King City fault which runs under the Salinas Valley be offshore

of San Francisco,

Monterey-Lopez Point
Reference: MSS 1021-18174, Flgure L

The information concern{ng the relation of Willow Creek fault (8)
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and Coast Ridge fault (é) is not new for it is well displayed in the Santa
Cruz geologic map sheet., It is a clear case where ground truth provides
strong support to our concept of: fault interactions. The Willow Creek

fault is a pronounced transverse fault somewhat anomalous in trend and
clearly displaces the Mesozoic granites and metamorphic rocks of the northern
Santa Lucia Range as well as the Miocene sedimentary rocks M-some 15 km

in a left-lateral sense, This proves two imbortant points: that transverse
shear has indeed taken place as far north as the Salinas block, and that
this faulting took place at least late in the Miocene. The Willow Creek
fault is clearly terminated (most probably offset) by the Coast Ridge fault
zone (9) on the west and by Salinas Valley fault (2, Fig. 2) on the east.
The orientation of the Willow Creek is intriguihg since it is similar to the
orientation cf the Garlock fault and the egstérn part of the Big Pine fault

some 230 km to the southeast,

\

Lopez Point to Point Buchon
Reference: MSS 1056-18120, Figure LA

This photograph which shows the southern part of the Coast Ranges
(Santa Lucia Range) and the Inland Diablo Range shows that transverse
faults are pervasive. In the Diablo Range several examples are noteworthy:

In Figure 4, faults 10, 11, 12, and 13 are examples. All of these
lie along synclinal axes between anticlinal structures, Correlation with
geological maps (Santa Cruz, San Luis Obispo sheets) shows that fault
contacts occur between the Franciscan metamorphic group and the Upper
Cretaceous sedimentary rocks, The Eocene ané younger rocks seem to be
unfaulted, This would seem to indicate that these transverse faults
were active pridr to the deposition of the Eocene sediments and that sub-
sequent deformation along these structures largely took place by folding.
it is significant however to note that both the Franciscan and the upper
Cretaceous rocks appear to be displaced in a left-lateral fashion across
these late Mésozoic_breaks. 7

Further west in the Santa Lucia Range several transverse faults are
observed lodged between Chimencés, Cuyama, Nacimiento, Huasna, and the

coast line, Many of the projections of the coastline in fact appear to be
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controlled by transverse faults. In the geological maps some of these
structures are shown incorporated as bends in faults of the San Andreas -
system, We believe that reinterpretation of the sighificance of the trans-
verse féu]ts in shaping the structure of the Coast Ranges is in order. We
are presently working on a fault model for fhe deve]opment‘of'the fault

pattern in the Coast Ranges.

Western Transverse Ranges :
Reference: MSS 1037-18064 (501), Fiqure 5 A

 The presence of major left-tateral wrench faults in the western
Transverse Ranges such as Santa Ynez, Big Pine, and Mission Ridge faults
are too well known to be emphasized here. The abrupt termination of several
faults of the San Andreas forming T-junctions with the Transverse faults is
a problem which has been discussed (Abdel-Gawad and Silverstein, 1972).
We have several observations however derived from ERTS-1 imagery which
we believe are highly significant., First, the San Andreas fault along the
 segment between Marales and Garlock faults across the Tehachapi block
appearé to have an older trace which is zigzag fn.shape and seems to have
been displaced repeatedly by east-northeast trending faults 19, 20
(Figure 5) which probably are related to the Garlock-eastern Big Pine
faults, ' '

If we ignore the Tehachapi segment of the San Andreas fault for a
moment, we can visualize how the northern segment of the San Andreas may
have been offset left-laterally .by the Garlogk-eastern Big Pine from its
old route along the San Gabriel fault (21). This would suggest that the

Tehachapi segment of the San Andreas is a relatively young break.

Hot Sprfngs Lineament

The Ozena fault is shown in the Los Angeles geologic map sheet to be
cut off by the Big Pine fault. We recognized from the ERTS-1 image
(1037-18064) a fault lineament (22, 23, Figure 5) cutting the Eocene
rocks of Sierra Madre Mountains south of Ozena fault. This fault cbntinues
across Big Pine fault, cuts acr&ss the Eocene rocks of Pine Mountain along

Hot Springs Canyon and is intersected by the Santa Ynez fault. This fault Iineament
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is quite pronounced, has a well defined trace, and is probably an active
fault, The lineament appears distinct from the Pine Mountain fault which
runs approximately parallel to it and some 5-7 km to the south. Our plots
of earthquake epicenters on the image show moderate seismicity in the
vicinity of this lineament, particularlyrnear its junction with the Santa
Ynez fault, The occurrence of Hdt Springs where this fﬁult runs along Hot
éprings Canyon supports this conclusion., The significance of this lineament
goes beyond being one additional fault recognized in ERTS~1 imagery. The
lineament lines up with the middle segment of the San Gabriel fault (the
segment east of Newhalf) and southeastward to the Sierra Madre Fault zone.
To the northwest it lines up on the Cuyama fault zone. Considering this,
the lineament provides a link between the Sierra Madre and the Cuyama fault
zones., There appears to be an interruption of this lineament.by the Santa
Ynez fault. The Middle Upper Miocene rocks exposed west of Lake Piru in
the White Acre Peak-Hopper Mountains do not appear to be faulted along the
projection of this lineament. |I|f we make the reasonable assumption that
major faults tend to straighten their knickpoints caused by transverse
offsets, propagation of faulting along this lineament would likely link it
with the middle segment of the San Gabriel fault with which it lines up,
The two probable routes that are candidates for breakage are along the
Agua Blanca thrust and southeastward along Halsey Canyon, that is 15 km
northéést of Lake Piru or along a new breék in the White Acre Peak area
through Lake Piru to the San Gabriel fault,

Although it is hazardous to 'predict' where a given fault may break
next, {t seems justifiable to propose that the Piru Lake area be monitored for
evidence of strain buildup. |

Figure 6 is a'ﬁap showing the fault relations discussed.

It is significant that the epicenter of the San Fernando earthquake
(February 9, 1970) and the cluster of aftershocks is centered at a point
some 40-40 km to the southeast of Piru Lake and in alignment with the Hot

Springs lineament,

N

Earthquake Epicehters

Figures 7, 8, and 9, and 10 are copies of overlays showing computer
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Figure 8 Earthquake Epicenters on Photograph 1‘021—18]74;
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plots of historic earthquake epicenters which occurred in the period 1934
through 1972 within areas covered by the ERTS-1 images listed in Table 1,
) Table 1
ERTS-1 Images Used for Earthquake Epicenter Plots
> MSS 1021-18172"
' 1021-18174

1056-18120
1037-18064

Earthquake data was compiled from NOAA Geographic Hypocenter Data File
(magnetic tape) January 196] through December 1971; NOAA Hypocenter Data
Cards, January 1972 through August 1972 and California Department of
Water Resources Bull, 116-2 (1962),

Because the tick marks on the ERTS-1 images varied in ground accuracies
up to 7 km we utilized a computer program to generate longitude and latltude
grids which reduced the ground error of the grids to the order of 2 km,

a value which is acceptable considering the uncertainties of epicenter
determinations in the first place, Using these grids and our computer file
of earthquakes (see Appendix 1) the epicenters were plotted according to
the following nine categories of estimated or determined magnitudes:
Unknown, 0-4,0, 4,1-4.,9, 5.0-5.4, 5.5-5.9, 6.0-6.9, 7.0-7.9, 8.0-8.4,

> 8.4

.The purpose for this is to obtain epicénier plots on transpareht
sheets which can be placed as accurately as possible on the corresponding
ERTS~1 image in order to observe any significant relationship between
seismic activity and structure.

Considefing the importance of the San Andreas fault system as a major
seismic zone, selection of this area is obviously justified. We have not
yet completed this phaée of the investigation. However from preliminary.analysis

the following tentative observations are relevant,

Preliminary Observations on Seismicity Patterns

There appears to be little or no correlation between observed evidence

of recent surface breakage and the distribution of earthquake clusters.



It is quite obvious that very straight segments of the San Andreas fault
showing evidence of relatively recent breakage are conspicuously quiescent.
Examples are the segment between Maricopa and Colame and the segment
between the Garlock intersection’and Cajon Pass,

. These two observations are not new and were pointed out by Ryall et al.
(1966), Allen et al. (1965), and others. '
*  There are however three significant observations which to our knowledge

are not emphasized sufficiently in the literature.

First, that earthquake clusters characterize regions of complex
structure where transverse faults meet or tend to distort the San Andreas
system and vice versa. _

Second that the earthquakes tend to cluster where propagation of a fault
is likely to occur where it is offset by a-crossing fault.

Third, that seismic activity and stress buildup on transverse struc-
tures and their distorting effect on the San Andreas system should receive
equal attention to that given the San Andreas fault itself.

The relationship between earthquéke clusters and intersections between

the two fault systems is currently being analyzed.

Colorado Plateau
Reference: RBV 1013-1705 _

The first ERTS—] images received on August 31, 1972 were REV bfints
over the central part of the Colorado Plateau. We selected from these
one scéne (1013-17305) showing part ofAthe Paradox Basin and the southern
flank of Uinta Basin in the area where the Green and Colorado Rivers join.
A]though that area was not among our high priority locations, we utilized
the images to assess the[r quality and tést our computer program for plotting
- earthquake epicenters,

Figure 11 shows combined overlay drawing of epicenter locations in
relation to major faults., The Moab fault which lines up with Spanish
and Gypsum Valley fault zones is quite conspicuous as well as the Salt
Valley graben lining up with Paﬁadox Valley through a lineament across
La Sal Mountains, We were able to identify most of the major strﬁctures

shown in Shoemaker's Tectonic Map (1954) reproduced in Eardley (1962, Fig. 26.7,
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p 412).

In our second bimonthly report (Abdel~ Gawad October 1972) we have
reported that an important fault lineament was identified from RBV in the
RBV image (1013-17305) énd suggested that it may be seismica]ly'active.
The location of this lineament which we referred to as the Dragerton fault
zone passes in a northwest southeast direction north of the town of
Dragerton, Utah through the Patmos Mountains and the southwestern side of
the Tavaputs Plateau.

"The Dragerton fault zone runs parallel to the Salt Valley-Paradox Valley
fault zones and the Moab~Spanish Valley-Gypsum Valley fault zones. |

This inferred fault is not shown on the Tectonic Map of North America
(King, 1969), the Geological Map of the United States (Stose and Ljungstedt,
1960) nor in Shoemaker's (1954) Tectonic Map of the central part of the
Colorado Plateau, -

This lineament {is significant for several reasons, On the southeast
it projects towards the junction of the Dolores and Colorado Rivers and
appears to represent a northwestward extension of a major fault lineament
defining the southwestern side of the Uncompanhgre uplift as inferred from
the structural contours in King's (1969) and Shoemaker's (1954) maps.

The entire tectonic line appears to project southeastward towards the
Tertiary volcanic fields of San Juan Mountains, Colorado. |

An earthquake cluster with shocks up to magnitude 4,9 is located in
the vicinity of this lineament near latitude 39°39'N. The cluster is
somewhat scattered but appears'to be elongated parallel to the 1ineament.
There, one can clearly observe many geomorphic criteria of faults trending
_northwest-southeast and north-south. Several faults appear to have had
recent movement, perhaps right-lateral as inferred from stream offsets
(Figure 11).

It is interesting to note that this moderate seismic activity is con-
centrated in this area which is relatively near the reentrant made by the
southwestern flank of the Uinta Basin (which the lineament appears to
control) with the north trending Wasatch tectonic iine. The part of the
lineament directly west of the Colorado River is associated with folds of

the type observed associated with the Moab fault,
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Geologic Legend for Photograph 1013-173C5

Eb

Egr
Ews
Efu

El

Kc

KJ

TR

Cpm

Ti

Bridger formation (Uinta formation in Uinta Basin), Upper Eocene
Green River formation, Eocene
Wasatch formation, Eocene

Fort Union formaticn, Eocene

Lance formation, Eocene

Mesaverde formation, Cretaceous

Colorado Shale, Upper Cretaceous

Upper Jurassic-Lower Cretaceous (Dakota to Morrison formation)

Navajo, Kayenta, and Wingate Sandsténe formations, Jurassic

Triassic rocks: Chinle formation, Shinarump Conglomerate, Moenkopi
formation

Lower Permian (e.g. Kaibab Limestone, Coconino Sandstone, Hermit Shale,
Supai formation).

Tertiary Intrusives
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The lineament, like the Moab and other northwest trending lines in
the Colorado Plateau is probably a Laramide break which may have controlled

the emplacement of the Tertiary intrusives such as La Sal Mountains.

Program for Next Period

During the next reporting period our pléns are:
", 1. extend our plotting of earthquake epicenters southward to
cover the southern segment of the San Andreas fault and study its inter-
section with the Eastern Transverse Ranges and its extension to the head
of the Gulf of California;

2. work on developing a fault model for the Coast Ranges.

Conclusions ,

ERTS-1 imagery is providing valuable information on continuities of
active faults and their interaction with intersecting structures.

Data obtained so far indicate the feasibility of identifying geomorphic
criteria of recent activity on faults. | o

Preliminary analysis of seismicity patterns indicate that areas
showing geomorphic criteria of recent faulting are not the most seismically
active. The earthquake clusters appear to characterize areas of complex
structure where one fault system has displaced or otherwise distorted
“another. A tentative conclusion is that areas of earthquake clustering may

represent locations where fault propagation is likely to occur.

Recommendations :

Due to the promise found in ERTS-1 imagery in studying seismicity and
fault patterns we recommend that this objective receive more emphasis
during this investigation. We recommend that the objective stated in our
. proposal to study the relation of mineral deposits to structure be explored

but as a secondary objective.
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Appendix

Description of computer program to generate corrected geographic grid

A Fortran program was written which uses the basic orbital parameters of
satellite latitude and longitude, elevation, and heading, along with the
enlargment factor of the photograph to generate a éorrected geographic
gfid. The program is run on a CDC 6600 computer and a Calcomp drum plotter
is used to plot the results. The main problem we encountered with the grids
supplied by NASA was that the grid waé shiffed as much, as 7 or 8 mm which
resulted in errors of up to 7 kms. These grids also had no internal tic
marks so there was no correction for curvature and the longitude lines
were drawn in stfaight instead of curved. There was also some ambiguity as to
wich part of the tic mark the grid line should connect to. Our grids
corrected for curvature and were drawh by the plotter. We positioned the
-.grid by locating 2 or 3 parts of known coordinates on the photograph and

- placing the grid in its proper orientation over these known points.
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THE FAULT PATTERN OF SOUTHERN CALIFORNIA:

A MODEL FOR ITS DEVELOPMENT

M. Abdel-Gawad and J. Silverstein
North American Rockwell Science Center
Thousand Oaks, California

ABSTRACT

The fault pattern in southern California, dominated by two sets of
wrench faults, is complex and has many conflicting features. Qutstanding
examples are reported discrepancies of offsets on various segments of the
San Andreas fault and abrupt termination of wrench faults with large
lateral displacements. Utilizing satellite photographs to study fault
intersections, it was recognized that the fault pattern consists of com-
binations of a few simple geometric fault forms; simple intersections
(x-forms), abrupt termination of wrench faults by others (T-forms), and
simple and multiple furcations (h and m forms) are common. More significant
is observation of short fault segments of one set between throughgoing faults
of the other set (H- and ladder-forms). The fault relationships indicate that
southern California has long been subject to two independent and episodically
active shear systems. We shall present results of an experiment to develop
a fault model based on this concept. A sequence of episodic lateral move-
ments on two shear systems affecting a hypothetical crustal block was per-
formed using a computer to identify geometric re]étionships. Progressive
development of various fault forms, the overall fault pattern, and its mosaic
of blocks in the model will be compared to analogs in California. The

apparent offset discrepancies of the San Andreas fault will be shown to be

Hb



inevftable features if the model is a valid analog of the fault's history.
An important conclusion of the paper is that the two shear systems are not
likely to result from a unified nor continuous stress field, but rather
represent_episodic and independent activities, Some implications on the

tectonic history of California are discussed.

INTRODUCTION

" ike Humpty-Dumpty, all the King's horses and all the King's men
cannot put the Coast Ranges back together again."
King, 1959, p. 171.

Geologists who have studied the San Andreas fault in detail have long
been puzzled by complex and often conflicting features, many of which still
post serious difficulties in understanding the true nature of the fault and
its tectonic history. The problems become even more compounded when the
San Andreas fault is considered in relation to the structures of the Transverse
Ranges which intersect it in southern California.

That the San Andreas fault represents a major crustal break along which
considerable lateral movements have probably taken place is a matter few
geologists will now disagree upon. Controversy still exists, however, con-
cerning the true nature of this break, the amount of displacement along its
various segments with time, and what it réally represents in terms of crustal
p]atg interactions. The San Andreas fault; or at least certain segments, may
"have been active since the Cretaceous and in places its activity is demon-
strable at present.

The Transverse Ranges are characterized by east trending folds and
thrusts which are involved wfth the San Andreas system in a most complicated

manner, and according to Dibblee (1966) and Crowell (1954) contain important
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‘wrench faults characterized by left-lateral shear. The Transverse Ranges

were mostly developed in the P]iocene'and'PIeistbééhe (Bailey and Jahns,

1954? p. 92), buf the initiation of the system may date as far back as the
Mesozoic (BUwa]da, 1954, p. 137). Left—lateral wrench movements on many
transverse faults probably have taken place in the Quaternarytand some may
still be active at present. Indéed, the Faujting which. triggered the San
Fernando'eartthakg.of Fébruary 9, ]97]'has.beeﬁ.foundlto'be characterized by
northward thrust motion of equél magnitude to léft—lateral shear along an east
trending fault zone. |

It seems evidentAthat Southern Ca1ifornfa has-Been affected for a long -
time_by twéliﬁtérsectihg sets of.periodicaljy active and mutually displacive
shear faults. .If this conqepplig Sésical1y vali&, then we would expect the
. fault pattern developed to.reflect this epfsodic interaction.

The main objective of this paper is'to-show.that the géometry.of the fault

"pattern in Southern California, including many of the puzzling discrépancies
is consistent with this basic concept. |

Towards that bbjective we shall_l) describe examples from satellite
phOtdgraphs supporfed by indepéndent field data of significant fault intersections
which'bfing to a'sharp focus the complex relationships involved;

2) Present the‘reSUIts of an experiment to develop a fault model based
upon this concept in which we utilized the computer to perform a sequence of
lateral movements on two sets of‘wrénCh faults and compare the resultant
complex fault pattern to’'its analog in hature; and

3) Discuss some ihplications 6f this fault model on current discussions

concerning the San Andreas fault and its relation to Pacific structures.
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Many observations on the geometric relationship of faults and fault
forms fundamental in the development of the fault model could hardly have
been made without the advantage of synoptic earth photography experiments
performed by NASA during Apollo, Gemini, and ERTS-1 earth-orbiting missions.
Contributions on the application of satellite photographs to regional
geological problems have been made by Abdel-Gawad (1969, 1970, 1971),
Bannert (1972), Lowman (1969 a,b; 1972), Merifield (1972), and others.

The pictures reproduced here in black and white were selected from
more than fifty color and infrared color pictures of southern California

and adjacent areas taken from orbital altitudes in various perspectives.

BACKGROUND
Peculiarities of the San Andreas Fault

The great faults of California such as the San Andreas, Garlock,
Nacimiento, San Gabriel, San Jacinto, and Elsinore have been described as
deep-rooted and long-active wrench faults which present many problems. In
the northern part, between San Francisco and its intersection with the
Garlock fault, the San Andreas fault is rather straight with rift topography
and shows evidence of large lateral displacement, The fault bends eastward
before its junction with the Big Piﬁe and the Garlock faults, cuts the
Transverse Ranges in an east-southeast direction, and splits into two major
faults, the San Andreas and San Jacinto at the northern side of the San
Gabriel Mountains, becoming involved in a complex way with the east trending
faults of the Transverse Ranges (Hill, 1954, p. 5).

On the south side of the San Bernardino Mountains the San Andreas fault
is again involved in a very complex way with the east.trending faults of the

Eastern Transverse Ranges. There, the fault abruptly changes trend and is
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distinguished by several unusual features §UCh.éS the absence of typical
rift tobbgraphy, stream offsets, or intense.earthquakes along much of its
i11-defined trace. Evidence of thrusting rather than strike—slip movement
during the Quéternary is evident. As described by Hill (IéSh, p; 5)‘the |
interaction of the faults there is also extremely complicated, and the tiﬁe
relations of movements are not at all clear. The unusual Féatures of the
southern segment and the reconciliation of it with the San Andreas fault

farther northwest indeed poses a most provocative structural problem.

Discrepancies in FaulF Displacements

A most peculiar feature of the San Andreas fault is that the amounts of
displacement along its various segments appear to differ by as much as a
factor of two and perhaps more (Dickinson and Grantz, 1968). Hill (1954)
has long advocatea that the San Andreas fault is a zone along which some
segments are several miles wide and contain several separate fault strands
which were first developed in pre-cretaceous times and that the right-lateral
slip has characterized the movement from its inception to the present time.
The right~lateral displacement, according to Hill's estimates, amounts to at
least 104 km and perhaps more than 560 km. It is alsd well known that not
all segments of the fault are equally active. The net displacement along
its various segments appear .to be inconsistent with a single fault zone.
Noble (1954, p. Lb), for example, presented quantitative evidence for pre-
upper Pleistocene right-lateral displacement of at least 48 km on & 67 km
segment between the western border of the Pearland Quadrangle to Cajon Creek
and noted that this 48 km displacement since late Miocene on that segment is
considerably less than the estimate given by Hill and Dibblee (1953, 447-448)
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for movement along a northerly part of the fault during this same period. He
reasoned that if one accepted the speculation offered by Hill and Dibblee
(1953, p. 453) that the San Gabriel and San Jacinto faults may be ancestral
portions of the San Andreas‘fault, it might be possible that their aggregate
movements would bring those conflicting estimates more nearly in accord.
Crowell (1954) has cited evidence that movement on the San Gabriel fault
cannot exceed 64 km in a right-lateral sense.

Discrepancies in the total displacement on the San Andreas fault are
equally puzzling. In the northern segment, from San Francisco to the latitude
, df Bakersfield, the tPtal displacement has been estimated as 600 km since
the Jurassic (Hill and Dibblee (1953); Hill, 1954, 4, p. 12). On the other
hand correlation of basement rocks in southern California suggest no more
than 275 km total displacement since the inception of faulting (Crowell, 1962).
't has been suggested that a substantial part of the total displacements
along the northern part of the San Andreas fault may be represented to the
southeast by the displacements along the San Jacinto and Elsinore faults
(Jahns, 1954; Noble, 1954). In the section south of the Garlock fault inter-
section the displacement on the San Jacinto fault which runs along the eastern
edge of the San Gabriel Mountains is about 22 to 29 km (Noble, 1954), a
figure consistent with Sharp's (1965, p. 160) estimate of the displacement
on the southern part of the San Jacinto fault, which indicates that the
San Jacinto fault could never have been involved with the northern segment
of the San Andreas fault during its‘entire history.

Larger displacements have more recently been proposed} Suppe (1970,

p. 3253) argued for a two-stage movement history for the northern segment
of the San Andreas totaling approximately 600 km and a one stage 300 km

movement on the southern segment. Anderson (1971, p. 52) conjectured that
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the northern:segment;has.moved on]yxsome hSO:km,-dln their attempts to
account for these:diserepancies Both‘authorsipdoposed essentia]ly that the
San Andreas fault_may represent twoldiffereht faults formed at different ‘
times in djfferent ways and may be moving at different‘rates, ‘Disagreements

on displacement values aside, this concept is highly significant.

Interaction with Transverse Faults
‘The'upliftdof the,TransverseARanges and development of its folds and
thrusts has taken place essentrally in the Pliocene.and Pleistocene
although there is evidence that some transverse structures may have been
initiated much earlier. The grain of Paleozoic rocks_exposed fn the -
Tehachapf Mountains trend east and northeast parallel to the Garlock fault
which suggests that the easterly trend of the Transverse'Ranoes may”have
been initiated'betore Tertiary.time. According to Allen (1957, p. 320)
and Hsu (1955) the east-trending cataclastlcally deformed rocks along the
southern margins of the San Bernardino and the San Gabriel Mountalns |nd|cate
that at least some episodes of the transverse deformation may have occurred
earlier than- the northwest trending San Jacfnto fault zone whieh transeets.them.
Yeats (1968, p. 307) suggested that a large Ieft—Iateralﬂmovement had ".
taken plaee>on,the.Channel>Is]ands.and Maiibu»faults. There is evidence‘of ‘
-:16 km leftilateralymovement on the:Big_Pinedfault-of the.western Transverse
"Ranges (Hi1l and Dibblee, 1953, AVedder|and Brown, 1968; p.'2h2). Left-lateral
, movement has also been suggested a]ong.the Santa Ynez fault
The overlap of the t|me span of actuvnty of‘the San Andreas and Transverse
"'fault setsvls sngnlflcant and should be reflected in the fault pattern. - The

. dlstlncttve pattern of linear’ subparalle] Faults system such as the San. Andreas,
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San Jacinto, Elsinore faults of the Peninsular Ranges (Figure 1). At the
same time the east trending faults of the western part of the Transverse
Ranges (e.g. Big Pine, Santa Ynez, and Malibu-Raymond faults) appear to be
offset right laterally from east-trending faults (e.g. Pinto, Blue Cut,
Aqueduct) of the eastern Transverse Ranges. The Banning fault at the
southern margin of the San Bernardino Mountains may be the offset continu-
ation of the Sierra Madre fault at the southern flank of the San Gabriel
Mountains (Sharp, 1965). Beside this apparent offset of the Coast Ranges
relative to the Peninsular Ranges and the western relative to the eastern
Transverse Ranges, $imple offset features are quite often observed at the
intersections of individual faults of both sets and this is evident par-
ticularly in the central part of the Transverse Ranges (San Gabriel-Pine
Mountain area).

These apparent offsets are so mutual that it is difficult to ascertain
which of the fault sets is older than the other. This fact has been
emphasized by King (1969, p. 172). It is hard therefore to avoid the con-
clusion that individual faults of both set; have been episodically active
over a long period of time. The general overlap of activity on both sets

of faults may be responsible for the complexity of the fault pattern,

FAULT PATTERN AND GEOMETRIC FORMS

The framework of major faults in southern California has a distinctive
pattern, North and south of the Transverse Ranges the faults are pre-
dominantly linear subparallel and trend northwest (Fig. 1 and 2); this
geometry is predominant in the Coast Ranges as well as the Peninsular

Ranges. The western and eastern parts of the Transverse Ranges are
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characterized by-predominantly east—trending-faults. In the central part of
the Transverse Ranges where the two fault sets meet the structure is a
compllcated mosaic of rhombic blocks bounded by faults of. both sets. The
genera] fault pattern when examlned in detall appears to consist of uarlous
comb|nat|ons of distinctive geometric forms, WhICh as we sha]l demonstrate
can be produced by a rather simple model of episodic faulting. Before do1ng that,
it is necessary tordescribe some outstanding features of the fault pattern
and its geometrlc forms uslng as source of data well known fault maps of
California and when approprlate observations from Gemini and Apollo
photographs.
In order to avoid ambiguitieslor misunderstanding,fit is appropriate
at'this point to make some definitions used in this paper-as clear as |
possible. |
By fault pattern we refer to the overal] geometry of the fault
framework and that includes all the major faults of the San Andreas and
the Transverse sets.
A fau]t’form:js_the simple geometric figure made‘by a fault trace or
by'severa]'faultsfat their junctions. Thus, we may refer to a straight.
form;“a zidzag form; an x-form made by two |ntersect|ng faults, a T-form
made by a fault termlnatlng another. The total comblnatlon of fault forms
‘made the fault pattern.
A fault segment refers to e;ther a fau]t which appears now as a
separate entity even though it ‘may "have been~part of a larger fault or to
" a part*of a fault which has distinctive characteristics, orfbehaved independently '
of other segments of‘a fault.

A fault ancestor refers to an old fault which due to subsequent
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tectonic movements was modified, segmented, offset, or otherwise its
entity obliterated.

A fault zone refers to closely spaced subparallel faults and to
several faults so nearly aligned as to be considered continuous.

A fault set refers to all faults or segments which are similar in
geographic orientation. The San Andreas set refers to all faults trending
northwest parallel to the San Andreas trend from San Francisco to the
Garlock fault intersection, The Transverse set refers to all faults
trending east. This set actually varies from east-northeast (e.g. Garlock
fault) to west-northwest. The term system is avoided except wﬁen referring
to the literature because the term San Andreas system has frequently been
used to include faults which belong to both sets. The Garlock fault, for
example, has been often included in the San Andreas system and is considered
here as a member of the Transverse set. The term fault movement is used
to describe the relative movement of blocks on either side of a fault.

We will be mainly dealing here with right-lateral movements on the San
Andreas set and left-lateral movement on the Transverse set.

The term offset will be used to describe only the displacement of two

segments of a fault or any lineament or block by a movement on a cross-

cutting fault,

Termination of Wrench Faults (T-Form)

Many wrench faults of the San Andreas and Transverse sets appear to
terminate abruptly, often against a cross fault. Exémples are the
termination of the Garlock fault against the San Andreas (Fig. 1 and 2),

the northern end of the Inglewood-Newport fault against the east trending
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Malibu-Raymond Hills fault zone (Fig. 1 and 2).

In contrast_to the San Andreas fault which bends near its junction
wi th the Garlock Faﬁlt, the Nacimiento fault, a most prominent break
along the Coast Ranges and‘the Cuyama-Ozena fault zone come to sudden endsi
makfng T-form junctions with_thé Big Pine fault; The Huasna‘fault.zone,
which iﬁcludes Liftle Pine, Suey, and Huasna faults, in:the Coast Ranges
terminate; at the left-lateral Santa Inez fault of the western Transverse
Ranges. On the 6ther hahd, fheveastern‘end o%,thé»éanta Ynez fault appears
to terminate against or near the-San Gabriel fault (Fig. 1).

Figure 3 shows the western Transverse Ranges at the Eritical junction
with the Coast Ranges of California. The.red-band.imége (0.6-0.7 mfcrometers)
was taken on August 29, 1972 by the,multiSpectrallscanner operating aborad |
the Earth Resourcés Techﬁology Satellite (ERTS;I) ]aﬁnched by the National
Aeronautics and Space Administration.

The image illustrates the_compiéxity of the strUCtureS'at.the inter-

section of the northwest trending coast ranges with the east trending

Transverse Ranges. Several observations are relevant to our discussion:

The San Andreas fault, which has been generally described as bending
_near its.intersection with the Garlock fault can berhabs_be,better
descrfbed_aé being'forméd of two'dfstinét}éegments in-this area. A rather
'-strajght.northWést tréndfngvéeghent (I’?j;};ing a zfgéag segment (2) trending
,fWest;nbrghwest, barailei fb fhe-tranéVérse s?rﬁctﬁfes. Thé latter segmept
could have beén'part,of.thé:trans?ersé»fault‘structures.or has to séy the
“least been.affe;ted bYﬂthém. The three small blocks lying south of that
segment (3? L, 5) suggest that ieftflaféra] of%sets havé'téken place.pfjbr

to fhe inéorporatidn df_tﬁis segment‘(Z) by tHe Saa'Andfeas Fault.. The 

Garlock and Big Pine faults are both left-lateral faults which join the

JEA



the San Andreas in T form junctions. The Nacimiento fault zone, a
member of the San Andreas set with right-lataral wrench movemeﬁt comes to
an abrupt T-form junction with the Big Pine fault (6).

As shown in the geological Atlas of California (Los Angeles sheet),
the Nacimiento fault is not straight along its entire length. Near its junction
with the Transverse Ranges, it (s shown to bend eastward in a manner
similar to the bends ascribed to the San Andreas fault which suggests that
some parts of this fault may have been affected by old segments of trans-
verse structures,

The Huasna fault zone terminates (7) or displaces the western end of
the Big Pine fault, but is terminated (8) or displaced by the left-lateral
Santa Ynez fault. We noted that certain parts of the Huasna fault zone are
characterized by sharp geomorphologic lineaments and stream deflections
which suggest recent fault movements. Examples are observed in the Middle
Miocene rocks of the San Rafael Mountains along and in the vicinity of
the Suey fault (9); Township R31W, TION, Santa Maria Geologic Map Sheet.

In the eastern part of the Transverse Ranges many examples of T-form
junctions are evident in satellite photographs.

Figure 4 is a Gemini 5 photograph of the area around the Salton Sea
in southern California. The San Andreas fault zone runs épproximately
along the middle of the picture and separates the Peninsular Ranges, the
Salton Sea trough and |mperial Valley depression (foreground) from the
eastern Transverse Ranges and the Basin and Range Province (background). The
San Andreas fault here separates two areas of radically different fault
trends, In the Peninsular Ranges (foreground) throughgoing wrench faults

of the San Andreas set dominate the fault pattern and trend northwest. In
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contrast we find that across the San Andreas fault thé dominant faults
in. the éastgrn Transverse Ranges trend.east, Three iﬁportant faults,
Pinto'Mo;ntafn;(l), Blue Cut (2), and Aqueduct (3):mee£ the San Andreas
fagit zone in remarkable T-form junctions (T1, T2, T3).. Although the
present trace of the San Andreas fault appears to términate these faults,
we observe several liﬁeaments (e.g. 5-5, Fig. 4) parallel to the San
Andreas fault which appear to be offset in a left-]ateral sense by the
Blue Cut Fault (2). The western edge of the block lying on the eastern
side of tHe San Andreas fault (Chocolate, Orocopia, and.Eag]e Mountains)
makes a zigzag form which when considered togéthér wifh the T-junctions
suggest that the movements which took place along the Pinto Mountain,
Blue Cut, and Aqueduct faults were followed by a renewed movement on the
San Aﬁdreas fault. According to T. W. Dibblee (Sharp, 1966, p. 93) the
Pinto Mountain fault shows evidence of 16 km left-lateral movement since
late Cretaceous and several fresh scarps in a]]uvfa] fans just east of
'fwénty;Nihé Palms fhdicété Holopéne activity. | T -
It is of interest to recall that the Pinto Mountain fault was first

. /‘f\\

described by R. T. Hill (]928,'p. 146, named/tﬁg/Pinto Mountain Rift) which
hé considered one_o%vzhe'majqr faults of southern California, extend{ng :
east to the vicinity of the Colorado Rlver Hl]l (1928) recognlzed an allgn-
_ ment wnth east-trending faults west of the San Andreas fault forming what
" he termed the Anacapa l'ineament extending westward beyond the Channel
Islands. o | | " . |

" The Aquécht fault lies along the Orocopia lineament, described by
H|ll (1928) as showing rough ]lke rift features in places. The fault

v
'c0|nctdes wnth .an east- trend|ng Tow gravuty anomaly (Biehler" et al., 1964,

P-lho) - | 33

13



14

The Blue Cut fault shows evidence of left-lateral movement in late

Tertiary and perhaps also in the Pleistocene.

~The Pinto Mountain and Blue Cut faults, however, meet the San Andreas
fault zone near the junction of its southern and middle segments where the
fault undergoes a major westerly swing. This swing may be ascribed to the
offsetting influence of the Transverse faults. Yet the T-form junctions
indicate younger movement on the San.Andreas fault., This apparent dis-
crepancy, as we shall deomonstrate later, is a feature inherent to the
concept of episodic movements on the two fault sets and should be expected.
The middle segment of the San Andreas fault may have been in fact an older

segment of the Transverse set and was later acquired by the San Andreas
fault,

The Aqueduct fault, on the other hand, seems to come to an abrupt end
in a T-form against the San Andreas fault zone, |If the Aqueduct fault
was once throughgoing, its segments west of the San Andreas may now be
located somewhere towards the northwest, perhaps within the San Gabriel.
Mountains and further along the western Transvérse Ranges.

The eastern end of the Pinto Mountain and Blue Cut faults project
against the Sheephole fault on the western side of the Coxcomb Mountains.
Sharp (1966) considered several alternatives for this apparent termination
of the Blug»Cut fault and conjectured that it may be offset.in a right-
lateral sense by the Sheephole fault which runs under the Chuckwalla Valley
(Fig. 4)., A fault lineament (4) of the San Andreas set terminates against
the Aqueduct fault in a T-form junction (T4). It will become apparent
when discussing the fault model that fault lineament L may be a displaced

segment of a San Andreas fault ancestor or another member of the set.
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-We have described here only'a few exampies but a-careful'study of the5
_-gfauit maps of Callfornia reveals that T form Junctlons of wrench faults
tare qulte common. lt is apparent that when these Junctlons invoive proven~

‘or suspected wrench faults with large latera] dispiacements, the. abrupt

termination of these faults is.highly significant andﬂrequires expianation.

H~, Ladder-~Forms

-Another significant»feature_of_the fauit patternffs that-many fauits'
particuiariy of the Transverse set occur as‘short segments between'through;
going San Andreas'set faults, Many make a s:mp]e vaorm and in other
comblnations several short segments are arranged between two paraiiei
fauits like the rungs of a ladder. The short seqments often term|nate
against the bounding: faults W|th nolapparent bends or offsets. _In other-.
_cases a pend in the througthIng fault is observed near its Junctlon with
the cross faults |

The Geo}ogicaiiAtias of California shows'manylHuand iadder'forms; the =

eastvtrending fault segments between the San.Andreas and San Cabrle]
faults are examples, Fig. 1. Others are observed in the sateiilte photo-
graphs of the Coast'Ranges andvthe Peninsuiar‘Ranges.

In the: Coast Ranges, lineaments of the Transverse trend (L Flgure 3)

- are observed between the San. Andreas, Cuyama Ozena Nacumiento and Huasna"

_ fault zones. Some of these correspond in: the geologlcal maps to foid -

‘axes trendlng obilque to the strlke _of prlnC|pal rlght iateral fauits, a
common secondary feature of_wrench_fauits a5~p0|nted out:by Lowman (1972),
Manv'others‘correspond,to‘transversejtrending'fau]ts'aSSociated with'no

. known folds., A nofable'example’not showh:in figure-3_is the wiliow'Creek

"
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fault (Santa Cruz sheet)% a.left-lateral fault lying transversely
between Nacimiento and Salinas Valley (King City fault). That'the
east-trending faults segments within the Coast Ranges may be offset
remnants of old transverse wrench faults is worthy of consideration and
will be discussed further in the text,

Figure 5 shows a part of the Peninsular Ranges Province which continue
southward into Baja California. The rocks exposed in the mountainous
area are mostly granitic intrusives of the great Baja-Southern California
batholith of late Mesozoic age and roof pendants of Pre-Cretaceous
metamorphic rocks., ‘The picture shows the remarkable northwest-trending
linear wrench faults of the San Andreas set which cut boldly across older
structures, These faults contrast with the east-trending wrench faults of
the eastern Transverse Ranges east of the San Andreas fault (Figure 4).

We can infer from Figures 4 and 5 many short segments (L arrows) of
east trending faults between linear faults of the San Andreas set. Notable
examples are observed between the San Andreas and the San Jacinto faults;
others are observed between the San Jacinto fault and Agua Caliente fault
and between the latter and Elsinore fault. Further west, the_Santa Ana
Mountain block appears to be cut by east trending fault segments lying
between the Elsinore fault and the Newport-Inglewood fault.

The western side of the Peninsular Ranges appears to be marked by a
lineament, passing from northern Baja California towards El Cajon and
northwest towards Vista, California (5, Fig. 5). The fault zone which we
will refer to as E1 Cajon lineament méy mark an old fault segment of the

San Andreas set. ‘Because of its somewhat ill-defined and probably old

age, it s not as obvious as the more prominent faults further inland

4



énd méy be foset.at,yarious places bf east*t?én&iﬁg Eféss fédlts. Theiﬁ
COntfnuity of ihé 1inéément‘north of.ViSta‘Is unqeréaip and mé? be inter~
rupted or left-laterally o%fse{,by tran;vegse structurés southeast?of’
San Qnofré.. Since the lngléwood;Néwport fault projects southeastward towards
the vicinity of San Onofre and pthaps cont}nues offshore towards San Diego,
the fault appears to make an h-form junction withtthe'E] Céjon lineament
(Figure 1). ‘The.El Cajon'lineament coincides apprinmaiely With the western
bbundary of the Penfﬁsﬁlar Ranges and the eastern limit of the coastal belt
covered by Tertiary and Quaternary mérine sédimentary rocks.,

The possible existence of a large fault there has. been recognizéd by
Miller (1935, p. 1539) and even earlier by Ellis and Lee (1919) who con-
. jectured that a great faultvexiﬁted near the western boundary of the
Peninsular Ranges durihg late Cretaceous and early Tertiary pimes and that
the Cretaceous andvTertiary marine beds of the coastal belt were laid down
on the subsiding area west of that faﬁlt. Renewed activity along this
fauff durfng Quaternary time was suggested by Miller (1935, p. 1540).

Further west a probably fault zone (6, Figure 5) runs along the Soledad
Valley east of La Jolla and may be still actiQe. Slightly west, the Rose
Canyon fault'(7)‘extends from Point La Jolla southeast, runs east of
Mission'Béy,_and cutsvthe.Quaternary Alluvium (Hertlein and Grant, 195ﬁ).
lt‘is conjectured that these faults may be the soutﬁward extenéion of the
vIng]ewood-NeWport fault zone.- The El Cajon lineament maylhave been rejated
to thevlnglewood fault by a commoﬁ anceéﬁor. The Structure of the‘western
Pgnihsular Ranges betweenvE]sinore fault and ET‘Cajon lineament is dominafed
by two fau]f-treﬁds which profoundly~jnfiuence tﬁe dfafnagé:pattern.

The east trending structures of the Transverse sét product a ladder
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form and appear to congrol the courses of major rivers such as Santa
Ysabel (8) and lower San Diego (9) which flow westward aﬁd acréss the
regional grain.

The north and northeast.trending structures are occupied by the upper
course of the San Diego River (10), Temescal Creek (11), and Horsethief

Southern Canyon (12).

Bends and Offsets in Linear Forms

Some members of the $an Andreas fault set such as the San Jacinto and
Elsinore faults are ‘remarkably linear in their northern parts (2 and 3,
Fig. 5) but become bent at several places in the south (7 and 11, Fig. 4).
These ''bends'! are consistently oriented west-northwest and are particularly
notable in the area west and southwest of the Salton Sea in a manner which
suggests the effect of Transverse structures. This observation is sub-
stantiated when the bends observed in satellite photographs are examined
together with geological maps (Santa Ana and Salton Sea sheets, Geological
Atlas of California) which show swarms of east-trending faults in the
vicinity of pronounced fault flextures. The distortion of active faults
such as San Jacinto and Elsinore is likely to have taken place in the time
period between their establishment as throughgoing breaks and the present
time. It is also possible that these throughgoing faults have been
invliuenced by preexisting transverse structures,

It is remarkable however that the southward continuation of these
active faults is difficult to establish with certainty as they extend
towards the Imperial Valley depression. The apparent termination of

San Jacinto, Coyote Creek, Agua Caliente, Earthquake Valley, and Elsinore

pZ
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faults as well as the coincidence of their bends with east-trending topographic
and structural lineaments (L, Fig. 4) is highly significant. It is quite
probable fhat the Elsinore and San Jacinto faults may have been offset
or deflected left laterally from their southern segments, represented
perhaps by the lmperial,‘Superstitioh, and Laguna Salada faults, Fig. L,
The zone of deflection coincides with east~trending lineaments, many of
which are obsefvgd'in the alluvial cover.of"the Imperial depressioh.
Whether the‘transverse lineaments are zones of active sinistral shear
is yet to be determined.and certainly require verification, The occurrence
of fault furcation in the San Andreas set and localized thrusts are likely
to be manifestations of strain buildup at these bends. The concept that
left-lateral shear may still be acfive in §outhern California is by no
means a COnjeCthe. Evidence of sinistral shear on east—wesf trending
. structures has become abundantly clear during the 1971 San Fernando earth-

quake,

Furcation of Wrench Faults (h, m forms)i

The San Andreas fault south of its junction with the Garlock fault
branches or bifurcates. The southern segment which runs along the_eastérn
side of the.SaTton Sea makes with the San Jacinto and Bahning faults an h
form junction, Fig. 1. Further south.the San Jacinto fault joins with
the Coyote Creek fault in the eastern Peninsular Ranges in a miﬁor h-form
junctfon. The relation betweén El ﬁaion 1ineament (FigﬁreHS) and the
Ing]ewood Newport faults and its proje;tion towa}ds San Diego suggests a majdr

h-form junction as we stated before.

Repeated furcations often make m-forms such as that made by the southern
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segment of the San Andreas fault, the San Jacinto fault, and Elsinore
in the eastern Peninsular Ranges (Fig. 1 and 4),

Another m-form is made by the San Jacinto, Elsinore, and the |nglewood
faults with the Malibu-Santa Monica-Raymond fault zone, Fig. 1.

The significance of h- and m-form junctions, we believe, implies
more than beiﬁg simple or multiple furcations, In most cases studied in
satellite photographs and fault maps furcation in the San Andreas set
appears to coincide with lineaments or faults belonging to the Trarsverse
set.

This, and the coincidence of bends, and terminations of linear wrench
faults with cross structures may be related to a common cause. It is
often stated in the literature that the linear faults of the San Andreas
set juxtapose rocks of radically different ages and compositions., It can
also be stated that‘ﬁany of the cross lineaments and faults of the San
Andreas set juxtapose rocks of radically different ages and compositions,
It can also be stated that many of the cross lineaments and faults of the
Transverse set, including the short segments between long faults, either
separate different rocks or at least there is evidence of lateral shift
in major rock unit contacts, We believe that this observation can be
substantiated by careful examination of the Santa Ana, Los Angeles, Salton
Sea, and the San Diego-El Centro geological map sheets. The same obser-
vation may also apply to many short segments of east-trending faults between

throughgoing faults of the California coast ranges.

General Features

An impressive mass of evidence contained in the geologic record points

%
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_.to a number ofrcompelling features which should be considered together in
: order'to underStand the development of the fault pattern:ln southern -
vCallfornla TheSe features are |

ll The structure of southern California has been profoundly affected
'by two intersecting sets of wrench faults show:ng mutual offsettlng
-relatlonshlps which sugqest that both sets . have beenh active eplsodlcally
for a long per|od of'tlme and;have repeatedly ‘cut and drsplaced one another.

= 2. The San Andreaslfault.may consist of distinct segments each.

‘apparently has had atVOne time or another a different hlstoryvof‘movement
independent_of‘othervsegments,. |

3. AThe prlnciple of ancestor faults may‘apply'equally‘to*thejSanA
- Andreas'and the Transverse fault sets.?‘,;A . :
L, A large dlsplacement on one segment of a wrench fault may be

._dlstrlbuted among several other fault segments |n the set, The concept-l”

_ that certain faults or “branches“ may- be ancestral parts of an old. once
‘.'.througthIng fault |s probably valld The cumulatlve offset of-several-.
fault segments may add up to account for the apparent'd|screpancy.of values f
of . offset observed another fault segment R o |

":‘é.: The fault pattern developed ‘at the lntersectlon of the two sets viﬁv
':of wrench faults ln southern Callfornla when examlned in detaul appearsilff"
tho.be composed oflvarlous comblnatlons of slmple geometrlc forms I’Llnear?;;“.
';rparallel faults, rhomb shaped blocks f and 2|gzag forms, H and laddervf;ﬁ;l:”

'gforms h and m forms, slmple x and 4\.forms ]Al these, as well as the 3f'577* .

' general complex fault pattern may represent varlous man!festatlons of the T

lnteractlon of the two sets of wrench faults at thelr |ntersect‘

Thls concept can be convtnC|ng only lf lt 1s shown that al”v,rfmost ,utff
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of these features could be produced by a simple tectonic fault model. We

believe that this can be demonstrated.

DEVELOPMENT OF FORMS AND PATTERN
Forms, Ancestral Faults and Shared Displacement

When two intersecting and episodically active wrench fault sets interact,
their traces may produce a variety of geometric fault forms'depending on the
sequence of events involved. Figure 6 (A & B) illustrates the development
of some typical forms produced by the episodic interaction of right-
lateral and left-lateral wrench movements,

The total offset on a fault segment may be distributedvalong several
true branches (Fig. 6B) or may be shared along several ancestral segments.
This latter concept is illustrated in Fig. 6A. Wrench fault AA' undergoes a
right-lateral movement of one unit distance (a) is then offset by a crossing
wrench fault BB'. Buildup of shearing stress on AA' will encounter a locked
structure due to the bend at BB', The locked portion may become a site of a
thrust fault. The projections of each segment across the cross-cutting
fault become potential sites for wrench fault propagation. When this occurs
the younger offset value (b) on the upper segment A will be represented on
the new break A". [f fault segments AA' or AA" are considered separate
entities, one is likely to find an apparent discrepancy in the total offset
observed along the northern and southern segments of the fault. The
southern fault segment A' may eventually become inactive but it actually
represents an ancestral part of the fault AA'. This process results in the
creation of a geometric h form (Fig. 5A, Stage 4). Repetition of the process

of episodic movements will produce an m fault form in which the total

e



displacement (at+b+c) on the northern segment A is shared along three
ancestral segments (At, A", A"') and will produce locallzed thrusts along
previous wrench fault segments. The pattern produced in Fig. 6A, Stage 6

may be analogous to the junction of the San ‘Andreas and San Jacinto fault

zones, the three thrusts may be snmllar to te thrusts in the southern. parts

. of the San Bernardino Mountalns where the San’ Andreas fault changes trend
andbls characterlzed more by thrust than wrench fault features. ‘We can
recognize several T form junctions where segmentS’of old wrench faults
end abruptly agalnst a cross‘cuttlng fault.' bigure 6A thus illustrates
in a rather 5|mpl|f|ed manner the -development of |nd|v1dual fault forms
Lthe analogles of which are frequently observed in southern Callfornla

The’ |mportant questlon, however, is whether these forms can all be‘
produced and developed to make a. general fault geometry SImllar to the
natural pattern and at the same time results from a fault model that can
be attributed to a plauslble tectonic process. This question can be an-
swered by an- experlment in which some geometric manipulations are performed
and_which follow a few assumptions and rules,

We shall consider here a hypothetlcal portion of a crustal plate
subjected to two independent sets of wrench faults, intersecting at

a proxlmately 60° along which epISOdIC movements take place. The northwest
~ap

fault set is characterlzed by right- lateral shear and the east trend|ng

ST e

set by left-lateral shear.

- ™

The fault planes:are assumed to be'vertical>and, fordslmplicity, the
. S , . S o :
modé’l Wlll be consndered two dlmen5|onal Starting from thls lnltlal -

/

block, we shall break and dlsplace the block laterally along some carefullyl

s selected llnear and throughgonng faults, WhICh cut across the entlre block

- 23
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from side to side. We shall not create any break which partly cuts the
clock or dies out. For simplicity the block is assumed to be a rigid slab.
Although folds and thrusts are important features in the Transverse Ranges,
we shall consider them modifying factors which are not difficult to explain
once the essential features in the wrench fault pattern are recognized.

Starting with a simple-case, Figure 6A, stages 1-6 illustrates the
fault pattern developed after a sequence of five episodes of lateral move-
ments along two intersecting wfen;h fault sets and shows the baéic types
of movements allowed in the experiment. It will be noted that when an old
fault segment has been offset by crossing fault it may be reactivated and
the movement takes place with propagation of faulting along its coﬁtinuation
as a new break. As mentioned before, Fig. 6A, Stages 1-6 shows clearly
. that the deve]opment of various geometric forms (e.g., X, H, h, m, T) and
the éhared displacement on ancestral fault segments as well as the apparent
discrepancies of total offset on a given fault are all inherent features of
the basicﬁfault mechanism presented in this paper.

DeVéTopment of a model which resembles the natural fault pattern in
southern California required trial and error experiments using a Iarger
number of fault movements in various sequences. Because of the incfeasing
complexity and in order to be able to identify the ancestral re]atjonships
of each fault sggment and the relative positjan of fhe various fault blocks,
we utilized a computer with é plotter to perform the task of a bdokkeeper; '

The computer was programmed to store the geometri; ﬁaFameters of various
points in the initial block (Fig. 7a) which has been arbitrarily aivided
into a grid identified by a coordinate system of numerals 1-20 on.the,x

and letters A-T in the Y directions. The computer was also programmed.to»

7
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store and perform the requested displacements on hypothetical faults along
'any desired ]ane“inAthe grid and to plot at the end of each step the
resultant geometfic pattern, each fault is identifiéd by a graphic symbol
and- the distaﬁce of offset recorded. |

Fig. 7b shows the fault pattern after being offset twice: first by a
left lateral east-west fault amounting to one grid unit (1-1) and second, by
a'right—]ateral 9-unit offset along a NW-SE fault (2-2). Hypothetical
bodies have been added in order to illustrate their offset geometry.

Fig. 7c depicts the Elock after two additiénal movements: fault (3-3)
caused a 3-unit offset and fault (4-b4) a three-unit offset, both in a right
lateral sense,

Fig. 7d shows the blocks after three additional movements, all one-
unit left-lateral movements in the E-W direction (5-5, 6-6, 7-7).

Fig. 7e shows the blocks after four more moveménts, two NW-SE right-
lateral movements of two steps each (8-8, 9-9), one NW-SE right lateral
movement of one unit (10-10), followed by one E-W left-lateral movement
of one unit (11-11).

Fig. 7f shows the final disposition of the fault pattern after an E-W
left-lateral movement of one unit (12-12). This represents rejuvenation
of movement on one segmentvof fault no. 5.

The twelve movemenfs performed can be generalized as foi]ows:

One E-W left-lateral fault initiated as a new break,

Three N-S right;lateral fau]ts‘initiated‘as new breaks.

Three E-W left-lateral faults initiated as new breaks.

Two N-S right lateral faults rejuvenated along old fault segments,

One N-S right lateral fault initiated as a new break.

30



26

Two E-W léft—lateral faults rejuvenated along old fault segments.

These 12 wrench fault movements have produced by their interaction and
displacement of one another a rather complicated pattern that has intrinsic
features analogous to the fault pattern in southern California.

The graphic symbols along the faults in Fig. 7 identify the various
segments which once were part of a common ancestor. Thus, segments carrying
two symbols indicate two distinct episodes of activity.

For example, seéments AB, CD, and EF (Fig. 7g) carry the same open
cross symbol indicating they were involved together in a movement as parts
of a single fault. Segments AB and CD carry an additional bar symbol which
relates them to segment GH as. three pafts of another ancestral fault,

Numerals near each fault segment (Fig. 6g) show their relative displace-
ment values. For example (3 + 2) next to segment CD indicates that the segment
was involved in two fault movement episodes; the first amounted to three
units of offset as part of one fault witH segments AB and GH and a second
episode of two unit offset with segments AB and EF,

It should be emphasized that the fault model presented in Fig. 7 is not
identical with the natﬁral fault pattern nor it is intended to be a blueprint
of the fault history of southern California. The relative offset values
used are arbitrary and do not represent quantitative analogs in nature. We
found that changes in the sequence of fault movements and the relative offset
values produce significant modifications in final pattern which are hard to
predict. |

However, there are several intrinsic features in the model which when
examined in the context of thefr bearing on natural analogies will be found to

be consistent with field observations and at the same time will serve to
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explain some apparent discrepancies.

Fault Ancestry and Offsét Discrepancies

The modef demonstrates that cerfain‘faults or segments may be ancestors
" of another fault that has since been physically detached and separéted by
considerable distances, ‘FOr example, fault segments GH, CD, and AB (Eig. 79)
wefe barts of a common ancestor. Similarly, the transverse féult seéments
~1J, KL, MN, and OP (upper part of Fig. 7g) are similarly related. In Fig. 6be
faults suéh as OP and IJ are related to other west-trending faults carrying
the same symbol. This relationship may be a simplified.analog.of many
trénsverse faults in southern California. To cite one example Allen (1957,
p. 339) suggested that the Banning fauft in the San Gorgonio Paés may‘
correspond to one of the promiﬁent ea;t-west faults of the San Gabriel
Mbuntains; From field work Sharp (1965) found reason to believe that the
"Banning fault at the southern margin of the San Bernardino Mountains may
be the offset continuation of the Sierra Madre fault zone on the southern
flank of the San Gabriel Mountains.' By analogy the model suggests fhat
éome faulté of_the weﬁtern fransverse Ranges (e.g., Sénta Ynéz, Big Pine,
Malibu)>may be related with the east trending faults of the San Gabriel
Mountains and of the.eastern Transverse Ranges (Pinto Mountain, B1ue Cuf,
Aqueduct fau1ts),by common ancestors. |

]f we éssume that segment AB (Fig. 7g) .is analogous to the:northern
- segment of. the San Andreas fault’, segment CD to fhebmiddie part between
the Gar]pck fault and San Gorgonio Pass, and GH the«s6chern paft thch;
runsAalongrthe eastern side of the Salton.Sea, and assume that EF is~anélogou§

to the San Jacinto fault, the following observations are significant:

Sk
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The identity of the hypothetical San Andreas fault is éomplex and
vague between points E and G. This area may then be analogous to the
San Andreas zone near Banning where it is known that the fault loses its
identity, shows no rift topography and gets involved in a most complex
manner with east-trending faults of the Transverse Range (Noble, 1954). |If
the model is valid, it shows that the ancestor of the fault between points
E and G hag been segmented (Z and Z') and offset left-laterally by the east
trending wrench faults.

The 5 unit total offset on segments AB and CD has been distributed
between segments GH and EF which show 3 and 2 offset units respectively.
The analogy of this example is consistent with the relationship of the San
Andreas and the San Jacinto faults suggested by Noble (1954).

Segments RS, S'T, T'U, and VW are related by common origin; some
readers may recognize their analogy to Nacimiento, San Gabriel, and Elsinore
faults,

Noble (1954) expressed the opinion that San Andreas fault probably
was deflected eastward by the great mass of the Trénsverse Ranges and some
of its older segments were converted intd parts of the reverse faults
along which thevTransverse Ranges were uplifted. “The interplay of
movements probably was complex in both time and space and the'present-

San Andreas and San Jacinto fault zones almost certainly displaced many
Transverse Range breaks.''

The basic concept in the fault model that the two fault sets have
episodically displaced one another is consistent with Noble's observations.
Indeed, anééstor faults analogous to San Andreas and other faults of the

Coast Ranges were developed in stages 4-and 3 (Fig. 7c) and were later
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offset ieft lateral]y at several places by cross cuttino Transverse faults
,(stages 5; 6,'and 7, Figure 7d). The ancestor faults uere fatef reactivated
cteatfng new breaks whioh are anafogous to the San Jacfnto and.E]sinore
-faults of ‘the Peninsular Ranges. These new breaks caused considerable .

segmentation and offsets of the Transverse faults. - =~ -

:fBiock-Shutfling

| | The great faults of California broke the state into a mosaic of blocks
whose:relationship to one another is not clear and to many geolooists the
pieces of the puzzle have bome to seem 'more complex, disconnected and
ohaotfo .'.4. some geologists have even entertained the idea that the

state is really nothing but a great series of separateAstructuraf,b]ooks,
each with an.independent history'since some stage of the Mesozoic at
‘least" (Reed}_l933, p. VII),

The.southefn.part of the state.in particular “is a region of sharp
geomorphic and geologiC'contrasts resu]tfng from the juxtaposition'of
blocks, commonly separated by faults, that are made up of d155|m|lar rock
. types, sednmentary sectlons, and structures . that have unllke geologlc
hlstorles (Hin, 1954, 1V, p. 5) | |

- Thts apparent]y chaotlc and compl|cated mosaic of blocks shuffled
bor red|str|buted by fau]t movements does not in our. oplnlon |moly a Ertor
V:that ‘the tectonic process whlch brought it about was necessarlly chaotac
'nor”haphazard A compllcated mosalc of shuffled b]ocks can . lndeed result:

from the |nteract|on of two |ndependent wrench fau]t systems along which

simple but episodic lateral movements take place. ‘Some examples may serve

L7
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San Gabriel and San Bernardino Mountains: Many geologists have long

recognized that the San Gabriel and San Bérnafdino Mountains are‘similar

and perhaps were once adjacent before their displacement by the San Andreas
fault. O01d thrust faults of probable Mesozoic age such as the Vincent

fault in the San Gabriel Mountains may correspond to similar thrusts in the
San Bernardino Mountains (Bailey and Jahns, 1954, 11, p, 85). This similarity
is also consistent with the correlation of basement rocks (Crowell, 1962)

and marine Eocene sequences (Crowell and Susuki, 1959; Chipping, 1972,

p. 491),

|f we consider that the San Gabriel and San Bernardino Mountains were
initially formed as one block represented in the model (Fig. 7a) by an
area defined as block 1, we find in the final stage (Fig. 7f) that the two
mountain blocks are differentiated in a manner consistent with their
present locations,

For example, the Pelona Schist of the San Gabriel Mountains and the
northwest end of the Orocopia Schist near the Salton Sea which are
separated by some 250 km. bear many striking petrographic similarities which
suggest that they may have been once adjacent (Hill, 1954; Chapter 4,.

p. 5-13).

[n the model the initial pre-movement locations are described by
coordinates J-12 and J-14 in Fig. 7a. The two adj%cent points were
later separated by a cumulative movement of 5 units right-lateral and 4

units of left-lateral offsets.

Triassic Rocks in Santa Monica and Santa Ana Mountains: The Santa Monica
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Mountalns ‘contain ln the(r eastern part a large area containing the Santa
Montca slate .a dlStlnCthe rock type of slatey sn]tstone, graywacke, fine
hgralned sandstone of TrlaSSIc age whlch are mlldly metamorphased but wnth
’_preserved c]astlc textures and;are_correlatlve to the Bedford*Canyon for-.
pmétjon;j,hx/ 3 A - 4 : .
The.nearest occurrences of.strtkingly_stmilar-rochs”offknownifriaSSfc
':_age‘occur‘fn’the SantavAna'Mountains, east of the city'of.Santa'Ana; ATheSe 4
rocks consnst of mildly metamorphased slate and argllllte Wlth minor
quartZ|te and thin lenses of llmestone (Popenoe, 1954 111, p. 15).

) The Santa Monlca_slate and the,Trrasstc rOcks.of the Santa_Ana Mountains:
,_are;tundamenta]ly:different.in4composition-trom mitdlyhmetamorphased. . |
;uarglllaceous rocks that crop out ln the Palos Verdes Hllls and on Catallna

_'lsland to. the south (Balley and Jahns, 1954, ll,vp. 87).

The prob]em of the structural relatlon between these. two TriassicA

4:ffoccurrences has ]ong been recogn|zed by geologlsts famlllar wnth the

‘:stratlgraphy of southern Calwforn|a.l Woodford et al (1954 N p 65 -81)
AconS|dered varlous pOSSIbI]ltleS to exp]aln thIS relatnonshlp, reconC|l|ng

11|t to the fact that on the southwestern S|de of the Newport Ing]ewood

fault Tr1assuc rocks are absent, and the pre Cretaceous_”basement”'conS|sts

rather of Precambr:an or Pa1e020|c metamorphlc rocks of the glaucophane
SChlSt facues. Strlke sllp faultlng was. consudered as-.a possnble reason

,for the separat|on of the Tr|a551c rocks md ‘the | contrast on the Ubasement”

v,
.J\_‘

rockslacross the Newport Inglewood fault- ﬂHowever, ‘such mechanlsm seemed
'drfflcultwbecause Uthe western curyefthat'woulo*be=neededttn'theiNewport-w
'[ngtewood'fault‘zone tote%teno’it.aroung.the;west.end;ot theiSantaiMonFca
Mountains_wakesitnprobabiesa‘sfhple;strtke-stfpeoisplacenent'ofAthe7§an}
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Andreas type.: The fault mode 1 de§cribed here illustrates”that this
difficultyvmay be more apparent than real. A rightwlaférél movement- on the
Newport-Inglewood fault ancestor may indeed have caused the:segaration Sf
the Triassic rocks. The westward curve which Woodford et al. consider
necessary for their interpretation can be explained by an offset of the
ancestor Newport-lnglewood fault left-laterally due to later movement on
the Malibu fault. Figures 7a and 7c illustrate the feasibility of this
interpretation and at the same time explain why the Newport-lInglewood
wrench fault comes to an abrupt end against the Santa Monica Mountains.
A1l occurrences of Triassic rocks in the Santa Ana Mountains are found
east of the Inglewo;d fault and on both sides of Elsinore fault (see Santa
Ana sheet, Geologic Atlas of California). This distribution is symbolized
by stippled areas of Figure 7c. Reconstruction of the blocks according to
the fault model shows that the detached occurrences were once adjacent and

formed a more cohesive block before the fault movements (Block 2, Fig. 7a).

San Onofre Breccia: The origin of the San Onofre Breccia is another example

of profound significance to the tectonic history of southern California.
The San Onofre breccia occurs interbedded with Middle Miocene marine shales
and is composed of fragments of glaucophane schist which reach large boulder
size, up to 10 feet in diameter (Reed and Hollister, 1936, p. 120; Woodford
et al., 1954, 11, p. 71; Durham, 1954, p. 27).

This unusual breccia occurs in several places in the coastal areas of
Los Angeles: Palos Verdes Hills, San Joaquin Hills befween Laguna and

Oceanside and in two places along the coastal stretch of the western Santa

57

Monica Mountains,



33

According to Woodford (1925, p. 160) the very coarse and angd]ar-s]abs
and boulders of schistose rocks have most probably been defived from a
rhighland'érea which méy have existed'during the Middle Miocene a short
distance to the west of the present Los Angeles shoreline.

The detritus of the San Onofre breccia is likely to have been derived
from a hightand compcsed_of source rocks equivalent to the-CétaIina meta-
morphic facies (Franciscan group). Because similar material underlies the
shelf region south and southwest of the Los Angeles‘district but not
in any other region near enough to furnish coarse detritus to this district,
Woodford (1925) concluded that an uplift (Catalina uplift) must have been
emergent in the offshore area during the Middle Miocene., More recently,
however, stratigraphic data on the geology of the sea floor off soutﬁern
California (Emery, 1960, p. 68 and Fig. 62, p. 69) clearly show that marine
Miocene sedimentary rocks are widespread and overlie the Franciscan rocks
of the continental shelf area, occurring on nearly all topographic highs.
These sedimentary focks consist of Early, Middle, and Late M}ocene shale,
chert, and limestone and ére associated with Middle Miocene volcanic rocks.
In addition, Pre-Miocene (Jurassic?, Cretaceous, and Eocene) rocks.are also
found.

The widespread presencc‘éf;relatively deep water marine Middle Miocene
sedimentary rocks in partic;lar casts coﬁsiderable doubt thac the crustal
block lying off souphe}n Californjé‘now could have been thc‘same‘crustél
block which made the highland source of the San Onofre breccia. It is
readily apparent thaf if the present offshore block was a highland with

sufficient elevation to provide boulder sized breccia fragments, the same
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block could not have been the site of deep marine sedimentation at the same
time, The closest other source for the San Onofre breccia is the Franciscan
rocks of the Coast Ranges and offshore area now exposed some 190 km to
the northwest. This suggestion is by no means implausible. Suppe (1970)
and later Anderson (1971) in his review of the origin of the ancestral
San Andreas fault suggested that the block now represented by the central
Coast Ranges may have been situated off the coast of Southern California
sometime during the Miocene. Considering this posgibility in terms of our
fault model a mechanism for the northward migration of the ancestral Coast
Ranges block relative to Southern California becomes readily feasible,

This could be accomplished by assuming a right lateral movement a}ong
a major fault (Fault 2-2, Fig. 7b) whicﬁ took place prior to the episode of
major activity along the Transverse wrench faults (Figure 7d). According
to the model this old hypothetical fault has been later offset left-
latérally in various segments which lie in an area analogous to the;con-
tinental shelf off central California.

The relationship between the source rock, Franciscan Group of
Coast Ranges, as a likely source_rock and the San Onofre breccia localities
are consistent with our fault model.  The initial position of the breccia
localities and their source rock are represented in Figure 7a by Block 3.
Prior to the fault movement (2-2, Fig. 7a) which displaced the Coast
Ranges block, the breccia locafities lay directly east of the former position
of the Coast Ranges. An offset of the Coast Ranges 9 units to the northwest
and 5 units to the west (faults 5}.6, 7, 11, and f2, Fig. 7d, e, and f)

would place the Coast Ranges and its shelf area in a position analogous to

its present location.

=
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This mechanism is appealing not only becauge it provideé a likely
solution to the>sourée of the San Onofre breccia but aiso explains how the
Coast Ranges could Have migrated north, a movement which if one looks at
the present map of California may fiﬁd difficult to visualize because of
the apparent barrier posed by the present mass of the Transverse Ranges.

If the conceﬁt of the fault model proves to be basically vé]id,
developmeﬁt of the oid fault and the northward migration of the Cdast
Rangeé éould have taken pface prior to the final development of the'Tréns~
verse Ranges in the Pliocene and Pleistocene. In Suppe's model (1970) this
fault is considered the anceétor of the San Andreas Faulf. In our model
it is most likely a different fault, the segments of which may be among
faults in the offshore area of CaTifornia.

The main point we wish to emphasize by citing these examples is that
in order to understénd the reTationship between individual blocks'iﬁ the
.California mosaic it appears necessary not only to take into account
large lateral dfsplaceﬁents on the San Andreas and related faults but élso
the effects of lateré] displacements on transverse faults{ The ef%ects of
the trahsyerse structufes should not only be considered‘wifhin the Transverse
Ranges where they ére most promihent; but also in cor}e]atiné fault.blocks
-in the:RéninSUIariénd.Coast;égngeﬁ The fmb]fdations of this statement will
become more apparent'when we considervthe displacehent'patterns of l}near

structures.

Displacement Patterns of Linear StructUrés ’
Geological structures characterized by considerable length and limited

width such as ancient faults or old deformation zones, narrow sedimentary

&0
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belts, or linear geological boundary lines will be fragmentéd and displaced
in various patterns, depending upon their orientation and positions of
intersection by/wrenéh faults which offset them. We shall consider here
several hypothetical examples of linear structures assumed to be older than
the initiation of fault movements in our model, The fragmentation patterns
are informative and may stimulate new insights into some geological problems
in California.

Fig. 8a shows the initial disposition of four hypothetical lineaments
trending NE-SW, WNW-ESE, E-~W, and north-south,

Lineament 1 exfends>NE—Sw'diagonally across the initial unfaulted
block (Fig. 8a) from coordinate UT to 20-D. The final disposition of its-
fragmentation into twelve segments (o-p) are identified before and after
fragmentation. This example illustrates the complicated pattern produced
and shows that an analogous lineament in nature may be very difficult to
recognize.

If the lineament has outstanding geological characteristics, the
relationship between segments a, B8, vy, and § may be recognized as four
segments offset by a system of left-lateral wrench faults, Segments e and
y may however be considered two separate and parallel features left-laterally
displaced from segments ¢ and §. The relationship of segments U, 1, T, A, 7,
and 6 to each other and to the rest of the lineament may even be more
confusing., Segment u may appear in relation to 1 and z as a continuous
lineament which may be mistakenly considered as a refutation of any other
evidence of the right lateral displacement on the wrench faults which

cross them, This apparent continuation is more incidental than real.
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Segment p must be cdﬁre]éégd fb fts,co&tiﬁuéﬁ@éh;gléﬁé A;%;,Qé) n,>£;& é
—i-ih that order. if enééuﬁte}éd in néture’segménté ﬁ, 1, énd ¢ may not
Be peffect]y aligned éndipfhers show sméller apparent offsets thch can be
mistakenly ;ongidered as én evidence against a larger displacement found
e]sewhere along the fault.

'Some:readers may be wfllfng to exerqise,somé Tmaginétion to relate
thé geometry of Figure 11 to that of-soufherﬁ Cafifornia. Lineament 1
is now ffagmented into twelve elements which could be traced to bloéks
corresponding to the eastern Mojave Desert, the eastern Transverse Ranges,
the northern Peninsular Ranges into the central part of the Transverse
Ranges., Other ]ineaments of the same trend but of different position will
- have segments scattered in a large aréé and in different geologic provinces.

The fragmentation pattern of a lineament trending WNW-ESE (no. 2,
Figure 8a) is shown in Fig. 8b. The right-lateral offsets of segments
and A, A and E, and the left-lateral offset of E and & may not be hafd to
recognize in the field. However, thellarge separation of segments I and @
and the absence of the lineament (and the host block) in the intervening
area is likely to obscure the identity of the lineament.

In order to make the implications of these hypothetical examples as
clear in the context of possib&é natural analogies, the trace of the fault
which in our model is assumed to represenf the main tface of the San Andreas
fault and major physiographic provinces are indicated.

The fragmentation pattern of east-trending lineaments (such as no. 3,
Figure 8a) will generally be similar to the displacement of the transverse
faults in the model, |If the linéament is ancient and has undergone no

rejuvenation, the observed offsets will amount to the maximum cumulative
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values,

North-trending 1ineaments such as no. 4 (Fig. 8) may be fragmented
in a most complicated manner. While segment A and B are offset a large
distance, the disposition of segments D and B may be considered an indi~-
cation of a much smaller amount of offset, The apparent continuity of
F and K or the minor offset K and J may erroneously be taken as.an
evidence against any strike~slip displacement., The north and northeast
trending faults, ancient shear zones in the Peninsular Ranges (Figure 5)
may be good examples of future analysis based upon these concepts.

The main point we wish to emphasize is that the fragmentation patterns
discussed here may well apply to many correlation problems of old sedi-
mentary, metamorphic, and intrusive belts in California. It ic clearly
demonstrated that if analogous lineaments are encountered in nature,
their various fragments would most certainly be a rich subject of various

interpretations and controversy.

Tectonic Implications

The sequence of faulting episodes upon which our model is based have
the following main features:

1) An early episode of left-~lateral shear on east trending faults
symbolized by fault 1 (Figure 7b)

2) An early episode of right-lateral movements on northwest~trending
wrench faults of the San Andreas set, represented by faults 2, 3, and &
(Figure 7¢c).

3) A second episode of left-lateral movements on east trending

faults of the Transverse set (faults 5, 6, and 7, Figure 7d),

o3
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4) A final episode characterized by reactivation of wrench move-
ments on certain ancestral faulf segments belonging to both sets.

[f we assume that the proposed model is basically valid, the eafly
episodes represent the establishment of many ancestors of the San Andreas
and Transverse féult sets. The idea that the San Andreas fault may in
fact represent not a single fault but two or more segments or ancestors
- with different histories has been conjectured for various reasons .as
rstated previously by Noble (1954), Jahns (1969), and others. A two
stage movement on the fault has been proposed by Suppe (1970) and Atwater
(1970).

The model further suggests that a genetic relationship may exist between
the linear faults of the Coast Ranges (e.g., Nacimiento, etc.) and the
linear fau]ts of the Peninsular Ranges (e.g. San Jacinto, Elsinore, Inglewood-
Newport faults, etc.). The intermediate segments of these ancesfral
faults should be found among the northwéé%ﬁgfending faults within the
Transverse Ranges. In Suppe's (1970) model.t;éﬂfproto San Andreas'' fault
is conjectured to have run along the lngléwood-NéSSért fault. In ours
the southern segment of San Andreas ancestor may be l§éated further east,
in the Colorado River Desert or even further south in Sonora. The great
fault which carried the Coast Ranges (Salina block) northward probably lies

in segments along the California coastal area. However, the concept that

Fl

various ancestral segments of the.San-Andreas set are probably located
now across the present day Transverse Ranges is similar to Suppe's ideas;
the difference is regarding which ancestor faults are involved.

Our fault model is also consistent with the concept that the differential

oA
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movement between thé North American and the adjacent Pacific plate and
the strain as a whole was dispersed over a wide region, rather than
being concentrated entirely along a single San Andreas fault zone
(Dickinson, Cowan, and Schweickert, 1972, p. 380).

The two main episodes of activity along San Andreasrset faults are
separated in our model by a major episode of east-west trending lateral
shear. The orientation and timing of these episodes may be related to the
effect of one or more of the fracture zones or transform faults of the
Pacific as they interact with the edge of the continent.

Some interpretations of plate tectonics consider the San Andreas as a
transform fault affecting the edge of the continent but the east-trending
fracture zones of the Pacific did not and are not supposed to cross it.

Our model suggests that both San Andreas and Transverse set faults
have both crossed and deformed the edge of the continent.

Another important point which our model suggests is that the fault
pattern in general and the fact that faults belonging to both sets offset
one another can be explained better as the result of episodic rather than
continuous movements. The significance of this point to the tectonic
history of western North American has been the subject discussion by Hill

(1972, p. 37h4; 384), Matthews (1972, p. 371), and Dickensen et al. (1972,

p'.379), and others.

The episodic stresses required for producing the San Andreas set can
be produced as a result of the interaction of more than one spreading center
with the edge of the continent when ridges of the East Pacific Rise system

come in contact with the continent at different times. The episodic shearing

72N



.“-Stkessés-redﬁfred for crééping the TranéVérsé?seg;éaﬁ:cdnc;ivably be -
re]atéd to th§ contact of one or.mpreibf the Pacific ;féctdfeiéones-wi£h
the continent and‘to transform fauits related to the spreading of a
portion of a Pacific rise under the Basin and Range provin;e as suggested
by Hamilton and Myers (1968). Other likely sources which account for

the episodic nature may be related to the épreading of the Atlantic or

left-lateral movements on the Texas lineament (Hi11, 1902; Schmitt, 1966).

SUMMARY AND CONCLUSIONS

| '>in thfs paper we emphasize that the role 'of transverse shear in the
development of the fault pattern in southern California is a major one
extending beyond the Transverse Ranges into the coast and Penfnsu]ar
Ranges, It is also emphasized that episodic rather than continuous
shearing deformation has more likely taken place on the two intersecting
fault systems. The paper presents a highly simplified model of fault
development which provides explanations for many apparent discrepancies

in the San Andreas fault displacements and illustrates the concept of

fault ancestors. The model suggests that in problems concerning geological

by

correlations within the complex mosaic of fault blocks in California the effect

of lateral shift of blocks on transverse faults should be considered as

important as the effects of right laterat 'shift on the San Andreas system.

The fragmentation and block shuffling patterns ilfustrated may provide useful

insights into many problems of the tectonic history of California.
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Figure 1

‘Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

L8

" CAPTIONS
Index map showing major faults in southern California

(modified after Hill, 1954 and Chipping, 1972)

Apollo~7 photograph showing main physiographic features of

southern California. NASA Photo number AS 7-11-2022.

ERTS-1 multispectral scanner image of western Transverse
Ranges, California. NASA Photo number 1037-18064-501,

near infrared band,

Gemini 5 photograph showing southern segment of San Andreas
fault, California. Arrows point to features discussed in

text. NASA photo number S-65-L45748.

Apollo-9 photograph of Peninsular Ranges, California. Arrows
point to features discussed in text. NASA photo number

AS 9-26-3798.

Examples of geometric forms developed by wrench faults,

(é) illustrates development of fault pattern by_interaction of
two intersecting wrench faults. Alternating movements on the
two faults can préduce multiple furcations, distribution of
displacement on ancestral fault segments ana development of
localized thrusts, (b) diétribution of fault displacements

by simple branching.

Model of fault pattern developed by episodic movements on

two wrench systems. Computer aided experiment shows

73



Figure 8

49

(a) hypothetical area with landmark features to be disp]éced
by. twelve wrench movements on two intersecting fault sets.
Stage b illustrates pattern after left-lateral fault (1)

is followed by displacement on right-lateral fault (2).

Stage ¢ shows pattern after dextral faults 3 and L4 developed.
In stage d pattern is complicated by left-lateral movements
on faults 5, 6, and 7. Stage f shows final pattern after 12
fault movements. Patterned blocks illustrate reshuffling

Qf fault blbck mosaic. Graphic symbols along fault segments
help identify common segments of fault ancestors., Numerals
next to fault segments in Fig. 7g indicate relative displacements

in arbitrary length units.

All stages were redrawn from computer plotted data. Computer
was merely used as a bookkeeper which keeps track of complex
geometric relationéhips developed by fault movements. Text

explains relevance of experiment to fault pattern development

in southern California.

Fragmentation patterns of linear structures

(a) Initial disposition of four.hypothetical geological
lineaments

(b) Distribution of various segments of old lineaments at end
of 12 wrench fault mqvements. Redrawn from computer plotted

data.
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