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ABSTRACT

The geology in Cajon Pass, southern California, provides a detailed
record of strige slip activity on the San Andreas fault, compressional
deformation associated with the uplift of the central Transverse Ranges
and an excellent Cenozoic record of syntectonic sedimentation. Age con-
trol was established in all of the sediments deposited since the late
Early Miocene, using biostratigraphy, magnetostratigraphy, fission-track
dating of volcanic ashes, radiocarbon dating, soil development, and the
relative stratigraphic and geomorphic position of the units. Tectonic
deformation and sedimentation styles varied through time, reflecting
the evolution of the San Andreas fault zone within the Pacific -~ North
American plate boundary. Particular attention was paid to determining
rates of tectonic deformation and establishing the timing of changes in
deformational and depositional styles in the area.

Progressive offset of radiocarbon-dated alluvial and paludal sedi-
ments have been used to determine the Holocene slip rate on the San
Andreas fault in Cajon Pass. Four independent measurements of the slip
rate yield an average of 24.5 + 3.5 mm/yr. The similarity of the four
values, which span different intervals of time up to 14,400 years ago,
suggest that the slip rate has been constant during this period.

An excavation across the San Andreas fault provided some constraints
on the timing of paleoearthquakes. Coupled with the historic record, this
investigation indicates that the last earthquake associated with rupture
on the fault in Cajon Pass occurred around 1700 AD. At least 2 eagth—
. quakes caused rupture on the San Andreas fault after 1290 AD and perhaps

6 earthquakes are recorded in the thousand year period before European

settlement of southern California in the 1770s.
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Downcutting and erosion into the western San Bernardino Mountains,
during the last 700,000 years, has created Cajon Pass as it exists today.
The downcutting was punctuated by at least four pulses of channel aggra-
dation that provide stratigraphic markers throughout the area. They are
dated at 0.5 + 0.l million, 55,000 + 10,000, 17,000 to 6,000, and 2000
to 300 years ago. These aggradational periods were caused by order of
magnitude increases in sediment production associated with changes in the
climate from relatively wet to dry conditions.

The locus of the latest Pleistocene to early Holocene fill migrated
upstream through time, with aggradation lasting only a few thousand years
at any point in the drainage. Incision of the fill also migrated upstream,
beginning long before the fill pulse reached the headwaters of the system.
The fill terrace, or upper surface of the fill deposit, does not represent
a time line or a surface down which water flowed everywhere at once. Thus,
the use of a fill terrace as either a time or spacial reference line for
tectonic studies, without accounting for the its transgressive character,
can result in erroneous conclusions.

During the early to middle Pleistocéne, prior to the erosion of Cajon
Pass, the southern part of the area was uplifted and coarse fan deposits
were shed across the northern part of the area onto the Mojave Desert.
Some of these sediments were derived from distinctive sources in the San
Gabriel Mountains southwest of the San Andreas fault zone. Matching these
distinctive facies in the deposits with their sources established offsets
across the fault zone and made it possible to tie the uplift northeast of
the fault to activity on the San Jacinto fault as it passed by across the
San Andreas fault. The fan deposits are dated by a combination of bio-

stratigraphy and magnetostratigraphy.
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The average slip rate across the combined San Andreas and San Jacinto
faults is 37.5+ 2 mm/yr during the Quaternary Period. The six determina-
tions of the slip rate show no evidence for rate changes during the Qua-
ternary Period. The slip rate on the San Andreas fault alone was deter-
mined by one offset ot be 21 + 7 mm/yr. The record of contemporaneous
activity on the San Jacinto fault to the southeast requires that the San
Andreas fault's rate be close to the upper limit of this range.

Contemporaneous activity on the San Andreas and San Jacinto faults
is uplifting the high, eastern San GAbriel Mountains and deférming the
San Andreas fault plane. The geometry of this deformation is such that
uplift of the country on the northeast side of the San Andreas fault
occurs. This hypothesis is supported by the northwest migration of the
uplift at the slip rate on the San Andreas fault, and the style of
surface deformation that is characteristic of folding over a steeply
dipping lateral ramp at depth.

A kinematic model was constructed to determine the role of the San
Andreas fault in the Pacific - North American plate boundary. The Qua-
ternary slip rates determined for the San Andreas fault in Cajon Pass
and the slip vectors associated with the geometry of the fault zone were
combined with an assumption of rigid block motion away from the faults
and published slip rates for the other major faults in southern Califor-
nia. The model produces internally consistent motions for all of the
blocks. Vector sums of the slip rate across the Pacific - North American
boundary yield only the relative plate motion if the path includes the
western Transverse Ranges. The model solution indicates that the western
Transverse Ranges are not part of the San Andreas system but are a left-

step in a separate coastal system that currently accommodates about 1/3
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of the Pacific - North American plate motion.

The southeastern San Bernardino Mountains are being uplifted because
of a left step in the arcuate trace of the San Andreas fault. The western
San Bernardino Mountains and the eastern San Gabriel Mountains are being
uplifted by the deformation associated with the junction of the San
Andreas and San Jacinto faults. Because the convergence in this area
can be explained by local geometry, it is clear that southern California
cannot be part of the Pacific plate, colliding at the plate rate into
North America across the Transverse Ranges. Instead, southern California
appears to be a sliver between the San Andreas system and the coastal
system, and is rotating counterclockwise as it translates northwest,
transferring the convergence to the coastal system.

The middle to late Quaternary uplift of the Cajon Pass area was the
culmination of the uplift of the San Bernardino Mountains that began in
the Miocene. Three distinct phases of uplift have been recognized, sug-
gesting a long-term interaction between the strike-slip activity on the
San Andreas system and the compressional tectonics of the Transverse
Ranges. The San Bernardino Mountains began to take shape following a
pervasive earliest Miocene wunconformity. Broad, homogeneous basins,
separated by mature uplands of moderate to low relief developed across
the southwest-draining regional paleoslope. The earliest activity on
the San Andreas fault is believed to be associated with this early
extensional phase.

Late Miocene to early Pliocene, south-directed thrusting wuplifted
the "proto" San Bernardino Mountains, creating steep, south-facing relief
alonnghe San Andreas. During this time the San Gabriel fault was the

most (and perhaps only) active trace of the San Andreas system. Thrusting
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stopped as the San Andreas fault became active again, probably coincident
with the beginning of the opening of the Gulf of California, 5 million
years ago. Pliocene and earliest Pleistocene sedimentation took place
in narrow east-west trending, structurally controlled basins created by
the Mio-Pliocene thrusting.

Early to middle Pleistocene, north-directed thrusting across a
shallow, south-dipping ramp uplifted the broad central plateau of the
San Bernardino Mountains, and created the North Frontal fault system.
During the middle and late Quaternary, this activity was largely replaced
by south-directed thrusting and lateral ramping on steep, north-dipping
planes along the San Andreas fault. This activity produced the tremendous
relief and regionally-extensive north-dipping structural blocks in the
San Gorgonio and Cajon Pass areas, and continues today. The structures
and geomorphology of the range reflects its varied history; different
parts of the range are as old as late Early Miocene and as young as the
Holocene.

All three phases of uplift appear to be related to the southern Big
Bend in the San Andreas fault system, which has existed since the Miocene.
Contemporaneous and alternating periods of thrusting and strike-slip
activity has created bedrock "flaps", displaced fault slivers and strand
switching that are responsible for the complex geology associated with
San Andreas fault through the Transverse Ranges. Recognition of these
features with detailed field work will greatly expand our knowledge of the
tectonics and seismic hazards associated with the San Andreas system in

southern California.
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CHAPTER ONE

INTRODUCTION:

MOTIVATION AND ORGANIZATION OF THE THESIS



Motivation

This thesis was undertaken to characterize the tectonic deformation
and late Cenozoic sedimentation in the Cajon Pass - western San Bernardino
Mountains region of Southern California (Fig. 1). The Holocene activity of
the San Andreas fault was the early focus of my work and a summary of the
results from that study is presented in Chapter 2. Detailed mapping (at
scales of 1:10 to 1:12,000) of late Pleistocene and Holocene deposits
along the fault revealed a number of offsets that were dated to yield the
slip rate and recurrence interval of eafthquakes on the San Andreas fault.
The strip map and detailed site study approach employed in this early work
proved to be less successful in studying faults less active than the San
Andreas. Also, it was found that much of the deformation associated with
the uplift. of the mountains did not take place across faults at all, and
the evidence commonly could only be found in unconformities and facies
changes in the surrounding basins, often kilometers away. Thus, the latter
part of this thesis emphasizes developing a detailed regional stratigraphy
and a broader view, both spatially and temporally, of the deformation in
the area. Some of the results of the latter approach are presented in
Chapters 3 - 7. Together, these chapters provide a picture of the evolu-
tion of the Cajon Pass area during the late Cenozoic.

Organization

This thesis is written as five separate papers, Chapters 2-6, an intro-
duction (this chapter) and a conclusion (Chapter 7). Each paper appears
here with separate abstracts, introductions and bibliographies. With the
exception of several of my maps that appear as plates that accompany this
thesis, only the work that is of broad enough interest to be formally

published is included here.



Figure 1-1 - Index Map of the central Transverse Ranges (modified from
Fig. 1, Chapter 6), showing the major physiographic features, towns,
faults, and Tertiary basins. The area enclosed in dots (1) has been
mapped at scales of 1:12,000 or 1:24,000 and is presented in Plates
1-7. The area enclosed by the dashed line (2) was covered in con-
junction with Meisling (1984) or mapped by Weldon (unpublished) and
is not included in detail here. Plates 10 and 12, and several fig-
ures in Chapter 6 summarize these data. The Squaw Peak fault (SPF),
Cajon Valley fault (CVF), Waterman Canyon (WC) fault, and the Wilson

Creek fault (WCF) are abbreviated.
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Chapter 2 discusses the Holocene slip rate and the recurrence interval
of earthquakes on the San Andreas fault. Chapter 2 has been published as a
paper in the June 1985 issue of the G.S.A. Bulletin. Chapter 3 addresses
the formation of the late Quaternary alluvial deposits in the Cajon Creek
area that were used to determine the activity on the San Andreas fault. The
relative importance of climate, tectonics and baselevel in forming alluvial
deposits in the Transverse Ranges is analysed in that paper. Chapter 3 has
been submitted for Survey review and will be submitted to the Journal of
Geology upon approval. In Chapter 4 the magnetic stratigraphy in the Plio-
Pleistocene sediments north of the Transverse Ranges is used to determine
the Quaternary rate of slip across the San Andreas fault and the uplift of
the Cajon Pass area during the early and middle Pleistocene. Chapter 4 is
in Survey review and will be submitted to the Journal of Geophysical Re-
search., 1In Chapter 5 a kinematic model of Southern California is presented,
based on the geometry and rates of deformation along the San Andreas fault
(developed in Chapters 2 and 4) and the other major faults in Southern Cali-
fornia. Chapter 5 is currently in review for publication in Tectonics.
Chapter 6 presents a synthesis of work by K. Meisling and myself on the up-
lift of the San Bernardino Mountains and its implications for interaction
between the San Andreas fault and the compressional tectonics uplifting
the Tranverse Ranges. Chapter 6 is in ARCO and Survey review, and will be
submitted to the G.S.A. Bulletin for publication.

Chapter 7 is an attempt to weave a few threads through the separate
papers. The conclusion also mentions some work not discussed in detail
here and presents a speculative view of the relationship between the San
Andreas fault, the Pacific-North American plate margin, the Transverse

Ranges, and depositional styles in Cajon Pass.



Previous and Contemporaneous Work

Each chapter references the appropriate earlier work in the area, so
no comprehensive review of the literature is included here. However, par-
ticular note is given to the efforts of several geologists, which form a
background for much of my work. Levi Noble did some of the pioneer work
in Cajon Pass, setting forth the stratigraphy and recognizing the problems
involved in understanding the San Andreas fault and the Transverse Ranges
(Noble, 1932; 1954). Tom Dibblee's maps (1965, 1967, 1975a, 1975b) were
invaluable, and the maps and detailed late Cenozoic stratigraphy of Mike
Woodburne and Dave Golz (1972), and John Foster (1980) were important foun-
dations upon which much of my work in Cajon Pass was built.

Contemporaneous and, to a large degree, collaborative efforts by Kris
Meisling along the northern range front of the San Bernardino Mountains
(Meisling, 1984; this thesis, Chapter 6), paleontology by Bob Reynolds and
colleagues at the San Bernardino County Museum (Reynolds 1983, 1984, 1985),

soil studies with Les McFadden (McFadden and Weldon, 1984, in preparation),

kinematic studies with Gene Humphreys (Chapter 5), paleomagnetic work with
Doug Winston and Joe Krischvink (Weldon et al., 1984; this thesis, Chapter

4; in preparation), work with Kerry Sieh along the San Andreas fault (Chap-

ter 2), and structural and stratigraphic work of John Matti (in review; in
preparation) and Peter Sadler (1981; 1982; Sadler and Reeder, 1983) led to
many of the insights in this thesis. These, and other workers are involved
in a concerted effort to understand the Central Transverse Ranges. Most of
these researchers are coauthors on the papers that make up this thesis.

Present Study

The San Andreas fault is currently the most important tectonic element

in the southwestern United States, and despite intensive investigation there



are many unanswered questions about its activity, evolution, and relation-
ship to other tectonic elements of the Southwest. The work carried out for
this thesis answers some of these questions and raises many new questions
that must be addressed. As discussed in Chapter 7, more work must be domne
to understand the early history of the San Andreas fault and its relation-
ship to other structures, particularly those offshore and in the Transverse
Ranges.

The initial goal of this thesis was to determine the recurrence inter-
val and slip rate on the San Andreas féult in Cajon Pass. The average re-
currence interval was shown to be similar to that determined from earlier
studies at Pallett Creek (Sieh, 1978; 1984), and the slip rate, 24.5 + 3.5
mm/yr, was found to be less than half of the rate between the North American
and Pacific plates (Chapter 2). Later work focused on determining longer
term rates (Chapter 4) and understanding the interaction of the San Andreas
fault with the other tectonic elements in Southern California.

Using Plio-Pleistocene deposits it was possible to demonstrate that
the San Andreas and San Jacinto faults have had a combined slip rate of
37.5 + 2 mm/yr, and that the San Andreas southeast of their junction has
accumulated slip about two and a half times as fast as the San Jacinto
fault (Chapter 4), the same relationsh{p that apparently exists today. The
uplift of the mnortheast San Gabriel Mountains and the westernmost San Ber-
nardinc Mountains is due to contemporaneous activity on the San Andreas
and San Jacinto faults.

The fact that the San Andreas and San Jacinto faults together accommo-
date only two-thirds of the motion between the Pacific and North American
plates led to the kinematic model presented in Chapter 5. The activity

associated with the San Andreas fault system is consistently 20 - 25 mm/yr



less than the plate rate throughout south and central California. The dif-
ference can be explained by a coastal system that is offshore except in
the western Transverse Ranges, which are being uplifted by a left step in
that system. The kinematic model provides a better tectonic basis for char-
acterizing the uplift of the different parts of the Transverse Ranges. The
conventional view of Southern California's being part of the Pacific plate,
colliding at the full plate rate into North America across the central
Transverse Ranges is certainly incorrect.

The geology in the San Bernardino Mountains reveals a long history of
north~south compressional deformation associated with the San Andreas fault
beginning in the late Miocene (Chapter 6). The superposition of at least
three stages of compressional deformation has created the mountains that
exist today. The record in the San Bernardino Mountains suggests that the
San Andreas fault existed during the Miocene and that the geometric complex-
ities that are causing compression and uplift in the area today have existed
at least periodically since the beginning of the fault's activity.

In Chapter 7 a model is presented for the evolution of the San Andreas
fault (based on the data in Chapters 2, 4, 5, and 6) beginning about 20 Ma,
that is consistent with the slip history in central California (Huffman,
1972: Dickinson et al., 1972). The San Andreas fault system has accommodated
an increasing fraction of the transform motion between the Pacific and North
American plates during this period. Contemporaneous or alternating periods
of compression and lateral activity in the San Bernardino Mountains indicate
that the San Andreas fault system has always beeﬁ geometrically complex. The
switching of activity between different strands of the system appears to be
related to compressional activity and may occasionally be due to physical

displacement of the surface expression of the fault from the lower litho-



spheric trace. This mechanism may be responsible for slivering of the
fault zone and bedrock offsets that are less than the total offset across
the fault.

Unraveling the tectonic history required detailed understanding of the
timing and distribution of the late Cenozoic sediments. A stratigraphy
was constructed from detailed mapping and by establishing time control in
many units throughout the area. The late Quatermary units were dated by
C-14, soil development, geomorphic position, and occasionally, offset by
faults with known slip rates. The Miocene through middle Quaternary sedi-
ments were dated by a combination of relative stratigraphic position, fos-
sils, fission track dates and magnetostratigraphy.

Each period was characterized by deposits that reflect the tectonic
style and, probably, the climate at the time. The middle Miocene was repre-
sented by broad homogeneous basins filled with braided stream deposits in
a generally extensional setting. These were replaced by latest Miocene
and Pliocene syntectonic deposits, characterized by rapid facies changes
in narrow, tectonically controlled basins. The early to middle Quaternary
deposits are generally thick fanglomerates and rare playa deposits shed off
the rapidly uplifting mass of the central Transverse Ranges. Rapid facies
changes and variations in clast lithologies reflect lateral and vertical
deformation in the mountains that affect the availability of local clast
types. Facies changes, clast variations and angular unconformities within
these units yield considerable insight into the activity within the range
(Chapters 4 and 6).

The late Quaternary sediments consist of fluvial deposits in the ma-
turing uplifted areas and fan deposits peripheral to the range. These sedi-

ments reflect both tectonic and climatic change during the late Quatermnary
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and, due to the climatic control, appear to be correlatable with similar
deposits throughout the Transverse Ranges (Chapter 3). Formations in the
field area are exclusively lithostratigraphic and the well-dated Quaternary
units were found to be extremely time transgressive. Once time lines were
established in units, it was found that formations separated by major struc-
tural unconformities overlapped in age in different parts of the area. De-
formational and depositional events, therefore, migrated through the area
producing laterally extensive deposits or structural styles that could be
erroneously interpreted as widespread synchronous events. The importance
of migrating depocenters and deformation in the well-dated sediments sug-
gests that this is a widespread problem in studying tectonically active
regions and this problem likely exists in the older sediments as well.

Related, Unfinished Studies

Several related studies were carried out in the Cajon Pass - western
San Bernardino Mountains area that were not completed in time to be included
in this thesis. Several of these studies are referenced in the text as
papers in preparation. Included in this group is a paper on the Crowder

and Phelan formations (Weldon et al., in preparation). This paper formally

separates the Miocene Crowder Formation from the Pliocene Phelan formation
and discusses the age, distribution and significance of these formations.

Another paper in preparation establishes a soil chronosequence in
Cajon Pass based on the ages of directly dated surfaces (McFadden and Wel-

don, 1984; in preparation). Correlations based on soil development with

dated deposits were very important in mapping the Quaternary deposits.
This study also revealed that soil development proceeds at different rates
through time, separated by process thresholds (McFadden and Weldon, 1984).

The understanding of the processes and thresholds in soil development will
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help in applying the chronosequence beyond the Cajon Pass area.

Clast types were described in many late Cenozoic deposits along the
San Andreas fault, and results of some of this work were used in Chapters
4 and 6. Understanding the distribution of distinctive clast types within
deposits along the San Andreas fault aids in deciphering the tectonic his-
tory, but the variability, due to facies changes, provence variation, and
clast recycling makes understanding even a single basin very difficult.
Variation within a Tertiary basin, like the Punchbowl, Phelan or Crowder
formation is generally greater than the average difference between basins,
so arguments about correlations usually revolve around properties whose
range within the basins being compared is wunknown, or the presence or
absence of key clast types. While clast studies hold tremendous potential
in the area, erroneous assertions have been made, based on misidentified
clasts. For example, the incorrect assignment of Pelona Schist debris to
the Punchbowl (Yepkes, 1951) and the Crowder (Ramirez, 1982) led to the
incorrect conclusion that these deposits were shed north instead of south.
It is beyond the scope of this thesis to address the problem of clast
distribution in the late Cenozoic deposits along the San Andreas fault,
and the clast-type information collected during the course of my mapping
has not been systematically organized or included.

Much of the study area is underlain by bedrock, to which little atten-
tion was paidvduring the early part of this work. In retrospect, this was
an error; many of the major conclusions of Chapters 4, 6 and 7 evolved
from relationships first seen in the bedrock. 1In particular, reactivation
of older structures, especially low-angle thrusts, have a major impact on
subsequent deformation. The recognition of the importance of low-angle

structures in uplifting the range and deforming the San Andreas fault first
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came from relationships seen in the bedrock (Chapter 6). The recognition
that the Cajon Pass area was uplifted by broad warping, instead of as offset
across faults exposed at the surface, came from mapping the broad bedrock
antiform parallel to the San Andreas fault in the western San Bernardino
Mountains (Chapter 4, Plate 1). While I did not map the bedrock in suffi-
cient detail to adequately characterize its history, I recommend that future
studies, even those focusing on active deformation, pay more attention to
bedrock deformation than I did.

Reading the erosional history of Cajon Pass led to many insights in
this thesis. 0ld geomorphic surfaces and the local lack of deposits yielded
many clues about the geologic history. The area is rich in evidence about
the timing of downcutting and periods of local and regional stability. A
useful contribution to the geology of the area would be a paper focusing
on the erosional history, integrating the scattered record.

Finally, seven geologic maps are included with this thesis as plates
1-7.  The maps are not part of the individual papers because of the diffi~-
culty in publishing geologic maps. Many of the figures that appear in the
text are derived from these maps and several other maps that are not in-
cluded in this thesis. The maps include most of the Cajon 7 1/2' Quadrangle
and portions of the Devore and Silverwood Lake Quadrangles. Portions of
the Phelan Peak 7 1/2' quadrangle to the west of Cajon Pass and parts of
the San Bernardino North and Harrison Mountain 7 1/2' quadrangles to the
east were also mapped but are not included here. Some of the results are
integrated into the larger scale plates and are simpiified in figures in
Chapters 4, 6, and 7. However, the 7‘1/2' scale maps were too incomplete

to present formally at this time.
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ABSTRACT

Detailed mapping of the San Andreas fault zone, where it crosses
Cajon Creek in southern California, has revealed a number of late Quater-
nary deposits and geomorphological features offset by the fault. Radio-
carbon dating of these alluvial and swamp deposits has provided a de-
tailed chronology with which to characterize the activity of the San
Andreas fault.

Four independent determinations of the slip rate on the San Andreas
fault yield an average rate of 24.5 + 3.5 mm/yr for the past 14,400
years., The similarity of the four values, which span different intervals
of time from 5900 to 14,400 years ago, suggest that the slip rate has
been constant during this period. The sum of the Holocene slip rate on
the San Andreas (24.5 mm/yr) and the Quaternary rate on the San Jacinto
(10 mm/yr) faults southeast of their junction is the same as the Holocene
slip rate on the San Andreas farther northwest (34 mm/yr). While the
slip rate confirms that the San Andreas fault is accumulating slip faster
than any other fault of the plate boundary, a large fraction of the plate
boundary's rate of slip (about 20 of 56 mm/yr) cannot be accounted for
on major faults in southern California.

An excavation has provided evidence for at least two and perhaps as
many as four earthquakes that caused rupture on the fault between 1290
and 1805 A.D.; it has provided evidence for six earthquakes in about the
last 1000 years. Both lines of evidence suggest an average recurrence
interval for large earthquakes of about 1-1/2 to 2 centuries. Combined
with the historic record, this investigation indicates that the last
major earthquake at Cajon Creek was probably near the beginning of the

18th century.
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Models consistent with the record at Cajon Creek and data from other
localities along the San Andreas fault have been constructed to estimate
the timing and rupture length for future earthquakes on the San Andreas
fault.

INTRODUCTION

This paper addresses the late Quaternary rate of slip on the San
Andreas fault and provides evidence for the recurrence interval of large
earthquakes at Cajon Creek (CC, Fig. 1), about 60 miles east of Los
Angeles. Progressive offset of radiocarbon dated, late Pleistocene and
Holocene deposits and landforms by the San Andreas fault yields a set of
slip rates spanning the last 14,400 years. An excavation provides evi-
dence for the timing of recent earthquakes. The study area, which is
southeast of the junction of the San Andreas and San Jacinto faults (CC,
Fig. 1), provides data for comparing the activities of these two major
faults in southern California.

Fourteen radiocarbon (l4C) dates (Table 1) were obtained from
charcoal, peat and aragonitic gastropod shells collected from alluvial
deposits and a swamp developed on several terraces formed by Cajon Creek
and its major tributary, Lone Pine Creek. Horizontal offsets were meas-
ured on terrace risers, buried channels, small streams incised across
the fault, and landslides. Vertical offsets were determined by comparing
the levels of geomorphological surfaces across the fault after restoring
the lateral motion.

The key to determining the slip rate and the tentative recurrence
interval was to integrate the landforms and deposits into a coherent
history of interaction between the faulting and the depositional and

erosional processes active in the area. The fluctuation of Cajon Creek
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Figure 2-1 - Index map of southern California showing the major faults.
The study area, Cajon Creek, is indicated by CC. Other localities
mentioned in the text are Wallace Creek (WC), Mill Potrero (MP),
Pallett Creek (PC), and Indio (I). Los Angeles (LA), San Bernar-—
dino (SB), Santa Barbara (S), Bakersfield (B), and the Salton

Sea (SS) are indicated for location reference.
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between periods of deposition and erosion resulted in the major deposits
and landforms which preserve both the offsets across the fault and the
radiocarbon samples that date them. Even where local activity on the
fault is directly responsible for the formation of deposits or landforms
it has been possible to relate them to the more general history of Cajon
Creek. As with any geologic history, extrapolations and scenarios must
be constructed from the data to interpret the observations. These infer-—
ences are critical to determining the slip rate and dating paleoearth-

quakes, so considerable detail has been included.

STRATIGRAPHY

Fluvial History

Cajon Creek is a south-flowing stream that drains about 200 square
km between the San Gabriel and the San Bermardino Mountains (Fig. 2).
Paleontologic (C. Repenning, written communication, 1982) and paleomag-
netic (Meisling and Weldon, unpublished) data indicate that during the
middle Pleistocene the Cajon Creek area was part of a north-flowing
alluvial fan system., Capture from the south appears to have begun about
500,000 years ago (Weldon et al., 1981). This capture occurred as the
San Andreas fault laterally juxtaposed the low San Bernardino basin
against the higher and more easily eroded late Cenozoic sediments north
of the fault (Weldon and Meisling, 1982). Rapid and extensive downcut-
ting of Cajon Creek and its tributaries has eliminated most of the record
of the evolution of the drainage since the onset of capture and the
latest Pleistocene,

The oldest extensive deposit preserved within the present south-

flowing drainage system is an alluvial unit called Qoa-d (Fig. 2). It



24

Figure 2-2 - Geologic map of the study area emphasizing the Quaternary

geology. The location of more detailed maps are indicated by boxes.
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EXPLANATION FOR FIGURE 2

Fault, solid where certain, dashed where inferred,
dotted where buried, and a thrust where barbed.
Depositional contact, dashed where inferred.

Fold hinge, arrows indicate sense of dip.

Holocene alluvium: includes Qal, Qal-0, Qoa~a, and,

locally, Qhf (see text and more detailed figures)

Qoa-c: latest Pleistocene alluvium, 14.8 to 12.4 ka.
Major landslides and, locally, colluvium.

Qoa-d: late Pleistocene alluvium, about 55 ka.
Qoa-e: middle Pleistocene alluvium, about 500 ka.

Man-made £fill.

Punchbowl Formation (Cajon facies).

granodiorite, underlies the Punchbowl Formation.

gneiss, granodiorite to tonalite, and Crowder Forma-
tion, these rocks underlie the San Bernardino Mountains.
gneiss, overlain by latest Cretaceous San Francisquito
Formation (?); relation to gn-c not clear.

unnamed Tertiary (?) conglomerates and sandstone, over-—
lie and faulted against quartz monzonite; only outcrops
between the North Branch and the San Andreas Faults.
Pelona Schist: "green facies", mainly albite - epidote -
chlorite schist; only outcrops’between the Punchbowl and
San Andreas Faults,

Pelona Schist: "blue facies”, mainly micaceous quartzo-
feldspathic schist: underlies much of the San Gabriel

Mountains southwest of the Punchbowl Fault.
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is up to 85 m thick, predates many of the minor tributaries of Cajon
Creek and grades into thick colluvial slopes on the hillsides. The
inferred age of this unit is about 55 ka, based on its lateral offset of
1.3 to 1.4 km by the San Andreas fault (see the distribution of Qoa-d
near Prospect Creek, Fig. 2) and on the assumption that the slip rate of
24.5 mm/yr (determined below) can be extrapolated into the past. Removal
of the 1lateral offset of Qoa-d approximately restores the geomorphic
surface associated with Qoa-d, indicating that less than 20 meters of
vertical slip have accompanied 1.3 km of horizontal slip.

Incision that postdates the deposition of Qoa~d established the
modern channels of Cajon Creek and its major tributaries, which have
since been offset about 1-1/4 km. This "inner gorge"” is recognized in
most of the major drainages in the area and appears to represent a region-
al climatic event (Weldon, 1983). Several strath terraces produced
during this incision are only locally preserved within the inner gorge
and add little to the fluvial or tectonic history. The incision probably
had ended by 25 ka, and certainly was complete by 14.8 ka, when the depo-
sition of Qoa-c (the next youngest deposit) began. The 25 ka estimate
is based on the observation that the large landslide near Pitman Canyon
(Fig. 2) buries a topography more deeply incised than the modern topogra-
phy. The landslide's offset of about 615 m and the slip rate of 24.5
mm/yr are used to estimate its age.

The oldest alluvial deposit in the inner gorge is Qoa-c (Fig. 3).
Six radiocarbon samples have been dated from this unit, throughout the
Cajon Creek drainage, and three are from the study area. The oldest
(D-2) is 14.8 ka and is from near ghe base of the deposit, about 1.5 km

downstream from the San Andreas fault crossing. Two others, 13.8 and
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Figure 2-3 - Schematic section through Cajon Creek. The section is paral-
lel to the San Andreas fault south of the fault with Qt-2, Qt-3,
Qt-4 and Lost Swamp added from Lone Pine Canyon. Radiocarbon dates,
from up and down the creek and from Lost Swamp, are in approximate
stratigraphic position (boxes). The abandonment ages of Qt-~1, Qt-3,
Qt-5 and Qt—-6 (dates without boxes are extrapolations) are based on
relating the stratigraphy to geomorphic events (see text). Notice
that Qoa-c and Qoa-a extend below the current level of Cajon Creek

and indicate earlier periods of deeper incision.
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13.2 ka (samples CC-3 and CC-4), are from the mouth of Cleghorn Canyon,
about 1.5 km upstream of the fault crossing (Fig. 2). Extrapolating the
sedimentation rate between the 2 samples at Cleghorn Canyon to the top
and bottom of the deposit indicates that the unit was formed between 14
and 12.4 ka. The apparent decrease in age of the deposit's base upstream
is confirmed by three other samples outside the area discussed here
(Weldon, unpublished). At the fault the creek is inferred to have start-
ed aggrading about 14.4 ka and to have finished depositing Qoa-c by
about 12.4 ka.

At the junction of Cajon Creek and Lone Pine Canyon seven fluvial
terraces, designated from the highest and oldest, Qt-1, to the lowest
and youngest, Qt-7, have been recognized (Fig. 3,4). Qt-1 is a fill
terrace and represents the depositional surface of unit Qoa-c. Qt-2
through Qt-5 are terraces cut into Qoa-c or into bedrock. Qt-3 is the
best developed of these cut terraces and is the only one that can be
mapped a significant distance up and down Cajon Creek. The peats and
clays of Lost Swamp (discussed below) rest on Qt-3 and constrain the
abandonment of this important terrace to about 8350 B.P.

Qt-5 is the youngest and lowest terrace preserved above the surface
of the latest fill, Qoa-a. After the abandonment of Qt-5, at about
5900 B.P. (the details of this date are discussed below), Cajon Creek
and its tributaries incised below their current level. By about 1705
B.P. (sample D-1) Cajon Creek was again at its modern level and was
beginning to deposit Qoa-a (Fig. 3), and by about 990 B.P. (sample
CC-1) 6 meters of fluvial sediments had accumulated. Extrapolating the
rate of fill between the two dates would indicate that the Qoa-a fill

culminated at about 275 B.P., forming the fill terrace Qt-6. Twelve
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meters of incision have subsequently occurred, punctuated by the cutting
of at least one mappable strath terrace (Qt-7).

The preserved history of the river contains substantial gaps. The
incision that postdated Qoa-d could have eroded minor deposits that may
have been formed between 55 and 15 ka. Qoa-c buries the geomorphic
history of the last 40 meters of the post Qoa-d incision, just as Qoa-a
buries the last 12 m of the post Qoa-c incision (a time span of at least
4,000 years). Detailed study of the Quaternary history of Cajon Creek
and its tributaries up and downstream of the area discussed here suggests
that the fluvial units at the fault crossing are typical of the overall
creek (Weldon, unpublished). It is therefore unlikely that there are
any deposits or surfaces in the gaps that can affect the interpretation
of the activity of faulting.

Lost Swamp Deposits

Southeast of Lost Lake and northeast of the main trace of the San
Andreas fault i; a small swamp here named Lost Swamp (Fig. 4, 5). The
swamp deposits overlap Qt-2 and Qt-3 and owe their existence to a combi-
nation of lateral and vertical faulting. Auger holes and an excavation
revealed, from top to bottom, colluvium (near the shore), peat, lake
clay and colluvium resting on Qoa-c alluvium; the ages and thicknesses
of these units at the excavation are shown on Fig. 6. Samples CP-10 and
CP-11 are organics and aragonitic gastropod shells, respectively, from
near the base of the lake clays. Roots, worms and other biologic activ-
ity make the organic date a minimum age and the presence of Paleozoic(?)
marbles and carbonate-rich facies of the Pelona Schist in the drainage
requires that the shell date represent a maximum age. Therefore, the

outer limits of CP-10 and CP-11 bracket the actual age of the clay and
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Figure 2-4 - Airphoto mosaic of the Lost Lake area. Stratigraphic and
geomorphic units are annotated> in white. The northwest trending
terrace risers between the terraces cast shadows on the northeast
side of the river and are brightly illuminated on the southwest
side, The offsets of Pink River, Qt-3 (near Lost Swamp) and Qt-5
(at Cajon Creek) are well illustrated, as is the contrast between
the fault and the sinuous river terraces. The younger terraces are
less well defined, both in width and level, and and more numerous

near the junction of Lone Pine and Cajon Creeks.
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EXPLANATION FOR FIGURE 4

-- Depositional contact; solid where certain, dashed
ee8% where inferred or uncertain and dotted where buried;
contains circles for a distinct basal conglomerate.

— Limit of present drainage.

—- Geomorphic contact, dashed where inferred 'or uncer-
tain; designates the edge of a surface where it is
not a geologic contact; where two surfaces meet it
is the edge of the upper one (top of riser). Note
that a geomorphic contact can cross a geologic con-
tact where a geomorphic surface is developed across
more than one geologic unit.

= v ~- Fault, solid where certain, dashed where inferred
and dotted where buried.

,%_ _____%_~__4,. —— Fold hinge, with direction of plunge; arrows

indicate syncline or anticline.

QUATERNARY UNITS

1982 A.D. Qal -~ Current alluvium.
Qhs ~— Active swamp; underlain by sediments that
span most of the Holocene.
Qhf -- TFanglomerates; locally includes material
deposited continuously since the Pleistocene.
Qc -~  Colluvium (where distinguished), commounly
transitional into Qhf or Qoa.

Qm —— Man-made fill (where distinguished).



1938 A.D.

200 B.P.

275 - 1705 B.P.

5900 B.P.

8350 B.P.

12.4 to 14.8 ka

53 - 57 ka

500 ka

Mid to late Miocene Tp -

Late Cretaceous to

Focene (?)

> Mid Tertiary
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QUATERNARY UNITS (Continued)

Qal-0

Qt7

Qoa-a (Qtb6)

Qt5
Qt4

Qt3

Qt2

Qoa-c (Qtl)

Qls
Qoa-d

Qoa-e

Alluvium deposited by the 1938 flood (where
distinguished).

Youngest strath mapped.

Holocene alluvium; Qt6 is the surface formed

by the top of the Qoa-a deposit.

Youngest strath recognized above the Qoa-a fill.
Strath terrace, probably underlies Lost Lake.

Only Holocene strath widely recognized outside the
Lost Lake area; Qt3 underlies most of Lost Swamp.
Oldest strath between Qoa~a and Qoa-c.

Latest Pleistocene alluvium; Qtl is the surface

of the deposit.

Landslide.

Mid-Wisconsin alluvium.

0l1d red alluvium; deeply weathered with, locally,

several meters of brick red soil.

PRE-QUATERNARY UNITS

Ksf -

Psb -

Punchbowl Formation (Cajon beds) - buff to pink,

continental arkosic sandstone and conglomerate.

San Francisquito Formation. Marine sand and silt-

stone overlying gn. Has a coarse basal conglomate

of mainly local clasts (indicated by small circles).

Blue facies, Pelona schist; low grade metasedi-

mentary marine (?) rocks; only occurs southwest

of the Punchbowl fault.



> Mid Tertiary

Z_Late Cretaceous

Psg

gn

36

Green facies, Pelona schist; low grade, albite-
epidote~chlorite metavolcanics and calcarous
metasediments only occurs northeast of the

Punchbowl fault

Undifferentiated gneiss. Heterogeneous, generally
tonalitic, foliated and locally banded rocks. Con-
sists of at least two distinct terranes (not distin-

guished here).
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Figure 2-5 - Plane table map of the Lost Swamp area, showing the offset
of the riser between Qt-3 and Qt~2 and the excavation site. The
Qhf deposits were laid down by streams from the north that were
isolated by the incision of Pink River below Qt-5. While Qhf was
being deposited the depression overflowed down the gully buried by
the powerline tower fill (Qm); this gulley is graded to the Qt-5
level in Pink River. Hill 2769 1is too high to be a portion of Qt-2
and is an eroded remnant of Qt-1, around which the Lost Swamp depres-
sion drained until the abandonment of Qt-5. Lost Lake drains either
into Lost Swamp or down Qt-3 depending on the relative heights of

the beaver dams at the two sites.
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EXPLANATION FOR FIGURE 5

Contact, geologic and geomorphic, solid where certain,

dashed where inferred and dotted where buried.
Current alluvial contacts
Minor stream; active or abandoned channel.

Fault, with arrows and symbols indicating sense of motion;
solid where certain, dashed where inferred and dotted

where buried.

Present-day alluvium

Modern swamp deposits; peat or lake clay depending on

the depth of water.

Man made fill (here, a powerline tower pad)

0l1d swamp deposits (where distinguished); peat or

lake clay deposited in Lost Swamp before Pink River cap-
tured the area.

Holocene fanglomerate; dominantly pink sand deposited from
the north before Pink River captured the drainage and cut
off flow across the terraces.

Terrace of Pink River, cut into Qoa-c gravels deposited
by Lone Pine Creek.

Terraces cut by Lone Pine Creek into Qoa-c gravel.

Fill terrace surface on Qoa-c gravel.

Eroded remnant of a higher terrace; no longer

associated with a geomorphic surface but high

enough that it's clearly not a younger terrace.
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the average of the mean ages, 7770 B.P., is the best estimate (Fig. 6)-.

Samples CP-8 and CP-9 are gastropods and organic matter, respec-
tively, collected at the boundary between progressively finer and more
organic-rich clay above and clay with a fine gravel and pink sand compo-
nent below. As with CP-10 and CP-1l1, CP-8 and CP-9 bracket the age of
the boundary which is estimated to be about 5900 B.P. (see Fig. 6).
CP-2, another sample of gastropod shells from this level collected from
auger holes northwest of the excavation, is the same age as CP-8 (Table
1). In Figure 6, the best estimates of the ages of the two dated levels
in the lake clays (average of the mean ages) and the outer limits of the
gastropods and organics, are extrapolated to the base of the clays,
yielding a best estimate of 8350 B.P., with limits of +950 and -500
years, for the onset of paludal sedimentation.

Sample CP-1 yielded an age of 2510 + 230 B.P. for the base of the
peat which overlies the lake clays with a gradational contact. It is
clear from Fig. 6 that the upper meter of the clay was deposited at a
rate similar to the overlying peat and much more slowly than the lower
1.8 meters of clay. This indicates that the peat, and ultimately the
colluvium, are a continuation of the deterioration of the lake into a
swamp that began about 5900 B.P.

The event that caused the change in the character of sedimentation
in Lost Swamp was the integration of a number of small streams that
drained the hills to the north into Pink River (Fig. 7). This capture
event culminated when Qt-5 was abandoned, dramatically lowering the local
base level (Fig. 7e). This isolated Lost Swamp from surface drainage to
the north and overflow from the Lost Swamp depression ceased. The aban-

doned outlet has been partially buried by a powerline tower pad but can
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Figure 2-6 — The age and thickness of the Lost Swamp sediments. Radio-
carbon dates are plotted according to depth to determine the age of
important stratigraphic boundaries. Gastropods and the organic
residue from the 1lake clay were dated to assure bracketing the
actual age of the sediments (see text). The average of the mean
ages are used to determine the best estimate of the top and bottom
of the lower lake clay and the 95% confidence levels of the shells
and organics yield the limits. The sedimentation rate for the upper
lake clay is about the same as the peat and is much slower than that
of the lower clay. The lower clay includes sediments derived from
the hills to the north by streams that were cut off about 5900 B.P.

The upper lake clay only has debris from around the depression.
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still be seen grading to the Qt-5 level (Fig. 5). When the streams
carrying pink sand and gravel from the hills to the north were captured
by Pink River, Lost Swamp lost its major source of sediment and water.
Since that time, the sedimentation rate has been fairly constant, reflec-
ting input from the surrounding slopes of the depression.

In summary, the sediments under Lost Swamp record the formation of a
lake beginning at about 8350 B.P. At about 5900 B.P. surface flow into

the lake ceased, causing the lake to begin deteriorating into a swamp.

FAULTING

To determine the slip rate on the San Andreas fault it is necessary
to establish the width of the zone of displacement and the number of
fault strands that are involved. There are two faults other than the
San Andreas with major geologic displacement in the study area. South
of the San Andreas is a major zone, called the Punchbowl fault by Dibblee
(1975a), that locally juxtaposes two distinct facies of the Pelona Schist
(Fig. 2) and is inferred to have about 48 km of right-lateral offset
(Dibblee, 1975a). It joins or is truncated by the San Andreas near
Pitman Canyon (Fig. 2). The Punchbowl fault does not appear to offset
any Quaternary units in this area and its sinuous trace suggests that
more recent activity has deformed it.

East of Cajon Creek, a major fault runs parallel to and about 250 m
north of the San Andreas fault. This fault has been mapped for about 10
km to the southeast, where it joins or is truncated by the San Andreas
fault (Weldon, unpublished; Morton and Miller, 1975). As the rock types
found between these two faults are~similar to those found between the

North and South Branches of the San Andreas fault to the southeast
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(Dibblee, 1975b), this fault is here proposed to be the northwest contin-
uation of the North Branch of the San Andreas fault. The North Branch
dips steeply mnortheast and currently exhibits dominantly normal dip slip
motion, as do many faults in the western San Bermardino Mountains that
trend southeast or east (Weldon, unpublished mapping). The North Branch
offsets several units that are also offset by the San Andreas fault, so a
comparison of their activities can be made. The height of northeast
facing scarps across Qoa-d and the surface of the large landslide to the
southeast (Fig. 2) suggest a vertical slip rate of less than 1/2% of the
lateral slip rate on the San Andreas fault. Locally, evidence for a
small component of right-lateral motion is found on the North Branch
but it is less than the normal component and cannot be a significant
fraction of the lateral slip rate on the San Andreas proper.

A complicated zone of faulting wraps around the southwest edge of
the San Bernardino mountains north of the North Branch (Fig. 2). Most
of these faults are inactive and those that are active produce only
minor displacements of Qoa-d. Like the North Branch the active faults
are dominantly normal and cannot be accommodating a significant fraction
of the total slip of the San Andreas system. A fault mapped south of
the San Andreas is also dip slip and offsets Qoa-d about 10 m (Fig. 2).
The San Andreas fault is the only fault that has accumulated significant
lateral offset since the deposition of Qoa-d. So, the rates determined
in this study are inferred to be representative of the fault southeast
of its junction with the San Jacinto fault.

The similarity of the offsets of features that are mapped right up
to the fault zone with those that are extrapolated from up to several

hundred meters away argues against significant distributed shear extend-



45

ing beyond a few meters of the mapped faults. The trench excavated into
Lost Swamp and several other exposures of the San Andreas reveal undis-
turbed Qoa-c gravels within a meter of the edge of the fault zone (e.g.
Fig. 12). These observations suggest that the fault 1is accumulating
slip across a very narrow zone and that distributed shear is not a
significant problem, so the slip rate can be determined from the offset
of very minor features.

Faulting Near Lost Swamp and Lost Lake

The depression occupied by Lost Lake and Lost Swamp contains cri-
tical data for several of the slip rate values and for the tentative
recurrence interval for earthquakes on the San Andreas fault, so a
detailed description of its setting is included. A key point in under-
standing the history of the depression and matching the terraces across
the fault zome is the angle at which the river intersects the fault. If
the trends of the terrace risers indicate the flow direction of the
creek that they bounded, Lone Pine Creek formed Qt-2, Qt-3 and Qt-4
while flowing about S25E, intersecting the fault near Lost Lake at a 30°
angle (Fig. 4 and 5). Because the terraces dip downstream, 3° to
3-1/2° SSE, the surface expression of the fault descends at 2-1/2° to
3° to the southeast as it crosses a terrace tread and only rises at the
terrace risers. This "sawtoothed” traverse 1s schematically represented
by profile a-c on Fig. 8. The width of the terrace treads relative to
the height of the risers causes this "saw-toothed” traverse to have
very little net elevation change along the fault zone between the north-
west end of Lost Lake and the southeast end of Lost Swamp, on the south-
west side of the fault. This creates the false impression that a series

of asymmetric troughs and ridges, not terrace treads and risers, are
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Figure 2-7 - Schematic development of the Lost Lake - Lost Swamp area.
The area shown is the central 2/3 of Fig. 4. The reconstruction
demonstrates the progressive offset and erosion of the terraces and
the development of the Lost Lake depression. Before the drainage
from the north was consolidated into Pink River considerable erosion
obscured the older terraces' locations. Since the consolidation the

terraces have remained unchanged.
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Figure 2-8 — Topographic profiles across a flight of terraces. While the
figure is schematic, the angle between the terrace risers and profile
a-c is the same as the angle between the San Andreas fault and the
terraces near Lost Lake. The "step” topography of a flight of ter-
races becomes "saw—-toothed”™ if the profile is not perpendicular to

the flow direction of the stream.
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encountering the fault.

The "troughs and ridges” impression is enhanced by the fact that
overflow from the depression necessarily occurs at the base of the risers
(the low points in the "saw-toothed” profile, Fig. 8). Erosion, caused
by overflow from the depression has accentuated the  "troughs”™ but did
not cause them. Coincidentally, the elevations at the bases of the
risers above Qt-4, Qt-3 and Qt-2 are all within 2 meters and the depres-
sion drained out each of these three outlets before Pink River captured
Lost Swamp. This delicate balance still exists for Lost Lake, which
during the last four years has drained across Qt-3 or into Lost Swamp,
depending upon which beaver dam across the two sills was higher (see
Fig. 5).

Once the terrace treads and risers are recognized, it is easy to
match the terraces across the fault zone and to measure the offsets on
their risers. The riser representing the northeastern edge of Qt-4
generally follows the fault trace and is offset several times (Fig. 4).
The northeastern edge of the higher and older terraces cross the fault
only once, near Lost Swamp. Therefore, the Qt-4 riser enters and leaves
the depression from the southwest side of the fault and the older ones
enter the depression from the north side and leave to the southwest.
The offset of each of the terraces is most easily established by working
back through time. The obvious 145 m offset of the Qt-5 riser cut by
Cajon Creek is first restored (Fig. 7e). This also restores the inner
channel of Pink River, which was set by incision below the Qt-5 level
(see the remnants of the Qt-5 level above Pink River, Fig. 5).

It appears that Lone Pine Creek, when it occupied the Qt-4 level

here, abutted the northern trace of the fault zone for about 400 meters.
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This commonly occurs today where streams are subparallel to the fault
(see, for example, where Lone Pine Canyon crosses the fault, Fig. 2). A
70 meter portion of Lost Lake appears to extend northeast of the fault
zone (Fig. 4), suggesting that Qt-4 actually crosses the fault zone here.
In Fig. 7d, 175 m of offset have been restored to create a smooth riser
for Qt-4 across the fault zone. This proposed offset is consistent with
other tentative offsets of Qt-4 (e.g., near where Lone Pine Canyon crosses
the fault, Fig. 4) and is bracketed by the well~documented offsets of
Qt-5 and Qt-3 (that will be discussed below). Regardless of whether
Qt-4 is offset exactly 175 meters, most of the depression northwest of
Lost Swamp is certainly underlain by the Qt-4 surface.

The Qt-3 riser crosses the fault zone and is offset about 200 meters
(Fig. 4 and 5). Fig. 7c restores the slip that has accumulated since
the Qt-3 riser was established. Both traces of the fault were active by
this time, beginning to create the closed depression that Lost Swamp and
Lost Lake occupy today. The depression was formed by a combination of
lateral juxtaposition of higher terraces, Qt-1, Qt-2 and Qt-3, down-
stream of lower ones, Qt-2, Qt-3 and Qt-4, and dip slip displacement on
both traces, depressing the block in between. Reconstruction of the Qt-1,
Qt-2 and Qt-3 surfaces across the whole fault zone indicates that the
southern trace has had a greater amount of net vertical slip than the
northern one. This also deepens the depression because the terraces dip
south—-southeast. Lost Swamp is underlain by both Qt-2 and Qt-3 but as
the riser cannot be found between the two faults it is not clear how
much of the swamp is on each.

Due to the burial of the terraces between the two traces it is not

possible to determine directly which fault trace has had more offset,
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but inferences can be made about their relative timing. In Lost Swamp
the northeastern trace appears to be buried by a fan of pink sand and
gravel that predates the formation of Pink River, about 5900 B.P. (see
Fig. 5 and the stratigraphy section), so it cannot be very active now.
This strand is quite prominent at the northwestern end of the depression,
so it may still be active northwest of Lost Lake. Near Lost Swamp the
southwestern fault trace is certainly now the most active and has been

for the last 5900 years.

SLIP RATES

Using the history of faulting and the Quaternary stratigraphy devel-
oped above, four separate groups of offsets can be related to dated
deposits. This yields four independent estimates of the average slip
rate during the past 14,400 yrs. Each of the four’estimates is discussed
separately and the results are summarized below.
Case 1

The oldest slip rate is based on the offset of the channel into
which Qoa-c was deposited. The eastern edge of the channel can be mapped
about 150 meters west of the modern channel (Fig. 2), across Lone Pine
Creek and Pink River, across the railroad cut and into the fault about
40 m south of the railroad tracks (Fig. 9). The eastern edge of the old
channel on the northeast side of the San Andreas fault is defined by
the outcrops of Tub (an unnamed Tertiary(?) sandstone). Because the
fault has produced virtually no vertical offset since the deposition of
Qoa-d and the minor vertical displacements of Qoa-c can be directly
attributed to local geometric constraints in the fault, the channel

edge, where it crosses the level of Cajon Creek, is used as the "piercing
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Figure 2-9 - Offset of the channel iﬁto which Qoa-c was deposited. The
heavy dots indicate the eastern channel edge at the level of Cajon
Creek. As there has been virtually no vertical offset since the
deposition of Qoa-c the edge of the channel wall at a particular
level can be used as a piercing point. Contacts and units are the

same as Figures 2 and 4.
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point” (see the cross sections, Fig. 9). The two piercing points are
offset 350 + 30 m across the fault (Fig. 9).

If the channel edge was preserved as the Qoa~c alluvium buried it,
the age of Qoa-c at the level of the current creek can be used to calcu-
late the slip rate. As discussed in the stratigraphy section, Cajon
Creek aggraded above its current level at the San Andreas fault l4.4 + 1
ka, preserving the channel edge that records the offset since that time.
The distance of 350 m + 30 m in 4.4 + 1 kyr yields a rate of 24 + 4
mm/yr. The best estimate and a box representing the uncertainty in
the age and the measurement are plotted as Box | on Fig. 10.

Case 2

The second estimate is based on the offset of streams and terraces
incised into Qoa-c. Extrapolating the rate of fill indicated by the
ages of samples CC-3 and CC~4 to the surface of Qoa-c suggests that the
Qoa-c fill event culminated at 12.4 + 1 ka. Small bedrock hills and
delicate ridges protruding from the £ill and the lack of notches or
benches at the level Qt-1 (the surface of the Qoa-c deposit) indicate
that the Qt-1 surface 1is the result of filling without significant
lateral cutting. Therefore, Cajon Creek probably began to incise immedi-
ately after the Qt-1 level was reached and the estimate of 12.4 + 1 ka
can be used to date the onset of incision of the Qoa-c deposits.

Near Lost Lake, Lone Pine Creek abandoned Qt-1 (the fill terrace
surface of Qoa-c) and produced a strath terrace, Qt-2, about 7 m below
Qt-1 (Fig. 4 and 7). Subsequent erosion has obscured the exact location
of the riser at the fault. The small hill (2769 on Fig. 5) immediately
southwest of Lost Swamp is too high to be part of Qt-2. It is an eroded

remnant of Qt-1. This interpretation is consistent with the trend of
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Figure 2-10 - Slip rate on the San Andreas fault at Cajon Creek. The
points represent the best estimates of the offsets and ages and the
boxes represent 957 confidence limits. Each box represents indepen-
dent offset features, radiocarbon dates and geologic assumptions.
The points are not in the center of the boxes due to the asymmetric
limits on some of the ages and measurements. The heavy line repre-
sents the best estimate of the slip rate at Cajon Creek and the
lighter lines are the limits on the rate, constrained to touch each
box. The starting point for each line is 180 years ago, the best
estimate for one-half recurrence interval after the last earthquake

(see text for details).



OFFSET (x100) METERS

57

SLIP RATE ON THE
SAN ANDREAS FAULT
AT CAJON CREEK

28 mm/yr
[:::]1 BEST ESTIMATE, WILTH 95% ERROR BOXES
/ 24.5 mm/yr
® 21 mm/yr
1
@
/ :
@
3
4
/ f T T T I I T
2 4 8 8 i0 12 14 16 i8

AGE (x1000) YEARS BP

Figure 2-~10



58

the riser between them to the southeast and allows the intersection of
the riser and the fault to be located within 20 meters (Fig. 4 and 5).
On the northeast side of the fault the riser between Qt-l1 and Qt-2 has
been completely eroded. However, the riser affected the development of
the streams that eroded it and they can be used to locate its original
position. Those streams that flowed only on Qt-1 were free to flow
straight south across the fault zone and those that dropped down to Qt-2
were forced to flow to the west of the Qt-2 riser (Fig. 7). As offset
accumulated, the streams on Qt-2 weré forced to flow farther and farther
to the northwest, around the higher, relatively northwest-moving Qt-1
terrace to the southwest across the fault (Fig. 7b). The divide between
streams flowing south, straight across Qt-l, and those forced to flow
southwest, west and, ultimately, northwest can still be located (note
stream paths on Fig. 4 and 7); it is offset about 300 meters.

A more precise measurement can be made to the southeast where all
three branches of Prospect Creek show total deflections of 290 + 10 m
(Fig. 11). While these tributaries are not directly incised into Qoa-c
at the fault, Prospect Creek is a tributary of Cajon Creek and it is
inferred that these incisions were initiated by the onset of incision
represented by Cajon Creek's abandonment of the Qt-1 surface on Qoa-c.
Because the incision of Qoa-c by Cajon Creek may have taken some time to
propagate up Prospect Creek to the fault and the approximately 300 m
offset of the Qt-2 riser may not have begun to accummulate until some
time after the initial abandonment of Qt-1, it is possible that the
offseﬁ values are a bit too low. However, due to the greater precision
and number of the Prospect Creek offsets 290 m is used for the "best

estimate” and 20 m is arbitrarily added to the maximum limit to allow
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Figure 2-11 - Offset of the tributaries of Prospect Creek. The 290 meter
offset of each of the streams is inferred to have begun when Cajon
Creek (and its tributaries) incised after the deposition of Qoa-c.
The matches are both based on the westernmost stream, which has a
deeply incised channel on both sides of the fault. The 200 meter
restoration is based on the "inner gorge” offset that probably

relates to renewed incision following Qt-3.
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for the possibility that the features measured do not quite show the
total offset of Qoa-c. The distance 290 ;gﬁjm divided by 12.4 + 1 kyr
yields 23-52 mm/yr. The best estimate plus the limits of the age and
measurements are plotted on Figure 10 as Box 2.

Case 3

The most pervasive cut terrace in the Cajon Creek drainage is Qt-3.
The timing of the abandonment of this surface by Cajon Creek and its
tributaries can be dated by the Lost Swamp sediments, which sit on Qt-3.
Several offsets can be related to the incision of this surface and allow
a calculation of the slip rate since its abandonment about 8350 B.P. At
the northwest end of the study area, Sheep Creek North is incised into
Qt-3 and has since been offset approximately 190 m (Fig. 2). Near Lost
Lake the Qt-3 riser of Lone Pine Canyon crosses the fault at Lost Swamp
with 180 to 235 m of offset (Figs. 4 and 5).

The three tributaries of Prospect Creek may also indicate approxi-
mately 200 m of offset associated with the abandonment of Qt-3. All
three streams exhibit an "inner"” separation of about 200 meters within
the overall 290 m offset discussed in Case 2 (Fig. 11). The height of
the well developed Qt-3 surfaces at the mouth of Prospect Creek, at about
the level of the inflection in downcutting, points to the abandonment
of Qt-3 as being responsible for this event. Finally, Pink River was
set into its current position on both sides of the fault at this time
(Fig. 7c). All of these observations 1lead to the conclusion that
about 200 meters of slip have accumulated since the abandonment of Qt-3.
The uncertainty of the measurement at Lost Swamp, 180-235 m, is used for
this event.

The age of the Qt-3 terrace can be determined from the onset of sedi-
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mentation in Lost Swamp. When Qt-3 was abandoned, a major precursor of
Pink River drained across Qt-1, Qt-2 and Qt-3 into the Lost Swamp depres-
sion, depositing a fan of pink sand on the north shore of the swamp
(Fig. 4 and 5). The chanﬁel of this stream is preserved where the stream
descended from Qt-2 to Qt-3 northeast of Lost Lake. Sediment deposited
by this stream could begin accumulating as soon as Lone Pine Creek left
the Qt-3 level, so the age of the basal Lost Swamp sediments should
closely date the beginning of the 200 meter offsets associated with
this event. The age of the base of the lake clay is 8350 j?gg B.P. (see
Fig. 6 and the Stratigraphy section), so a slip rate of 24 j? mm/yr is
calculated. The best estimate of 200 m in 8350 years and the uncer-
tainties are expressed in Figure 10 as Box 3.

Case 4

The consolidation of all of the minor streams draining the hills to
the north of Lost Lake into Pink River cut off the supply of sediment
and water to Lost Swamp and provided the youngest dated offset. As
discussed above, the culmination of this capture occurred about 5900 B.P.
(Fig. 7e), with the incision below the Qt-5 terrace level, and 145 + 5 m
of slip have accumulated since then, measured by the offset of the inner
channel of Pink River and the Qt-5 riser on the northwest side of Cajon
Creek (Figs. 4 and 7).

The cutoff of the supply of sediment from the hills to the north is
recorded in the deposits under Lost Swamp by the change in the character
of the lake clay at about 5900 B.P. (Fig. 6). The best estimate of the
timing, 5900 +900 B.P., and offset distance, 145 + 5 m, yields a rate of

+6

25 -4 mm/yr. This value and the uncertainties are plotted as Box 4 on

Figure 10.
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Summary of Slip Values and Possible Problems

The San Andreas fault in this area accumulates slip in discrete
increments associated with major earthquakes. At any given time, except
for immediately after an earthquake, there is a certain amount of poten-
tial slip that has accumulated but has not yet been manifested as offset
across the fault. A channel or terrace riser can probably form at any
time, so the offset measured on these features may misrepresent the total
slip by as much as the displacement produced by a single earthquake
event. In general, this requires an additional uncertainty be added to
the offsets. However, given many offset features, it is most likely
that the average offset feature formed in the middle of the time between
earthquakes. Taken as a group, the measured offsets should accurately
represent the displacement at a time 1/2 the average recurrence interval
after some earthquake. So, if many features are measured and dated with
respect to a point in time midway between earthquakes, the average
slip rate calcuiated for that point in time should be the most accurate
measure possible. As discussed below, the last earthquake occurred much
longer ago than one-half the average time between earthquakes. There~
fore, it is necessary to subtract the amount of time since 1/2 the aver-
age recurrence interval after the last earthquake from the ages of the
offset features to determine the slip rate most accurately. This value
is estimated from the observations in the excavation at Lost Swamp to be
about 180 years and has been accounted for graphically by drawing the
slip rate lines through zero offset 180 years ago (Fig. 10). The line
through all of the "best estimates” has a slope (the slip rate) of 24.5

mm/yr. The limiting rates are determined by lines required to touch

each box, yielding the error of + 3.5 mm/yr.
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The data summarized in Figure 10 embody many assumptions and details
that are mnecessary to estimate slip rates as accurately as possible.
Depositional rates within units such as Qoa-c are assumed to be constant,
terrace risers, streams, and other features used to measure offset are
inferred to have had smooth paths across the faults, and changes in
sedimentation in the swamp and erosion by the streams are assumed to
be related to recognizable events in the overall fluvial history of the
area. It is possible that some of these assumptions are imperfect and
it is worth considering how deviations from the assumptions and possible
errors might affect the slip rate. However, the details are extremely
tedious and are not included in the body of this paper. A detailed
reconsideration of each of the cases discussed above has been included
in the data repository. The individual cases combine to constrain the
slip rate between 20 and 28 mm/yr averaged over the last 14,400 years
because each case requires maximums or minimums that overlap in that
range. Only completely eliminating several of the cases or calling upon
non-uniform slip rates between the cases can invalidate this conclusion.
If several of the "worst cases” turn out to be true, then only the
inference of a very constant slip rate is weakened, not the average rate

itself.

LOST SWAMP EXCAVATION

The low point between Pink River and Lost Swamp was excavated to
confirm the stratigraphy in the swamp (originally inferred from auger
holes), to sample the critical units for radiocarbon dating, and to gain

insights into the timing of recent earthquakes. The northwestern wall

of the excavation was unmappable because of the substantial flow of
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water out of the swamp, but the southeast wall dried out and is repre-

sented represented as Fig. 12.

Stratigraphy

Eight major stratigraphic units were exposed in the excavation wall.
The youngest material exposed is colluvium (Qc) currently being shed
into the small creek that drains Lost Swamp (Fig. 5). Most of the top
of the exposure southwest of the swamp is capped by this unit (Fig. 12).
The next youngest unit is fine-grained alluvium derived mainly from Qt-2
to the east (Fig. 5). This alluvial wedge is prograding onto the swamp
and reached the trench site several hundred years ago. This unit has
been subdivided into Qal-l and Qal-2, separated by what is interpreted
as a rapidly buried ground level or O-horizon, 5-10 cm thick. A radio-
carbon date at the base of Qal-1 yielded an age of 1725 to 1805 A.D.
(see note, Table 1, CP-4). There is another buried O-horizon below
Qal-2 that preserves the transition from peat to alluvial deposits and
represents the regressive margin of the swamp.

The next oldest unit is a series of breccia deposits off the San
Andreas fault scarp into the swamp to the northeast. It is subdivided
into five members, Qsb-] through Qsb-5, from top to bottom. The breccias
were not directly datable but they underlie Qal-2 and are inferred to be
less than about 1000 years old. This age is based on the fact that the
breccia rest upon the scarp formed during the last 24 meters of offset
on the San Andreas fault (Fig. 5; for an analogous situation, see Fig. 7Db
where material cannot be shed north from Qt-1 onto Qt-2 until offset has
created the northfacing scarp). The slip rate determined above therefore

indicates that they are less than about 1000 years old. Perhaps related
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Figure 2-~12 - Trench log of the excavation at the southeast end of Lost
Swamp. The geomorphically evident main trace occurs 7 meters from
the northeast end of the excavation., The faults at the northeast
end of the excavation appear to be dominantly dip slip. No faulting
is observed southwest of the main trace of the fault. The buried
ground surface (with the wood on it) between Qal-1 and Qal-2 repre-
sents the surface before the last earthquake. The wedge-shaped
units between Qoa-c and the fault are breccia shed off paleoscarps

that have been buried and eroded (see Figure 14).
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EXPLANATION FOR FIGURE 12

Fault; solid where certain and dashed where uncertain.

Major depositional contact; solid where certain and

dashed where approximate.

Minor depositional contact within a major unit; solid

where certain and dashed where approximate.
Ground surface; active or buried O-horizon.
Ground squirrel burrows.

Rocks; most clasts larger than about 5 cm were mapped on

the log in the field.
Major fissure.
Manganese oxide stains.

Calcareous coating or laminations.

Colluvium being shed into Pink River and the creek that
drains Lost Swamp (up which the excavation was cut).
Recent fine grained alluvium and colluvium shed into Lost
Swamp from the east; sole unfaulted unit in the swamp;

capped by an O-horizon.
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EXPLANATION FOR FIGURE 12 (Continued)

Units

Qal-2

Qsb-1

Qsb2-5

Qsd-1

Qsd—-2-4

Qp

Qle

Qprl-3

Qoa-c

Similar to Qal-1 but faulted and separated from Qal-1l

by a buried O-horizon; Qal-2 becomes coarser to the south-
west and probably contains some debris off the scarp.
Transitional between Qal and Qsb2-5; has coarse debris
off the scarp and some fine grained debris from the east.
Scarp breccia; reworked material derived from Qoa-c off
the scarp.

Like Qsb units but completely within the fault zone.
Scarp deposits completely within the fault zone and con-
taining peaty or clayee matricies; probably breccia shed
into the swamp.

Massive, poorly sorted organic-rich sandy clay; referred

to as the "peaty unit” in the text.

Relatively organic—free lake clay; contains heterogeneously
distributed sand, silt, gastropod shells and rare pebbles.
Channel fill of Pink River; generally pink, conglomeratic,
moderately well-sorted sand that is locally cemented

by CaCo03.

Late Pleistocene river gravels and sand deposited by

Lone Pine Creek; the size and sorting of individual units
is illustrated by the size, spacing and regularity of the

pebbles and sand grains.
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to these breccias are the deposits within the fault zone, Qsd-1 through
5 (Fig. 12). These units have clay or organic-rich matrices so each may
represent a scarp breccia that actually was deposited in the swamp or
lake. TUnfortunately, these units are completely within the fault =zone
so they cannot be confidently related to the other units in the trench.

The next oldest unit, partly overlapping in age with the scarp
breccia, is a poorly sorted, massive peaty unit, Qp. 1ts deposition was
initiated about 2510 B.P. (CP-1) and was terminated at the trench site
by the deposition of Qal-2 several hundred years ago. Augering indicates
that Qp is typically less than a meter thick in this part of the swamp
but it has been thickened by progressive downdropping during deposition
adjacent to the San Andreas fault (Fig. 6 and 12). Small pieces of
charcoal from a depth of 2 m in the middle of the fault zone (Fig. 12)
yvielded an age of 1290-1450 A.D. (CP-3). The peaty unit overlies about
3 m of massive black to grey lake clay. As discussed above, five radio-
carbon dates from the clay indicate that its deposition began about 8350
B.P. (Fig. 6).

At the southwest end of the trench, beneath the colluvium is calcium
carbonate cemented Pink River alluvium (Qpr, Fig. 12). The source can be
identified by the presence of pink sand and clast types characteristic of
the Punchbowl formation that Pink River drains. Calcium carbonate-rich
springs and water flowing out of Lost Swamp have cemented Pink River sedi-
ments into the fan shaped deposit preserved today (Qpr, Fig. 5).

Underlying the Pink River alluvium, the colluvium and the scarp
breccia is Qoa-c alluvium. These gravels are the source of the scarp
breccia shed into the swamp and of ghe colluvium. The well-defined con-

tacts between interbedded sands and gravels in Qoa-c indicate that the
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fault zone extends less than a meter to the southwest of the geomorphic-
ally evident main trace (the southernmost trace on Figure 12). This is
in contrast to the =zone of faulting extending 6 meters into the swamp
to the northeast of the main trace.

Fault Activity

Qal-1 does not appear to be broken by any fault; it seems to fill
the depression formed by the latest rupture event. However, the massive
character of Qal-l1 makes detection of a minor break in a single exposure
difficult. A small charred log was found at the base of Qal-l and a
sample (CP-4) from the outer rings was dated. The l4c age fell in a
range that yields the multiple calendrical ages: 1725-1805 A.D., 1605-
1685 A.D. and 1525-1570 A.D. Because of the age of CP-3 (1290-1450 A.D.)
in Qp, 2 meters and at least one earthquake below Qal-1, the oldest
possible age, 1525-1570 A.D., is considered very unlikely and the young-
est age, 1725-1805 A.D., is considered most likely. If the unit contain-
ing the log, Qal-1, really does postdate any faulting, it follows that
the 1857 San Andreas event did not produce ground rupture as far southeast
as Cajon Creek. This conclusion is consistent with historic records
from this area (Agnew and Sieh, 1978).

Unit Qal-2 is certainly faulted by the main trace and two subsidiary
traces at the northeast end of the trench (Fig. 12). The porous, rooty
organic-rich zone that separates Qal-1 and Qal-2 appears to be offset the
same amount as Qal-2 and probably represents the ground surface at the
time of the 1latest rupture. The displacement of the alluvial-peat
contact is the same as Qal-l. Because the alluvial-peat contact 1is
almost horizontal, the southwest side down separation across these faults

probably represents a vertical component of offset. Longer term offset
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of this nature would also explain the greatly thickened peaty unit (Qp)
within the fault zone.

The flat surface of the swamp and the contacts between Qal-1, Qal-2
and Qp suggest that there was sufficient sediment input to quickly refill
the depression in the swamp produced by the latest rupture on the fault.
The vertical component of the latest earthquake deformed the flat swamp
surface, creating a narrow depression that was rapidly filled (Fig. 13).
Today, felled wood around the margin of the swamp disintegrates rapidly,
so the presence of a well-preserved log lying on the buried swamp surface
at the base of Qal-1 suggests that the log fell to the ground during or
immediately before or after the last earthquake and was rapidly buried
before it could deteriorate. If this is the case, the date of the log
should be very similar to the date of the latest earthquake.

The thickness of the Qp unit mimics the offset of Qal-2 but records
much greater displacement. At the northeast end of the excavation, Qp
has a thickness of about 60 cm, typical of the swamp outside the active
fault zone. Faulting and warping thickens Qp to the southwest, so Qp
probably reaches its maximum thickness adjacent to the northeastern
fault in the main fault zone. Small chunks of charcoal (CP-3) that form
a discrete layer yielded an age of 1290-1450 A.D. This is remarkable
because a sample of peat (CP-2) at the peat-clay contact and only 1/2
meter below the swamp surface (outside the fault zone) yielded an age
of 795-385 B.C. (2510 + 230 B.P.). Clearly, Qp, within the fault zone,
is being dropped relative to the swamp outside the fault zone and 1is
being thickened by rapid sedimentation that appears to keep the surface
of the narrow depression close to the level of the swamp.

Several important conclusions can be inferred from these observa-
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Figure 2-13 - Formation of a new smooth scarp after an earthquake. This
is based on the deformation and deposition resulting from the last
earthquake. The faults are all southwest-side down but result in a
deposit that forms a surface graded to the swamp level (to the
north). The relative height difference of the swamp and the scarp
is reduced, which causes sediments to be deposited on the lower
part of the scarp, progressively burying the fault and scarp as
more earthquakes occur. The units and contacts are the same as

those in Figure 12.
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tions. First, there must have been at least two and perhaps as many as
four events between the deposition of the charcoal in Qp and the burial
of the loé in unit Qal-1, a time span of at most 515 years (1290-1805
A.D.). This follows from the fact that Qp at the level represented by
the charcoal is downdropped far more than Qal-2, which has been affected
by one event. A minimum of two events is supported by the observation
that at least two fault traces that offset the upper part of Qp (above
the charcoal) do not break Qal-2 (Fig. 12). The suggestion of as many
as four events 1is based simply on the depth of the charcoal layer; if
the vertical offsets associated with the previous events were similar to
the last one (50 cm), it would take three or four events to drop the
charcoal layer to its current depth with respect to the swamp. Implicit
in this calculation is the assumption that the swamp did not aggrade
significantly between 1290 and 1805 A.D.; this is likely because only
50 em of peat were deposited outside the fault zone in the last 2510
years (Figs. 6 and 12).

If each downdropped swamp surface could be identified, each earth-
quake could be recognized and, perhaps, dated. The contact between
Qal-2 and Qp represents a buried ground surface that does not appear to
be offset more than the contact between Qal-1 and 2 and simply represents
the point at which the regressive shoreline of the swamp passed the site
of the exposure. Unfortunately, Qp, below Qal-2, is too massive to
allow recognition of old swamp surfaces that have been tectonically
downdropped and buried.

Although these paleosurfaces are not recognizable within the peat,
they can be identified in the scarp greccias southwest of the San Andreas

fault. Between the San Andreas fault and the well-bedded Qoa-c gravels
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there are at least five distinct, wedge-shaped, nested scarp breccias,
Qsb-1 through 5. As discussed above, these sediments must be younger
than about 1000 years old because of their position on the scarp south-
west of the San Andreas fault. In Figure 14 each of the surfaces has
been reconstructed up to the crest of the ridge between Lost Swamp and
Pink River. Two things are evident: the surfaces reflect a progressive
retreat of the scarp from the fault and the height of the Qoa-c ridge-
crest relative to the swamp has decreased dramatically (even more so if
significant erosion of the crest has occurred). Because the level of
the swamp outside the fault zone has risen only 50 cm in the last 2510
vears and the breccia that are shed onto the swamp are less than 1000
years old, more than 2 meters of vertical motion have occurred since the
earliest breccia was deposited (Fig. 14). The relative height between
the ridge and the swamp has been decreased to the point that material
is not being transported down the scarp and the scarp is actually being
buried by the Qal units that are derived mainly off the high ground to
the east of the swamp and not off the scarp (Fig. 5). This is illus-
trated by the fact that the lowest point on the surface of the excavation
northeast of the fault is where Qal-1 and 2 lap up on the scarp (Fig. 12).

The scarp breccia began forming off the scarp when the Qoa-c gravels
first emerged from behind Qt-2 to face the depression of Lost Swamp
(Fig. 5). The breccia were deposited across the fault and interfingered
with the alluvium that is burying the swamp from the southeast. Depend-
ing on the position of the Qp-Qal contact through time, a breccia unit
may interfinger with Qp where the scarp reaches the active swamp. At
the site of the excavation the scarp 1is sufficiently stable that no

breccia is shed across the fault anymore. At some point in time breccias
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Figure 2-14 — Reconstruction of paleoscarps using the breccia deposits.
Smooth surfaces representing paleoscarps are drawn from the breccia
contacts to the top of the scarp. The scarp decreases in height
and retreats from the fault. Because the level of the swamp away
from the fault has not changed significantly since the onset of
deposition of the breccia (about 1000 yrs ago), at least 2-1/2 meters
of vertical offset have accompanied the last six earthquakes. The

units and contacts are the same as on Figure 12.



78

y1-¢ °In3Id

U|D}J30 BI3UM P||0S “S}IND} e commmmmmmmmmmmemes
pajp|odpiixd 84aym
peyspp ‘s99pjans punodb ——

Jsjow |

dwoms ay} O |9A3)

3GZN —



79

did interfinger with both the peat and clay. The Qsd units appear to be
breccias like the Qsb units-but have either clayey or peaty matrixes.
Unfortunately, these units are completely within the fault zone so their
relationship to either side 1is uncertain. Perhaps a trench in the
active swamp would reveal relationships that would allow each breccia,
and therefore each earthquake, to be directly dated; such an exposure
would require draining the swamp.

If each scarp breccia represents an individual earthquake there have
been six earthquakes in about the last 1000 years, five represented by
the scarp breccias and the event between Qal-l and 2 which did not
produce much breccia because the scarp was so low. If six events have
produced 24 m of offset, the average lateral offset per event has been 4
m on the main fault and the average recurrence interval has been 1 2/3
centuries.

The interp;etation that at least 2 and perhaps as many as 4 earth-
quakes have occurred in 515 years or less, is consistent with this recur-
rence interval. Also, there are several places in the mapped area where
approximately 4 m of offset can be measured on young geomorphic features
(Weldon and Sieh, unpublished data). Four meter offsets of several small
streams and steep slopes that postdate the abandonment of Qoa-a suggest
that the last event occurred after the onset of the current pulse of
incision by Cajon Creek and was associated with about 4 m of slip. As
discussed earlier, the best estimate of the culmination of the Qoa-a
fill event is 275 B.P. This, coupled with the most likely age of the
last rupture in the swamp and the historic record, indicates that the

last earthquake was in the early 18th century.
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DISCUSSION

Tectonic Implications

To determine the best estimate of the slip rate a line has been
drawn through all of the individual cases on Figure 10. As discussed
above, the slip rate lines are required to pass through zero offset 180
years ago, the best estimate of 1/2 recurrence interval after the last
slip event. This yields an average rate of 24.5 + 3.5 mm/yr, at a 95 %
confidence level of the ages and offsets. The individual best estimates
are all close to the 24.5 mm/yr line; suggesting that the fault is accum-
ulating slip at a relatively constant rate. There is no suggestion of
any change in the average rate during the last 14,400 years, and the
time periods between data points is sufficiently long to mask any evi-
dence of the discreteness of the slip events.

While the evidence from the excavation (which suggests a recurrence
interval of 1-1/2 to 2 centuries) indicates the periodicity in which the
fault accumulates slip, the slip rate observations allow a long-term
perspective that trenching does not permit. Suggestions of very long
periods of quiescence, perhaps followed by exceptionally large or num-
erous large earthquakes on some parts of the San Andreas fault can be
tested using the slip rate data. Any unusually active or quiescent
period is limited at Cajon Creek to less than the time between the data
points on Fig. 10 (a few thousand years).

The constant slip rate on the San Andreas fault over the last 14,400
years, south of the junction with the San Jacinto fault, makes it very
unlikely that the two faults have alternately assumed the dominant role
in the San Andreas system, as suggésted by Sharp (1981). Further, the

slip record at Cajon Creek strengthens the hypothesis that data repre-
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senting time spans of only 100's to 1000's of years from excavations and
the historic record are adequate for characterizing the Ilonger-term
activity of the fault.

There are very few published late Quaternary slip values for the
southern San Andreas with which to compare our results. At Wallace
Creek in the Carrizo Plain (WC, Fig. 1), the rate is approximately 34
mm/yr (Sieh and Jahns, 1984). Rust (1982) reports rates between 45 and
47 mm/yr near Three Points (TP, Fig. 1) and suggests that these values
are minima because a large number of secondary traces exist nearby. At
Pallett Creek (PC, Fig. 1) the slip rate documented for the period 260
A.D. to the present is a mere 9 mm/yr (Sieh, 1984). However, the geom-
etry of the fault zone near the site allows that the actual rate across
the zone is probably greater. Keller et al. (1982) report that the
average slip rate on the San Andreas fault since the late Pleistocene
near the southeast end of the Indio Hills (I, Fig. 1) is between 10 and
35 mm/yr, with 23 to 35 being the preferred value. The ages of the
units are based on soil development, desert pavement development and
geomorphic criteria, which yield the wide range of possible slip values,

Unfortunately, it is difficult to construct a comsistent story that
incorporates all of these values. In particular, the rates determined
by Rust (1982), especially if they are minima as he reports, seem too
high. A long-term minimum rate of 45 mm/yr is impossible for the San
Andreas fault both north and south of his site. One possibility 1is
that his rates are based on smaller offséts (~ 40 and A, 100 m) than
any of the other determinations (except for Pallett Creek which is not
representative of the total zome). If the fault has had a recent period

of high activity, the slip rate values from all sites could agree.
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The simplest story that can be constructed for the San Andreas fault
system is that the San Andreas fault southeast of the junction with the
San Jacinto has a slip rate of ~v 25 mm/yr and north of the junction has
a rate of ~.35 mm/yr. This hypothesis is supported by the long term
evidence for about 10 mm/yr on the San Jacinto fault (Sharp, 1981),
which seems required if the faults are concurrently active, and is con-
sistent with the measured values of annual slip in the creeping zone of
the San Andreas to the north (Lisowski and Prescott, 1981).

If the late Quaternary rate of slip between the North American and
Pacific plates in California is close to the 2-3 Ma average of 56 mm/yr,
determined by Minster and Jordan (1978), the sum of all the active de-
formation associated with the boundary should be close to this value.
In central California, summing the San Andreas rate (34 mm/yr, Sieh and
Jahns, 1984) and the San Gregorio-Hosgri rate (6-13 mm/yr, Weber and
Lajoie, 1977) yields a value only 9 to 16 mm/yr less than the total rate
across the plate boundary. Activity in the Basin and Range province
(~ 7 mm/yr, Thompson and Burke, 1973) may contribute to the extra, but
Minster and Jordan (1984) demonstrate that the direction and magnitude
are not appropriate to account for the total difference. The deformation
associated with the San Gregorio-Hosgri system and the Basin and Range
does not extend as far south as the latitude of Cajon Pass and the total
on the San Andreas system (San Andreas plus San Jacinto) does not appear
to change, so there must be significant activity in southern California
that cannot be accounted for by major recognized faults., Rates of north-
south shortening of up to 23 mm/yr in the western Transverse Ranges
(Yeats, 1983) may contribute to the total but the geometry is such that

it is difficult to understand how this can add to the rate south of the
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Transverse Ranges unless the region represents a connection between the
San Gregorio-Hosgri system and major structures in the southern Califor-
nia borderland.

The active San Andreas system (the San Andreas and San Jacinto fault
zones south of their junction) is currently accommodating about 2/3 of
the plate motion in both southern and central California. Despite the
fact that more than 20 mm/yr of the plate boundary total cannot be
accounted for by a major fault (or faults) in southern California, there
can be little doubt that the San Andreas fault proper is accumulating
slip faster than any other fault in southern California. The 1lack of
historic seismicity associated with the San Andreas fault south of the
Transverse Ranges cannot be taken as evidence that it is no longer the
major structure of the plate boundary, as several recent summaries have
suggested (e.g. Crowell, 1981).

Seismic Implications

The interpretation of the Lost Swamp excavation suggests that 2-4
earthquakes occurred between 1290 and 1805 A.D. Also, it appears that
six events have occurred in about the last 1000 years. These conclusions
suggest a recurrence interval of about 1-1/2 to 2 centuries. Both the
observations presented here and the historic records from San Bernardino
(Agnew and Sieh, 1978) indicate that the 1857 earthquake was not asso-
ciated with rupture on the San Andreas as far southeast as Cajon Creek.
Additionally, the historic record does not contain an earthquake in the
last 215 years that could have caused the observed 4 meter offsets that
appear to represent the latest movement on the San Andreas fault near
Cajon Creek. The combination of the most likely ages of the units in

the excavation, the estimated timing of the incision of Qoa-a and the
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historic record suggest that the last large earthquake produced by the
San Andreas fault at Cajon Creek occurred during the early 18th century.

Cores from trees near Wrightwood (20 km NW of Cajon Creek) demon-
strated that the 1857 earthquake produced rupture at least 20 km north-
west of Lost Swamp (Meisling and Sieh, 1980). Therefore, the rupture
probably terminated in the 20 km stretch northwest of Cajon Creek. If
the location of the termination of the 1857 rupture is characteristic
of previous earthquakes north of the Tranverse Ranges, the record at
Cajon Creek may represent the segment of the San Andreas fault southeast
of the 1857 segment. Alternatively, the 1857 rupture may have been
atypically short for earthquakes north of the Transverse Ranges, and
the Cajon Creek record may otherwise be equivalent to the record at
Pallett Creek (Sieh, 1978; 1984). The average recurrence interval (140
to 200 years, Sieh, 1984) and the timing of the previous event (1720 +
50 A.D., Sieh, 1984) at Pallett Creek supports the latter hypothesis.

The relatively short recurrence interval (less than 200 years) at
both Pallett and Cajon Creeks seems to be at odds with what is known
about the record to the north and south. At Wallace Creek in the Carrizo
Plain, the recurrence interval appears to be from 250 to 450 years (Sieh
and Jahns, 1984). If the long period of time since the last event on
the southern part of the fault (this paper; Agnew and Sieh, 1978; Sieh,
1981) is typical, then longer recurrence intervals may be more character—
istic of the two big bend regions of the San Andreas fault (the northern
big bend is at MP and the southern one is north of Indio on Fig. i) than
of the relatively straight intervening segment. Alternatively, the
record at Cajon Creek may be representative of the southern big bend and

only the northern big bend has an average recurrence interval greater
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than 200 years.

Both of these hypotheses are consistent with what is known about
the event before 1857. Apparently it occurred around 1720 and was asso-
ciated with rupture at Cajon Creek, Pallett Creek (Sieh, 1984) and Mill
Potrero (Davis, 1983) (Figs. 1 and 15). The event was associated with
relatively minor deformation at Mill Potrero (Davis, 1983) and probably
did not cause rupture at Wallace Creek (Sieh and Jahns, 1984), so it may
have been an earthquake associated with rupture only between the bends,
or one centered on the southern bend that ruptured through the straighter
segments on each side.

The possibilities that the record at Cajon Creek and the other sites
along the San Andreas fault suggest are summarized by four models in
Fig. 15. In models A and B the southern big bend is assumed to have a
recurrence interval similar to the northern big bend. In model A the
higher average recurrence interval in between is explained by overlapping
of events centered at each bend. The 1720 event was the last event on
the southern bend and the 1857 event simply fell short of spanning the
typical overlap zone, perhaps due to the relatively short time since the
1720 event., In this model the most likely next event would be a southern
bend event, approximately 250 to 450 years after the 1720 event (about
1970 to 2170 A.D.), and would be associated with rupture from near the
northern big bend to the southern end of the San Andreas fault.

In model B the shorter recurrence interval at Pallett and Cajon
Creeks is due to extra events that rupture only between the bends. In
this case the 1720 event was the last inter-bend event and the next
event would most likely be a southern bend event from about Cajon Pass

to the Salton Sea. In this model it would be expected about 250 to 450
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Figure 2-15 - Models for the distribution of rupture associated with
recent earthquakes to account for the recurrence intervals observed
for the southern San Andreas fault. In models A and B the recurrence
interval (RI) for the southern big bend region (near I) is assumed
to be the same as that north of the northern big bend (WC). 1In
models C and D the recurrence interval for the southern big bend
region is the same as the record at Cajon Creek. In models A and C
all events are inferred to be centered at the bends in the fault. 1In
models B and D there are also events that rupture only the straight
stretch between the bends. All of the models suggest thét the most
likely earthquake on the southern San Andreas would be one centered
at the southern big bend. The timing and extent of rupture of the

expected event varies with the model (see text).
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years after the last southern bend event. Because the timing of that
event is unknown, it is not yet possible to estimate when the next event
will occur. However, at least 215 years (the historic period) have
passed since the last southern bend event.,

In models C and D the southern big bend region is inferred to be
represented by the record at Cajon Creek. 1In model C the record at
Pallett Creek is caused by occasional overlap of events centered on
either big bend. Events centered on either bend would rupture through
the overlap zone only if sufficient.time had passed since the previous
event on the other bend. 1In this model the most likely next event would
be a southern bend event that would rupture from the Salton Sea to Cajon
Pass and through the overlap zome to the northern bend if it occurs long
enough after the 1857 event. It would be expected to occur 150 to 200
years after 1720 (1870 to 1920 A.D.).

In model D the record at Cajon Creek is completely independent of
the record to the northwest. In this case it is simply coincidence that
the latest event at Cajon Creek appears to be the same as the prior
event at Pallett Creek. For discussion it is assumed to be 1725 A.D.
The shorter average recurrence interval at Pallett Creek relative to
Wallace Creek would require extra events at Pallett Creek that do not
reach either Wallace Creek or Cajon Creek; the 1720 earthquake would be
such an event. In this model the most likely next event would be a
southern bend event that would be expected to occur 150 to 200 years
after the 1725 event (1875 to 1925 A.D.) and would rupture from Cajon
Pass to the Salton Sea.

All of these models suggest that the next event will be centered on

the southern big bend. At least two of the models indicate that the
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event is overdue, in the sense that more time than the average interval
between events has passed since the last event. The one model that
suggests that the next event is not overdue (Model A) has the advantage
of the smallest number of events required to explain the data and sym-
metry in how the two big bends acquire slip. However, only more data
will determine which of these models, if any, describes the activity on

the southern San Andreas fault.
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APPENDIX - Worst-Case Evaluation

In Figure A, the same data from which Figure 10 (in the text) has
been constructed are presented without all of the inferences that have
gone into constructing a reasonable geologic history. 1In Case No. 1,
the channel in which Qoa-c was deposited could have accumulated some
offset before the sediment was deposited in it. Also, the edge of the
channel is defined by outcrops that could have been modified by later
erosion by Cajon Creek and may not define the original channel shape
exactly, Either of these unlikely scenarios would lead to less offset
than was actually measured, making the slip rate a maximum.

Neither of these possibilities is likely. Had offset occurred before
the deposition of Qoa-c, an upstream—-facing bedrock protrusion would have
formed and Cajon Creek would have eroded or, at least, beveled it. On the
southwest side of the fault there is no evidence that the smooth curve of
the pre—-Qoa~c channel was disrupted until Qoa~c buried and, thereby, pro-
tected it from erosion. Since the onset of deposition of Qoa-c, Cajon
Creek only has been low enough to modify the Qoa-c bedrock contact imme-
diately before Qoa~a was laid down. The edge of the bedrock has not been
modified since before the small landslide east of Cajon Creek was emplaced
(Fig. 9). 1Its offset of about 150 m indicates that the landslide occurred
while the creek was near the Qt-5 level, long before the creek was low
enough to modify the offset contact. Therefore, the bedrock edge must
have been established immediately before Qoa-c as discussed in the text.

Case No. 2 has two possible problems: first, the rate of filling of
Qoa-c, indicated by the radiocarbon dates, could change dramatically
above the youngest date. The top of Qoa-c (Qt-1) is absolutely bracketed

+ 950
between 8350 - 500 B.P. and 13.2 + 1 ka, the age of the base of the
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Figure 2-A - "Worst Case” estimates of the slip rate at Cajon Creek.
Each line represents the absolute limits of the dates and measure-
ments, coupled with unlikely scenarios to explain the data (see
text). The combination of all of the cases requires a rate between

20 and 28 mm/yr.
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sediments on Qt-3 and the youngest date in Qoa-c. These limits yield a
rate between 20 and 41 mm/yr (Fig. A, 2a). Another possibility is that
Cajon Creek remained at the Qt-1 level long after it reached that level.
The offsets measured on features incised into Qoa—-c could therefore be
minimums, yielding a minimum slip rate of 20 mm/yr (Fig. A, Case 2b).
Neither of these cases is likely because of the lack of any geomorphic
evidence that the creek remained at the Qt-1 level for any period of
time and the necessity of having to incise and form two terraces (Qt-2
and Qt-3) between the deposition of Qéa—c and 8350 iggg B.P.

Case No. 3 has two possible problems that are considered here.
First, the sediments in Lost Swamp lie on both Qt-2 and Qt-3. The history
of the swamp and the continuity of the sediments suggest that the dated
lake clays were deposited after Qt-3 was abandoned, but it is possible
that the sediments on the Qt-2 terrace surface are older than Qt-3. If
so, the 8350 iggg B.P. basal sediments are bracketed by the Qt-1 offsets

+30
of about 290 -10 m and the Qt-3 offset of 200 -20 m, limiting the rate to

19 ii? mm/yr (Case 3a, Fig. A). Even if all of Lost Swamp rests on Qt-2,
another constraint can be added because the formation of Pink River cut
off the flow down Qt-3 into the swamp (Fig. 7). The flow of streams
carrying pink sand ended by 5900 + 900 B.P. So Qt-3, across which these
streams flowed, must be much older than 5900 + 900 B.P. This observation
places a 47 mm/yr maximum limit on the rate since the abandonment of Qt-3
(Fig. A, 3b).

It is inferred that the sedimentation on Qt-3 at Lost Swamp began
immediately after the Qt-3 level was abandoned by Lone Pine Creek. As

Pink River had not yet captured the drainage from the north, streams

flowing across Qt-2 and Qt-3 to the future site of Lost Swamp must have
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continually provided water and sediment to fill the depression as soon
as Lone Pine Creek abandoned the Qt-3 level. If some time passed before
the lake clays began to accumulate, the 180-235 m offset of Qt-3 is a
maximum. A maximum rate of 30 mm/yr can be calculated (Fig. A, Case 3c).

The only possible problem with Case No. 4 is the assumption that the
sedimentation in the lake can be tied to the history of the streams that
fed and drained it. Even if this causality is removed, the presence of
pink sand in the fan on the edge of the swamp and mixed into the clay
requires that some part of the lake predates the incision which isolated
it from the flow from the north that delivered the pink sand. The inci-
sion is postdated by 145 + 5 m, so a minimum of 15 mm/yr, based on the
earliest age of the swamp, is calculated.

Because Figure A summarizes unlikely and extreme possibilities, the
maximum additional error possible due to the discreteness of the slip
events (estimated from the data in the excavation to be 300 years), has
been added to all of the values. This assumes that all of the offset
features formed immediately after earthquakes and that it has been 300
years since the last earthquake. |

In summary, the "worst—case” analyses combine to suggest a slip rate
of 20 to 28 mm/yr over the last 14,400 years because the combination of
all of the "worst cases"” require maximum or minimum rates that overlap
in that range (Fig. A). This is not significantly different from the
errors associated with the "best estimates”. Only completely eliminating
several of the cases or alternating changes in the rate can invalidate a
slip rate of 20 to 28 mm/yr. However, if several of the "worst cases”

are true, the inference of a constant slip rate is weakened.
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ABSTRACT

Cajon Creek in southern California has deposited a series of fill
terraces in response to changes in climate. Cajon Creek has downcut at
an average rate of 1 mm/yr for the last 700,000 years; this incision has
been punctuated by at least 4 fill events that have been dated at about
500,000, 55,000, 17-6,000 and 2000-300 years BP. Channel aggradation
during these periods occurred at rates as high as 20 mm/yr and was imme-
diately followed by channel incision at rates as high as 5 mm/yr. Terrace
deposits are thickest in the central part of the trunk stream and thin
up and downstream. Deposits in the tributaries are thickest at their junc-
tion with the trunk stream and thin upstream. The shape, thickness and
distribution of the fill deposits and terraces, coupled with a detailed
understanding of the local tectonics, eliminate baselevel changes and
tectonic deformation as primary causative agents in terrace formation.

Profiles of Cajon Creek, constructed for 1000 year intervals spanning
the last 17,000 years, demonstrate that the locus of deposition during the
17-6 ,000 years BP event migrated upstream. Reincision began in the lower
reach before filling started in the headwaters. The surface of the fill
terrace represents only the local maximum heights of the migrating fill
pulse and is not a surface everywhere occupied by Cajon Creek at any one
time. Aggradational pulses left material up to 80 meters higher than the
long=term level of the creek. The gradient in the central reach of Cajon
Creek varied from 0.029 to 0.017 as the position of maximum deposition
passed by. Net channel aggradation, calculated by subtracting contempor-
aneous erosion from the aggradation, occurred from about 16,000 to 10,000
years BP, and peaked sharply 13,500 years ago at a yearly rate 50% higher

than the current total yearly sediment production. Actual peak sediment
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production (net aggradation + material removed from the drainage) was an
order of magnitude higher than it is today. Between 10,000 and 2,000
years BP the gravel was removed at a rate about 307 that of the maximum
aggradational rate.

Fill terraces were formed by fluctuations in primary sediment supply
that correlate with regional transitions from relatively wet and cold
climate to dry and hot climate. These transitions created periods of
hillslope instability that resulted in at least an order of magnitude
increase in the sediment production. Similar series of fill terraces
are found throughout the Transverse Ranges and are likely to be widely

correlatable.
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INTRODUCT ION

This paper addresses the &iming, distribution, and formation of the
late Quaternary stratigraphy at Cajon Creek, southern California. Cajon
Creek is a south-flowing stream that drains an area of 186 kmZ between the
San Gabriel and San Bernardino Mountains in the Transverse Ranges. It
descends from 2540 to 635 meters above sea level, flowing into the San
Bernardino basin. About 100 km? of the drainage (Figure 1) was mapped
by the author at a scale of 1:12,000 and a simplified map of the Quater-
nary deposits is presented in Figure 1. The rest of the drainage has
been mapped by other workers (Foster, 1980; Woodburne and Golz, 1972:
Dibblee, 1965; 1967) and contains the same deposits discussed here.
Eighteen radiocarbon dates were obtained from sediments less than 15,000
years old, mainly to characterize the slip rate and recurrence interval
for earthquakes on the San Andreas fault (Weldon and Sieh, 1985). The
older sediments discussed here are dated by their offsets across faults
and their relationship to underlying early Quaternary sediments (Weldon,

1984; Weldon et al., in preparation).

The study area includes essentially all of the traansfer zone of the
fluvial system (Zone 2 in the idealized system of Schumm, 1977), half of
the production area (Zome l) and the edge of the depositional basin (Zone
3). The focus of this paper is the formation and removal of deposits in
the transfer zone of Cajon Creek.

The drainage basin of Cajon Creek is somewhat unusual in that the
highest mountains and steepest slopes flank the middle part of the system.
This is because capture has extended Cajon Creek through the Transverse
Ranges into the relatively low Mojave Desert to the north (Fig. 1l). The

mountains create a rainshadow so that the greatest rainfall occurs on the
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Figure 3-1 Distribution of the late Quaternary sediments in the Cajon
Creek area. The study area includes most of Cajon Creek and several
smaller canyons along the southern rangefront of the San Bernardino

Mountains. Capture causes several deposits to cross the drainage divide.
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LATE QUATERNARY STRATIGRAPHY OF

MOJAVE DESERT

THE CAJON CREEK AREA

Figure 3-1 (Also Plate 9)
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central part of the drainage, on the highest and steepest slopes. The
average precipitation is 63 cm/yr but the "headwaters" (the farthest part
of the creek from the mouth) receive only 25 cm/yr and the lower reach
receives up to 81 cm/yr (rainfall map, Ahlborn, 1982, p. 19). Ninety per-
cent of the precipitation falls between November and April, from Pacific
winter storms. The unusual distribution of rainfall does not appear to
have caused unusual deposits because adjacent creeks, with more 'mormal"
rainfall distributions, contain the same units. The vegetation is mostly
chaparral; the highest and wettest areas have pine forests and the driest,
desert scrub. The upper half of the drainage basin is underlain by poorly

indurated Cenozoic sediments and the lower part is underlain by bedrock.

STRAT IGRAPHY

The late Quaternary sediments in Cajon Creek have been divided into
two groups on the basis of the degree to which a deposit can be correlated
throughout the drainage basin. The first group consists of the widely
correlatable units; these are alluvial deposits found mainly along the
trunk stream and major tributaries and formed during discrete periods
of time. These deposits are named Qoa-a ("Quaternary old alluvium" -a),
Qoa-c, Qoa-d, and Qoa-e. Their distribution is shown in Figure 1 and
their relative heights in the middle of the drainage are shown in Figure 2.
Qt-b ("Quaternary terrace" -b) is an erosional surface recognized through-
out much of the drainage basin and is given a letter designation to indi-
cate its importance in the sequence. Five other Holocene cut terraces are
included on Figure 2 of this paper and are discussed in detail in Weldon
and Sieh (1985). Other Pleistocene cut terraces have been mapped in

Cajon Creek but are not discussed here (Weldon, unpublished maps). Qoa-N
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Figure 3-2 Schematic cross~section through Cajon Creek showing the eleva-
tions and settings of the major alluvial units. The lower box is an en-
larged cross—-section of the inmer gorge and shows some of the l4c control.
Qoa-N contains the Bruhnes-Matuyama magnetic polarity reversal, allowing
the age of Qoa-e (which is slightly younger) to be inferred. The ages
of both Qoa-d and e are also inferred from their offsets by the San

Andreas and several other faults.
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("Older Alluvium" of Noble, 1954) and older Quaternary deposits predate
the incision of the current drainage and are discussed elsewhere (Foster,

1980; Weldon et al., 1981; Weldon, 1984; Weldon et al., in preparation).

Qoa~-e was deposited immediately after the onset of incision that continues
today as Cajon Creek captures more and more of the Mojave River drainage.

The second group consists of units deposited during isolated events
or in unique settings, like landslides, colluvium, scarp and sag pond
deposits that are not generally correlative with similar deposits in the
area. Fan deposits and fluvial gravels that were not formed during the
discrete pulses of deposition common to the whole system are also included
in the second group. Major landslides are distinguished in Figure 1 but
the rest of the second group are combined as Qhf ("Quaternary, mainly Holo-
cene, fan deposits') because Holocene fan deposits dominate this group.

It is argued below that the first group of deposits owe their existence
to variations in the relative sediment supply caused by changes in the
climate. The systems responsible for the deposition of sediments in the
second group may also have responded to climate change but they were not
forced back and forth across the depositional-erosional threshold by the
climatic changes, so it 1is difficult to demonstrate any relationship.
Because the first group of deposits formed during discrete periods of
time separated by long hiatuses, they can be distinguished throughout
most of the drainage basin. These units are correlated by their geomor-
phic position and the degree of soil development on undisturbed surfaces
Locally, thicknesses of deposits, heights above the active alluvium or
position relative to some other unit were useful for correlation. Abso-
lute heights or relative heights in~different parts of the basin could

not be used because of the steep and variable original dip of the deposits
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and the dramatic variations in thickness and height of the units through-
out the area.

Detailed field descriptions and laboratory analyses of the soils
developed on all of the units discussed here are summarized in McFadden
and Weldon (1984 and in review). The 5 major correlatable late Quater-
nary units (Qoa-a through e) are of such different ages that distinctive
soils developed on their upper surfaces are easily recognized.

The Quaternary units are divided into correlatable and uncorrela-
table units instead of standard lithologic divisions to highlight the
units that are represented throughout the basin. These can be studied
to understand how the total system acted through time. Also, determining
which parts of the system act in unison and which do not yields insights
into the responsible processes and permits rational interpretation of
dates from different deposits. The distinction between fan deposits and
gravels deposited by streams responding to a climate change and those
formed continuously or out of phase with climatic fluctuations can be
subtle. To illustrate this distinction and to gain insights into pos-—
sible causes, several examples of the Qhf deposits are presented after
the correlatable units are discussed in detail.

Qoa-e consists of two groups of deposits formed in very different
settings. In the northeast part, Qoa-e is a major fluvial deposit that
closely postdates the onset of incision which followed the deposition of
Qoa-N (Fig. 2). Qoa-N at Cajon Pass is about 0.7 my old and contains the
Bruhnes-Matuyama magnetic polarity reversal near its base (Meisling, 1983;

Weldon et al., in preparation). It is inferred that Qoa-e is about 0.5 my

old based on its relationship to Qoa-N and its offset by several faults
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(Weldon et al., 1981). Qoa-e was formed by a discrete pulse of channel
aggradation interrupting the downcutting that began after deposition of
Qoa-N.

Qoa-e is also found on the northern edge of the San Bernardino basin
in the southeast part of the area (Fig. 1). There, Qoa-e consists of
fan deposits laid down during a major pulse of fan growth out onto the
basin floor. The two sets of deposits are correlated by their extremely
well-developed soils and the fact that each represents a major period of
aggradation that occurred within long periods of downcutting or nondeposi-
tion. The excellent preservation of Qoa-e and the apparent lack of any
major deposits preserved between Qoa-e and Qoa-d (deposited about 55,000
years ago) suggest that no deposits as large as these were formed during
the interval between them,

The oldest, most widespread, and most voluminous late Quaternary
unit deposited in Cajon Creek is Qoa-d. It can be recognized throughout
the area on the basis of soil development, its unique geomorphic position,
and, in many areas, by simple physical continuity between outcrops. For
example, an almost continuous skirt of Qoa~d wraps around the northwest
edge of the San Bernardino Mountains from Cleghorn Canyon to Cable
Canyon (Figs. 1l and 3a). Qoa-d mantles an irregular topography to depths
of as much as 85 meters. Many of the tributaries and the present topo-
graphy close to the level of Cajon Creek are the result of the rapid
reincision following the deposition of Qoa-d. The channels incised into
Qoa-d are referred to as 'inner gorges" and can be recognized in many
of the major local streams. Figure 2, for example, shows Cajon Creek's

"inner gorge'". In Cajon Creek and other major drainages Qoa-d is a



111

Figure 3-3 Photographs of the fill deposits: a) Qoa-d forms a continuous
skirt around the mountain in the middle of the photo (sections 7, 17, 18,
T2N R5W, Fig. 1). b) A Qoa-d fan built out onto the floor of the San
Bernardino basin by Cable Canyon (sections 26, 27, 34, 35, T2N R5W, Fig.
1). ¢) Almost 40 m of Qoa-c exposed in a gravel pit at the mouth of Pit-
man Canyon (NW 1/4, sectiom 7, T2N R5W, Fig. 1); 2 l4C dates are from this
deposit. The Qoa—-a level is visible in the foreground. d) Qoa-a fill at
Pitman Canyon (SE 1/4, section 19, T2N R5W, Fig. 1); a l4C sample was

found at the base of this deposit.
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fluvial fill. Along the rangefront and at the mouths of smaller streams,
Qoa-d is represented by thick.fan deposits extending out onto the basin
floor (Figs. 1 and 3b; generally Qoa; of Morton and Miller, 1975).

The Qoa-d fill in Cajon Creek has been almost completely removed by
erosion. However, just east of Cajon Creek offset across the San Andreas
fault forced Prospect Creek to incise a new channel, thereby preserving
the Qoa-d deposited in the old channel (Fig. l). The upper and lower
surface of Qoa-d in the old Prospect Creek channel can be mapped on both
sides of the San Andreas fault. In Figure 4, the 1.3 to 1.4 kilometers
of right-lateral offset have been restored so that the thickness and
gradient north and south of the San Andreas fault can be compared. The
figure demonstrates that no measurable vertical offset or abrupt thickness
change occurs at the fault. Apparently, the deposit formed so quickly
that the San Andreas fault had little effect on its thickness or shape.
The deposit thickens downhill to just below the fault and then maintains
a relatively constant thickness to Cajon Creek.

Qoa-d is inferred to be about 55,000 years old, based on its horizon-
tal offset and the slip rate of the San Andreas fault. Weldon and Sieh
(1985) have shown that the slip rate has been 2.5 cm/yr for the past

15,000 years, and Weldon (1984; Weldon et al., in preparation) has demon-

strated that the same rate holds for most of the Quaternary. The errors
on these slip rates suggest that the fault can be used to date a unit it
offsets with an accuracy of + 15%Z. Also, the length of time spanned by
the deposit can be estimated from the difference in offsets of the channel
into which the unit was deposited and the channel postdating the fill.
This difference is about 100 to 200 meters, yielding a deposition time of

4,000 to 8,000 years, comparable to the well-dated Qoa-c discussed below.
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Figure 3-4 Longitudinal cross sections through Qoa-d at Prospect and
Cable Creeks, showing the top and bottom of the deposit. Points indicate
topographic control. 1.3 km of lateral motion has been restored across
the San Andreas fault. Arrows indicate sense of dip-slip motion and A
(away) and T (toward) indicate the sense of strike slip motion. Notice
that the thickness and slopes of the deposits do not change appreciably

at the fault zone.
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Restoring the 1.3 to 1.4 km offset measured at Prospect Creek removes
the deflection of Cajon Creek, restores the offset of the thickest part of
the Cable Canyon fan and aligns the fan deposits that underlie Devore
Heights with the Qoa-d deposits at the mouth of Ames and the Kimbark Can-
yons north of the fault (Fig. l). Therefore, most of what is mapped as
Qoa-d must be contemporaneous with the deposit at Prospect Creek.

The Cable Canyon fan has been deeply incised so an estimate of the
thickness and shape of this Qoa~d deposit can be made there as well (Fig.
4). The upper surface is well preserved and is fan-shaped. Exposures
of bedrock and the older Qoa-e remnants under the fan indicate that the
base of the deposit has about the same profile as the current stream. The
thickest exposures of Qoa-d here (20 m) are at the range front (defined by
the San Andreas fault in Fig. 1). The deposit certainly thins upstream
and is inferred to thin downstream as well. If it does not thin downstream
the base of Qoa-d would have to be at least 20 meters below the active al-
luvium at the south edge of the fan; this appears to be unlikely from
the distribution of the bedrock and Qoa-e.

Qoa-d in Cajon Creek is also thickest in the middle and thins up and
downstream (Fig. 5). While the preservation of Qoa-d is not as good as at
Prospect or Cable Creeks, both the base and the upper geomorphic surface
can be found in enough places to demonstrate its lenticular shape. The
deposit appears to have been thickest 1in the same part of the creek
where the younger deposits are thickest (discussed below). Unlike the
Qoa-d at Cable and Prospect Creeks the thickest part is well within the
mountain range. The significance of this difference is discussed below.

The best preserved and most continuous unit in Cajon Creek is Qoa-c.
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Figure 3-5 Ilongitudinal sections through Qoa-d and Qoa-c in Cajon Creek.
The heights and positions of the data points are presented relative to the
valley profile of the active alluvium. The base of Qoa-c is essentially at
the same elevation as the active channel. Points without error bars are
heights measured at the creek. Points with error bars are extrapolated
to the trunk stream from deposits preserved in tributaries or on hillsides.
Both Qoa-c and Qoa-d are thickest in the central portion of the drainage
and thin to nothing up and downstream. The difference between the base

of Qoa-d and the active wash represents long-term downcutting.
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It can be recognized by its soil, its geomorphic position as the highest
fill in the inner gorge (Fig. 2 and 3c), and its physical continuity along
much of Cajon Creek (eg., Crowder and Lone Pine Canyons, Fig. 1). It is
the most widespread unit that could be dated with radiocarbon and is off~-
set in. several places by the San Andreas fault, so considerable effort
was expended to date it throughout the area. The height of the top of
Qoa-c is determined in most places where the undisturbed geomorphic
surface at the creek is preserved, but the heights at a few points are
extrapolated from deposits preserved in tributaries (Fig. 5: extrapolated
points have error bars). The base of Qoa-c in Cajon Creek can be found,
locally, in the upper 1/3 of the drainage basin; elsewhere, the nature
of the bedrock Qoa-c contact close to Cajon Creek suggests that the base
is just below the active alluvium. In several tributaries the base of
Qoa-c can be found above the active alluvium, Extrapolating these
exposed lower surfaces of Qoa-c to the trunk stream also indicates that
the base of Qoa-c is just below the active alluvium. Near the mouth of
the drainage the base of Qoa-c 1s not exposed. The thickness of the
deposit is believed to approach zero at the edge of the San Bernardino
basin for two reasons. First, the presence of bedrock, Qoa-e, Qoa-d,
Qoa-c, and the active alluvium at about the same height on the basin's
edge indicates that little long-term degradatioh or aggradation has
occurred there. Second, exposures of both the top and bottom of Qoa-d
indicate that that fill does become very thin as it approaches the basin
edge and the shape of Qoa-c, where both the top and bottom are exposed,
mimics Qoa-d (Fig. 5). The difference in height between the upper Qoa-c
surface and the active alluvium is therefore taken as the approximate

thickness of the deposit where the base is not exposed.
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Figure 3-6 Height of Qoa-c above Cajon Creek. In the upper part of the
drainage the height is the same as the thickness of Qoa-c, and is inferred
(see text) to approximate the thickness in the lower part as well. Major
tributaries and the San Andreas fault are included for reference. Notice

that the shape and thickness of Qoa-c does not change at the fault.
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The height of Qoa-c above the active alluvium 1is replotted in
Figure 6 to emphasize the distribution of the thickness of Qoa-c along
Cajon Creek. This is a simpler presentation of fill terrace data because
stream profiles are commonly irregular, and fill terrace profiles closely
parallel the irregularities in the active profiles (Bull, 1979; Leopold
and Bull, 1979). This presentation focuses attention on the changes in
the profiles throughout the system and not on the shape of the system
itself.

The data for the thickness of Qoa-c forms a smooth lens-shaped curve
that tapers at both ends of the drainage. The symmetry of the deposit's
thickness is largely due to the choice of drawing the section up Crowder
Canyon. If a longer or shorter branch of Cajon Creek were chosen, the
lens would be correspondingly less symmetric. Many fill terraces in arid
environments diverge from the active alluvium downstream from their head-
waters (Leopold and Bull, 1979; Bull, 1979). The downstream convergence
near the mouth has not been as widely recognized in the literature.

The lenticular shape of Qoa-c and Qoa-d in Cajon Creek demonstrates
that the deposits were not formed in response to baselevel changes be-
cause fills formed by raising baselevel are wedge-shaped, not lens-shaped
accumulations (Leopold and Bull, 1979). As will be discussed below, the
the different shapes of deposits in adjacent drainages can be used to
eliminate tectonic control for their formation as well.

To determine the timing of the accumulation of Qoa-c the dates in
Qoa-c were plotted against their position upstream (Fig. 7). The three
youngest dates in Qoa-c are within the range of dendrochronologic cali-
bration and are so corrected. The older radiocarbon dates were recalcu-

lated with a half-life of 5730 years and assigned errors of + 1000 years
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Figure 3-~7 The age of Qoa-c in Cajon Creek, plotted as a function of dis-
tance upstream. The ages have 957 confidence limits in calendar years
(see text). The extrapolated ages are based on the sedimentation rates
between samples. The ages at the San Andreas fault are based on the off-
sets of the base and top of the deposit, and the slip rate of the fault
(see text). Lines are drawn through the dates at the base of the deposit,
the 1/2~filled level, and the onset of incision. The age of the deposit
clearly decreases upstream and spans a longer period of time near the
headwaters. Extrapolation of the curves indicates that deposition began
about 17,000 yeérs BP at the mouth of the stream and continued well after

6,000 years BP near the headwaters.
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to assure 95% confidence in real age (Klein et al, 1982), despite having
very narrow C-14 age limits. New C-14 calibration curves (Stuiver, writ-

ten communication, 1985) indicates that these limits contain the actual

ages for the past 13,000 years. However, the actual ages may be slightly
older than the mean ages used here for the oldest dates in Qoa-c. The
sedimentation rate between the two dates in Qoa-c at the mouth of Cleg-
horn Canyon was used to extrapolate the age to the top and the bottom of
the deposit. The extrapolation appears to be justified because it yields
ages for units that are consistent with their offsets by the San Andreas
fault.

The base of Qoa-c at Blue Cut is about 14,800 years old and the extra-
polated base at Cleghorn Canyon is 14,000 years old, so the onset of Qoa-c
deposition is estimated to have occurred about 14,400 years ago at the
San Andreas fault (Fig. 7). About 350 m of offset on the San Andreas
fault have accumulated since the onset of Qoa-c deposition, which yields
a slip rate of 25 mm/yr (Weldon and Sieh, 1985). Extrapolating the fill
rate to the surface, and assuming that incision began as soon as aggrada-
tion ended (see Weldon and Sieh, 1985, for supporting evidence) indicates
that incision began about 12,400 years ago. Offsets of streams and
terrace risers, formed by the post-Qoa-c incision, are as great as 290
meters, again yielding a slip rate of 25 mm/yr (Weldon and Sieh, 1985).
Two other radiocarbon dated terraces (Qt-3 and Qt-5, Fig. 2) and paleo-
magnetically dated middle Pleistocene deposits have offsets that also
yield the same slip rate (Weldon and Sieh, 1985; Weldon, 1984; Weldon et

al., in preparation). Because the extrapolated ages for the top and

base of Qoa—-c require consistent slip rates, the extrapolation is almost

certainly valid and the surface of Qoa-c near the San Andreas fault is
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late Pleistocene,

In Crowder Canyon there are dates from 3 stratigraphic positions:
the base, 2/3 of the way to the top and just below the top of the section
(Fig. 7). It is clear from the dates that the upper several meters
formed much more slowly than the rest of the deposit. This change in
sedimentation rate accompanies an obvious change in the character of
the sediments. The bulk of the deposit is sandy gravel, mainly reworked
from the early Quaternary deposits that ring the northern edge of the
basin. The upper part of the deposit fines upward and the source of
most of the sediments appears to be the underlying Crowder Formation,
reflecting an increase of sheet wash off the surrounding low hills at
the expense of channel flow from the headwaters. Also, the presence of
sand dunes and other eolian deposits in upper Cajon Creek suggest an
important eolian component in the fine-grained uppermost Qoa-c deposits.

Curves drawn through the basal dates, the 1/2 filled level and the
top, which represents the onset of incision, demonstrate a marked decrease
in the age of Qoa-c upstream (Fig. 7). The onset of Qoa-c deposition
migrated upstream at an average rate of about 3.5 m/yr. Also, the deposit
took longer to form upstream in Crowder Canyon than near the San Andreas
fault. The onset of incision migrated upstream behind the aggradation
but appears to have progressively lagged as it approached the headwaters.
This is consistent with the observation that the edges of the drainage
have only recently begun to incise. The dates and the geologic observa-
tions indicate that Qoa-c deposition actually spanned most of the last
17,000 years. However, at any given point in Cajon Creek the deposition
lasted only a few thousand years. Also, it is clear from Figure 7 that

the bulk of the deposit, even in Crowder Canyon, had been laid down by
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10,000 years ago and the sedimentation rate during the Holocene was very
slow. Perhaps the material younger than 10,000 years old in Crowder Can-
yon should not be included with Qoa-c, but there is no depositional break
in the unit, only a progressive change in character toward the top.

The youngest extensive prehistoric deposit in Cajon Creek is Qoa-a.
It is thickest and most easily recognized in the central part of the
drainage, between Pitman and Crowder Canyons (Fig. 1), where the older
units are also thickest. Qoa—a deposits are about 2 orders of magnitude
less voluminous than Qoa-c and at least 3 orders of magnitude less volu-
minous than Qoa—-d (Fig. 2). Because of its low volume Qoa-a would probably
not be recognizable if it were not the most recent fill in Cajon Creek.

The oldest radiocarbon date from Qoa-a is about 1705 years BP, from
near the base of the deposit. Another date of about 990 BP was obtained
from a sample collected from the middle of the deposit. It is inferred
that the incision of Qoa-a began about 300 years ago (Weldon and Sieh,
1985). There is tenuous evidence that Qoa-a consists of two cut-and-fill
episodes; however, it is clear that between about 2000 and 300 years ago
Cajon Creek was generally aggrading in its central reaches. The fact
that the uppermost part of Cajon Creek is only just beginning to incise
suggests that post Qoa-a incision migrated upstream. However, with only
2 radiocarbon dates and the paucity of preserved deposits it is impossible
to determine if the deposition of Qoa—a was time transgressive as was
Qoa-c. For the purpose of discussion, the unit is assumed everywhere to
span the period of time between about 2000 and 300 years ago. Qoa-a
commonly merges upstream into active alluvium or Qhf deposits and cannot

be confidently recognized at the basin edge downstream.
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Cut Terraces and Tributaries

The fluvial deposits invCajon Creek represent only a fraction of
the time spanned by the record at Cajon Creek. Throughout most of the
late Quaternary Cajon Creek was downcutting or laterally cutting to form
cut or strath terraces. A cut is developed on fill and a strath is cut
on bedrock. Remnants of these surfaces are found in Cajon Creek but the
subsequent erosion and cultural modification have%lmost completely elimi-
nated them. Mapping reveals that the most extensive and largest unumber
of cut terraces were formed in the middle part of the drainage during
the early Holocene.

At the junction of Lone Pine and Cajon Creeks seven terraces have
been recognized that formed after the deposition of Qoa-c (Weldon and
Sieh, 1985). Direct radiocarbon age control on several of these terraces
and offsets across the San Andreas fault allows the construction of a
detailed downcutting curve for Cajon Creek at this point (Fig. 8). The
downcutting curve is only representative of the history at the San Andreas
fault because the incision is time transgressive (Fig. 7) and the heights
of the units (Fig. 5, 6) vary considerably up and downstream.

Most of the terraces mapped at the mouth of Lone Pine Canyon were
also present upstream at the mouth of Cleghorn Canyon (Yerkes, 1951,
photo p. 89, Fig. 17) but were destroyed by the construction of a freeway
bridge. Farther up Lone Pine Canyon, at Pitman Canyon and in Crowder
Canyon only Qoa-a, Qt-b, Qoa-c, Qoa-d, and Qoa-e can be found. Even
farther up and downstream, Qoa-a and Qt-b cannot be found and, ultimately,
no units or surfaces can be confidently distinguished near the edge of
the drainage basin. The headwaters and the mouth of the drainage basin

have not changed significantly in level since the deposition of Qoa-d,
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Figure 3-8 The height of Cajon Creek at the San Andreas fault during the
last 15,000 years. The curve is constructed from the heights of the ter-
races, the vertical positions of the l4¢c dates within or on top of the
deposits, and the dates of abandonment of some of the terraces. The
points are age determinations (either radiocarbon dates or ages inferred
from offsets along the fault). Terraces Qt-1 and Qt-6 represent the cul-
mination of Qoa depositional episodes, whereas the other terraces are
cut or strath terraces. The relative lengths of time represented by the
Qt-2 and Qt-3 surfaces are based on their relative development and
tenuous measurement of the offset of Qt-2. Qoa-a buries the record of

cutting and filling below Qt-5.
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so all of the surfaces and deposits would be expected to merge and become
indistinguishable there.

Whereas the variations in cut and strath terrace heights are diffi-
cult to document in the trunk stream, several tributaries contain terraces
that may lend insight into the variation. Two tributaries with well-
preserved terraces are shown on Figure 9. In Lone Pine Canyon Qt-b
merges with Qoa-c within 2 km of the junction with Cajon Creek. The
other 5 minor Holocene cut terraces also merge with Qoa-c or Qoa-a (in
the case of the cut younger than Qoa-a) within a few kilometers of Cajon
Creek. Qoa-c, Qoa-a and the active alluvium merge within 10 kilometers,
upstream of the study area. In Flat Creek, the fill surfaces merge with
the active alluvium in less than a kilometer from Cajon Creek (Fig. 9),
so the cut terraces, which are always between the two fills, also merge
with the fill terraces in a very short distance.

The relative heights of both the cut-and-fill terraces where the
various tributaries join Cajon Creek are consistent with the broad lens
shape of Qoa-c (Fig. 6), but the distance over which the terraces merge
up individual tributaries appears to be related to the size of the tribu-
tary. Flat Creek, for example, drains less than 1/10th of the area of
Lone Pine Canyon and its terraces merge in about 1/10th the distance.
The heights of the terraces in the tributaries do not converge signifi-
cantly downstream towards the trunk stream in the way that the trunk
stream does as it approaches the basin. The fill in the tributaries is
wedge-shaped. This may indicate a baselevel response of the tributaries
to the fluctuations of Cajon Creek that is not seen for Cajon Creek as
a whole. It may also mean that overwhelming amounts of debris supplied

by the tributaries caused the filling of the central reaches of Cajon
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Figure 3-9 Longitudinal valley profiles wup two tributaries of Cajon
Creek. In medium~sized tributaries such as Flat Creek the terraces merge
a short distance upstream and in the larger ones, such as Lone Pine Canyon,

they merge much farther upstream.
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Creek.

The distinction between lens-shaped deposits found in Cajon Creek
(Fig. 5) and Cable Canyon (Fig. 4), that reach the San Bernardino basin,
and wedge-shaped deposits in all of the tributaries (Prospect Creek,
Fig. 4; Lone Pine Canyon and Flat Creek, Fig. 9) suggests that the San
Bernardino baselevel is not causing the highest order streams to aggrade
but that the highest order streams may be exerting baselevel control on
the lower order streams. This distinction can be used to eliminate
tectonic contrél as the cause of terrace formation. Each stream, flowing
across the San Andreas fault and associated minor faults and folds con-
tains deposits that are lens—-shaped or wedge-shaped depending on whether
the stream reaches the basin or not. The size and shape of each stream's
deposits are completely consistent with the size and order of the stream.
If tectonic activity were called upon to deform the gradients and produce
terraces, adjacent streams would be expected to respond to the tectonic
impetus in the same way. This is clearly not the case for the study
area.

Qhf

The GQhf deposits are very important because they are transitional
between the channel deposits that can be mapped throughout the system and
the hillslopes. Unfortunately, they are not widely correlatable such as
the channel deposits and their formation and preservation are very site-
dependent. For this reason, several examples are presented, instead of
a general discussion, to characterize the unit.

A good example of the distinction between Qoa and Qhf deposits
occurs at Pink River, a tributary of Lone Pine Creek just upstream of

its junction with Cajon Creek (Fig. 1). The distinction is particularly
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obvious because the Qoa-c deposited by Lone Pine Creek consists of blue
and green Pelona Schist, whereas Pink River carries pink sand and gravel
derived from the Cajon Punchbowl Formation. After the deposition of
Qoa-c, Lone Pine Creek reincised south of its pre-Qoa-c course. The
headwaters of Pink River were separated from the new Lone Pine Canyon by
about a kilometer of Qoa~c whose surface gradient was too low for Pink
River to transport its load. Even though Lone Pine Creek began to incise
about 12,400 year ago (Fig. 7 and Weldon and Sieh, 1985), the upper part
of Pink River continued to aggrade slowly, spreading pink sand out across
the Qoa-c gravel deposited by Lone Pine Creek, and downcutting only where
it entered Lone Pine Canyon. A radiocarbon sample from about 2 meters
below the top of the pink sand yielded an age of 7,200 years BP, demon-
strating that incision greatly postdated Lone Pine Canyon's incision.
The sedimentary record in a swamp into which Pink River flowed indicates
that incision actually reached its headwaters about 5,900 years ago
(Weldon and Sieh, 1985), about 6,500 years after this portion of the
Cajon Creek system had begun to downcut. The reason for this delayed
response was a lack of power. Several thousand years were required for
the small stream to erode a steep enough channel through Qoa-c to allow
transport of the debris supplied by its catchment area. Clearly, the
deposition was caused by local circumstance and occurred while this
portion of the Cajon Creek drainage was incising.

Another example of Qhf is the sediment deposited across the San An-
dreas fault between Pitman and Cable Canyons (Fig. 1). Buried soils on
fan deposits exposed in the canyons in this area indicate that the bulk
of the broad plain underlying Devore Heights is made of Qoa-d derived

from Ames and the Kimbark Canyons. Most of the surface, however, is
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covered by Qhf that spans much of the late Holocene. The time span is
demonstrated by 4 to 50 m offsets of stream channels cut into these
deposits. A particularly illustrative case involves the Qhf deposit
about 1! km southeast of Pitman Canyon. Between ! to 10 meters of debris,
reworked from the large landslide immediately uphill, overlie Qoa-d
gravels. Incised into this Qhf deposit are four streams that are all
offset about 50 m by the San Andreas fault. Based on the slip rate on
the San Andreas fault in this area (2.5 cm/yr, Weldon and Sieh, 1985),
incision of these small streams began about 2000 years ago. The deposits
must have been laid down just before the incision because their source 1is
immediately uphill, across the fault,‘and they contain no stratigraphic
evidence of spanning a significant period of time. These sediments were
certainly deposited just before 2000 years ago, while Cajon Creek was
eroding. This Qhf deposit was then being eroded while Cajon Creek was
aggrading to form Qoa-a between 2000 and 300 years ago. Clearly, Qhf was
formed because the low, relatively flat Qoa-d surface had been juxtaposed
across the fault from a very steep and easily eroded mountain front. Its
deposition was not synchronous with aggradation in Cajon Creek. Material
was deposited on Qoa-d until the Holocene incision of Cajon Creek reached
the area, isolating the deposits by forming streams with gradients capable
of removing the largg amounts of debris reworked from the landslide.

In these two examples the distinction between the two groups of depos-
its is clear. Unfortunately, most Qhf deposits grade directly into Qoa
deposits and the distinction is far more subtle. Pitman Canyon is a trib-
utary of Cajon Creek that has a very steep catchment area and a relatively
long and shallow transfer stretch from its catchment area to Cajon Creek.

Throughout most of its length it flows across its own Quaternary deposits,
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which have well-preserved geomorphic surfaces. Near Cajon Creek Qoa-c,
Qt-b and Qoa-a can be easily distinguished. The surfaces associated with
these units merge upstream and by halfway to the mountain front only one
unit can be distinguished.

Two lines of evidence indicate that the deposits of Qoa-c and Qoa-a
near Cajon Creek, that formed during brief pulses of alluviation, merge
upstream into one continuocusly deposited unit and that a distinct Qoa-c
deposit was not simply buried by a distinct Qoa~a deposit or the active
alluvium. TFirst, the surface of the Qhf deposit consists mainly of debris
flow lobes and rills that are both older and younger than Qoa-a in Cajon
Creek. Bob Matthews (of the Matthews Ranch in Pitman Canyon) reports
that some of the Qhf was mobilized during the 1938 flood (pers. comm.
1982). However, the San Andreas fault, which has not broken here for
more than 200 years (Weldon and Sieh, 1985), can be mapped across most
of the Qhf deposit, offsetting channel rills and lobes distances ranging
up to tens of meters. The fact that no consistent match can be made for
these very distinctive offset geomorphic features suggests that they
formed during a significant span of time and the 1938 flood record indi-
cates that the Qhf deposit is still forming. In contrast, the surface
of Qoa-a is offset only 4 meters (Weldon and Sieh, 1985). Second, ground
water rises at the San Andreas fault, producing a narrow swampy area
upstream of the fault. During dry years ranchers have excavated thick
deposits of interbedded peat and gravels from the swamp for fuel (Bob
Matthews, pers. comm. 1982). Although these peats are undated, they
clearly indicate that the upper portion of Pitman Canyon has been slowly
aggrading for a long time. Clearly, Pitman Canyon always supplies mate-

rial to Cajon Creek. At the rangefront a small portion of the debris
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appears to be deposited continuously across the San Andreas fault but
where the stream joins Cajon Creek only pulses of deposition occur, in
phase with Cajon Creek's cycle.

Southeast of Cajon Creek along the mountain front it becomes progres-—
sively more difficult to separate the major Qoa units. This is because
the long-term rate of incision is not great enough to separate the units
physically. The younger units bury the older units so soils and geomorphic
position become less useful in distinguishing units. It also appears
that the Qoa deposits merge in time where they merge in space. This is
the case in Pitman and Crowder Canyons where Qoa deposits merge upstream.
In Crowder Canyon this is seen in the increased age range of Qoa=-c depos-—
its, and in Pitman Canyon the continuously deposited Qhf at the range-
front. These areas are transitional between the hillslopes and the major
channels where no clear division between Qoa and Qhf deposits exists.
Where the hillslopes and major channels are very close together, no gra-
dational tramsition occurs and the distinction between the two groups
is obvious.

PROFILES and VOLUMES

Cajon Creek's Profile since the onset of Qoa-c deposition

To understand the history of formation of the deposits and surfaces
in Cajon Creek, profiles were constructed for 1000 year intervals through
the time spanned by the deposition and erosion of Qoa-c and Qoa-a. This
interval was chosen because of the excellent spacial and temporal control
of the units. The profiles were constructed’up Cajon Creek to its junc-
tion with Crowder Canyon and up Crowder Canyon to Summit Pass to utilize
all of the radiocarbon dates in the Cajon Creek drainage. Constructing

the profiles requires determining time lines through the migrating fill
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and subsequent erosional episodes. This was accomplished by combining
the age data for the filling of Qoa-c (Fig. 7) with the longitudinal shape
of Qoa~c (Figs. 5 and 6) and the timing of the downcutting subsequent to
Qoa-c at the San Andreas fault (Fig. 8).

To construct a profile, a time line was first drawn through Figure 7
to determine where in Cajon Creek Qoa-c was being deposited. For example,
11,000 years ago Cajon Creek was beginning to fill about 1 mile from the
Summit, was 1/2 filled at about the 10 mile mark, in Crowder Canyon, and
was beginning to incise just downstream of the mouth of Crowder Canyon at
the 8.5 mark (Fig. 7). At the San Andreas fault Cajon Creek had incised
about 35 feet below the top of Qoa-c (Fig. 8). The actual heights of the
fill points can then be determined from the curve representing the height
of Qoa-c above the active alluvium (Fig. 6). Eleven thousand years ago
Qoa~c was just beginning to be deposited a mile from the summit, so a point
is plotted 0 feet above the active alluvium there (Fig. 10, upright solid
triangles are 11,000 year-old levels). Qoa-c was half filled at the 10
mile mark so the height of half the fill was measured on Figure 6, about
40 feet, and plotted on Figure 10, 1Incision was beginning just dowunstream
of Crowder Canyon, placing the creek 100 feet above its current level at
that point (Fig. 6). From Figure 8 the height of Cajon Creek was about
85 feet above the active alluvium at the San Andreas fault.

Due to the lenticular shape of the deposits, the profiles are required
to merge with the active alluvium up and downstream. This requirement is
certainly valid in the upper reaches where the base of Qoa-c is exposed.
Near the San Bernardino basin the top of Qoa-c certainly merges with the
active alluvium but the base cannot be found. However, as discussed

above, the base is inferred to be at the level of the active alluvium.
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Figure 3-10 Relative levels of Cajon Creek, constructed at 1000-year
intervals for the last 17,000 years. The data points are calculated
from Figures 6 - 8, as described in the text. Each set of points that
defines a profile has a different symbol and each profile is labeled.
There was no fill 17,000 years ago and the stream had a profile very
similar to that of the modern creek. Stream levels after 6000 years BP
are poorly constrained and, therefore, are not included here. The fill
clearly migrated upstream and was being eroded in the lower part of the
system even before it was deposited in the upper portions. The top of
Qoa-c (the fill terrace surface mapped in the field) is not isochronous:
it is an envelope formed by the migration of the locus of deposition
upstream. Notice that, while the average gradient did not change (be-
cause the heights of the headwaters and the depositional basin are fixed

in the short term), the local gradients change tremendously.
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A set of points like that described for 11,000 years ago was deter-
mined for each 1000 year time line. Each set is presented with a differ-
ent symbol in Figure 10. The oldest sets have fewer points because old
sediments exist only downstream of the San Andreas fault where there is
little age control. Smooth curves were drawn through each set of points;
however, it is likely that considerable variability existed in the actual
profiles along their lengths (Fig. 10).

While each profile is only defined by 3 to 5 points, the similarity
of successive profiles and consistent trends through the set suggest
that some generalities can be drawn. The upstream migration of the
deposition of Qoa-c is very marked. The average gradient cannot change
significantly in the short term because it is fixed by the relative
elevations of the basin and the headwaters; however, the local gradient
fluctuates by large amounts. The portion of the stream that was aggrading
maintained a relatively uniform gradient, 25 to 35% less than the modern
gradient (Fig. 10). This constancy of gradient over such a wide range
of deposit thicknesses and ages may reflect the minimum gradient down
which Cajon Creek can transport its load.

Between 17 and 14,000 years ago, the gradient downstream of the aggra-~
ding reach was about 25% greater than the modern gradient and decreased
to about 15% by 1l to 12,000 years ago. As the eroding stretch increased
in length the gradient in the central part of the system approached the
current (and pre-17,000) value. Between 9 and 6,000 years ago most of
the system was eroding and the profiles between the San Andreas fault
and the remaining aggrading reach are essentially parallel to the modern
creek. The fact that all of these gradients are parallel to the modern

creek, which is believed to be close to equilibrium (discussed below),
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suggests that it is the optimal gradient that allows Cajon Creek to trans-
port its load with out major aggradation or degradation. Most of the
removal of material at this time was probably from the lowest, relatively
steepest portion of‘the creek. The profiles are drawn with a slight
upward relative concavity to make smooth profiles across the depositional-
erosional threshold and to have smooth gradients to the basin edge. It
is possible that there was a sharp break in slope where the creek switched
from being depositional to erosional and most of the gradient was exactly
parallel to the current one. Unfortunately, no evidence has been found
to distinguish these two possibilities.

Volume Estimates

The volume of material stored as fill terraces or eroded from the
channels per 1000 year interval was calculated from Figure 10. To do
this the profiles were digitized and the area under each profile was
calculated. Successive differences in these areas were multiplied by
the cross-sectional width of the deposit (or channels, in the eroding
areas) to determine the amount of material added or subtracted during
each 1000 year interval.

Most of the material preserved in the drainage basin was stored in
the main channel of Cajon Creek and its two largest tributaries, Lone
Pine Canyon and Crowder Canyon. Even in medium-sized tributaries like
Flat Creek (Fig. 1, 8) the volume of fill was insignificant and is
ignored here. Seven cross sections through Qoa-c were constructed to
determine the width of the deposit. These sections include Lone Pine
and Crowder Canyons, upstream of their junctions. The width of the
deposit, at the level that equally divides the cross-sectional area

averaged about 920 m. For the area considered here there was little
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systematic change; the channels are wider downstream but there are more
channels upstream. Because each profile spans a large portion of the
creek, and the width_of the deposit does not change systematically, the
areas between successive longitudinal profiles were multiplied by the
average of 920 meters, resulting in the volumes presented in Figure 11l.

It is difficult to estimate the errors associated with these calcula-
tions because several arbitrary, simplifying assumptions have necessarily
been made. Fortunately, the best width and age control exists in the
middle of the drainage where the deposits are thickest and the subsequent
incision has been the greatest. The largest uncertainties exist at the
edges of the system where the deposits are very thin and contribute
little to the overall total. So, the general trends and relative magni-
tudes are likely to be meaningful.

A potential problem with the estimates is that the channels produced
by downcutting are initially likely to be less wide than the channels
into which Qoa-c was deposited. To test this problem the volume of
material added per unit time was also calculated (Fig. 11), assuming no
contemporaneous downstream erosion during the deposition of Qoa-c. Be-
cause this calculation assumes no channels and the first calculation
assumes the widest possible channels, the actual value must be in between.
It is clear from Figure 11 that the width of erosional channels does not
become a serious problem until the Holocene, after most of Qoa-c was
deposited. If this problem is significant for the latest Pleistocene,
the peak in net aggradation may be as much as 500 years younger and the
switch to net degradation may be a thousand years later. The major
effect would be to increase the Holocene rate of erosion to widen the

channels into their current configuration.
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Figure 3-11 Channel aggradation and degradation in Cajon Creek during
the last 17,000 years. The striped histogram represents the amount of
material added to the channelized portion of the system per 1000 years.
The solid histogram represents the net aggradation or degradation in the
creek per 1000 year. The rate of channel filling peaked sharply about
13,000 years ago. The maximum ratevof channel deposition was about 50%
greater than the total amount of material carried by Cajon Creek today.
The details of the curve after 6,000 years BP are uncertain due to the

lack of complete profiles.
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The material under the 15 ka curve (Fig. 10) 1is inferred to have
accumulated during the period of time between 17 and 15,000 years ago
because the onset of Qoa-c deposition is extrapolated to have begun at
the edge of the basin at about 17,000 years ago (Fig. 7). The existence
of relatively thin deposits near the edge of the basin and the possibility
of contemporaneous erosion upstream make it wunlikely that significant
net aggradation occurred until 16,000 years ago. The material below
the 6,000 years—ago curve is assumed to have been removed by 2,000 years
ago because Qoa—-a deposition at the éurrent level of the creek began at
about that time. Also, the amount of material removed in the past 300
years is essentially unconstrained but has been estimated to complete
the curve,

The problem of estimating volumes without complete profiles cannot be
ignored. If the downcutting concurrent with the deposition of Qoa-c were
not included, the total calculated amount of debris stored in the system
would be overestimated by more than 257% and the amount added during a 1000
year interval in the Holocene would be completely meaningless. As noted,
the problem of contemporaneous erosion and deposition may also be signi-
ficant for the estimates of the early Qoa-c volumes because the upper
reaches could still have been eroding while the lower parts were filling.
However, the relative heights of the Qoa deposits, which are separated
by 10s to 100s of thousands of years, suggest that the long-term erosion
rate is only a fraction of the rates of addition or removal of material
associated with the fill pulses. Certainly by 14,000 years ago deposi-
tion must have outweighed any contemporaneous erosion upstream..

A curve has been drawn through the histogram of Figure 1l to high-

light the average yearly flux of debris through the part of the system
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discussed here. The pulse of sedimentation represented by the Qoa-c
deposits spanned more than 10,000 years (Fig. 7); however, net aggrada-
only spanned about 6000 years and peaked sharply 13)500 to 14,000 years
ago. Net erosion began about 10,000 years ago and continued until about
1700 years ago. While the shape of the curve after 6,000 years ago is
unknown, sediment removal appears to have taken place in two pulses, one
at about 8000 years ago and the other about 4000 years ago. The period
of lower erosion rates, between about 6 and 7000 years ago is real and
may have extended farther into the poorly defined time period than shown
on Figure 1.

The most sediment actually stored in the system at any time was
about 1/2 billion cubic yards, the volume under the 10 ka curve (when
the system switched from net aggradation to degradation). The maximum
rate of aggradation occurred between 13,000 and 14,000 years ago and was
about 150,000 cubic yards/yr (Fig. 11). The calculated rate of channel
erosion does not exceed 75,000 cubic yards/yr, about 1/2 the maximum rate
of aggradation; however, the erosional period during the last 6,000 years
is poorly defined. The entrenchment and removal of Qoa-c took a much
longer time to propagate up Cajon Creek than the deposition of the fill
(Fig. 7). The greater range of aggradational values and the greater speed
that aggradation migrated through the system may explain the observation
that the best developed surfaces in the study area are aggradational.

Figure 11 shows net aggradation while Qoa-a was being deposited.
However, Qoa-a has only been recognized as a significant deposit in the
central part of the drainage and may have been associated with erosion
elsewhere in the system. Thus, the magnitude and even the existence of

net aggradation is not as clear as for Qoa-c. The erosional pulse that
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has characterized the central part of the area for the last 300 years
may indicate net erosion in the system but without complete coverage it
is difficult to be certain. At present the total system is believed
to be slightly erosional because along most of its length Cajon Creek
flows across a floodplain, indicating stability (Bull, 1979), but incising
gullies commonly characterize the uppermost reaches, indicating erosion.
However, the complexity of the system and the extensive cultural modifica-
tion make it difficult to determine the current status of the system
with certainty.

Comparison of Modern and Holocene Sediment Supply Rates

The maximum rates of channel aggradation and degradation can be com-
pared with what Cajon Creek currently delivers to the San Bernardino basin.
No direct measurement of sediment transport exists for Cajon Creek but
many other rivers and creeks in the Transverse Ranges have debris dams
or reservoirs across them that capture the sediment that they produce.
Several techniques have been developed to extrapolate the data from
streams with catchment basins to other drainages in the Transverse Ranges.
These techniques are not discussed here but several estimates for Cajon
Creek are presented for comparison.

When one uses the technique of Rowe et al (1949, 1954) and assumes
that the Cajon Creek area was completely burnt about every 150 to 200 years
before the settlement of the area by Europeans (personal communication,
1984, Tim Passon, ecologist at the USDA Fire Research Station, Riverside,
CA), one calculates that Cajon Creek would produce an average of about
140,000 cubic yards of sediment per year in the absence of cultural
influences. When one uses the technique of Taylor (198l) the predicted

yield for Cajon Creek would be 73,000 cubic yards per year.
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Another approach is to compare Cajon Creek with the closest major
drainage that has been measured. The Santa Ana river catchment area in
the San Bernardino mountains is estimated to produce about 2.3 acre~feet
of sediment per sq mi/year (Chuck Orvis, Army Corps of Engineers, personal
communication, 1984). Orvis feels that Cajon Creek should be similar,
which would imply a total production of 223,000 cubic yards/yr. However,
Taylor (1981) estimated that the upper Santa Ana River produces about
2.25 times more/sq mile than Cajon Creek while Rowe et al. (1949) esti-
mate that it should produce 30-40% less. The different estimates are
due to the uncertainties in the effect of fire upon the average rate of
sediment production and in scaling the geologic and geomorphic factors
that control erosion rates. The long-term average for well studied
drainages that are similar in size to Cajon Creek throughout the Trans-
verse Ranges is about 100,000 cubic yards per year (Scott and Williams,
1974). Based on this range of estimates, Cajon Creek probably transports
between 50,000 and 300,000 cubic yards of sediment per year, and 1is
likely to be close to the 100,000 cubic yards average for similar drainages
in the area.

During the period of maximum aggradation, about 13,500 years ago,
Cajon Creek was annually storing between 1/2 and 3 times the amount it
annually removes from the system today. The average rate of channel
erosion between 9000 and 2000 years ago, when the system was removing
the Qoa-c deposit, was between 1/5 and 1 times the total amount of sedi-
ment currently being transported by Cajon Creek. Because the prehistoric
values include only the material added or removed from the channels and
not material that simply passed through the system without any record,

variations in the rate of total sediment removed from the drainage
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fluctuated by much greater amounts.

An estimate of the actual amount of sediment transported by Cajon
Creek during the periods of aggradation can be made by comparing the
size distribution of the sediment in the terraces with the material
transported today. Because the stream selectively deposited its coarse
fraction relative to its finer fraction, a comparison of the size distri-
bution of the sediment in the terraces with that which is currently being
transported should yield some idea of what passed through the system
while the terraces were being deposited. While detailed particle size
analyses have not been made on the gravels from the Cajon Creek drainage,
it is obvious that the mean size particle is a large pebble and that the
gravels contain less than 107 sand and finer material. This estimate
agrees well with particle size studies by Bull et al. (1978) on similar
terrace gravels in the adjacent San Gabriel River; they found mean sizes
of large pebbles to small cobbles and that the amount of material sand
sized and smaller ranged from 2 to 15% (Bull et al., 1978, p. 38).

The size distribution of sediments carried by Cajon Creek today can
be estimated by comparing it to similar drainages that flow into reser-
voirs or catchment basins. Small basins underlain by bedrock in the
Transverse Ranges produce sediment of which 307% of the material is coarser
than sand (Taylor, 1981, p. 64). Basins underlain by fine-grained sedi-
mentary rocks produce less than 1% coarser than sand (Taylor, 1981, p.
64). TFor all substrates, larger drainages produce relatively less coarse
material. The overall average for the upper Santa Ana River basin is
10% coarser than sand (Taylor, 1981, p. 69). Because Cajon Creek is
underlain by both sedimentary and crystalline rocks and is a moderate-

sized basin, a value of 10% coarser than sand is likely to be representa-
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tive. This is close to Bull's estimate for Cajon Creek (written communi-
cation, 1985) of 15%. If, during the period of maximum aggradation,
Cajon Creek was depositing everything coarser than sand, it was still
transporting 10 times what it was depositing. Therefore, it must have
been carrying 5 to 30 times the sediment it now carries because it was
storing between .5 and 3 times what it carries today. This is a minimum
requirement because some coarse material probably left the drainage.
Regardless of what the actual value was, there can be no doubt that the
sediment supply fluctuated by very large amounts during the deposition
and erosion of the terraces.

DISCUSSION

Impact of tectonics on the alluvium

Many of the alluvial deposits discussed here were laid down by
streams that cross the San Andreas and other active faults. Despite the
high rate of activity on the faults (eg., 2.5 cm/yr for the San Andreas,
Weldon and Sieh, 1985), the alluvial deposits have formed with little
tectonic influence. Lateral reconstruction of offset units indicates
that the thicknesses of the deposits do not change significantly at the
faults (Fig. 4, 5). Warping of the area near the San Andreas fault might
be called upon to produce the lens—shaped fill deposits in Cajon Creek
but several lines of evidence discount this possibility. First, the sim-
ilarity of the profiles of the streams between fill events would require
alternating downwarping and bowing, returning the system to essentially
the same gradient each time. Even if this were the case, the rates and
extent of the bowing would have to be different at every stream that
crosses the fault because of the diéferent sizes and shapes of deposits

in each drainage. 1In Cajon Creek a mechanism to cause the activity to
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migrate upstream, as described above, would also have to be devised.
Another problem with warping is that tributaries, such as Prospect Creek,
also cross the San Andreas fault but produce deposits that only thicken
downstream. Obviously, warping could not possibly affect individual
streams in such different ways.

Tectonic deformation does have both long-term and short-term effects.
Cajon Creek exists because the San Andreas fault laterally juxtaposed the
low San Bernardino basin against the previously uplifted San Bernardino
Mountains (Weldon and Meisling, 1982). Headward erosion of Cajon Creek
into and through the mountains has caused net downcutting in the central
part of the drainage of about | mm/yr during the past 0.5 my. This long-
term rate is about 20 times slower than the maximum rate of Qoa-c accumu-
lation and 5 times slower than Holocene incision rates (see Fig. 8).

Deposits and surfaces are offset so that different sized streams,
different level terrace levels, and irregular topography are juxtaposed
at the San Andreas fault. A confusing picture can result if the deposits
and surfaces are not considered in the broader context of their deposi~
tional systems. This short-term effect of juxtaposition generally only
extends a few hundred meters from the fault, where the drainage system
is essentially unaffected by faulting. A good example is found near Lost
Lake (Sec. 12, T2N, R6W, Fig. 1) where the relative heights between ter-
races vary across the fault. Offset that occurred between terrace-form—
ing periods displaced the terraces up or downstream across the fault; so,
when the next terrace was cut it had a different height relative to the
older, offset terrace on each side of the fault.

In summary, tectonic control is the long-term impetus for downcutting

in the area, but it has little influence on short-term aggradation or de-
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gradation away from the faults. Near the faults, tectonic activity tends
to produce more Qhf-type deposits and can obscure the relationships be
tween units and geomorphological surfaces. However, the major alluvial
deposits discussed hefe were laid down across the faults and are only
recording subsequent offset.

Climatic control

The distribution and geometries of the alluvial deposits in Cajon
Creek eliminate baselevel or tectonic control as driving mechanisms.
This leaves climate as the most likely causative agent for the fill ter-
race formation. In order to demonstrate climatic control it is necessary
to show that alluviation occurred only during periods of particular
climatic conditions different from those characterized by erosion or at
periods of climate change. Changes in climate through time are usually
inferred from advances or retreats of glaciers, vegetation changes, sea
level curves, oxygen isotope variations in marine sediment cores, and
lake levels or salinities. While there are disagreements between these
various records, there is little doubt that the latest period of extreme
wet and cold climate occurred between about 16 and 25 thousand years ago
and that the past 8 to !0 thousand years have been relatively hot and
dry. The latest major alluvial deposit in Cajon Creek, Qoa-c (with net
aggradation between 16 to 10,000 years ago), corresponds with neither of
these climatic extremes, but with the transitional period in between.

Perhaps the most dramatic evidence of climate change is the advance
and retreat of glaciers, recorded by moraines and other glacial deposits.
Unfortunately, there are few direct dates available from glacial deposits
in the Southwest and their ages are generally based on extrapolation from

the few dates by relative dating techniques (e.g., Sharp, 1972; Gillespie,
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1982), correlation with dated lacustrine sections from lakes fed by gla-
ciers (e.g., Smith, 1979; Lajoie and Robinson, 1982), or global sea level
(Shackleton and Matthews, 1977; Aharan, 1983) and oceanic oxygen isotope
fluctuations {(e.g., Shackleton and Opdyke, 1973) that are inferred to
record changes in global ice volume. Based on these extrapolations there
is a consensus that the latest Pleistocene glaciation in the Sierra
(Tioga) occurred between about 25 and 10 thousand years ago (Sharp,
1972; Smith, 1979; Gillespie, 1982).

Global sea level and oxygen 1isotope curves show good agreement where
data are available, and indicate that the latest worldwide glacial max-
imum was between 18 and 25 thousand years ago and that major deglaciation
began between 13,000 and 16,000 years ago (Duplessy et al., 1981; Ruddiman
and Duplessy, 1985). It appears that early deglaciation was characterized
by thinning of the ice sheets that catastrophically retreated immediately
before the Holocene. While there remains considerable debate about the
nature and rates of deglaciation between 16 and 10 thousand years ago
(Ruddiman and Duplessy, 1985), globally this period is best characterized
as a transitional time between climatic extremes.

Vegetation changes, recorded by detritus in packrat middens (Wells
and Berger, 1967; Wells, 1979) or by pollen recovered from lake cores
(Adam et al., 1981l; Wright et al., 1973; Martin and Mehringer, 1965)
have been used to determine paleoclimates in the Southwest. Vegetation
collected by packrats in the arid Southwest records the local presence
of particular plants from which the climate can be inferred. Vegetation
preserved in packrat middens indicate that much of the now arid Southwest
was covered by a juniper or pinyon-juniper woodland between 8,000 and

20,000 years ago (Wells and Berger, 1967; Wells, 1979). This major climate
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difference is inferred to have been due to greater abundance of monsoonal,
summer rain relative to todayl(Wells, 1979). The relatively late change
from semi-arid woodlands to desert in the arid Southwest was due to the
relatively slow response of summer monsoons to the climate change (Wells,
1979). Wells (1979) notes that the the effect of summer precipitation
drops dramatically to the northwest and probably did not significantly
affect the northwestern Mojave or the coastal ranges of California.
Cajon Creek, 1in the Transverse Ranges, currently receives more than
90% of its precipitation from winter storms off the Pacific (Ahlborn,
1982), and probably did during the Pleistocene as well (Wells, 1979).
So it is unlikely that the packrat middens in the arid Southwest record
exactly the same changes that influenced Cajon Creek.

Most of the pollen records come from areas strongly affected by win-
ter precipitation (Adam et al., 198l; Wright et al., 1973; Martin and
Mehringer, 1965), and all of these records show a significant climate
change before the end of the Pleistocene. Perhaps the best dated pollen
record comes from Clear Lake in northern California (Adam et al., 1981).
Several well-dated cores from Clear Lake record changes in pollen repre-
sentative of change from full "glacial" conditions towards '""Holocene-like"
conditions between 16 and 17 thousand years ago (Adam et al., 1981; J.
Sims, personal communication, 1985: new dates confirm the 16 to 17,000
transition that appeared to have occurred somewhat later in some of the
earlier cores). Sims (personal communication, 1985) suggests that this
more rapid response to the onset of global climate change, relative to
the interior continental record in the Southwest, was due to the singular
influence of Pacific winter storms on the coastal climate,

If the precipitation at Cajon Creek is always dominated by winter rain
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off the Pacific, as it is today, the onset of vegetation change recorded
at Clear Lake may be correlated with the onset of deposition of Qoa-c at
Cajon Creek. However, regardless of whether Cajon Creek was influenced
by summer, winter, of a mixture of precipitation throughout the year, all
of the vegetation data indicate '"full glacial" conditions (whatever they
were) as early as 20 to 25 thousand years ago. If alluviation at Cajon
Creek was simply due to the abundance of precipitation or differences in
the ratio of summer to winter precipitation, fill terraces would have
formed well before they did at Cajon Creek.

Some of the best records of local climate change in the Southwest
are from lake levels and sediments in closed basins. Lake Bonneville
was the largest lake in the West and it preserves a record of relatively
wet climate between about 26 and 11 thousand years ago (Scott et al., 1983;
Passey, 1982; Scott, 1980; Currey, 1980). The level of the lake was al-
most certainly controlled by overflow between 15 and 13 thousand years
ago so it is not possible to determine exactly when during this period
the wettest conditions prevailed. While the wettest condition may
correlate with the early deposition of Qoa-c in Cajon Creek, one-half
of Qoa-c was deposited while the lake was below its sill and diminishing
to its current size (between 13 and 11,000 years ago, Scott et al., 1983;
Passey, 1982). If alluviation at Cajon Creek was caused by the same
climatic factors that filled Lake Bonneville, alluviation would have
begun around 26,000 years ago and ended between 15 and 11,000 years ago,
not 16,000 and 10,000, respectively, recorded at Cajon Creek.

Sediments deposited in Lake Searles indicate a deep, permanent lake
between about 23 and 16 thousand ye;rs ago (Smith, 1979; 1984). While

there was a relatively wet period between 13 and 11 thousand years ago,
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the period between 16 and 10 thousand years ago was generally character-
ized by increasingly saline conditions, associated with the transition
to Holocene climate.

Several other western lakes had a relatively late persistence of
high water levels or a pulse of wet conditions during the latest Pleisto-
cene. For example, there were 3 high stands of Mono Lake between 36-34,
28-24, and 14-12 thousand years ago (Lajoie and Robinson, 1982). The
latest high stand correlates with the last pulse of relatively wet condi-
tions at Lake Searles (Smith, 1979; 1984) and the peak in alluviation
seen at Cajon Creek. While it may be tempting to correlate Qoa-c depo-
sition with a pulse of precipitation centered about 13,000 years ago,
earlier equally wet periods did not produce aggradation at Cajon Creek
so the correlation would be fortuitous. There is no record of significant
alluviation between Qoa-d and Qoa-c (about 55 to 16 thousand years ago),
a period that includes two of the peaks at Mono Lake and most of the
latest high stand at Lake Searles. While it is possible that minor fill
deposits like Qoa-a could have been removed during this interval, there
is some evidence that Cajon Creek was lower than it is today by 25,000
years ago and stayed at about its current level until the onset of Qoa-c
deposition (Weldon and Sieh, 1985). This probably eliminates any possible
correlation with the 28-24,000 high stand at Mono Lake or the 23-16,000
high stand at Lake Searles, and suggests that the correlation with the
13-11,000 high is coincidence.

In summary, the deposition of the latest major fill terrace in
Cajon Creek correlates in time with most indicators of climate change
from "glacial™, "pluvial"”, or 'vegetative" maxima to Holocene climate.

While several indicators of climate change suggest a late persistence of
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relatively wet and cold conditions that may overlap with Qoa-c deposition,
all climatic records indicate equally wet and cold periods when Cajon
Creek was not aggrading. The correlation with the period of climate
change supports the ﬁypothesis that climate is responsible for the fill
terraces but suggests that some process acting during the transitional
period caused alluviation.

If Qoa-c was formed by some process acting during the transition
from relatively wet and cold climate to hot and dry conditions, the other
Qoa deposits should have occurred during similar periods of climatic
transitions. Unfortunately, there are few well-dated climate records
that span the period of downcutting at Cajon Creek to test this hypothe-
sis. Perhaps the most widely-cited long-term indicators of climate
change are deep sea oxygen isotope records (Shackleton and Opdyke, 1973;
van Donk, 1976). The only only record from the Southwest that spans the
total history at Cajon Creek is the lacustrine record at Lake Searles,
California (Smith, 1979; 1984). As discussed by Smith (1984), there are
major differences in these 2 long-term records so both are compared with
that at Cajon Creek (Fig. 12).

The deposition of Qoa-c corresponds with the transitiom from Stage II
to I at Searles Lake and the transition from Stage 2 to 1l in the O0-18
record. Qoa-d corresponds with the previous similar change recorded at
Searles Lake at about 55,000 years ago but is somewhat later tha; the
transition from 0-18 Stage 4 to 3 (about 65,000 years ago). Because the
age of Qoa-d is based on the slip rate on the San Andreas fault, which may
not be uniform, it is not known whether this difference is significant.

The next youngest major transition from wet to dry climate at Searles

Lake is about 105,000 years ago. No deposit of this age has been recog-
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Figure 3-12 Comparisons of the record at Cajon Creek with two records of
long~term climate change. A is the fluctuation in salinity recorded at
Searles Lake, California (Smith, 1984) and B is the fluctuation in global
ice volume, as 1inferred from 189 variations in sediments and fossils
from ocean cores {also reproduced from Smith, 1984; originally from
Shackleton and Opdyke, 1973 and van Donk, 1976). Qoa-c and Qoa-d are
contemporaneous with transitions from nonsaline (wet) to very saline
(dry) conditions at Searles Lake. Qoa-c is also contemporaneous with
the boundary between oxygen isotope stages 1 and 2. The deposition of
Qoa-d, however, occurred during the middle of oxygen isotope stage 3.
Qoa-e is too poorly dated to correlate exactly but may have formed at
the boundary between hydrologic regimes IV and V at Searles Lake. Both
Searles Lake and Cajon Creek record a lack of transitions from periods

of very wet to very dry climate between about 500,000 and 100,000 years BP.
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nized at Cajon Creek. However, it must be remembered the Qoa-d is only
really dated at Prospect Creek, where unquestionable offsets exist. The
other Qoa~d deposits near Cajon Creek are correlated by their soils, geo-
morphic position and ;he fact that their offsets are consistent with those
at Prospect Creek. In several places there is suggestive evidence that
Qoa-d may be a composite unit. Near Blue Cut (Fig. 1) there are 2 geo-
morphic surfaces on the Qoa~d deposit, with the higher one having a much
better developed soil. In the Devore area (Fig. 1) soils with development
comparable with Qoa-d deposits near Prospect Creek are commonly buried by
deposits of unknown age. If a hypothetical 105,000 year old unit existed
at about the same geomorphic level as Qoa-d and was buried in most places
by the tremendous 55,000 year old deposits, it may not have been recognized
because of the poor exposure and limited number of soil descriptions in
the area.

Several other workers have noted a double deposit formed during this
period. Bull (written communication, 1985) notes that his T3 fill terrace
in the adjacent San Gabriel River drainage consists of two periods of
deposition and the second just buries the first. McFadden (i& Bull, et
al., 1978; personal communication, 1985) notes that the two soils have
comparable development and each is similar to that on Qoa-d (McFadden
and Weldon, in review). So there could be two deposits, one around
55,000 and one around 100,000 years ago. Direct evidence for a 100,000
year old deposit may exist across the San Bernardino basin in the
Grand Terrace unit of Haner (1982). Haner reports a uranium series date
on a buried soil in this unit of 97 + 5 thousand years. While uranium
series da;es on paleosols are diffiéult to interpret, and the site may

have some problems (T. Rockwell, personal communication, 1984), the
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approximate correlation with the 105,000 year old transition at Lake
Searles and the possibility that Qoa-d is a composite unit suggests that
more work should be done to determine 1if Qoa-d 1is indeed 2 units.

While it is poséible that Qoa-d buried a hypothetical 105,000 year
old deposit, the long-term downcutting of Cajon Creek makes it unlikely
that Qoa-d buried a deposit much older than 150,000 years because the
river was probably at a higher level before then (Fig. 12). The lack of
significant aggradation in the Cajon Creek area between Qoa-d and Qoa-e
(about 55,000, or perhaps 105,000, to 500,000 years ago) is matched by a
lack of transitions from wet to dry conditions at Searles Lake (Fig. 12).
The oxygen-18 records, however, contain numerous transitions during
this time that appear to be similar to that at the Holocene boundary
that are not found at Lake Searles or Cajon Creek (Fig 12). Smith (1984)
suggests that whatever causes the 100,000 year cycle in ice volume does
not always affect middle latitude climate. If this is the case, the long
gap in alluviation seen at Cajon Creek may reflect a long period without
major wet—to-dry transitions like those during the latest Pleistocene.

Qoa-e may correlate with the next youngest major transition from non-
saline to saline conditions at Searles Lake about 550,000 years ago (Stage
V to IV) (Fig. 12). Searles Lake records 6 transitions from wet-to-dry
conditions between 550,000 years and 1 my. This may explain the possible
range in Qoa-e-like deposits in the Transverse Ranges that at least one
worker (Crook, 1985) suggests spans the Bruhnes-Matuyama polarity boundary '
730,000 years ago. Most of these earlier events would not be recorded
at Cajon Creek because downcutting began after the polarity reversal.

The 0.4 to 0.5 my gap in major fluvial deposition is believed to be

characteristic of the Transverse Ranges. This belief is based on the
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geomorphic position and soils described omn fill terraces throughout the
ranges (McFadden, 1982; McFadden and Weldon, in review). The correla-
tion with the long period of aridity experienced at Lake Searles strongly
suggests a regional climatic influence quite different than that experi-
enced during the latest Pleistocene.

Finally, the beginning of Qoa-a, about 2000 years BP, corresponds to
a minor transition from wet to dry at Searles Lake. While this was a
very minor transition, it may have occurred at the same time as a major
decrease in lake level at Mono Lake between 3400 and 1200 years BP (Stine,
1984) and many streams in the Southwest are known to have aggraded during
the time of the deposition of Qoa-a (examples can be found in Leopold
and Bull, 1979, Bull et al, 1978, Crook et al, 1978, and Sieh, 1984).
While debate continues about the exact contemporaneity of these latest
prehistoric fill episodes and subsequent incision (for an alternative
view see Schumm, 1977; Kottlowski, et al., 1965), many streams in the
Southwest did aggrade within a few 100 years of this time, indicating
that a regional climatic cause 1s possible.

Qoa-a is a very minor unit that probably would not be recognized if
it were not so young. Many such deposits were probably laid down and
subsequently eroded or buried by larger, younger units. This may also
be the fate of Qoa-c sized events that predate Qoa-d. However, it is
unlikely that anything as large as Qoa-d or Qoa-e could have been missed
unless it was deposited immediately before one of these deposits, before
significant downcutting had occurred, and was buried.

In summary, there is excellent agreement between the records at Cajon
Creek and Searles Lake. Within the errors of the dating techniques, every

alluvial event at Cajon Creek formed when Lake Searles was drying and the
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only wet-to-dry transition at Searles Lake not found at Cajon Creek may
have been buried. Also, the correlation of the remarkable 0.4 my gap in
wet-to-dry transitions recorded at both places makes fortuitous correla-
tion due to poor age control unlikely. While there is agreement with the
0-18 record for the latest climatic transition at Cajon Creek, the record
at Cajon Creek supports the hypothesis of Smith (1984) that the global
0-18 record may not always be appropriate for correlating climatic change
in the Southwest.

Correlation with other drainages

The existence of relatively few, climatically controlled major allu-
vial deposits in Cajon Creek raises the possibility of constructing a
regional alluvial stratigraphy. While fill terraces are widespread in
the Transverse Ranges, there is little age control, so a regional corre-
lation is premature at this time. It does appear that many drainages
experienced a latest Pleistocene to early Holocene aggradational event
(for example, Bull et al., 1978; Crook et al., 1978), and as discussed
above, many streams contain significant deposits of latest Holocene
alluvium. Most drainages in the Transverse Ranges contain middle-to-
late Pleistocene fill deposits (for examples, see: Weldon et al., 1981;
Eckis, 1928: Morton and Miller, 1975; Haner, 1982; Mezger, 1982; Bull
et al., 1978; Crook et al., 1978) but to date the only way to correlate
them is geomorphic position, weathering characteristics, and soil devel-
opment. While these techniques can indicate approximate contemporaneity,
more absolute dates and refinement in soils and other relative techniques
will be needed before a "grand synthesis'" can be made.

The record at Cajon Creek illustrates that correlations may be dif-

ficult even when age control exists. Qoa-c contains radiocarbon dates
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that span 9000 years, some of which postdate the onset of subsequent
incision in most of the drainage. So in comparing dates, the setting
and potential age range of a unit must be considered. Also, dates taken
from Qhf deposits cannot be used for correlation, so careful consideration
must be given to the relationship between the deposit containing the
datable material and the system as a whole. Perhaps these problems will
limit the usefulness of correlations involving the very young units; how-
ever, the periods of time between the older units are likely to be much
greater than the range in time within a unit, so correlations involving
the older units will be very useful.

Response to the Climate change

It is generally inferred that the late Quaternary climatic change
involved changes in temperature and precipitation that were manifested by
changes in hydrology and sediment supply. These changes could be called
upon to explain, the formation of fill terraces in Cajon Creek. For
example, the Langbein-Schumm relationship could be used to estimate how
sediment supply varied as a function of likely precipitation and tempera-
ture differences associated with climate change at Cajon Creek (Langbein
and Schumm, 1958; Schumm, 1977).

There are two problems with applying this approach to Cajon Creek.
First, the Cajon Creek drainage currently receives an average of about
63 cm of rain per year, which corresponds to the maximum sediment yield
in the Langbein-Schumm curve (adjusted for the average temperature of
60° F at Cajon Creek; see Schumm, 1977), so it is not clear whether more
or less effective precipitation will increase the sediment supply in
the area. Second, the large increases in sediment supply are associated

with the transitional period and not the climatic regimes themselves.
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The sediment supplied during thé wettest times may have been different
from the driest times, such as the middle Holocene, but during both
extremes the creek cpuld transport all of its load and no fill terraces
were formed. The problem appears to be that the system is complex and
the process of change produces a far more dramatic effect than the abso-
lute difference between the states separated by the change. To understand
the fill terraces in Cajon Creek, one must focus on what happened at the
transition in climate as much as the actual conditions on each side of
the transition.

Three end-member possibilities for the pulses of sedimentation at
climate boundaries are considered here. The first is that the amount of
sediment supplied by the hillslopes somehow increased by much more than
any accompanying increase in the creek's ability to transport it, forcing
the deposition of the fill terraces. The second is that the Pleistocene
hillslopes held an excess of debris that was released by some change
associated with the climate boundary. The third possibility is that the
sediment supply has been relatively constant but the creek's ability to
transport it has varied through time due to changes in the average run-
off, size or timing of storms.

The sheer magnitude of the deposit and the rates of sedimentation
calculated above make the third and probably the second possibilities
impossible. The amount of sediment supplied by the hillslopes at the
peak of the Qoa-c event was about an order of magnitude greater than the
total sediment production by Cajon Creek today. So, simply varying the
discharge could not produce the required amount of channel aggradation
even if no sediment at all reached the basin (which was clearly not the

case anyway because the terraces do not contain the fine material that
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makes up the bulk of Cajon Creek's sediment load). Variations in dis-
charge are certainly involved because Cajon Creek could not have moved
all of the sediment required without much greater discharge than it has
today. However, it is clear that the variations in the sediment produc-
tion rates, whether from stored or primary sediment sources, exceeded
the fluctuations in the stream's ability to carry it.

The second possibility, forming the fill deposits from material
previously stored on the hillslopes, has gained recent acceptance. Bull
et al. (1978) proposed a complex response to the Pleistocene - Holocene
climatic transition that could have caused a pulse of alluviation in the
early Holocene. They proposed that the vegetation on Pleistocene slopes
could hold much more debris than the Holocene slopes and that the excess
was released when the vegetation changed. The most common change appealed
to in the Transverse Ranges was from pine forest to a more fire-prone
chaparral (Bull et al., 1978). Fires periodically removed the chapparal,
which released the excess debris, which overwhelmed the system, which
responded by depositing fill terraces. Once the system was ''cleaned
off", incision occurred because the system was really in a regime in
which it should have been actively incising. This was a classic complex
response (Schumm, 1977), because the system actually filled when a steady
state consideration of the variables indicates that it should have been
incising.

The differences in the timing of vegetation changes, recorded by
pollen from lake cores and packrat middens, discussed above, make it
difficult to determine if aggradation occurred exactly when the vegeta-
tion changed. Because the vegetative make-up of the area is complex and

changes probably varied even within the Transverse Ranges, a clear test
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of this hypothesis may be difficult. The hypothesis may be tested by
comparing the volume of material deposited during the fill event with
the amount that can be stored on the hillslopes today. The maximum
volume of material ;tored in the channels at any one time during the
aggradational pulse was about 1/2 billion cubic yards. This 1is about
5000 times the amount that is removed in a year under the current climatic
regime and represents, as discussed above, less than 10%Z of the actual
amount of material eroded from the hillslopes during Qoa-c deposition.

A comparison can be made with the amount of material stored on the
hillslopes today from the amount of sediment being carried by Cajon
Creek. If the current yearly production is divided evenly across the
drainage area, about 0.5 mm/yr is eroded. Major storms following fires
can cause the sediment yield to increase 20 to 50 times in the Transverse
Ranges (Rowe et al, 1949, 1954; Taylor, 1981), suggesting that the hill-
slopes store much more than is actually transported each year. However,
because later storms in a sequence of storms typically do not remove much
additional material (unpublished study, Wade Wells, personal communica-
tion, 1984, USDA Fire Research Station, Riverside, CA), the total availa-
ble sediment on the hillslopes is believed to be about the amount that
is moved during a single large storm after a fire. So, there is at most
an average of 25 mm (50 X 0.5 mm) of transportable material stored on
the hillslopes above Cajon Creek. To store the 1/2 billion cubic yards
represented by Qoa-c on the hillslopes would require that the Pleistocene
slopes held at least 100 times the current amount or about 2.5 meters
averaged over the entire catchment area. Because debris is really only
derived from just under 1/3 of the total drainage area, an average of

about 6 meters would have to be derived from producing hillslopes. To
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store the amount of material that actually passed through the system
during the deposition of Qoa-c would require about 10 times this amount.
Clearly, no reasonable hillslope system could hold so much loose material.

There are sevefal other reasons why the prior storage of material
is unlikely. Qoa-d, the previous fill deposit, was far more voluminous
than Qoa-c. Outcrops of Qoa—-d are typically twice as thick as adjacent
deposits of Qoa-c and Qoa~d was more widespread because it was not con-
fined to as narrow a channel as were the Qoa-c¢ deposits. While Qoa-d
may be a composite deposit, the final aggradational pulse was probably
almost an order of magnitude greater than Qoa~c and would therefore
require even greater amounts of prior storage.

The final problem with the storage model is the presence of well-
de?eloped fill terraces in areas that probably do not store material in
the way that a crystalline bedrock slope does. 1In the Bull et al. (1978)
model the difference in the erodability of the bedrock and the colluvium
stored on the bedrock caused first a pulse of sedimentation and then
incision when the slopes were laid bare. 1If no difference in erodability
exists between the substrate and the colluvium the pulse should not occur.
In Crowder Canyon a particularly compelling case can be made because the
underlying Crowder Formation and early to middle Quaternary deposits are
virtually unconsolidated. It is probably as easy to erode the material
that makes up the hills as it 1is to erode any material stored on the
slopes derived from them. Therefore, any stored material would act essen-
tially like the parent and there should be no pulse of sediment due to
the release of stored material when the climate changed.

In Crowder Canyon there is also little difference in the resistance

to erosion between the material in the fill terraces and the material in-
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to which the channels are cut. In fact, the distribution of the current
channels suggests that the "bedrock' is slightly easier to erode than the
fill deposits, which contain coarser debris from farther upstream. So
the variation in the rate of downcutting may not be due to bedrock control
either. Periods of rapid downcutting or aggradation in Crowder Canyon
must simply be due to the variations in sediment supply and hydrologic pa-
rameters because there is no difference in moving primary or stored mater-—
ial in this area. The fact that Crowder Canyon experienced pulses of
aggradation and degradation with the rest of Cajon Creek suggests that
stored material, either on the hillslopes or in the channels, is not a
significant factor in the fluctuation between deposition and erosion.

It is concluded that the period of time represented by the deposition
of Qoa-c was characterized by relatively high primary sediment production
and not simply the processing of previously stored material from the hills
or the failure of the system to carry its normal sediment supply. While
the latter factors almost certainly played a role, large changes in the
rate of sediment production must have been the dominant factor. Changes
in vegetation may be responsible for the large amount of hillslope erosion
but the changes could not have simply released stored material. The
development of a chaparral fire ecology certainly could produce more
sediment but the fire ecology exists today and the drainage 1is quite
capable of processing all of the sediment it receives.

Weldon (1983) proposed that the magnitude of the fill reflected the
length or relative intemsity of the previous wetter or colder climate.
If the magnitude of the change in climate were reflected in the magnitude
of the fill, Qoa-c would be larger than Qoa-d, according to both the

0-18 record and the Lake Searles record (Fig. 12). The length hypothesis,
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however, is supported by the climate changes inferred from the record at
Searles Lake. The 55,000 and .55 my transitions follow long periods of
wet and/or cool climgte. While the latest transition appears to be more
significant in magnitude, it followed a relatively short period of wet
and/or cold climate and produced less fill.

A mechanism must therefore be proposed that allows the prior wet
and cold climate to impress itself on the magnitude of the fill. It 1is
proposed that the degree to which the hillslope system adjusted to the
relatively wet climate determines thé magnitude of the fill at the sub-
sequent transition to Holocene-like conditions. The system may return
to a Holocene equilibrium faster than it can completely adjust to being
a Pleistocene system, because the fill event lasts less time than the
prior wet and cool period. However, if a Holocene "equilibrium" is not
attained until the fill 1is also removed, then the timing of the two ad-
justments may be similar. This may be why the creek profiles after fill
events do not return to their prefill shapes until the stored material
is also removed, returning the system to the long term "equilibrium"
controlled by downcutting and tectonics.

Two mechanisms are proposed by which the previous climate controls
the magnitude of the subsequent fill. The first is a variation of the
prior storage model of Bull et al. (1978). Rather than storing eroded
material on the hillslopes, wetter climate may produce a more deeply
weathered regolith. This regolith is more susceptible to latter erosion
as the climate and vegetation change. While this hypothesis helps solve
the problem of storage of tremendous amounts of debris and would perhaps
yield more sediment following longer periods of regolith development,

it does not solve the problem in Crowder Canyon where the material is
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already about as susceptible to erosion as it can be.

Another mechanism is based on comparisons of humid and arid hill-
slopes and the nature of small remnants of old hillslopes preserved above
Cajon Creek. Small,x generally triangular wedges of relatively smooth
slopes are locally 1isolated from the active slopes that have a much
greater density of first—- and second-order streams. These small remnants
of smoother slopes are thought to have been active before and during the
deposition of the Qoa deposits because sediments on these slopes locally
interfinger with the Qoa deposits. Comparisons of drainage densities
on arid, semi-arid and humid hillslopes (Schumm, p. 83, 1977) support the
inference that during more humid conditions slopes would have a lower
drainage density than do today's. Both the currently active slopes and
the hillslopes that existed during wetter or colder periods supplied de-
bris that the drainage network could accommodate. However, when slopes
that had adjusted to relatively humid conditions were suddenly subjected
to semi-arid conditions, as they would have been during a climate change,
the drainage density would have to increase to accommodate the new hydro-
logic conditions. Incising the additional first- and second-order streams
necessary to make the hillslope texture consistent with the new climate
may produce a large enough increase in sediment supply to cause the forma-
tion of the fill terraces. When the proper drainage density was achieved,
the hillslope system was again compatible with the climate and downcutting
began to occur in the transfer part of the system, where the excess debris
had accumulated, reestablishing the fluvial gradient consistent with the
drainage system as a whole. Ounce the prefill gradient was achieved, the
downcutting would continue at a lower rate, consistent with the long-term

expansion and maturation of the Cajon Creek system.
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If it takes a long time to establish a hillslope system consistent
with relatively humid conditions, by filling or erosional smoothing of
the excess first- and second-order drainages, the degree to which the
humid hillslope differs from the relatively arid slopes depends on the
length of the relatively humid conditions. The time would then be reflec—
ted in the magnitude of the subsequent change required to return the
system to the more arid condition, and the size of the fill event.

It is not clear that this hypothesis 1is really different from a
vegetative change because the vegetation and hillslope texture are
certainly related. Perhaps a number of interrelated processes, including
vegetation, weathered regolith, stored loose material, hillslope textural
changes, and precipitation differences all interact to produce the aggra-
dation, and no single process should be singled out.

Upstream migration of the fill

It is not understood why the Qoa-c fill pulse migrated upstream.
Possibly, hypothetical vegetation or drainage density changes migrated
up the system. However, the fill event may have started at the basin
edge and migrated upstream because that part of the drainage was most
sensitive to an excess of sediment supply experienced by the whole system.
An excess of debris may have required the system to steepen its gradient
to move the excess material. However, because the relative level of the
hillslopes and the basin are fixed (in the short term), the average
gradient of the system cannot be changed; so Cajon Creek can increase
its gradient only locally, decreasing it immediately upstream. If the
creek began to deposit material near the basin, it increased its gradient
downstream of the locus of deposition and decreased it upstream (Fig. 13a).

Material would rapidly accumulate in the flatter, upstream reach until
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Figure 3-13 The deposition of Qoa—-c in Cajon Creek, represented by suc-
cessive profiles. The filling, associated with a steepening of the local
gradient below the locus of deposition and a lowering above, migrates
upstream. Degradation also migrates upstream as the rate of aggradation
began to decrease. However, deposition continued to migrate upstream

after the system switched from net aggradation to degradation.
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it reached a thickness such that the downstream reach could transport all
of its load. Because the sediment supply continued to increase, the
reach upstream of the steepened reach also steepened by aggradation.
The locus of filling therefore migrated farther upstream and the steeper
reach to the basin lengthened (Fig. 13b).

The aggrading reach maintained a constant gradient (Fig. 10) as it
migrated upstream. It is likely that little coarse debris could cross
the relatively flat aggrading reach so it was laid down to form the
fill terraces. In this way, essentiélly all of the coarse sediment pro-
duced upstream of that point was stored. All of the sediment produced
downstream of the aggrading reach could leave the system because of the
steeper gradient. Ultimately, the sediment supply began to decrease and
the gradient from the aggrading reach to the basin began to decrease.
This probably happened about 13,500 years ago when the rate of total
aggradation began to decrease (Fig. 1l1), and was manifested by the pro-
gressive flattening of the downstream reach after that time (Fig. 10).

Material continued to build up in the relatively flat portion and
minor erosion occurred in the steep portion to achieve a gradient consis-—
tent with the decreasing sediment supply (Fig. 13c). The relatively
steep reach continued to lengthen, and the fill continued to thicken
upstream. At about 10 ka the amount of erosion doﬁnstream surpassed the
amount of filling upstream. However, the fill continued in the upper
reaches at least until 6,000 years ago. The material deposited between
10,000 and 6,000 years ago may have been a baselevel response to the
thick fill in the center of the drainage. Most of the system was eroding
after about 6,000 years ago when incision reached the upper part of the

drainage (Fig. 13d). From that time on the creek slowly approached its
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current (and prefill) configuration by downcutting everywhere. The gra-—
dient in the central part of the system was essentially parallel to the
prefill profile but at a higher level until all of the stored material
was removed. |

Long-term storage and preservation of the fill

While it appears that the controlling factor in fill terrace accumu-
lation was sediment supply, the gradient of the trunmk stream and the rela-
tive size of the tributaries determined where the sediment was stored.
The streams form gradients consistent with the overall drainage regardless
of the width of the channel. The Qoa units form very narrow terraces
where the drainage was deeply channelized or very wide deposits where the
gradient required it to overtop the pre-—existent channel. 1In Flat Creek,
for example, the width of Qoa-a varies by a factor of 3 (Fig. 1) but it
maintains a smooth gradient throughout (Fig. 9). The same relationship
is seen in Lone Pine Canyon (Fig. 1), where the width of Qoa-a varies by
an order of magnitude while maintaining a smooth gradient.

To a large degree the local preservation of a fill deposit depends
on the degree of channelization in the area before the fill was laid
down. If the fill did not overtop and exceed the main channel it was
quickly removed by subsequent erosion. If it did exceed the channel
height, the fill became a broad deposit, apparently limited only by the
relationship between the gradient of the overall system and the local
topography. When the fill overtops the channels the deposit is likely
to be preserved because subsequent incision will be localized to new
channels, leaving widespread isolated remnants of the unit. This happened
in the case of Qoa-d and Qoa~e and, locally, for Qoa-c. Many less volu-

minous deposits that did not exceed the channels were probably eroded,
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leaving no trace of their existence. Also, because this process caused
many drainages to begin incising at about the same time it provides a
useful marker for tectonic studies. Many of the streams that cross an
active fault were 'reset" at the same time so offsets of channels incised
into the major correlatable deposits are comparable over wide areas.

Distinguishing Qoa from Qhf deposits

Qoa deposits occur in the transfer portion of the fluvial system
where sedimentation occurs only occasionally. Because Qoa units form
during brief pulses separated by long periods of nondeposition, it is
possible to recognize and correlate the deposits. Qhf deposits can also
occur in these areas but a local cause can usually be found. Therefore,
Qhf deposits, like landslides, scarp and sag pond sediments, and even
alluvial deposits like those at Pink River and along the San Andreas
near Devore (discussed above) have distinct contacts with the local Qoa
units. In areas of transition from the transfer part of the system to
the hillslopes, as in Crowder and Pitman Canyons, Qhf deposits form con-
tinuously through time. Qoa-c (Fig 7), and probably the other Qoa units,
increase in age range towards the hillslopes so there is no real distinc-
tion between the Qoa and Qhf at the hillslope-channel interface. 1In
these areas the deposits are long-term storage repositories where the
system cannot accommodate all of its sediment supply and are only removed
during exceptional periods of erosion.

The fact that the Qoa and Qhf deposits merge at the edge of the sys-
tem lends insight into their distinction. In the ideal fluvial system
only the transfer portion is close to the threshold of critical power
(Bull, 1979). 1In the depositional basin the stream (available) power is

far less than the resisting power (that required to move sediment) and
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in the production area the stream power generally exceeds the resisting
power. For this reason, the transfer portion of the system where resist-
ing power 1is close to stream power switches from deposition to erosion
in response to small changes in the system such as a climate change.
Near the edges, where the stream and resisting power diverge, the system
is less sensitive and only large changes can cause the system to cross
the threshold between deposition and erosion. This difference in the
sensitivity of the system results in the difference between Qoa and Qhf
deposits.
CONCLUSION

The widespread fill terraces in Cajon Creek were formed during the
late Quaternary, during periods of climatic change from relatively wet
and/or cold regimes to dry and/or hot periods. The fill terraces were
deposited in pulses between about 2000 and 300 BP, 17,000 and 6,000 BP,
about 55,000, and about 500,000 years ago. All of the fill events were
followed by periods of relatively high incision rates that returned the
system to its prefill level. The correlation of the stratigraphy in
Cajon Creek with climatic change, and the existence of similar sequences
of units in other drainages in the central Transverse Ranges may allow
the correlation of wundated deposits throughout the area with those
dated at Cajon Creek.

The exact age of individual deposits varies laterally within the
drainage. The age of the Qoa-c fill terrace in Cajon Creek varies later=—
ally by at least 9000 years. Dates from outcrops of fill terraces must
be understood to represent only the age of the deposit near where the
sample was taken. However, the periods of time separating the older

major units appears to be much less than the variation in age within
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individual units, so correlations can be useful.

Care must be used in deciding which deposits can be correlated be-
tween and within drainages. Often the uncorrelatable deposits can be
easily distinguished ;n the basis of their lithology. However, in prin-
ciple there is no lithologic distinction between units formed in concert
with others in the system and those that do not, so accurate discrimina-
tion may require studying individual deposits in the broader coantext of
their depositing systems.

The rapidly fluctuating fluvial gradients associated with the fill
deposits in Cajon Creek indicate that a greater degree of caution 1is
required in using terrace profiles as reference levels than is commonly
practiced. Many workers have compared terrace profiles through time and
have appealed to tectonics, baselevel changes or long-term drainage basin
evolution to explain differences in the heights or shapes of terraces.
It is clear from the record at Cajon Creek that the surface of a fill
terrace is not necessarily parallel to another fill terrace, cut terrace,
or any other arbitrary fluvial profile (like today's). The surface of a
£ill terrace probably rarely even represents a profile in the sense that
water actually flowed down the whole surface at any one time. If most
fill terraces are like Qoa-c in Cajon Creek, the surface mapped in the
field is only an envelope of the actual gradients occupied by the creek
during the migrating depositional event. As the creek never actually
had a profile shaped like the fill surface, comparing it to other surfaces
to determine tectonic deformation or fluvial development of the system
will obviously lead to misinterpretatioms.

Cut terraces are a little better for comparison but even they are

not completely parallel. Also, the fact that cut terraces merge with
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the migrating fill surfaces suggests that they may also transgress time.
Cut and strath terraces are generally produced when a large part of the
system is at equilibrium (Bull, 1979). Cajon Creek produced its most
extensive cut terraces during the early-to-middle Holocene while the
upper portion of the system was still alluviating and the lower portion
was slowly downcutting, so the overall system was near equilibrium. The
cut-and-strath terraces represent transport surfaces between the allu-
viating and downcutting sections so their gradients were quite similar
and their slopes could be reasonablé compared. However, their heights
vary considerably, depending on when, during the post-fill erosional
period, they formed. Inferring uplift or subsidence from these surfaces
will give erroneous results. The requirement that the system be at
equilibrium is a necessary but not a sufficient condition for comparing
profiles.

It does appear that the gradient before a fill event and the gra-
dient after the fill have subsequently been removed are virtually identi-
cal. Therefore, to accurately compare fluvial gradients the system must
be near the threshold of critical power throughout most of its length
and must not have large amounts of material stored in the transport part
of the system. In this case the only difference in gradients should be
the long-term downcutting rate, which is relatively low. Unfortunately,
such profiles are difficult to determine in the field unless they are
preserved as the base of a particular channel fill that can be correlated
throughout the area. Comparisons of the gradients formed by the base of
fill deposits with one another or the present profile, which is generally
near the base of the late Holocene fill, may allow tectonic inferences to

be accurately drawn. However, because the really major fills (eg. Qoa-d
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and Qoa-e in Cajon Creek) are separated by long periods of time it will
remain a difficult problem to separate tectonic effects from long-term
fluvial effects such as the capture and maturation of the depositing

system.
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ABSTRACT

Sediments shed northward from the central Transverse Ranges into the
Mojave Desert record .the uplift of the central Transverse Ranges and dex-—
tral slip on the San Andreas fault throughout the Quaternary Period. New
paleomagnetic age data for the Harold Formation, Shoemaker Gravels, and
Noble's Older Alluvium, derived from distinctive source areas in the San
Gabriel Mountains southwest of the San Andreas fault, allow determination
of a Quaternary slip rate of 37.5 + 2 mm/yr for the San Andreas fault
northwest of its junction with the San Jacinto fault and 21 + 7 mm/yr for
the San Andreas fault southeast of this junction. The change in rate at
the junction approximates the 8-12 mm/yr of Quaternary dextral slip attri-
buted to the San Jacinto fault by Sharp (1981), and supports the hypothe=-
sis that the slip rate of the San Andreas northwest of their junction is
simply the sum of the San Andreas and San Jacinto faults to the southeast.
The similarity between these data and the Holocene rate of slip on the
San Andreas fault (Weldon and Sieh, 1985; Sieh and Jahns, 1984) supports
the hypothesis that the San Andreas and San Jacinto faults have maintained
relatively constant slip rates throughout the Quaternary Period.

The eastern San Gabriel Mountains were a major topographic high as
early as 1.5 my ago, as evidenced by sedimentary rocks in Cajon Pass
which record the lateral translation of distinctive source terranes in
the mountains to a position opposite the relatively low Mojave Desert
across the San Andreas fault. The western San Bernardino Mountains were
uplifted as the high San Gabriel Mountains passed by across the San
Andreas fault. This uplift occurred about 1 my ago in Cajon Pass and
migrated northwest; the same style of activity is currently uplifting

the area between Wrightwood and Valyermo.
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INTRODUCTION

The central Transverse Ranges are being both laterally offset by the
San Andreas fault and uplifted across it. The San Andreas and other major
faults in the area génerally juxtapose rocks that are much older than the
ongoing Quaternary deformation, so the rocks are of little use in deci-
phering the timing and rates of deformation associated with Quaternary
movement on these structures. Very young alluvium, on the other hand,
commonly overlies or is only slightly deformed by the major faults. Even
where deformed alluvial deposits can be radiocarbon dated one is generally
left extrapolating rates several orders of magnitude beyond the age con-
trol to characterize gross features such as the uplift and offset of the
Transverse Ranges. Minor faults, folds, and regional tilting simply do
not deform young alluvium enough to allow geologists to characterize
their rates and styles of oftset, and are therefore commonly ignored.

This lack of crucial data on long—term rates of deformation in the
central Transverse Ranges 1is characteristic of the San Andreas system
throughout southern California. There are many documented offsets of
rocks and structures that are older than the San Andreas fault (e.g.,
Crowell, 1962, 1981; Silver, 1968; Ehlig et al., 1975; Powell, 1981)
There are also a growing number of Holocene deformational rates, deter-
mined by dating alluvial deposits with radiocarbon, or, in the areas
that are creeping or contain geodetic networks, measured in real time
(e.g., Sieh and Jahns, 1984; Weldon and Sieh, 1985; Lisowski and Prescott,
1981; Savage, 1983; Christodoulidis et al., in review). There remains
a critical Plio~Pleistocene gap in offset data which must be bridged be-
fore we can really understand the San Andreas system aand its relatioanship

to contemporaneous vertical tectonics, like that occurring in the Trans-
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verse Ranges.

Through the use of umgnétostratigraphic techniques, we have been
able to date deposits that preserve the record of the Plio~Pleistocene
tectonics in the Cajon Pass area. Uur magnetostratigraphic data, coupled
with fossil age determinations (Reynolds, 1983, 1984, 1985; Woodburne and
Golz, 1972), two fission track dates on volcanic ashes (C.F. Naeser, writ-—
ten communication, 1981; 1982) and detailed mapping (Weldon, 1984a, 1985;
Meisling, 1984; Weldon et al., 198l; Foster, 1980), provide the basis for
a major reassessment of the late Cenozoic stratigraphy and tectonics of
Cajon Pass. This paper briefly outlines the new age constraints in the
Cajon Pass area (Fig. 1), and discusses implications for the Quaternary
motion on the San Andreas fault and the local history of uplift. Related

papers by Weldon (1984a) and Meisling and Weldon (in preparation) address

the overall evolution of the late Cenozoic tectonics of the western San

Bernardino Mountains, and Weldon et al. (1984 and in preparation) document

the age and stratigraphy of the Tertiary units that generally predate the
activity on the modern San Andreas fault.

The Quaternary sediments of the Harold Formation, Shoemaker Gravels,
and Noble's Older Alluvium (together called the Victorville Fan) contain
the first evidence of the current episode of uplift of the central Trans-
verse Ranges near Cajon Pass and are the focus of this paper. These sedi-
ments were shed across the San Andreas fault from the San Gabriel Moun-
tains and formed huge fans in the Mojave Desert. Through time these fans
coalesced to form a continous band of fanglomerates across the area that
was to become Cajon Pass. Distinctive facies in the Victorville Fan can
be traced to local source areas in the San Gabriel Mountains. The long

outcrop belts of distinctive facies from the San Gabriel Mountains (Fig.
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Figure 4-]1 -~ The geology of the western San Bernardino Mountains, southern
California. The Miocene basins (line patterns) have been truncated by
Mio-Pliocene faults. The Plio-Pleistocene Phelan formation overlies these
early faults and, with the early—to—ﬁiddle Quaternary deposits, outcrops
in a narrow belt along the northern edge of the western "wing” of the San
Bernardino Mountains. The Harold Formation, Shoemaker Gravels, and
Noble's Older Alluvium in Cajon Pass were deposited from discrete source
regions in the San Gabriel Mountains, as indicated on the map. The sec-

tions where the Quaternary units have been dated are shown as rectangles.

SPV is the Squaw Peak fault and CVF is the Cajon Valley fault.
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1) are reminescent of "hopper car” sedimentation proposed for the Violin
Breccia of the Ridge Basin by Crowell (1952, 1982b).

The lower members of the Victorville Fan were deposited at fairly
low elevations northwest of the uplifting San Bernardino Mountains. They
were then warped into the broad northwest—trending folds that form the
western San Bernardino Mountains, locally eroded, and overlain unconform-
ably by the upper members of the Victorville Fan. By studying the char-
acter of these sediments and dating them precisely, we can determine the
timing and style of uplift in the area and the slip rate oa the San
Andreas fault.

For the purposes of this paper, the San Andreas fault is taken to
be the division between the San Bernardino and San Gabriel Mountains
rather than Cajon Pass, which is the physiographic boundary (Fig. 1).
This division emphasizes geologic differences across the San Andreas
fault and iancludes what is generally taken to be the northeastern San

Gabriel Mountains, near Wrightwood, with the San Bernardino Mountains.

LATE CENOZOIC STRATIGRAPHY
Late Cenozoic stratigraphy in Cajon Pass can be subdivided into 3
packages of sedimentary rocks, formed during three different tectonic
regimes. In late Early to early Late Miocene time basins formed in an
extensional environmment characterized by relatively low relief and a
south-southwest regional slope. The shape and extent of these basins
are unknown, as the basins are obscured by a Mio-Pliocene deformational

event (Weldon, 1984a; Meisling and Weldon, in preparation). Pliocene to

early Pleistocene rocks were deposited in narrow east-west treanding

basins reflecting the Mio—~Pliocene structural grain. They include a
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wide variety of lithologies from lacustrine clays with volcanic ashes
to conglomerates. Middle-to—late Pleistocene deposits are composed of
coarse fanglomerates and fluvial gravels shed off the rapidly uplifting
central Transverse Ranges.

Late Tertiary Sediments

The Crowder Formation was thought to wunconformably overlie the
middle Miocene Cajon facies of the Punchbowl Formation (Woodburne and
Golz, 1972; Foster, 1980) until fossils of middle Miocene age were dis-
covered at its base (Reynolds, 1983). Additional fossils (Reynolds,
1984; 1985) and magnetostratigraphic data (Weldon et al., 1984 and in
preparation; Winston, 1985) demonstrated that the type section of the
Crowder Formation spans a period of time from about 17 my to 9.5 my ago
and is therefore at least partly contemporaneous with the Cajon facies
of the Punchbowl Formation.

The sedimentary rocks overlying the Miocene basins, the "western
Crowder™ of Foster (1980), were, upon reexamination, found to range in

-age from 4.1 to betweea 1.5 and 1.2 my ago (Fig. 2). The match with the
absolute time scale, based on fission track-dated volcanic ashes (C.F.
Naeser, written communication, 1981, 1982), is discussed by Weldon (1984a)

and Weldon et al. (in preparation). These Plio-Pleistocene rocks have

been informally renamed the Phelan formation (Weldon, 1984a). The litho-
logic similarity of the Phelan formation over a distance of 50 km suggests
that it formed in a narrow west—northwest-trending basin subparallel to'
the San Andreas fault, the axis of which may be defined by the gravity low
of Cajon basin (p. 159, Dibblee, 1975b). If the Juniper Hills Formatioh
of Barrows (1980) is contemporaneous with the Phelan formation (suggested

by Foster (1980) for his "western Crowder”) the basin may have once ex-
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Figure 4-2 - Magnetic stratigraphy of the Phelan formation at Phelan Peak
(Fig. 1). White indicates reversed polarity and black normal. Vertical
stripes indicate uncertain polarity zones that contain too few samples or
contradictory results. Samples with stable demagnetization paths (discus-
sed in text) are presented as points and samples with demagnetization
paths that form planes are plotted with tails to show the final orienta-
tion and the amount that the sample changed during demagnetization. The
match is based on two fission track dated ashes and sparse fossil control,
and is consistent with the unit's position between the middle Miocene and
Quaternary sediﬁents. The fine grained facies of unit A (Foster, 1980)
was deposited much more slowly than the conglomeratic unit B, and yields

more stable magnetic results.
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tended across the San Andreas fault between Palmdale and Valyermo (Fig. 1).
The Phelan formation is overlain by the Victorville Fan and young alluvium.

(Quaternary stratigraphy

The Victorvilie‘Fan is a sequence of distal to medial fan sediments
shed northeast across the San Andreas fault from the San Gabriel Mountains
and north from the western San Bernardino Mountains into the Mojave Des-
ert as a broad, continuous bajada. This style of deposition continues
today northwest and southeast of Cajon Pass, where the streams have not
yet been captured from the south. The units contain sparse Pleistocene
faunas, including the "early Pleistocene” Barrel Springs assemblage in
the Harold Formation (C.A. Repenning, written communication, 1981) and
several "Pleistocene” faunal assemblages from either the Shoemaker Gravels
or Noble's Older Alluvium near Victorville (R. E. Reynolds, unpublished
San Bernardino Museum Reports). The fact that the Victorville Fan over-
lies the Plio-Pleistocene Phelan formation, contains Pleistocene fossils,
and is overlain by deposits with middle-to-late Pleistocene soils (McFad-

den and Weldon, in preparation) and geomorphologic surfaces (Weldon, 1985)

leaves no doubt that all of the Victorville Fan units are early-to-middle
Pleistocene in age. Magnetostratigraphic sections through the harold For—
mation, Shoemaker Gravels, and Noble's Older Alluvium, constructed at
three localities (Figs. | and 3), firmly support this conclusion.

The Harold Formation in Cajon Pass marks the onset of deposition
from the central San Gabriel Mountains source terrane to the Mojave
Desert.. The base of the Harold Formation is inferred from the magnetic
stratigraphy (discussed below) to range in age from about 1.6 my at Crow-
der Canyon to about 1.3 my near Phelan Peak and 1.0 my at Puzzle Creek.

The Harold Formation consists of distal fan material, dominated by pebbly
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Figure 4-3 - Magnetic stratigraphy of the Quaternary sediments in the wes-
tern San Bernardino Mountains region. The match is based on the recog-
nition of the Olduvai event in the upper Phelan formation (Fig. 2) and
the presence of Quaternary fossils in the units. Only inclination is
shown but the declination results are consistent. Most of the data has
been processed like that presented on Figure 2. The HPL and SPL sections
are taken directly from Meisling (1984) because they were processed in a
different manner. All of the units and the unconformities become younger
to the northwest. This is consistent with the northwest migration of the

sources through time.
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sands, conglomerates and local playa deposits. Clast lithologies in the
conglomerates are dominantly ieucocratic Cretaceous(?) granitics, with
locally common volcaqic and Pelona Schist clasts referred to sources
southwest of the San Andreas fault near Palmdale (Fig. 1l). The Harold
Formation in the Cajon Pass area 1is therefore interpreted to have been
derived from the northeastern San Gabriel Mountains now opposite Palmdale
(Fig. 1), deposited across the San Andreas fault near the type area of
the formation (Noble, 1954a).

The Shoemaker Gravels gradationally overlie the Harold Formation in
the Victorville Fan sequence {Noble, 1954a). They consist of coarse con-
glomerates with a distinctive assemblage of clasts, including Mt. Lowe
granodiorite, San Francisquito sandstone, and reworked clasts from the
Devil®s Punchbowl Formation. This makes it an obvious marker wunit in
the Victorville Fan. Several workers, including Sharp and Silvér (1971),
Barrows (l979),{and Foster (1980), have speculated on the activity of
the San Andreas fault as recorded by the offset of these gravels. The
lack of age control, however, has made quantitative conclusions impos-
sible. In this study the Shoemaker Gravel is shown to be about 1.3 to
1.0 my old in Cajon Pass, 1.0 to 0.7 my old at Phelan Peak and 0.7 to
0.4 my old at Puzzle Creek (Fig. 3).

Noble's Older Alluvium is the uppermost unit in the Victorville Fan
sequence, overlying the Shoemaker Gravels with an angular uncoanformity
throughout the area. To avoid confusion we call this unit Noble's Older
Alluvium, to distinguish it from other Older Alluviums mapped in the
area. From Cajon Pass to Phelan Peak it consists predominantly of Pelona
Schist debris similar to that currently being shed across the San Andreas

fault near Wrightwood (Fig. 1). Farther northwest, Noble's Older Alluvium
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includes a variety of alluvial deposits that lie unconformably on the Shoe~-
maker Gravels and contain locally derived clasts from the rising western
San Bernardino Mountains, and as such cannot be used to constrain slip
across the San Andreas fault. At Cajon Pass Noble's Older Alluvium is
about 0.7 my old (Fig. 3), and is inferred to young to the northwest
based on its soils, geomorphic position and the age of the underlying
units. Most of it is too young to be dated with magnetostratigraphic
techniques.

East of Cajon Pass the Victorville Fan thins, becomes progressively
richer in clasts derived from the San Bernardino Mountains, and distin-
guishing between the Harold and Shoemaker Gravels becomes progressively
more difficult. The angular unconformity between the Shoemaker Gravels
and Noble's 0Older Alluvium can be traced to the east as far as Deep Creek
(Meisling, 1984), where it separates two deposits derived from the western
San Bernardino Mountains to the south. Clast compositions clearly show
that streams carrying clasts from the San Gabriel Mountains never flowed
north across the western San Bernardino Mountains southeast of Cajon Pass.
These observations suggest that the San Bernardino Mountains east of Cajon
Pass had already developed some relief prior to the deposition of the
Harold Formation. Alternatively, the San Gabriel Mountains might not have
been a high source of sediments until they faced the Cajon Pass area.
This alternative requires that the San Gabriel Mountains developed their
high relief when they passed Cajon Pass because the Harold Formation and
Shoemaker Gravels in Cajon Pass contain coarse fanglomerates similar to
those being shed from their present—ﬁay sources., It would be extremely
fortuitious if the San Gabriel Mountains first uplifted just in time to

shed sediments into Cajon Pass and were not a high source as they passed
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the area immediately to the southeast. It is far more likely that the

area to the east had sufficient relief to block flow to the north.

MAGNETIC STRATIGRAPHY
Technique

A new impact-coring technique made efficient magnetostratigraphic
studies in poorly consolidated sediments possible. A nonmagnetic stain-
less steel tube with a beveled edge was gently pounded into an exposure
that had been cleaned with brass tools. The orientation of the tube was
measured using standard techniques prior to removal from the outcrop.
The end of the sample (sticking out of the tube) was smoothed and scribed
with an orientation mark. The sample was then extruded into quartz glass
sample holders of the same diameter as the steel tube and sealed with
Parafilm®, to prevent loss of moisture which maintains the sample's in-
tegrity. The samples were cemented into their quartz tubes in a magneti-
cally shielded environment with a solution of sodium silicate and proc-
essed like rock cores. In an accompanying study (Weldon et al., in pre-
paration) 30 samples were collected both by the impact-coring technique
and by hand carving of oriented samples. Comparison of these two sets
of samples demonstrated that the impact-coring technique did not cause
any measurable realignment of the magnetic remanence.

We conducted a variety of alternating field (AF), thermal, and chem-
ical demagnetization experiments. The best results were obtained by
several low AF steps, followed by stepwise thermal demagnetization until
the samples became nonmagnetic; most of our samples were processed this
way. Characteristic components of the mnatural remanent magnetization

were visually identified wusing orthogonal projections, and directions
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Figure 4-4 ~ Typical demagnetization paths of samples that preserve stable
primary directions shown on stereonets and Zijderveld diagrams. The divi-
sions on the Zijderveld diagrams are 1072 emu. The demagnetization steps
(here and Figure 5) are 1)AF50, 2)AF100, 3)T150, 4)T300, 5)T400, 6)T500,
7)T600, where AF is alternating field and T is thermal demagnetization.
LRH-89 is a normal sample, with a weak present field overprint that was
removed by the first demagnetization step. The present field overprint
has a north-northeast declination and a shallow inclination because that
component was acquired after the beds were deformed, and the deformation
has been removed here. LRH-40 is a reversed sample with a moderately

strong present field overprint that was removed by 150° C.
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Figure 4-5 - Demagnetization paths of samples without stable primary rema~
nence. LRH-56 probably began reversed and has a very strong overprint
that was not completely removed by the time the sample was demagnetized.
With the exception of the 600° C step all demagnetization vectors fall on
a plane, indicating that the remanence is the sum of two magnetic direc-
tions. Because demagnetization removes a component in the direction of
the present local field, successive steps result in directions closer to
what was probably the primary direction, in this case reversed. On Fig-
ures 2 and 3, this sample would be plotted with a point, in the direction
of step 5, with a tail extending to its NRM direction. PES-102 is an
unstable sample. It has a present field overprint that was easily removed,
and shows random behavior during demagnetization. No primary polarity can
be determined. Notice that PES-102 demagnetized to 500°C (step 6) or
LRH-56 directly demagnetized to 600°C (step 7) would be misinterpreted

as good normal and reversed samples, respectively.
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for the lines and planes of best fit were found using principal component
analysis (Kirschvink, 1980). Only directions for which the maximum an-
gular deviations were less than 10° were accepted. Almost all samples
had an overprint of the present axial field, or, rarely, a reversed field
direction that was generally removed at low demagnetization steps (Fig.
4). Samples in which this component could not be completely removed be-
fore the remanence became unmeasurable produced great circle paths across
a stereomnet, which could be fit only with a plane (LRH-56, Fig. 5). The
trajectory of the path towards either a normal or ‘reversed polarity
usually allowed the primary polarity to be inferred.

We collected single samples from many sites, stepwise demagnetized
each sample and analyzed each sample's demagnetization history, rather
than the standard approach of collecting multiple samples per site and
blanket-demagnetizing the samples to determine their primary directions.
Qur approach has several advantages in these sediments. First, many sam-—
ples do not record primary directions, so the examination of each demagne-
tization path was considered necessary to weed out the bad samples. For
example, PES-102 (Fig. 5), directly demagnetized to 500° C (which would
be appropriate with the standard approach), would appear to be a normal
sample, but it is clearly bad when the demagnetization path is considered.
Second, many samples do not reach stable terminal directions, and a lot of
valuable data could be rejected. However, if the demagnetization direc-
tions form a plane, the primary remanence can generally be correctly in-
ferred. For example, samples like LRH-56 (Fig. 5), demagnetized to 500° C
would probably be rejected (depending on the error used). However, from
its demagnetization behavior it can be inferred to be reversed. Also, it

was found that a particular bed generally yielded either good or bad re-
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sults, so multiple samples per site gave little additional information,
for a lot of extra work. It was decided that taking extra sites, not
extra samples, woul@ help assure finding all of the reversals in the
discontinuously deposited sediments.

On Figures 3 and 4 samples with linear, terminal demagnetization
paths (like samples LRH-89 and LRH-40, Fig. 4) are plotted as points,
representing the least-squares direction of the primary direction (Kir-
schvink, 1980). Samples with demagnetization paths fit with planes are
plotted with points at their final direction and with tails to show how
far they traveled before becoming nonmagnetic. We have also included
two earlier sectioms in their original form, as they were collected and
processed in a slightly different way (Fig. 3; from Meisling, 1984). 1In
all of our sections each magnetozone is defined by consistent stable re-
sults from at least 3 samples. Also, where we have collected closely
adjacent sections, results must be consistent between sections (Phelan
Peak and Crowder Canyon, Fig. 3). This approach yields a large number
of minor uncertain zones, particularly in the coarse Shoemaker Gravel;
these uncertain 2zones are interpreted as strongly overprinted samples
because of the sediment coarseness and the position of the samples rela-
tive to the certain samples. The ages of the polarity boundaries are
from Harland et al. (1982).

Quaternary Magnetostratigraphic Correlation

The key to the proposed correlation in the Quaternary sequence 1is
the presence of the Olduvai event in the Phelan formation at Phelan Peak
(Fig. 2). If the magnetic stratigraphy in the Phelan formation is correct
only one match is possible for the Victorville Fan at this locality be-

cause there are only three polarity boundaries to match (Fig. 3). The
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Pleistocene fossils, soils, and geomorphic setting of the uppermost units
as discussed above, are consistent with the match. The normal zone near
the base of the Shogmaker Gravels is considered tenuous because of the
poor magnetic properties of this wunit. Due to the coarseness of the
Shoemaker Gravels at the lower normal zone it would be impossible to
absolutely rule out a secondary remanence for these samples. However,
stable normal samples were found at the same level in two adjacent sec-
tions, so we tentatively assign a normal polarity zone. We are certain
about the normal zone at the top of the Shoemaker Gravels despite its
narrow width because there are 6 stable samples, sampled from about 100
meters of strike, from a variety of fine-grained lithologies. It is
possible that the upper normal zone is the Jaramillo event if the lower
event is not real; however, the proposed match is preferred because of
its consistency with the other sections, as discussed below.

At Crowder Canyon both the Harold Formation and the Shoemaker Gravels
fall in one polarity =zone, interpreted to be the portion of the upper
Matuyama chron between the Jaramillo and Olduvai events (Fig. 3). Here
again the match is bsed on the age of the underlying Phelan formation.
There is an incomplete, 30-meter section of the Phelan formation exposed
beneath the Victorville Fan that we believe contains the Olduvai event.
On the basis of 8 samples, the lower half is reversed and the upper is
normal. The dense red paleosols characteristc of this thin section occur
only in the lowest 60 m or uppermost 130 m in the type section (Fig. 3).
We correlate the Phelan section in Crowder Canyon to the uppermost red
unit because it contains volcanic clasts like the uppermost Phelan in the
type area and is essentially conformable with the overlying Victorville

Fan. The incomplete section of the Phelan formation in Crowder Canyon is
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therefore inferred to be abou; 2,0 to 1.8 my old. Several fossils have
been found in this section, but none is diagnostic enough to resolve the
two possibilities (R. E. Reynolds, pers. comm., 1984). The relatioship
of the Harold Formation to the Phelan formation and the sparse fossil
control in the Harold Formation suggest that the base of the Harold For-
mation is close to the base of the Olduvai event here (Fig. 3). The
fossils and the polarity certainly demonstrate that it was deposited
during the upper part of the Matuyama chron.

The Shoemaker Gravels were also deposited during the upper Matuyama
chron. However, the coarseness and poor preservation of the primary rem-
anence in the Shoemaker Gravels make it difficult to eliminate the possi-
bility of minor normal zones. Polarity in this unit is dominantly re-
versed, and we believe that it was completely reversed before weathering
of the coarse gravels. Each section contains normal samples but they
all overlap with reversed samples in adjacent sections, suggesting that
they were probably overprinted by the present field (Fig. 3). 1t is
impossible to rule out the presence of the Jaramillo event in this unit,
but it most likely fell in the unconformity, as discussed below.

The lowest part of Noble's Older Alluvium at the top of the Crowder
Canyon sections is certainly reversed (Fig. 3). The uppermost part of
the unit is normal and is inferred to have formed during the Bruhnes
chron. It is possible that this uppermost normal zone is the Jaramillo
event, but this alternative would require that the Harold Formation,
Shoemaker Gravels, and the angular unconformity formed in the same period
of time as the Harold Formation alone at Phelan Peak. We feel that this
possibility is unlikely enough to be rejected, placing the Jaramillo

event in the unconformity below Noble's Older Alluvium. The unconformity
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represents a significant period of time, ending just before the Bruhnes-
Matuyama boundary; so, it is very reasonable that the unconformity began
before the Jaramillo ?vent.

At Puzzle Creek the upper normal polarity zone must be the Bruhnes,
because of its length and position at the top of a section that is known
to be Pleistocene (Fig. 3). We infer that the normal zone in the lower
Harold Formation is the Jaramillo event. The excellent preservation of
the primary remanence and the dense sampling of these rapidly deposited
sediments make it unlikely that we céuld have missed this event. If the
Jaramillo event did not exist in this section, this magnetozone would have
to be the O0Olduvai event. This alternative, however, would require that
the Harold Formation at Puzzle Creek span the same length of time as the
upper Phelan Formation, the Harold Formation and the Shoemaker Gravels
combined at Phelan Peak. It would also require the lower Harold Formation
and upper Phelan formation to be older than the same units to the south-
east, violating the gross age trends in all of the units, as well as the
northwest movement of their sources. This alternative is therefore
highly unlikely.

Taken alone, each of these paleomagnetic sections would be difficult
to match uniquely to the absolute time scale due to the unconformities
and the poor preservation of magnetic remanence in the coarser facies.
However, the sections are from a continuous outcrop belt (Fig. 1), derived
from source areas moving past across the San Andreas fault. So, each
match must be made with a view to satisfying the stratigraphic relation-
ships with neighboring sections. Taken together, and in context with the
geology and the other time control, ;o alternative match can satisfy the

paleomagnetic results and produce consistent results between sections.
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DISCUSSION

Slip Rate across the San Andreas fault system

The offset of the sediments in the Victorville Fan from their sources
in the San Gabriel Mountains can be used to determine the Quaternary slip
rate on the San Andreas system. The long outcrop belts of the units de-
rived from the San Gabriel Mountains were formed by lateral motion on the
San Andreas fault that left "trails” of distinctive debris on the Mojave
Desert as the San Gabriel Mountains passed by. This depositional style
is analogous to "hopper car" sedimentation documented along the San
Gabriel fault by Crowell (1952, 1982b), and is represented on Figure 6.

It has been argued that the motion on the San Andreas fault north-
west of its junction with the San Jacinto fault is essentially the vector
sum of its motion southeast of the junction and the motion of the San
Jacinto fault (Weldon, 1984b; Weldon and Sieh, 1985; Weldon and Humphreys,
in press). The geology near the junction is complex, however, and it is
not possible to find a simple junction on the surface (Morton, 1975).
The geometry of the junction requires that compression occur northwest
of the point where the motion is transfered from the San Jacinto fault
to the San Andreas fault. Thus, the general location of the junction can
be inferred to lie just southeast of the position where significant
compression is now occurring across the San Andreas fault zone (Weldon,
1984b). This compressional zone occurs between Wrightwood and Valyermo
(Fig. 1). Therefore, the offset of the Shoemaker Gravels and the Harold
Formation should record the slip rate on the‘San Andreas fault northwest
of the San Jacinto fault, and Noble's Older Alluvium in Cajon Pass should
record the slip rate southeast of the junction. ©Noble's Older Alluvium

is therefore considered separately below.
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Figure 4-6 - Hopper car analogy (after Crowell's Violin Breccia Coal
Train, Crowell, 1982b) of sedimentation in the Cajon Pass area. The
sources of distinctive clasts are in the San Gabriel Mountains and the
depocenters, represented by hopper cars are in the Mojave Desert. As a
car moves along the mountain front it is first filled with Harold Forma-
tion, then by Shoemaker Gravels, and finally by Noble's Older Alluvium;
hence a vertical stack of sediments represents the lateral distribution
of sources. Notice in part three that all three formations are being
deposited at the same time in different places, and the outcrops of

individual units all must become younger to the northwest.
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To calculate the slip rate we assume that some part of each dated de-
posit formed facing the center of its potential source in the San Gabriel
Mountains (Fig. 1). .This assumption allows us to handle the statistics
in a straightforward fashion. Our assumption implies that at some time
during the approximately 300,000 year long period (see below) that a
"hopper car” takes to pass its source area and be "loaded” with sediments
(Fig. 6), the streams carrying the sediments flowed perpendicular to the
San Andreas fault. Obviously, the "best estimate"” would be that the
center of a distinctive deposit in a section in the Mojave Desert formed
directly opposite the center of its source area in the San Gabriel Moun-
tains. Stating the problem in this manner places all of the uncertainty
in the time domain, because the distance between the center of the pos-
sible source area and the dated section can be measured with essentially
no error. This assumption is tested below by calculating the slip rate
independent of the source locations and comparing the actual source
locations with the predicted locations.

Slip rate north of the San Jacinto fault

The Harold Formation at Puzzle Creek and the Shoemaker Gravels at
Phelan Peak record 3 magnetic reversals, which permits the age at the
top, bottom and middle of these units to be estimated quite precisely
(Fig. 3). Their offsets are measured from Figure 1 and plotted in Figure
7. Elsewhere, the Harold Formation and Shoemaker Gravels were deposited
during one polarity zone so only limits can be placed on their ages with-
out additional assumptions about sedimentation rates.

The Shoemaker Gravels at Puzzle Creek is certainly younger than the
Bruhnes-Matuyama boundary at 0.73 my (Fig. 3). The overlying Noble's

O0lder Alluvium there is estimated to be at least 0.l my old based on
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Figure 4-7 - Quaternary slip rate across the San Andreas system northwest
of the junction with the San Jacinto fault. a) Regression of offset and
time, using conservative limits on the dates of the units (see text),
b) Regressions of the same data, with the ages refined to allow time for
the unconformities and the same length of time for the deposition of
similar units. Data from the Shoemaker Gravels are consistently above
the average and the Harold Formation data are consistently below. Because
each data set falls on a line, and the Harold Formation line passes
through the origin, we assume that the discrepancy is due to an error
in our assumption that streams depositing the Shoemaker Gravels flowed
perpendicular to the San Andreas fault (see text). We recalculate the
slip rate independent of the sources by assuming only that the average
source does not change. This allows us to calculate the slip rate from
the distances and age differences between dated sections. This yields
our best estimate of 37.5 + 2 mm/yr (2 sigma) for the slip rate on the

San Andreas fault during the Quaternary.
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soils and geomorphic criteria, so an age range of 0.1 to 0.7 my is used
for the Shoemaker Gravel at Puzzle Creek. This estimate does not allow
any time fof the angular unconformity between the two units to form and
is therefore overly éonservative.

The Harold Formation at Phelan Peak is only constrained to be older
than the Jaramillo event and younger than the Phelan formation. We esti-
mate that the top of the Phelan formation is younger than 1.5 my, because
the fastest sedimentation rate observed in the deposit would require about
0.15 my to form the portion above the Olduvai event (Fig. 2). We there-
fore use a maximum age range of 1.5 to 1.0 my for the Harold Formation
at Phelan Peak (Fig. 7a).

Both the Harold Formation and Shoemaker Gravels at Crowder Canyon are
inferred to have been deposited between the Olduvai event and the Bruhnes-
Matuyama boundary because of the presence of the 0Olduvai event in the
Phelan formation and the Bruhnes-Matuyama reversal in Noble's Older Allu-
vium, as discussed above. So both units are only required to have been
deposited between about 1.7 and 0.7 my ago (Fig. 7a). However, because
of the thick section of Shoemaker Gravels and the unconformity below the
Bruhnes-Matuyama boundary, we are confident that the Harold Formation
predates the Jaramillo event. The Shoemaker Gravels, however, may contain
the Jaramillo event so we only constrain it to have been deposited at
some time between the 0Olduvai event and the Bruhnes chron. Individually,
this produces very conservative limits because it allows no time for the
angular unconformity to form and requires the units to overlap in time;
clearly the Shoemaker Gravels were deposited during the latter part, and
the Harold Formation during the early part, of this interval.

An average slip rate of 37 + 3.5 mm/yr (2 sigma) is calculated from
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this data set (Fig. 7a). There appears to be no systematic variation
from the average so we suggest that the average is representative of the
actual slip rate thrgughout this time period.

A refined average slip rate can be estimated by adding an assumption
about the deposition of the units that frees us from the excessively con-
servative age constraints used in the estimate presented in Figure 7a.
The assumption is that the average period of time represented by either
the Harold Formation or Shoemaker Gravels is about 300,000 years. This
assumption is based on the observation that the Harold Formation at Puz-
zle Creek and the Shoemaker Gravels at Phelan Peak were deposited in about
300,000 years (Fig. 3). Also, the time represented by the Harold and
Shoemaker Gravels together at Crowder Canyon appears to be about 600,000
years., The deposition of these units on the Mojave block from fixed
sources in the San Gabriel Mountains in a "hopper car"” fashion favors
this hypothesis because any point on the Mojave block should take a fixed
length of time to pass by any source area in the San Gabriel Mountains
across the San Andreas fault. This time period should be relatively con-—
stant if the slip rate does not change significantly through time. The
data presented in Figure 7a, which does not involve any assumption about
the constancy of slip, certainly support a uniform accumulation of slip
through time.

The Shoemaker Gravels at Puzzle Creek are therefore inferred to have
been deposited between about 0.7 and 0.4 my (the 0.3 my period after depo-
sition of the Harold Formation there), the Harold Formation at Phelan Peak
was deposited between about 1.05 and 1.35 my (the 0.3 my preceding the
Shoemaker Gravels there), the Shoemaker Gravels at Crowder Canyon were de-

posited between about 1.05 to 1.35 my (the latter half of the time span
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between the Jaramillo and Olduvai events), and the Harold Formation at
Crowder Canyon was deposited 5etween 1.35 and 1.65 my (the first half of
the interval\betweenithe Jaramillo and Olduvai events). These inferred
ages are consistent with all of the data available and also allow an
average of 300,000 years for the uncounformity between the Shoemaker
Gravels and Noble's Older Alluvium.

Combining these more restricted age estimates with the offset dis-
tances produces the data shown on Fig. 7b. The average slip rate would
now be calculated to be 36 mm/yr. However, all of the Harold Formation
estimates fall on a line and all of the Shoemaker Gravel estimates fall
on another line, both with higher slip rates than the average (Fig. 7b),
suggesting a systematic error. The line through the Harold Formation es-
timates passes through the origin, but the line through the Shoemaker
values does not. In fact, the Shoemaker data appear to indicate that
the deposits were formed an average of about 4.7 km northwest of the
center of their source.

Two possibilities could explain the discrepancy between the Harold
and Shoemaker lines. There could have been a rate change on the San An-
dreas fault after the deposition of the Shoemaker Gravels or the streams
depositing the Shoemaker Gravels may not have flowed perpendicular to the
fault. We prefer the latter possibility because the Harold data do not
suggest a rate change and the age range overlaps with that of the Shoe-
maker Gravels. The streams draining the Shoemaker Gravels source area
today indeed flow north after crossing the San Andreas fault and not
northeast perpendicular to the fault as our initial assumption requires.
This nonperpendicular flow direction is due to the uplift occurring be-

tween Wrightwood and Valyermo (Fig. 1). As discussed below, the uplift
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migrates with the San Gabriel Mountains and has probably always forced
the streams coming out of the Shoemaker Gravels source area to flow more
to the north. We believe that the offset of the Shoemaker Gravels are
consistently underestimated for this reason.

The whole problem can be avoided by changing our assumption. We can
instead assume only that the average source locations and stream flow
directions do not change, regardless of what they might have been. The
slip rate can be determined simply from the slope of the lines through
the data, reflecting only the ages of the units and the distances between
the dated sections. The actual position of the source (the intercept)
is not necessary. In this way we can combine the Harold Formation and
Shoemaker Gravels data, eliminating all uncertainties in the source
characteristics, and can assume only that they do not change. This yields
our best estimate slip rate of 37.5 + 2 mm/yr (2 sigma) for the San An-
dreas fault northwest of its junction with the San Jacinto fault. If
we are correct in our interpretation of the problem with the Shoemaker
Gravels source, the slip rate on the San Andreas fault has remained re~
markably constant during the Quaternary Period, because the assumption a
constant rate yields such consistent results.

Slip rate south of the San Jacinto fault

The offset of Noble's Older Alluvium in the Cajon Pass area should
yield the slip rate on the San Andreas fault southeast of its junction
with the San Jacinto fault. The Older Alluvium contains a polarity re-
versal that allows it to be dated accurately only at Crowder Canyon.
The middle of the deposit is about 700,000 years old there (Fig. 3) and
has been offset about 15 km (Fig. 1): This yields a slip rate of 21 + 7

mm/yr. This estimate must be considered tenuous because it is based only
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on one offset and because the topography after the uplift of the western-
most San Bernardino Mountains may have affected the direction of flow
from the San Gabriel$Mountains to the dated section at Crowder Canyon.
Streams that carried Noble's Older Alluvium could have flowed parallel
to the San Andreas fault a significant distance before they crossed the
westernmost San Bernardino Mountains and deposited the material at the
Crowder Canyon section. As discussed in detail below, this is only a
problem for Noble's Older Alluvium because the uplift north of the San
Andreas fault postdates the Harold Formation and Shoemaker Gravels.

Integration of the slip rates with the San Jacinto fault's history

If the slip rate on the San Andreas fault southeast of the junction
with the San Jacinto fault, 21 + 7 mm/yr, is added to the slip rate of
the San Jacinto fault measured for the same period of time, 10 + 2 mm/yr
(Sharp, 1981), the result, 31 + 7 mm/yr, is indistinguishable from the
slip rate on the San Andreas fault northwest of the junction, 37.5 + 2
mm/yr. The 24.5 + 3.5 mm/yr Holocene slip rate on the San Andreas south-
east of the junction (Weldon and Sieh, 1985) and the 34 + 3 mm/yr rate
northwest of the junction (Sieh and Jahns, 1984) are indistinguishable
from the Quaternary rates determined here and suggest that the rates of
motion on these faults have not changed during the Quaternary.

As discussed in Weldon and Sieh (1985), models involving alternating
periods of activity on the San Jacinto and San Andreas faults (Sharp,
1981) or a long-term increase in the slip rate on the San Jacinto fault
at the expense of the San Andreas fault (e.g., Crowell, 1981) are not
supported by the data from the Cajon Pass area.

In fact, it has been suggested by Matti (unpublished manuscript,

1984) and Weldon (1985) that the approximately 35 to 37 mm/yr rate on the
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San Andreas system has held for the last 4-5 my. While this is in con-
flict with plate tectonic models that require the entire Pacific-North
American motion to be taken up on the San Andreas fault system, new models
(e.g., Minster and Jérdan, 1984; Weldon and Humphreys, in press) may ex-—
plain the relatively low rate on the San Andreas system in the broader
context of the plate margin.

The low rate for the last 1.5 my, and the tenuous evidence of this
rate for the last 4-5 my, suggests that the approximately 300 km of off-
set documented for the San Andreas system in southern California (e.g.,
Crowell, 1981) must have taken longer than the 5 my duration of the
opening of the Gulf of California (Larson et al. 1968; Moore and Currey,
1982). This inconsistency has has long been recognized in central Cali-
fornia (e.g., Huffman, 1972) and has been implicitly recognized in south-
ern California by documented activity on faults within the San Andreas
system long before the opening of the Gulf of California (see Crowell,
1982a; Powell, 1981, for specific examples). The San Andreas fault is
certainly now the most important fault in the Pacific - North American
plate boundary. However, a significant fraction of the relative plate
motion of 56 mm/yr (Minster and Jordan, 1978) must occur on other faults
and probably always has.

The uplift of the Central Transverse Ranges

The revised stratigraphy in the Cajon Pass area motivates a new model
for the uplift of the western San Bernardino Mountains. The Cajon Valley
(Woodburne and Golz, 1972) and Squaw Peak (Foster, 1980; Weldon, 1984a)
faults bound the Cajon-Punchbowl and Crowder basins and are overlain by
the newly recognized Phelan formation (Fig. l). They must therefore be

late Miocene to early Pliocene in age. East-west trending faults, which
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commonly bound the the Crowder Formation in the western San Bernardino
Mountains, are not found in the Cajon-Punchbowl basin. These faults pre-
date the deposition of the Phelan formation, and subsequently either pre-
date (Weldon, 1984a) or are contemporaneous with (Meisling and Weldon, in
preparation) juxtaposition of the two basins along the Squaw Peak fault.
These structures were previously believed to have been active during the
uplift of the western San Bernardino Mountains (Dibblee, 1975a; Weldon and
Meisling, 1982). It is now clear that all of these structures predate the
uplift of the current mountains and must have been associated with an ear-
lier Mio-Pliocene uplift event. The previously uplifted area was eroded
to low or moderate relief by late Pliocene time, prior to the development

of the current high relief (Meisling and Weldon, in preparation).

Little evidence of major vertical relief is found in the Phelan for-
mation, which was deposited between the Mio-Pliocene and Quaternary up-—
lift events in the western San Bernardino Mountains. A narrow region near
the San Andreas fault and an area east of the Phelan basin occasionally
shed coarse debris into the generally fine-grained sediments (Foster,

1980; Meisling, 1984; Meisling and Weldon, in preparation). Mid to late

Pliocene relief was moderate compared to today's or that likely to have
accompanied the Mio-Pliocene event. Not until early Pleistocene did the
main mass of the San Bernardino Mountains begin uplifting to the east

(Meisling and Weldon, in preparation), foreshadowing the uplift of the

western San Bernardino Mountains.

The Victorville Fan sequence contains the first evidence of the re-
lief seen in the western San Bernardino Mountains today. The uplift of
the western San Bernardino Mountains was not associated with activity

on any of the major faults in the mountains because they all predate the
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Phelan formation. The uplift of the Cajon Pass area of the San Bernardino
Mountains appears to have occufred across broad asymmetric anticlines and
monoclines with axeskparallel to the San Andreas fault, which have been
recognized in the pre-Quaternary rocks from Lake Arrowhead to Valyermo
(Fig. 1). This warping uplifted and exposed the pre-Quaternary rocks and
structures near the San Andreas fault and tilted the older members of the
Victorville Fan to the northeast, creating the unconformity in the Vic-
torville Fan between the Shoemaker Gravels and Noble's Older Alluvium.
Locally, the Shoemaker Gravels are more deformed than the Harold Formation
and young alluvium is less deformed than Noble's 0ld Alluvium, indicating
that some of the uplift occurred during the deposition of these units as
well. However, the deformation was certainly centered on and was commonly
completely within the period of time represented by the angular unconform-
ity between the Shoemaker Gravels and Noble's Older Alluvium.

The timing of uplift can be determined for any point between Lake
Arrowhead and Valyermo from the age of Victorville Fan deposits bracketing
the unconformity. The area between Cajon Pass and Lake Arrowhead (Fig. 1)
was uplifted between about 1.5 and 1.0 my ago, Cajon Pass was uplifted
between about 1.0 and 0.7 my ago, the Wrightwood area was uplifted during
the last 500,000 yéars and the area between Puzzle Creek and Valyermo is
being uplifted today.

This progressive migration of uplift to the northwest is coincident
with the passage of the highest San Gabriel Mountains across the San An-
dreas fault. The deformation on the northeast side of the San Andreas
fault moves with, and is therefore probably related to, the uplift of the
high San Gabriel Mountains, now located across the San Andreas fault be-

tween Valyermo and Cajon Pass (Weldon, 1984b). Early workers in the area



230

(e.g. Noble, 1954b) called this rapidly uplifting area across the San An-
dreas fault "the San Gabriel Arch”. More recent work (Ehlig, 1975, 1981;
Morton, 1975) supports the broad arch concept, but as the sum of the de-
tailed complexity where the San Jacinto fault approaches the San Andreas
fault.

The Arch is where the San Andreas and San Jacinto fault zones merge
and compression due to the junction appears to be uplifting both the high
eastern San Gabriel Mountains, moving with the junction, and the western
San Bernardino Mountains, moving past.the junction. On a regional scale,
the high eastern San Gabriel Mountain area can be thought of as being up-
lifted along a northeast trending axis that crosses the San Andreas fault
at its junction with the San Jacinto fault. This appears to be a conse-
quence of the fact that the San Jacinto fault adds its motion to the San
Andreas fault but trends 15° more northwesterly than the San Andreas
fault (Weldon and Humphreys, in press). A possible mechanism for trans-
ferring the compression and uplift across the San Andreas fault at depth

is discussed by Meisling and Weldon (in preparation).

The Harold and Shoemaker Gravels were deposited from a steep scarp
onto the relatively low Mojave Desert in a setting like that existing
between Palmdale and Valyermo today (Fig. 1). As the junction with the
San Jacinto fault approached across the San Andreas fault these deposits
were upwarped and removed in a belt along the San Andreas fault, resulting
in the excellent exposures at the edge of the uplifted area (Fig. 1). The
paleomagnetic data clearly show that this uplift, centered on the angular
unconformity between the Shoemaker Gravels and Noble's Older Alluvium, mi-
grated with the high San Gabriel Mouétains and the junction with the San

Jacinto fault.
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Although major relief between Lake Arrowhead and Valyermo is due to
uplift across broad northwest trending folds, faults in the area certainly
bound areas of differ?nt relief. As warping uplifted different rocks that
had been juxtaposed during the Mio-Pliocene deformational event, erosion
occurred much faster in the sedimentary rocks than in the bedrock. The old
Mio-Pliocene reverse faults between Cajon Pass and Lake Arrowhead were
exhumed as the sediments were stripped away, creating the prominent east-
west fabric. The current relief associated with the margins of the Cajon
facies of the Punchbowl Formation and that defines the central part of
Cajon Pass, is also erosional and does not indicate young activity on
the bounding faults.

Lateral juxtaposition of the broadly uplifted western San Bernardino
Mountains against the lower San Bernardino Valley has produced the steep
southern boundary of the western San Bernardino Mountains. Similarly,
the relief on the north side of the San Gabriel Mountains is mainly due to
the lateral movement of the high San Gabriel Mountains into their present
position adjacent to the Mojave block.

About 1.5 my from now, assuming the current style of deformation con-
tinues, the high eastern San Gabriel Mountains will face Palmdale, which
will have been uplifted to the height of Wrightwood. The part of Wright-
wood northwest of the San Andreas fault will be across from the town of
San Bernardino, on top of a mile-high escarpment much like that between
Lake Arrowhead and San Bernardino today. Ongoing erosion into the sedi-
ments in Cajon Pass will completely separate the San Bernardino Mountains
proper from a narrow ridge running from Wrightwood to Palmdale (Fig. 1).
All of this relief will have been produced without any vertical motion

on the San Andreas fault itself. The deformation documented here demon-
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strates that the wuplift of the central Transverse Ranges is locally
taking place across broadly wupwarped areas and not dip-slip faults.
Erosion and lateral faulting of broad wuplifts create escarpments as
impressive as those formed by dip-slip faulting elsewhere in the Trans-
verse Ranges.,

CONCLUSIONS

The establishment of temporal control in the early-to-middle Quater-
nary sedimentary rocks north of the central Transverse Ranges permits a
detailed understanding of the interaction between the San Andreas fault
and the uplifting Transverse Ranges. Distinctive facies in the sediments
northeast of the San Andreas fault have been traced to their sources in
the San Gabriel and San Bernardino Mountains, allowing us to determine the
slip rate on the San Andreas fault, and to tie together the uplift on
both sides of the fault zone.

The San Andreas fault, northwest of its junction with the San Jacinto
fault, has been slipping at an average rate of 37.5 + 2 mm/yr throughout
the Quaternary. Southeast of the San Jacinto fault junction, the San
Andreas fault has slipped at an average of 21 + 7 mm/yr since the middle
Quaternary. The difference is accounted for by the San Jacinto fault.

The eastern San Gabriel Mountains were a high source of sediments
by the early Quaternary and the San Bernardino Mountains east of Cajon
Pass probably had low to moderate relief. The eastern San Gabriel Moun-
tains are being uplifted by contemporaneous lateral activity on the
nonparallel San Andreas and San Jacinto faults. This deformation also
uplifted the western San Bernardino Mountains as the structural knot
created by their junction passed by. As the deformation migrated north-

west, relative to the San Bernardino Mountains, erosion and lateral
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faulting modified the broadly uplifted mass, creating Cajon Pass and the

distinctive physiography of the central Transverse Ranges.
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ABSTRACT

We propose a kinematic model for southern California based on late Quaternary slip
rates and orientations of .major faults in the region. Internally consistent motions are
determined assuming that these faults bound rigid blocks. Relative to North America,
most of California west of the San Andreas fault is moving parallel to the San Andreas
fault through the Transverse Ranges and not parallel to the motion of the Pacific plate.
This 1s accomplished by counterclockwise rotation of California south of the San
Andreas fault and by the westward movement of central California north of the Garlock
fault. The velocities of the blocks are calculated along several paths in southern Califor-
nia that begin in the Mojave Desert and end off the California coast. A path that
crosses the western Transverse Ranges accumulates the accepted relative North
America-Pacific plate velocity, whereas paths to the north and south result in a
significant missing component of motion. This implies the existence of a zone of active
deformation in southern California that is interpreted to include the western Transverse
Ranges and northwest trending, predominately strike-slip faults close to the coast both
north and south of the Transverse Ranges. Strain on this system accounts for about a

third of the total North America-Pacific plate motion.

INTRODUCTION

Southern California is a tectonically active region, experiencing continental rifting,
transform faulting, and small-scale collision. The forces that drive this activity are only
partially understood, and despite a great deal of work, even the fundamental aspects of
the kinematics are being debated. In this paper the “instantaneous” kinematics are
modeled using late Quaternary slip rates and orientations of the major faults in southern
California. The assumption is made that these faults bound rigid blocks. The two pri-
mary observations which motivate this model are that little convergence occurs across

the San Andreas fault (including the portion in the vicinity of the Transverse Ranges)
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and that the San Andreas system onshore does not account for the total plate motion.
The following two conclusions are reached: (1) Relative to North America, most of Cali-
fornia west of the San Andreas fault is moving parallel to the San Andreas fault in the
Transverse Ranges (The Transverse Ranges portion of the San Andreas fault trends
about N65°W and lies between the two abrupt changes in the San Andreas fault’s trend:
the big bend [Hill and Dibblee, 1953] in the San Andreas fault near the Garlock fault
and the southern bend [Hill, 1982b] near the Banning fault (Figure 1).) and not parallel
to the Pacific plate motion or the San Andreas fault north and south of the Transverse
Ranges; (2) Major nearshore right-lateral faulting with a significant component of con-
vergence is necessary on the northwest trending faults north and south of the Transverse
Ranges.

The kinematic model developed here is a block model of the upper crust and assumes
that no deformation occurs within the interior of the blocks. The consistency of the
block motions, which have been derived from several independent data sets, supports the
assumption of undeforming blocks. There has been, however, considerable discussion
recently on the manner in which the lower crust is moving with respect to the upper
crust [e.g., Hadley and Kanamori, 1977; Yeats, 1981; Webb and Kanamori, 1985].
Seismicity suggests that approximately the upper 10 km is acting coherently, and the

model developed here is meant to apply to this region.

PROBLEMS WITH PREVIOUS KINEMATIC MODELS

The present tectonic regime is usually modeled with western California attached to
the Pacific plate and moving about N35°W relative to North America [e.g., Atwater,
1970; Anderson, 1971; Hill, 1982a; Bird and Rosenstock, 1984]. This relative motion is
roughly parallel to the sections of the San Andreas fault north and south of the
Transverse Ranges. The Transverse Ranges are commonly attributed to compression in

a zone of collision between the Pacific and North American plates. Several problems
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Figure 5-1. The principal faults of southern California and the subdivisions of the
Transverse Ranges referred to in the text. These faults are assumed to bound rigid
blocks which have been modeled as moving in directions consistent with the faults
that bound them. The broad deformation within the western Transverse Ranges has
been modeled as a simple boundary parallel to the trend of the major structures in
the area. This and the other figures are Mercator projections about the RM2 pole of

Minster and Jordan [1978].
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with this interpretation are discussed below.

1. The net shear strain rate across southern California, determined from recent geolo-
gic studies of active faults, does not add up to the relative Pacific-North American plate
velocity [Weldon and Sieh, 1985; Sieh and Jahns, 1984]. Apparently, one third of the
total plate velocity of 56 mm/yr [Minster and Jordan, 1978, 1984] is presently not
accounted for by major onshore faults in southern California. Other workers [e.g., Bird
and Rosenstock, 1984; Christodoulidis et al., 1985] have addressed the problem of the
total slip rate across southern California and account for the total relative Pacific-North
American plate motion onshore. Reliable Quaternary geologic information on the slip
rates of the southern San Andreas fault [Weldon and Sieh, 1985] and the San Jacinto
fault [Sharp, 1981], however, constrains the rates of each of these faults to be about 10
mm/yr less than assumed by Bird and Rosenstock [1984] and implied, in sum, by Chris-
todoulidis et al. [1985]. The slip rates used in our model are shown in Figure 2.

2. A mass balance problem exists if southern California is moving with the Pacific
plate because a great deal of crustal convergence in the Transverse Ranges would be
required. The width of the left-stepping collision zone (normal to the relative plate
motion) is about 150 km, and if we assume that the amount of convergence is equal to
the slip on the San Andreas system (about 300 km) [e.g., Hill and Dibblee, 1953;
Huffman, 1972; Crowell, 1981] and that the average crustal thickness of southern Califor-
nia is 28 km [Hearn, 1984a, b|, a volume of crust greater than one million km?® must be
accounted for. This calculation assumes that the left step in the San Andreas fault has
always existed; a progressively widening step would reduce the volume of crust to be
accounted for. Weldon [1985] argues that at least half of the left step in the San
Andreas fault existed when the fault began its modern activity, and it has grown to its
present size. If, for the sake of argument, the San Andreas fault initially had no step
and the left step grew as the slip on the San Andreas fault accumulated, the total

volume of crust that encountered the left step would be one-half million cubic
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Figure 5-2. The major blocks in southern California and the data used to calculate
their relative velocities. The two arcs have been fit to the trend of the San Andreas
fault to determine the difection of motion of southern California southwest of the
fault. Only the blocks southwest of the San Andreas fault and east of the Pacific
coast are rotating along the arcs. The principal strain rates from three trilateration
networks in southern California and the average velocity field within the Salton net-
work [Savage, 1983] are included to demonstrate the consistency of these data with
the curvature of the San Andreas fault. Slip rates (millimeters per year) used in the
model are located where the integration paths in Figure 3 cross the faults. The
letters associated with the rates give the sources of the information from which the
rates were chosen: (a) Sieh and Jahns [1984]; (b) Carter [1980, 1982]; (c) Weldon
[1984a, 1985]; (d) Weldon and Sieh [1985]; (e) Sharp [1981]; (f) Matti et al. [1982]; (g)

see text; (h) average of Yeats [1983] and Rockwell [1983].
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kilometers.

In accounting for the observed excess volume of crust, the dominant contribution is
due to crustal thickening in the Transverse Range area (32 versus 28 km [Hearn, 1984b;
Humphreys, 1985]). The volume of excess crust due to crustal thickening is only 140,000

km?3.

The volume due to the elevated topography of the mountains themselves is very
small; using average dimensions of 200 km long, 40 km wide, and 1.5 km in height, the
volume calculated is only 12,000 km? If the rest of the volume is attributed to uplift
and erosion over the area of the present mountains, 45 km of uplift and subsequent ero-
sion would be needed just to account for the conservative volume estimate of one-half
million cubic kilometers.

3. There is little geologic support for large-scale Quaternary convergence in the cen-
tral Transverse Ranges, and the convergence that has been found can be attributed to
the local geometry of the fault system [Weldon, 1984b, 1985|. By using the orientation
of the San Andreas and Sierra Madre-Cucamonga faults and the minimum possible rate
of slip on the San Andreas fault (30 millimeters per year [Weldon, 1984a]), the assump-
tion that the Los Angeles block is part of the Pacific plate results in at least 21 mm//yr
of right-oblique convergence across the Sierra Madre-Cucamonga fault. This is certainly
not happening. (This assumes that the Mojave block is part of North America; Bird and
Rosenstock [1984], for example, calculate 14 mm/yr across the central Transverse Ranges
by allowing the Mojave to move relative to North America.) Essentially all the conver-
gence across the central Transverse Ranges occurs on the Sierra Madre-Cucamonga fault
system (Figure 1), which is estimated to be slipping at a rate of only 1 to 6 mm/yr
[Ziony and Yerkes, 1984].

In the eastern Transverse Ranges considerable convergence has been assigned to the
Banning strand of the San Andreas fault [Allen, 1957; J. C. Matti et al., unpublished

manuscript, 1985]. Furthermore, Morton and Herd [1980] document an uplift rate of

18-36 mm/yr immediately north of the Banning fault (Figure 1), indicating very high
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local rates of convergence. But between these two regions of active thrusting lies a sec-
tion of the San Andreas fault 50 km in length along which little convergence has been
documented (Figure 1). Despite local northeast dips of the San Andreas fault in the
area, features offset by the fault can be restored by pure strike slip motion [Weldon,
1985]. In fact, extension locally takes place on secondary faults north [Weldon, 1984b;
1985] and south (J. C. Matti et al., unpublished manuscript, 1985) of the San Andreas
fault in this area, and earthquake focal mechanisms with normal components have been
recognized here (L. M. Jones, personal communication, 1985). It is impossible to appeal
to simple northwest-directed collision betWeeﬁ the North American and Pacific plates to
explain the Banning and Sierra Madre-Cucamonga thrusts without also having major
convergence between them.

Other longer-term geologic observations limit the amount of convergence that has
occurred across the Sierra Madre-Cucamonga and San Andreas fault systems. The
recognition of proximal, early Pleistocene and Pliocene sediments derived from the San
Gabriel Mountains, both to the north [Barrows, 1979; Foster, 1980; Weldon, 1984a, 1985]
and south [Matti and Morton, 1975; Morton and Maftti, 1979] of these range-bounding
faults rules out large amounts of convergence. Also, the detailed match of bedrock ter-
ranes, Tertiary deposits, and early Cenozoic structures across the San Andreas fault zone
in the Transverse Ranges [e.g., Ehlig et al, 1975; Ehlig, 1981; Crowell, 1981; Powell,
1981; Silver, 1982] argues strongly against “‘consumption” of significant volumes of crust
across the San Andreas fault in the central and eastern Transverse Ranges since at least
Miocene time.

4. If California south of the Transverse Ranges were moving in the Pacific plate direc-
tion of Minster and Jordan [1978], the Transverse Range segment of the San Andreas
fault forms an obstacle to the northwestwgrd movement of southern California and
results in other crustal fractures being more favorably aligned to accommodate the

shearing motion (e.g., the San Jacinto and Elsinore faults). Using a finite element



251

method, Kosloff [1978] modeled the southern California crust as elastic blocks separated
by relatively weak viscous faults. When driven by a far-field shear oriented so as to
drive northwest directed right-lateral shear, an active southern San Andreas fault could
not be produced because the other more favorably situated faults relieved the stress.
This result led Kosloff [1978] and Humphreys and Hager [1984] to postulate that the
mantle is contributing forces that tend to drive the southern California crust toward the
Transverse Ranges. However, calculations of the mantle derived forces [Humphreys,
1985] result in too little net force to drive convergence along the entire Transverse
Ranges front. With the kinematic model suggested here, however, the magnitude of
these forces is reduced to a level that can be supplied by locally concentrating stresses in
only the active areas and relying on prior uplift and the strength of the crust to account
for the remaining elevated topography [Humphreys, 1985].

5. Trilateration strain measurements [Savage, 1983] indicate that nearly pure strike-
slip motion occurs along the length of the San Andreas fault in southern California.
These data demonstrate that the strain field remains nonconvergent and changes in
orientation with the local trend of the San Andreas fault. While the geodetic data
represent a much shorter interval of time than do the geologic slip rate data used here,
the compatibility is remarkable. The principal strain axes across the three southern Cal-
ifornian networks are shown in Figure 2. The lack of convergence is particularly striking
in the central Transverse Ranges where the greatest amount of north-south shortening
would be predicted by existing models.

Overall, the evidence does not support the magnitude of Quaternary convergence in
the central and eastern Transverse Ranges that is required by models with northwest
directed motion of the crust south of the San Andreas fault. Local convergence does
occur, but it can be attributed to either abrupt changes in fault trends or junctions
between major faults. In fact, if major regional convergence across the San Andreas

fault is assumed during the Quaternary (and perhaps throughout its modern history),
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serious problems with the geology arise. The same problems exist in reconciling
northwest directed motion of southern California with the geodetic strain data [Savage,

1983].

PROPOSED MODEL

The proposed model has three major new features. First, we suggest that southern
California between the San Andreas fault and the Pacific coast is rotating in a counter-
clockwise direction about a pole located approximately 650 km southwest of the
Transverse Ranges portion of the San Andreas fault. This rotation is a consequence of
strike-slip movement along the San Andreas fault both in the Salton Trough and
through the Transverse Ranges (Figure 2), in agreement with the geologic slip data for
the major faults and the strain data of Savage [1983]. Note that except for a 30-km step
in the trend of the San Andreas fault at the Banning fault, the San Andreas fault can be
fit remarkably well with a circular arc centered at the proposed pole position (Figure 2).
From the Salton Trough to the northern end of the Transverse Ranges, a distance of 400
km, where we believe this rotation occurs, there are no deviations from the arc greater
than three km other than the step at the Banning fault. Also note that the velocity field
presented by Savage [1983] for the trilateration network across the Salton Trough is
itself suggestive of rotation about a pole located in the vicinity of the predicted position
(Figure 2).

The second feature of our model is that a significant amount of fault activity must
take place in southern California west of the Elsinore fault. If the slip is occurring on
northwest trending offshore faults, about 20 mm/yr of right lateral slip and 5 mm/yr of
convergence are required. A few authors have proposed relatively large amounts of slip
offshore (e.g., Anderson [1979]: > 10 mm/yr), but most authors have inferred that it is
onshore. In particular, Bird and Rosenstock [1984, p. 952] begin by assuming that a

total of 56 mm/yr is occurring on the San Andreas and San Jacinto faults. The space-
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based geodetic work of Christodoulidis et al. [1985] addresses the motion of Monument
Peak, at the southern end of the Los Angeles block, relative to Quincy, at the northern
end of the Sierran block, They conclude that if Monument Peak 1s attached to the
Pacific plate and Quincy is attached to stable North America (i.e., they exclude Great
Basin extension), the measured rate of shortening between the two monuments yields a
Pacific plate velocity of 61 -+ 25 mm/yr relative to North America, using the relative
direction of Minster and Jordan [1978]. This is compatible with the expected North
America-Pacific rate of plate motion (56 + 3 mm/yr [Minster and Jordan, 1978, 1984],
and T. H. Jordan et al. (unpublished manuscript, 1985) calculate that no more than 7
mm,/yr of offshore slip can be occurring.

Our concern with the results of Christodoulidis et al. [1985] stems primarily from their
need to put large amounts of convergence across the Transverse Ranges and slip rates on
the San Andreas system much greater than supported by the geologic and land-based
geodetic rates mentioned here. The net velocity acquired across the Salton Trough is
35-40 mm/yr [Savage, 1983]. While it is possible that the geodetic network does not
cover the entire breadth of the zone being strained, the rate documented agrees with our
kinematic model. We also have reservations about the velocity they determine for the
Pacific plate, 61 mm/yr (as compared to 56 mm/yr from Minster and Jordan [1978] as
being representative of the long term average rate. While these rates may be compati-
ble, the value of Christodoulidis et al. [1985] is a minimum because it does not include
either the relative motion of the northern Sierra site with respect to North America or
any motion in the southern California Borderland. Both of these factors would add to
the velocity of the Pacific plate, making the difference between the two estimates of
plate rate even larger.

The difference between the geologic and the space-based geodetic estimates of the rela-
tive North American-Pacific plate velocity may be due to variations in plate velocities

through time or to near-fault strain rate variations associated with the earthquake cycle.
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The difference in rate could then be attributed to the very different durations in time
over which the two methods averaée. If this is true, however, it remains difficult to
explain the similarity between the inferred slip rate along the San Andreas fault derived
from the land-based geodetic experiments and the Quaternary slip rate values.

The third feature of our model is that the tectomics of southern California can be
largely explained by three fault systems bounding rigid blocks. Since the San Andreas
fault was first placed in its plate tectonic setting, there has been considerable debate
about whether the San Andreas fault itself is the plate boundary or whether there is a
“broad soft zone” [Atwater, 1970|. In our model the plate boundary is neither. The San
Andreas system (including the San Andreas and San Jacinto faults in southern Califor-
nia) accounts for just under 2/3 of the plate motion, and the coastal system about 1/3;
there are really two fault systems bounding a relatively coherent block in between.
Because the total plate motion is obtained by adding only the motion on the Garlock
fault, the San Andreas fault, and the coastal system, the activity of smaller faults and
possible distributed shear across the blocks are almost insignificant in the total deforma-
tion across the plate boundary.

The internal consistency of our model is tested by performing line integrals of the
strain rate between points of interest. If all of the motion along any chosen path is con-
sidered, the results are independent of the path, and different paths connecting the same
end points will yield the same values. In particular, if this integral is evaluated between
a point on the North American plate and one on the Pacific plate, the total relative
plate motion will be accumulated. This method has been described by Minster and Jor-
dan [1984] and applied by them to a path across the Great Basin and central California.

We have considered the four paths shown on Figure 3. When the path over which the
integration is carried out does not encounter rotation or distributed deformation of the
blocks, the integral reduces to a simple sum of the relative slip rate vectors across each

velocity discontinuity, generally a fault. Paths 1 and 2 have been integrated in this
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Figure 5-3. Integration paths and slip rate vectors for the major blocks in southern
California. Solid arrows are velocity vectors relative to North America for points
along the path. The cor}esponding vector diagrams show the construction of these
vectors. Because the southern California blocks are rotating about relatively close
poles, the velocity vectors vary across these blocks by small but significant amounts
(see text). These corrections are shown in the vector diagrams as vectors with dots
instead of arrowheads. The open arrows at the ends of paths 1, 3, and 4 on the map
and the vector diagrams are the discrepancy vectors (the motion needed to bring the
velocity up to the relative velocity of the Pacific Plate, determined for path 2 and
given by Minster and Jordan [1978]). Abbreviations used in the vector diagrams are
SAF (San Andreas fault), GF (Garlock fault)) WTR (western Transverse Ranges),
SJF (San Jacinto fault), CF (Cucamonga fault), EF (Elsinore fault), PP (Pacific

Plate), and NA (North American Plate).
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manner. Paths 3 and 4, which cross blocks rotating on a relatively small arc, require
accounting for the continuous variation in velocity. For simplicity the overall deforma-
tion in the western Transverse Ranges is treated as though it were a single thrust fault
parallel to the trend of the major faults and folds in the area. The effects of errors in
the slip rates are discussed separately in the next section.

The paths begin in the Mojave Desert, which we infer is part of the North American
plate; a fiducial point is shown on Figure 3. There are several reasons that lead us to
believe that the Mojave block is part of North America. A path from cratonic North
America to the Mojave Desert can be constructed south of the Great Basin that crosses
very little significant Quaternary deformation. Such a path would cross the Rio Grande
Rift, which is extending at a rate of less that 1 mm/yr [e.g., Golombek, 1981], and the
southern Basin and Range Province, which does not presently have significant activity
south of the Great Basin [Zoback et al., 1981]. Alternatively, a path across the Colorado
Plateau to the Mojave Desert would encounter less than 1 mm/yr across the Rio Grand
Rift [Golombek, 1981] and less than 1 mm/yr at the southwest margin of the Colorado
Plateau [Hamblin et al., 1981]. Within the Mojave block there is geologic and paleomag-
netic evidence [Dibblee, 1967; Dokka, 1983; Weldon et al,, 1984] that the region has not
experienced the significant late Cenozoic rotations or deformations that most previous
models require. Garfunkel [1974] and Calderone and Butler [1984] have proposed large-
scale counterclockwise rotations, and Luyendyk et al. [1980] and Bird and Rosenstock
[1984] have proposed large-scale clockwise rotations within the Mojave Block, accom-
panied by major shear on the many northwest trending faults that exist in the region.
However, Dibblee [1967] and Dokka [1983] have demonstrated that these faults have not
experienced enough total displacement to deform the Mojave significantly. Furthermore,
Weldon et al. [1984] and Weldon [1985] have recently provided paleomagnetic evidence
indicating that the southwestern Mojave has rotated less than 4° since middle Miocene

time. Also, there is no active tectonic boundary recognized between the Mojave block
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and North America, which any rotation model would require.

Ceodetic studies in the Mojave region give contradictory results. Sauber and Thacher
[1984] have argued for about 5 mm/yr of net strain rate across the northwest trending
faults in the Mojave region, while King [1985] observes rates of strain over the same area
which are not significantly different {from zero. We conclude that the data are consistent
with the Mojave region being a part of North America and use the Mojave block as the
starting point for our paths of integration. The possibility of a few millimeters per year
of deformation between the Mojave block and North America does not significantly alter
our conclusions.

Path 1 begins on the Mojave block and crosses the Garlock fault to the Sierran block
(Figure 3). We assume that the trend of the Garlock fault west of the Owens Valley
fault (i.e., west of the Great Basin) indicates the direction of motion of the Sierran block
(S55°W) and that the slip rate is 11 mm/yr (the best estimate of Carter [1980, 1982).
There is considerable variability in the trend and uncertainty in the slip rate of the Gar-
lock fault, which will be addressed below. The path continues across the Sierran block
to the west and crosses the San Andreas fault. Slip on the San Andreas fault contri-
butes a velocity vector parallel to the trend of the San Andreas fault (N40°W) with a
magnitude of 35 mm/yr [Sieh and Jahns, 1984]. The resulting velocity vector of the
Salinian block (relative to North America) is 38 mm/yr directed N58°W. If this is com-
pared to the velocity of the Pacific plate (56 mm/yr, [Minster and Jordan, 1978]), a
discrepancy of 23 mm/yr oriented N5°W exists. The discrepancy vector is shown in Fig-
ure 3 as an open arrow located at the end of path 1. The discrepancy vector is similar
to the preferred discrepancy vector of Minster and Jordan [1984], though we find slightly
more convergence west of the Great Basin as a result of the more southerly drift of the
Sierran block in our model. As noted by Minster and Jordan [1984], much of the
discrepancy vector may be taken up on the San Gregorio-Hosgri fault system. Weber

and Lajoie [1977] report a rate of 6-13 mm/yr of right-lateral slip for the fault, and
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Crouch et al. [1984] present evidence for considerable convergence across this and other
faults west of the San Andreas fault..

Path 2 follows path 1 across the Garlock and San Andreas faults and then heads
south through the western Transverse Ranges to the Continental Borderland. Yeats
[1983] calculated a rate of convergence across the Ventura Basin of 23 mm/yr for the
last 200,000 years. More recent results from this area also give a high, though somewhat
lesser rate of convergence (17 + 4 mm/yr) [Rockwell, 1983; Rockwell et al., 1984, also
personal communication, 1985]. It is not yet known how the rate varies across the pro-
vince or whether the numbers represent the total convergence across the western
Transverse Ranges. We have chosen to average these two values, and we infer a direc-
tion of N5°W, perpendicular to the trend of the major faults and folds in the area (Fig-
ure 2). Path 2 results in a relative motion (53 mm/yr, N37°W) that is indistinguishable
from the relative Pacific plate velocity of 56 4+ 3 mm/yr directed N35°W [Minster and
Jordan, 1978]. This suggests that the borderland south of the western Transverse
Ranges (the end of path 2, Figure 3) is moving with the Pacific plate.

Path 3 (Figure 3) crosses the San Andreas fault east of the junction with the San
Jacinto fault and continues onto the Salton block, picking up a velocity of 25 mm/yr
Weldon and Sieh, 1985] directed N55°W, which is parallel to the tangent of the arc fit
to the San Andreas fault where path 3 crosses it. From there the path turns southwest
and heads directly toward the pole of rotation. By heading in this direction the only
effect due to block rotation is to decrease the magnitude of the velocity vector. The
faults encountered along the path contribute velocities that are summed to determine

“the relative velocity for any point along the path. Path 3 crosses the San Jacinto fault,
picking up 10 mm/yr (the long-term Quaternary slip rate of Sharp [1981] directed paral-
lel to the fault (N470W), and the San Andreas component of velocity decreases by 1.5
mm/yr due to the approach toward the pole of rotation. This results in a velocity vec-

tor for the Perris block of 33 mm/yr oriented N52°W. Continuing to the southwest, the
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Elsinore fault is crossed next, adding about 2 mm/yr (this value is discussed in the next
section) of right-lateral motion oriented N49°W, and passes onto the Los Angeles block.
Subtracting an additional 1.5 mm/yr from the San Andreas component of motion for the
continued approach toward the pole yields a velocity vector of 33 mm/yr directed
N53°W. The path is finally brought offshore and another 2 mm/yr is removed from the
San Andreas component, yielding a net relative velocity vector of 32 mm/yr pointing
N50°W. The discrepancy vector at the terminus of path 3 is indicated in Figure 3 with
an open arrow that is 25 mm/yr pointing N11°W.

Another route similar to path 3 is one that 'begins on the Mojave block and crosses the
San Andreas fault to the San Gabriel block, and then continues across the Sierra
Madre-Cucamonga fault to the Perris block. This route is shown on Figure 3 as path 4.
Crossing the San Andreas fault picks up 35 £ 5 mm/yr (Weldon [1984a]; unpublished
work has refined this to 37.5 + 2 mm/yr, [Weldon, 1985; R. J. Weldon et al., unpub-
lished manuscript, 1985]. We use the published value here.) parallel to the San Andreas
fault, N65°W. This yields a velocity vector for the San Gabriel block that is similar to
that found for the Salinian block with path 1. This similarity is expected because there
are no structures with more than a few millimeters per year recognized between the two
blocks. If counterclockwise rotation of the Sierran block along the curved Garlock fault
(as discussed below) is occurring, the velocity vectors describing the motion of the
Salinian and San Gabriel blocks would be even more similar.

Crossing the Cucamonga fault to the Perris block adds about 3 mm/yr [Matti et al,
1982, also personal communication, 1984] oriented N18°W to the relative velocity vector,
which rotates it clockwise about 15°. The resultant Perris block vector at the junction
of paths 3 and 4 (corrected for the rotation of the San Gabriel and Perris blocks) is vir-
tually identical to that calculated with patb 3. Again, the consistency of the results
determined from different data sets along different paths supports the accuracy of the

rates and the kinematic model. Also, because the Los Angeles block is moving parallel
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to the Perris block, about the same angular discordance remains between the velocity
vectors of the San Gabriel and the Los Angeles blocks as exists between the San Gabriel
and Perris blocks. The change in orientation of the Sierra Madre-Cucamonga fault zone
to the west and the relative rates of the Perris and Los Angeles blocks will affect the
relative amounts of convergence and the sense and magnitude of lateral faulting along
this boundary. The left-lateral component of activity across the Sierra Madre-
Cucamonga fault zone is explained by the more westerly motion of the San Gabriel block
relative to those to the south.

If paths 3 and 4 were continued to the terminus of path 2, a velocity vector would
need to be included that nulls the discrepancy vectdr, implying the existence of a zone of
significant dextral shear strain across northwest trending faults between the Los Angeles
block and the end of path 2. Because the north-south rate of convergence decreases
from the western Transverse Ranges to the central Transverse Ranges (Figure 1),
nearshore faults are thought to accommodate most of discrepancy vector 3.

It is impossible, based on current mapping, to connect the activity in the western
Transverse Ranges directly to northwest trending structures to the north and south of
the Transverse Ranges, as proposed by our model. This is probably in part due to the
difficulty in characterizing structures under the ocean, but it may also indicate some-
thing different about the coastal system. The western Transverse Ranges are character-
ized by a zone of convergent deformation that is unlike the relatively simple fault zones
that characterize the rest of southern California. This lack of simplicity may be due to
the youth of deformation or to the existence of major low angle detachment faults (both
possibilities suggested by Yeats [1981]). Another possibility is that the coastal system is
developed on crust of more oceanic character, whereas the San Andreas fault system
onshore is developed on continental crust. Whatever the reason, the apparent lack of a
simple, throughgoing structure connecting the western Transverse Ranges with faults to

the north and south could be viewed as consistent with the lack of a simple,
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throughgoing structure within the western Transverse Ranges themselves. For this rea-
son and because of the lack of information about offshore faults we have not attempted
to identify particular structures in the coastal system that accommodate the predicted

strain.

UNCERTAINTIES IN THE MODEL

The kinematic description of southern California presented above is based on the best
estimates of the Quaternary slip rate data available today. No errors have been
included. Ideally, uncertainties could be accumulated along the route of integration as
the strain rate is calculated, so that an uncertainty could be given at any point, relative
to the beginning of the path. However, the data are poor in several critical areas, and
smaller structures have been completely ignored. Furthermore, the nature of the uncer-
tainties makes them poorly suited to statistical treatment; the slip rates are the best
estimates of the workers from their field areas, and the probability distributions of the
estimates are asymmetric and highly non-Gaussian. In lieu of a formal treatment of the
error we discuss probable sources and magnitudes of error and their effects on the block
motions and on the overall kinematic model.

There is considerable uncertainty in both the magnitude and direction of motion of
the Sierran block that affects the velocities determined along paths 1 and 2. Carter’s
slip rate of 11 mm/yr, which we use in deducing the motion of this block, is only abso-
lutely bracketed between 5 and 30 or more mm/yr [Carter, 1980; 1982]. However, his
best estimate of 11 mm/yr is based on several lines of geologic inference that we find
convincing, and it is the best slip rate study on the Garlock fault that we are aware of.
Unfortunately, Carter’s rate estimate is for the portion of the Garlock fault east of the
Owens Valley fault, whereas paths 1 and 2 cross the Garlock fault just to the west of
the Owens Valley fault. The Owens Valley fault cannot contribute more than a few mil-

limeters per year even in its more active northern segment [Gillespie, 1982], so no
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significant error is introduced by extending Carter’s estimate for the Garlock westward
past its junction with the Owens Valley fault. Furthermore, because of the small
amount of activity on thev‘ Owens Valley fault and the relative lack of recent deformation
within the Mojave and Sierran blocks, kinematic necessity requires that Carter’s slip rate
estimate also applies to the motion of the southern portion of the Sierran block relative
to the Mojave. An interesting observation is that the Garlock fault west of the Owens
Valley fault appears to be geologically less active than the fault to the east [L. T. Silver,
personal communication, 1985]. This is probably due to t