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ABSTRACT

Reconstructions of the offset history of the San Andreas fault in southern
California have relied mainly on the correlation of rocks and structures within the
Central Transverse Ranges. Only a few Miocene basins exposed along the fault zone
in this area are associated closely with the early activity of the San Andreas system. The
age of these sedimentary rocks is therefore critical for constraining the early activity,
and helping understand the history, of the San Andreas fault. This study refines the
ages of three Miocene sedimentary rock units, the Cajon, Crowder, and type
Punchbowl], and Mill Creek formations, along the San Andreas fault in the Central
Transverse Ranges by paleomagnetic methods, in order to provide age constraints on
structures and tectonic events in the area. In addition, these data can be used to
determine the magnitude of net tectonic rotations that may have occurred in these
rocks.

Magnetic polarity stratigraphies have been developed for the top three units of
the Cajon Formation and for the entire Crowder Formation in the Cajon Valley. By
matching the magnetic polarity stratigraphies with the standard magnetic polarity time
scale, the ages of the Cajon and the Crowder formations are constrained to range from
at least 17 Ma to 12.7 Ma and from 17 Ma to 9 Ma, respectively. Although deposition
of these two formations began at nearly the same time (about 17 Ma), the youngest
rocks preserved in each unit differ in age by nearly 4 million years. In conjunction with
their distinct sedimentary features, source areas, and geographic extent, this indicates
that they were deposited in different basins. Hence, the offset along the Squaw Peak

fault that now separates the units was probably on the order of at least several tens of



kilometers.

Because unit 6 of the Cajon Formation (ca. 13 Ma) and unit 5 of the Crowder
Formation (9.0 Ma) are the youngest units obviously truncated by the Cajon Valley and
Squaw Peak faults, respectively, and the 4.2 Ma Phelan Peak Formation is not offset
by these faults, these two faults were active sometime between 13 and 9 Ma,
respectively and 4.2 Ma. As the San Gabriel and Liebre Mountain faults were also
active during these intervals of time, our results are compatible with the theory that the
Cajon Valley and the Squaw Peak faults are the offset extensions of the San Gabriel
and Liebre Mountain faults, respectively. This further supports the proposal that the
total offset along the modern San Andreas fault during Pliocene and Pleistocene time
has been 150 - 160 kilometers.

A similar paleomagnetic stratigraphic study was conducted on the late Miocene
Punchbowl Formation at the Devil’s Punchbowl County Park of California. The
magnetic polarity pattern obtained from the Punchbowl Formation can be matched
unambiguously to the geomagnetic reversal time scale from chrons 5Ar to 4Br, which
implies that the formation was deposited from about 12.5 to 8.5 Ma. Combined with our
age constraints on the Cajon Formation, this demonstrates that the Cajon and
Punchbowl formations were deposited during completely different periods of time. This
confirms the interpretation of Woodburne and Golz (1972) that the two formations do
not correlate. Hence, the distance between these two formations cannot be used to
constrain the total offset along the San Andreas fault.

The age of the Punchbowl Formation also constrains the activity of the Fenner
fault, which may be an old strand of the early San Andreas system. The Punchbowl
Formation is the oldest unit that is not offset by the Fenner fault. Although the

Paleocene San Francisquito Formation is the youngest unit offset by the fault at Devil’s
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Punchbowl, early Miocene rocks were offset by the San Francisquito and Clemens Well
faults, which were suggested as offset portions of the Fenner fault (Powell, 1980).
Hence, the Fenner fault was probably active between early Miocene time and 12.5 Ma.
Timing of another strand of the early San Andreas system, the Punchbowl fault, is also
constrained by our result. Based on the geologic data, the Punchbowl fault has had two
episodes of activity, one immediately before the deposition of the Punchbowl
Formation, another after its deposition. Therefore, our results constrain these two
episodes to start at about 12.5 Ma and after 8.5 Ma, respectively.

Tectonic rotations determined by anomalies in the paleomagnetic declination of
these formations are quite different. In Cajon Valley, the Cajon Formation shows clock-
wise rotations of up to 26°, whereas rotation in the Crowder Formation is much less (at
most 4° clockwise). Rotations in the Cajon Formation were probably caused by
differential thrusting along the Squaw Peak thrust system, complicated further by small
contributions from drag on "tear" segment of the Squaw Peak and the San Andreas
faults.

Abnormal counterclockwise rotations (27.5° = 4.3°) were found in the
Punchbowl Formation, which are compatible with those interpreted in the Mint Canyon
Formation (13° = 30°) 40 to 50 km to the west. This suggests that the entire San
Gabriel block between the San Andreas and San Gabriel faults may have been rotated
counterclockwise. The rotation probably occurred as the San Gabriel block moved
adjacent to the preexisting bent segment of the San Andreas fault, aided by the Mojave
Desert block acting as a "backstop.” After correcting for this rotation, the Punchbowl
e‘md Fenner faults would be parallel to the San Andreas fault in this area. This supports
the proposal that the Fenner and Punchbowl faults were strands of the early San

Andreas system during Miocene time.



There is little or no rotation in the Mill Creek Formation, which was exposed
in an elongated block between two (or three) strands of the San Andreas fault. As the
Mill Creek block is a long sliver in, and parallel to the strike of, the fault zone, it is
thus difficult to rotate.

Our results do not agree with the prediction that the entire Transverse Ranges
have been rotated clockwise in Neogene time. They also suggest that the geometry of
major faults along which rigid blocks move is critical for producing the rotation and for
determining the sense of the rotation. If our interpretation is correct, it implies that the
San Andreas fault has had its abnormal geometry since it formed, and that the fault

itself and the San Bernardino Mountains have not been rotated since Miocene time.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... ....... ..t iettncanansnnnsncnss iii
BBETEBAUT i ccisisnss v bbb onbtbnsdupebnsh s w o mmn i oo ws v
TABLE DF CONTENTSE ..o vcvmusn oo e o bbb 5 605005 EE S ix
LISTOFFIGURES | . cisnesi s b s s rfsssppuussgnenesss=s xiii
LIST GIE LEBLED 2o wwe o e mmm inon o s e i o e oo o b e 605 590 190 e 4 050 XV
Chapter One: Introduction: Purpose and Organization .............. 1
IO IO & 5 55 6 5 6 0 5 0 5 0 0 0 0 5 50 10 15 5 0 1 6 o 8 0w R B o A e 2
PULTOTEE 0 505 1015 50 v 51 5 15 50 59 om0 o 3 o oo o w8 B BB B e B G B 8 2
OFEANTIRTIION. oo vmimmmmim mmmmmm i hdi SRR A6 G EEI RGO RT TS 6

Chapter Two: Paleomagnetism of Miocene Sedimentary Rocks in Cajon Pass

Area, Southern California ................ ... 11

< 010 - 1 3 O O O OO 12

TALTOAUELION « « « « « « « « s o« s s @ o s uinio s mee s § 64 b smissmess ms 13



Setting and Previous Work . ..... .. ... ... .. .. .. L., 18
Pliysical Stratigraphy ssssssssnssscnnanssnsanscsen @97 26
I. The Cajon Formation ......... S EREEEEYRAN SRS T E 26

II. The Crowder Formation . .. .............. .. 29
Magnetostratigraphy . . ... ... . .. L L o i 31
TECHMIGUES . .~ m s i GG b ap b s GRS ERREERRBR AT AS & 0§45 H 31

I. Cajon Formation. s scsssonsnssranssnneesssscessri 53
Sampling SECHOHS s pswsesssmeevesssosss s s 53

Magnetic Mineralogy and Origin of Remanence .... 57

Microfossil Age Constraints . .................. 76
Stratigraphic Correlation ..................... 77
Depositional Rate ::counssmssnmssscsnsnnnsns 85

Rotations ......... ............. 90

II. Crowder Formation ...............cvuueuaan.. 96
SAHPLAE . .. v cevmmcmmmmmnn oren s mn o 96

Stability Tests . ........cicviiivernnnnnnnnnn 97
Stratigraphic Correlation .................... 102
Sedimentation Rate :cvsssssivsisssvransnnnns 105

RO(ALION 5 4svsssssses it paupsmusremes 110

EHSCUSSION ¢ s 563353888 st bas 148t ssssgissranspennuo 113
CODCIHSITNS o « s 555 cccaposcsssssnssamssss vuommumnonmnns 120
Acknowledgments . . ...... .. ... .. .. . i i i 121

£ 82 Fe o1 1 (o o e T L T 121



Chapter Three. Paleomagnetism of the Punchbowl Formation at Devil’s

Punchbowl, southern California ........................ 127
Absivact susssscssspessrrnesassdasedsw ¢ b 8 waHw o 128
Introduction ... ... ..ttt ittt 129
Geological Setting .......... ...ttt snnsanss 131
The Punchbowl Formation ........................ 135
Paleomagnetic Procedures ........... o e B e S 5 140
Sampling c:sosicsssasssssssssopoanvommunwnenmns 140
MEASUIBHIBATE . . . cs s s v rmsrsrmsmmmnmmn mmmm o 141
Magnetic Mineralogy ................ . .. 151
Test of Daia Reliability . .:: svsvvsunsnsnsnsssscssns 151
Magnetic Polarity Stratigraphy .......................... 161
Sedimentalion RATE sovempnsm o s e s mw o o oo mom o w o 165
Bolaltl womammsseie s s s s s s w b mm w e oo 165
IDISOMSSTION wou 20 0 55 i 0 0 e 0 0 o e 0 o o o 2 0 o9 8 174
Summary and Conclusions ............ ... ... 181
Acknowledgements .......cssccnnsnsssunsEsEaaa534 858 181

RefBIBNCES: v wns i@l IR s R SR e a s am g s § & 182



xii

Chapter Four: Paleomagnetic Study of the Mill Creek Formation, Mill Creek,

Southern California . ............ . ... . i, 186
Inteodoetion csssvacssossiRasEEERER AU UM REN S 135 EE 5Py Es 187
Geologic Bagkgrounid ssxssssssssrmmmesscses s svnnmsms 187
Paleomagnetic Procedires ..mwoesxnwommaansess oo oonsmnssa 191
INPLCALIONE ~wwuoorvmnnsdinssadsiiasss s s RIBEEREBES 204
Acknowledgements ....cococssidisiiiisiisRIHENEREHN R 205
BelfPIehBes . ccsssaaiiiisicaisisdisissispmupnpmmuns 205
Chapter Five: Summary ............... ..., 208
IRtFOduetIon .......cccoccibssossan s REREuRBrpauEENESS 209
Magnetostratigraphy and Its Tectonic implications ........... 209
Tectonic rotations :vssvssrsssssvrpppsrrsmvnwnnsenmm 212

RETETEIES 5 5 e 5505 i 50 55 5 500 5 5575 555 G186 50 5% 5188 S80Sy 2151 6 1) 57 85 60 191 30 51 o) o 5 215



Chapter Two:

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10
Figure 11

Figure 12

xiii

LIST OF FIGURES

Geologic setting map of the Cajon Pass area . .........
Simplified lithologic column diagram ...............
Typical demagnetization results of Cajon samples ... ..
Great circle ar stable "end point" ... cv00 00 vnunnn
Typical demagnetization behavior of Cajon samples

Typical normal sample of the Crowder samples .......
Typical reversed sample of the Crowder samples . . ... ..
Comparison of different analysis methods ...........
Geological map and the sampling locations . ..........
. Thermal demagnetization curve ..................
. Equal-area plots of each unit of the Cajon Formation . .

. Reversal test of unit 5 of the Cajon Formation .......

Figures 13 and 14. Fold tests of the Cajon Formation ..........

Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20

Figure 21

. Magnetostratigraphy of the upper Cajon Formation

. Magnetostratigraphy of unit3 . ..................
. Magnetostratigraphy of unit 5 . ..................
. Magnetostratigraphy of unit 6 . ..................
. Sedimentation rate curve of the Cajon Formation

. Mean directions of different localities . . . ...........

. Fold test of the Crowder Formation samples .........

40

45

47

50

54

39

61

70

72

78

80

82

86

88



Xiv
Figure 22. Reversal test of the Crowder Formation samples . .. .. 100

Figure 23. Magnetostratigraphy of the lower Crowder Formation 103

Figure 24. Magnetostratigraphy of the Crowder Formation ... .. 106
Figure 25. Depositional rate variation with time ............. 108
Figure 26. Mean direction of the Crowder Formation ......... 111
Figure 27. Tectonic rotation model of the Cajon Pass area . .... 118

Chapter Three:

Figure 1. Geological map of the Devil’s Punchbowl area ....... 132
Figure 2. Geological map and sampling localities ............ 137
Figure 3. Typical demagnetization paths -- the first type ....... 143
Figure 4. Typical demagnetization paths of the second type ..... 147
Figure 5. Typical demagnetization paths of the third type ...... 149
Figure 6. Rock magnetism experiment plot . ................ 152
Figure 7. Thermal demagnetization curves ................. 154
Figure 8. Fold test of the Punchbowl samples ............... 157
Figure 9. Plot of conglomerate test results . ................ 159
Figure 10. Magnetostratigraphy of the Punchbowl Formation ... 162
Figure 11. Mean of the Lower Punchbowl Formation . ... ...... 167
Figure 12. Mean of the Upper Punchbowl Formation . ... ...... 169
Figure 13. Mean of the Punchbowl Formation ............... 171

Figure 14. Magnetostratigraphy of the Punchbowl and Cajon

00 0 11118 L0 1 (- 175



Chapter Four:

Figure 1. Geological map of the Mill Creek area ............ 188
Figure 2. Typical demagnetization paths ................... 193
Figure 3. Typical demagnetization paths ................... 195
Figure 4. Typical demagnetization paths ................ ... 197
Figure 5. Fold test of the Mill Creek samples ............... 199
Figure 6. Mean direction of the Mill Creek Formation . ... ... .. 202

LIST OF TABLES

Chapter Two:

Table 1. Results from Fisher and VGP calculation ............ 44
Table 2. Results of fold test from the Cajon Formation ........ 75
Table 3. Results of Fisher and Bingham statistics ............. 91
Table 4. Mean directions of sections ...................... 95

Chapter Three:

Table 1. Results of Fisher and Bingham statistics . ........... 166



CHAPTER ONE

INTRODUCTION:

PURPOSE AND ORGANIZATION



Chapter 1

Introduction

This thesis was undertaken to address two basic problems in the geology of the
Transverse Ranges: The first is to refine the stratigraphic correlations and age
constraints for late Cenozoic sedimentary rocks in the Transverse Ranges that were
offset by faults of the San Andreas system; the second is to determine tectonic rotations
that constrain models for deformation along the San Andreas fault zone. Both of these
problems are important for understanding the structural evolution and tectonic history
of the San Andreas fault and the Transverse Ranges. My contribution to the

understanding of these problems involves the use of paleomagnetic methods.

Purposes

Age control on Late Cenozoic sedimentary rocks offset by the San Andreas fault
in the Transverse Ranges are important because they constrain the timing of tectonic
events, including motion along faults of the San Andreas system. During the last several
decades, late Cenozoic reconstructions of the San Andreas system have relied heavily
on correlations of rocks and structures in the central and eastern Transverse Ranges
(Hill and Dibblee, 1953; Crowell, 1962, 1982; Powell, 1981; Matti et al., 1935; Weldon,
1986; Meisling and Weldon, 1989). Although it is believed generally that the San
Andreas fault in southern California formed between 4 and 5 (or at most 8) million
years ago, and about 240 km offset has been accumulated since then (Crowell, 1981;

Ehlig, 1981), this model is not consistent with the displacement history recorded by the
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rocks of the central Transverse Ranges (Weldon et al., 1990).

This inconsistency has led to various speculations that a right-lateral deformation
system predated the modern San Andreas fault in southern California, and that it is
responsible for about 100 km of offset during Miocene time (Crowell, 1962; Powell,
1981; Weldon et al., 1990). In various scenarios for reconstruction of this "pre" San
Andreas system, the age range of the Miocene sedimentary rocks is critical because it
constrains the possible correlations of the offset units, as well as the timing of activity
of individual faults in the system. However, the nonmarine, late Tertiary sedimentary
rocks in the Transverse Ranges are very difficult to date because they lack marine
fossils and commonly lack materials amenable to isotopié dating, and also because it is
commonly difficult to find sufficient and usable fossils from these rocks even for roughly
assessing their age. One of the possible and promising techniques for dating these
sediments utilizes the polarity of natural remanent magnetism, which is often preserved
in these sediments and is relatively easy to identify.

The Tertiary geomagnetic field is known to change polarity every few 10° years
or so in a quasi-random fashion (Harland et al., 1982), and as the sequence of polarity
zones (or chrons) has been preserved in the sea-floor magnetic stripes (Vine, 1966), the
calibration of the reversal pattern provides a reference magnetic-polarity time scale
(e.g., Harland et al., 1982) of great use for stratigraphic correlation. In magnetostratig-
aphic study, a measured pattern of rock magnetic polarity is thus matched with this
reference magnetic-polarity time scale to determine the age of the rocks. On the
average, the resolution of Tertiary magnetostratigraphic dating is generally on the order
of 10° to 10° years. However, in order to provide a match to the reversal time scale, it
is mecessary to have some other independent age estimate of the age of the rocks,

provided by another method such as paleontologic or radiometric dating. From this
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start, it is often possible to make a unique match to the reversal sequence for an entire
formation.

There are only a few Miocene sedimentary basins along the San Andreas fault
in the central Transverse Ranges which record evidence of the early activity of the San
Andreas system, including: the Ridge, Devil’s Punchbowl, Cajon Valley, and Mill Creek
basins. My work focused mainly on the "Punchbowl Formation" of Noble (1954),
including both the type formation at Devil’s Punchbowl and the "Cajon beds," called
Cajon Formation in this thesis, in Cajon Valley. The two formations were thought to
be the same terrestrial rock unit offset by the San Andreas fault (Noble, 1926, 1954).
Woodburne and Golz (1972) indicated that the two formations are mainly of different
ages and have no important lithologic similarities, thus they do not fit a close
correlation. However, Woodburne and Golz (1972) also suggested that the two rock
units were deposited in a large, continuous basin and close to where they are today,
implying a smali offset along the San Andreas fault. Although virtually no one believes
this correlation today, it is still not clear whether or not whether the two units overlap
in age with one another (Woodburne and Golz, 1972; Woodburne, 1975), which would
be permissive of the proposal of Woodburne and Golz (1972). In this study I attempt
to test these hypotheses by refining the age constraints for both of these sedimentary
rock units.

Refining the age of the Mill Creek Formation by magnetostratigraphic study was
one of my initial goals, although I found it later to be unsuitable for this kind of study.
The Mill Creek formation, and the type Punchbowl Formation at Devil’s Punchbowl,
are the only two "pull-apart” basins completely within the San Andreas fault zone in the
Transverse Ranges, deposition of which is associated closely with the early phase of the

San Andreas system. Weldon et al. (1990) noticed that the similarity between the two
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formations, and Weldon (personal communication, 1987, 1990) tentatively proposed that
the two formations may have been deposited in the same basin. Hence, refining the
ages for the type Punchbowl and Mill Creek formations is important for constraining
the early phase of the San Andreas system and for testing Weldon’s proposal.

Apart from the use of paleomagnetism to determine the age range of
sedimentary rocks, the determination of rotation by paleomagnetic methods has
provided useful tests of models concerning deformation at plate margins and in
continental blocks. Many geoscientists have speculated on rotations of fault-bounded
blocks (Garfunkel, 1974; Freund, 1974; Bird and Rosenstock, 1984). While rotations
around a horizontal axis can be determined by measuring geological markers such as
tilted beds and folds, rotation about a vertical axis is much more difficult to determine
by geological and other geophysical methods. Paleomagnetic methods, however, can
provide substantial estimates for the magnitude of such rotation. Large paleodeclination
anomalies are found usually in regions of strike-slip faulting, and have led to the
suggestion that lateral displacement is the principal mechanism for crustal rotation
(Beck, 1976; Freund, 1974; Luyendyk et al., 1980, 1985; Garfunkel and Ron, 1985).
Specifically, Luyendyk and others (1980, 1985) have predicted that the central and
eastern Transverse Ranges of southern California have been rotated clockwise up to
90°, as have the western Transverse Ranges during the Neogene period. On the other
hand, Garfunkel (1974) proposed that the Mojave Desert block and the San Andreas
fault next to it have been rotated counterclockwise about 30°, producing the "big bend.”
Both models of Luyendyk et al. (1980, 1985) and that of Garfunkel (1974) imply
rotation of the San Andreas fault and a decrease of its slip rate. Hence, measuring the
magnitude of vertical-axis rotation in the central Transverse Ranges and the Mojave

block is also important for understanding the history of the San Andreas system.
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All three rock units included in my study are bounded by two or three lateral-
slip and thrust faults and are in the central and eastern Transverse Ranges next to the
Mojave Desert, which provide excellent geologic settings for the study of tectonic
rotation. Also, these are basically the only exposures of Tertiary sediments in the
central Transverse Ranges. Older rocks may be rotated by other events and younger
Quaternary rocks may not have seen the total impact of San Andreas deformation. In
addition to the rotation difference, the timing of the rotations is also different in
different crustal blocks. One of my goals is thus to test those rotation models by placing
constraints on the tectonic rotations that have occurred in these particular sites and also

on the timing of the rotations.

Organization

My thesis is organized into five chapters, which include this introduction, the
studies of Cajon, Punchbowl, and Mill Creek formations in chapters 2, 3 and 4,
respectively, and a final summary. Chapters 2 through 4 are presented here as individual
papers that have separate abstracts, introductions, bibliographies, and multiple authors
as appropriate.

In chapter 2 the magnetostratigraphies of the Cajon ("Cajon Facies" of Noble)
and Crowder formations are presented as a multi-author paper with my main
contribution being the work on the Cajon Formation. Unpublished studies of the
Crowder formation are combined in this paper, which were conducted by Winston
(1985) and Weldon (1984, published; 1986). By comparing these sediments of similar
age, I also discuss their implications to the geologic structures and tectonic evolution

of the Cajon Pass area. The different rotations between these two formations are
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discussed in this chapter 2 which has been submitted recently to the Journal of
Geophysical Research.

In chapter 3, the magnetic stratigraphy of the Punchbowl Formation at the type
location in the Devil’s Punchbowl was established in order to evaluate the correlations
between it and the Cajon Formation in Cajon Pass. Abnormal counterclockwise
rotations were found from the Punchbowl Formation, which provide a different view
of the tectonic rotations that may have occurred in the Transverse Ranges. I also plan
to submit chapter 3 to the Journal of Geophysical Research.

In chapter 4, I discuss the tectonic rotations found in the Mill Creek Formation,
which lies between the north and south branches of the San Andreas fault east of city
of San Bernardino. Because it is relatively short, chapter 4 is in preparation for
Geophysical Research Letters.

Although most chapters in this dissertation are written as independent papers,
development of interpretations and ideas in some chapters are more or less dependent
on data and conclusions presented in other chapters. Chapter 5 is thus an overall
summary, in which I discuss the geologic history of tectonic rotation found in these fault

bounded blocks.
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Chapter 2

ABSTRACT

Late Miocene sedimentary rocks in Cajon Valley provide a record of the
tectonic evolution of the Transverse Ranges and the San Andreas fault. Magnetic-
polarity stratigraphies have been developed for the top three units of the Cajon
Formation and the entire Crowder Formation in the Cajon Valley of southern
California in order to constrain the ages of these two formations and to help interpret
the geological history of the Cajon Pass area. By matching the magnetic-polarity
stratigraphies with the Magnetic Polarity Time Scale, the ages of the upper part of the
Cajon and the Crowder formations are constrained to range from slightly younger than
17 Ma to 12.7 Ma and from 17 Ma to 9 Ma, respectively.

While deposition of the Crowder and the upper part of the Cajon formations
began at nearly the same time (about 17 Ma), the youngest rocks preserved in each unit
differ by nearly 4 million years. In conjunction with their distinctly different sedimentary
features, source areas, and geographic extent, this indicates that they were deposited
in different basins. Hence, the offset along the Squaw Peak fault that now separates the
units was probably on the order of several tens of kilometers since 9.5 million years ago.

The Cajon Valley and the Squaw Peak faults have been suggested to be the
offset extensions of the San Gabriel and Liebre Mountain faults, respectively. Because
unit 6 of the Cajon Formation is the youngest unit obviously truncated by the Squaw
Peak and Cajon Valley faults, and the 4.2 Ma old Phelan Peak Formation is not offset
by these faults, these two faults were active sometime between 13 and 4.2 Ma. As the

San Gabriel and Liebre Mountain faults were also active during this interval of time,
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our results are compatible with the above theory.

Tectonic rotations determined by anomalies in the paleomagnetic declination of
these two formations are quite different: the Cajon Formation showing variable clock-
wise rotations of up to 27°, whereas rotation in the Crowder is much less (clockwise
about 4°). These observations further confirm that the two formations had distinct
tectonic histories before they were brought together by the Squaw Peak fault. Although
there may be some other possibilities considering the complexity of rotation, rotations
in the Cajon Formation were probably caused by uneven compression of the thrusting
along the Squaw Peak thrust system, further complicated by small contributions of drag

on the "tear-apart” segment of the Squaw Peak and the San Andreas faults.

INTRODUCTION

Cajon Pass, an area that connects the San Bernardino and the San Gabriel
Mountains, is a tectonically active region in Southern California. The geologic history
of the area has been influenced by the evolution of the central Transverse Ranges and
by the development of the San Andreas fault. Two late Miocene sedimentary rock units,
the Cajon and Crowder formations, crop out prominently in this area. Their position
within the late Cenozoic stratigraphy of the Cajon Valley, and vicinity, is thus of special
interest to geologists because they constrain the timing of major tectonic events and
provide important clues to major structures in this area.

As early as 1926, Levi Noble proposed that the Cajon Formation (his "Cajon
beds" of the Punchbowl Formation) was offset from similar rocks in the Devil’s
Punchbowl, about 35 km to the northwest, by the San Andreas fault (Figure 1).

Woodburne and Golz (1972) demonstrated that the "Cajon beds" of the Punchbowl



14

Figure 1. Geologic setting map of the Cajon Pass area.

Modified from Meisling and Weldon (1989).
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Formation differ from the type Punchbowl Formation in stratigraphic detail, provenance
and likely, but not certainly, their age. On these bases, Woodburne and Golz (1972)
suggested that the two formations did not fit a close correlation. Fossils from the base
of the Punchbowl and middle part of the Cajon formations suggested that the
Punchbowl was younger than the Cajon Formation. At that time, no fossils had been
found from the top of the Cajon Formation whereas the bottom of the Punchbowl
Formation was loosely constrained by insufficient fossils. It was not possible to
determine whether or not the two formations had overlapping ages. Hence, Woodburne
and Golz (1972) suggested that they were deposited in the same continuous deposition-
al basin although probably at different times. For this reason, the name Punchbowl
Formation is still used widely for these rocks, despite the recommendation of the USGS
Geologic Names Committee that the formation in Cajon Valley be called the Cajon
Formation.

The Crowder Formation is the only late Miocene sedimentary rock unit that
overlies depositionally the eroded basement of the San Bernardino Mountains in Cajon
Pass. Therefore, its age of onset marks the time that the area switched from erosion to
deposition. Previously the age of the Crowder Formation was loosely constrained by its
structural affinity with formations of known age (Meisling and Weldon, 1982). Foster
(1980) interpreted the Crowder Formation (his "western facies”) as unconformably
overlying the Cajon Formation and unconformably overlain by the Harold Formation.
At that time, the Cajon and Harold formations were thought to be Hemingfordian -
Barstovian (Woodburne and Golz, 1972) and Rancholabrean age (Noble, 1954),
respectively. Hence, the Crowder Formation was thought to be any age from Barstovian
to Rancholabrean. Foster suggested that the Crowder was closer in age to the Harold

Formation (2 - 4 Ma), because he recognized only minor structural differences
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separating the Crowder and Harold formations whereas a significant angular unconfor-
mity separated the Crowder and Cajon formations. This is consistent with a fission-track
age of less than 4 Ma in what was thought to be the eastern facies of the Crowder
Formation near Silverwood Lake (Meisling and Weldon, 1982).

This Pliocene age became questionable when new mammalian fossil data
suggested an early Miocene age for the Crowder Formation (Reynolds, 1983). Weldon
(1984, 1986) realized that the type Crowder Formation was separated from the Cajon
Formation by the Squaw Peak fault, and that the sediment overlying both the Cajon and
Crowder formations is another distinct unit of early Pliocene age that he named the
Phelan Peak Formation. Age of the upper part of the Crowder Formation was refined
by magnetostratigraphic study of Weldon (1984) to be between 11.5 and 9.5 Ma. The
Crowder Formation on the northeast side of the Squaw Peak fault is thus mostly the
same age as the Cajon Formation (Weldon, 1986), which implies that the Squaw Peak
fault must have had large movements to bring these two units together. This hypothesis
could not be proven until the ages of the two units were better constrained. In this
study, we develop magnetic polarity stratigraphies for the Crowder and Cajon
formations, which, by correlation to the Geomagnetic Reversal Time Scale, can evaluate
these questions.

In addition to the stratigraphic implications, the results of this magnetic study
can be used to determine the magnitude of any tectonic rotation that may have
occurred in these units. Based on the shape of the San Andreas fault through the
Transverse Ranges and the geometry displayed by the frontal fault systems of the San
Bernardino and San Gabriel Mountains, several geologists have proposed hypotheses
suggesting that the entire Transverse Ranges province has been rotated counterclock-

wise about a central vertical axis (Garfunkel, 1974; Baird et al., 1974). Terres and
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Luyendyk (1985) and Weldon and Humphreys (1986) proposed that only the San

Gabriel Mountains have been rotated counterclockwise. Alternatively, Luyendyk et al.
(1980, 1985) proposed a clockwise "block rotation™ model of the entire Transverse
Ranges based on their paleomagnetic studies mainly on the western Transverse Ranges.
They predicted (Luyendyk et al., 1980, 1985) that the central and eastern Transverse
Ranges may have also been rotated clockwise by about the same amount (up to 90°) as
that of the western Transverse Ranges. However, paleomagnetic data in the central and
eastern Transverse Ranges display far less rotation than was found in the western area
where the hypothesis was formulated (Ensley and Verosub, 1982; Luyendyk et al., 1985;
Terres and Luyendyk, 1985, Liu et al., 1988). More measurements of the tectonic
rotations that have occurred in the Central Transverse Ranges are provided by this
study, which can help our understanding of the origin and extent of the tectonic

rotation in the Transverse Ranges.

SETTING AND PREVIOUS WORK

Based on studies by Woodburne and Golz (1972), Foster (1980), Weldon (1986),
and Meisling and Weldon (1989), rock units exposed in and adjacent to Cajon Valley
include pre-Cenozoic basement crystalline rocks, the Paleocene and Eocene San
Francisquito Formation (?), the lower Miocene Vaqueros Formation, the upper
Miocene Cajon and Crowder formations, the Pliocene Phelan Peak Formation, the
upper Pliocene and lower Pleistocene Harold Formation and Shoemaker Gravels, as
well as older and younger alluviums (Figure 2). The pre-Cenozoic basement rocks and
the Cajon Formation are the dominant units in and along the Cajon Valley. The

Crowder Formation is exposed mainly in the northeastern part of Cajon Valley and
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Figure 2. Simplified lithologic column diagram of the Cajon and Crowder formations,
and their relationships with other rock units in Cajon Pass area.
Modified from Meisling and Weldon (1989). See Figure 1 for locations of
columns. Units in the Cajon Formation have not been shown, whereas numbered
units in the Crowder Formation are from Foster (1980). Columns are composite,
and thicknesses shown are maximum values. All units are highly variable in
thickness.
F -- dated by vertebrate and microvertebrate fossils;
M -- dated by magnetostratigraphy;

R -- based on fission-track data on ash.
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extends northeastward along the northern flank of the San Bernardino Mountains.
Pleistocene deposits occur primarily along the northern and eastern boundaries of the
valley. All these rock units have been described and summarized by Woodburne and
Golz (1972), Foster (1980), Meisling and Weldon (1982,1989), and Weldon (1984,
1986). This paper therefore will focus only on the Cajon and Crowder formations.

Noble (1926) first mapped and described the stratigraphy of Cajon Valley. In
1954, he published a summary of his work in this region, including geological
information from the vicinity of Cajon Pass. The name "Cajon Facies of the Punchbowl
Formation" was given to what is now called the Cajon Formation (Noble, 1932, 1954)
because of the general similarity in lithologies of these two formations. Noble (1926,
1954) suggested that the 36 kilometers between these two similar rock units may
represent the offset of the San Andreas fault since late Miocene time. Although most
geologists do not accept this correlation, the name Punchbowl Formation is still used
for the rocks underlying Cajon Valley (Dibblee, 1967; Woodburne and Golz, 1972;
Foster, 1982).

Additional geological information in the northwest-trending Cajon Valley was
provided by other geologists, including Yerkes (1951), Swinehart (1965), Tamura (1961),
and Dibblee (1967). These studies are important to the understanding of the geologic
history of the area. Particularly, the stratigraphy of Cajon Valley was described in
greater detail by Dibblee (1967), and he also named the Crowder Formation.

Woodburne and Golz (1972) revised the stratigraphy of Cajon Valley, specifically
that of the Cajon Formation. They divided it into seven stratigraphic units, two of them
(units 4 and 5a) are probably lateral equivalents. Mammalian fauna were collected by
them and were used to constrain the age of the Cajon and also the Punchbowl

formations. Although the fossils were only collected from the middle part (units 2, 3,
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and 5) of the formation and were not sufficient to determine the age of the entire
formation, Woodburne and Golz (1972) suggested it to be between late Hemingfordian
and Barstovian in age. Woodburne and Golz (1972) concluded in their study that the
Punchbowl Formation at Devil’s Punchbowl is younger than the sediments in Cajon
Valley and that they do not correlate. Woodburne and Golz (1972) also suggested that
both of these formations formed close to where they are today, which implies small
lateral displacements on the San Andreas fault. Based on the fossils collected from the
lower and middle portions of the Cajon Formation, Woodburne and Golz (1972)
estimated the depositional age of the formation to be middle to late Miocene. However,
no fossils were found in the upper portion of the Cajon Formation so its youngest age
of deposition was unknown. Whether or not this portion of the Cajon Formation
overlaps in age with the lower portion of the type Punchbowl Formation was therefore
unresolved by their work.

Foster (1980) mapped in Cajon Valley and collected paleocurrent and
mineralogical data from clasts in the Crowder Formation. He also divided the Crowder
Formation into five lithostratigraphic units, and divided the upper Crowder Formation
into western and eastern facies. Foster developed a model for the tectonic evolution of
the Cajon Valley region from these data. More recently, Meisling and Weldon (1982,
1989) and Weldon (1984, 1986) studied and synthesized the important aspects of the
late Cenozoic stratigraphy and structure in the northwestern San Bernardino Mountains
and the Cajon Valley area. New age constraints provided by magnetostratigraphic
studies were used by Weldon (1986) and Meisling and Weldon (1989) in conjunction
with structure and other geologic data to divide the late Cenozoic strata in the Cajon
Pass area into three tectonostratigraphic groups of Miocene, Pliocene, and Quaternary

age. These three packages bracket two distinct episodes of uplift, in late Miocene to
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earliest Pliocene and Quaternary time, which are related to movements on low-angle
structures beneath the range (Meisling and Weldon, 1989).

Providing age constraints on the Crowder Formation was one of Meisling and
Weldon’s (1984) main goals because the formation appears to predate the uplift of the
western San Bernardino Mountains and activity o’f the Squaw Peak fault. A Pliocene
age for the Crowder Formation was suggested by Dibblee (1967) and later by
Woodburne and Golz (1972). The age estimate was based mainly on the hypothesis that
the Foster’s western facies of the Crowder overlies the Cajon Formation, which was
believed to be late Miocene in age (Woodburne and Golz 1972). Woodburne and Golz
(1972) thus thought it impossible for the Crowder to be of middle to late Miocene age
even though they had discovered middle to late Miocene fossils from the basal part.
They concluded that the fossils were reworked. A tentative fission-track age of less than
4 Ma was obtained (Meisling and Weldon, 1982) from what was considered to be part
of the eastern facies of the Crowder Formation. This facies is now designated as part
of the Phelan Peak Formation (Weldon, 1984). Based on the structural affinity and the
fission-track date, Foster (1982) concluded that the Crowder Formation was probably
deposited between 1 and 4 m.y. ago. In 1983 and 1985, Reynolds again discovered
middle Miocene fossils from the base of the Crowder Formation, suggesting that it was
much older than was previously thought. Paleomagnetic data from the Crowder
Formation also support this contention (Weldon, 1984, 1986; Winston, 1985). In
addition, the sedimentary rocks overlying the Cajon and also the Crowder formations,
the "western Crowder" of Foster (1980), are now mapped as a separate unit and have
been named the Phelan Peak Formation based on magnetostratigraphic and fission track
dating (Weldon, 1984, 1986). The Crowder Formation is therefore in fault contact, and

is partially contemporaneous with, the Cajon Formation.
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At least three major faults cut through the Cajon Valley area, including the San
Andreas fault at the southwest end subparallel to the axis of the valley, the Cajon
Valley fault at the west end, and the Squaw Peak fault at the north and east ends of
the Cajon Valley. These faults bound the Cajon Formation and separate it from the
Crowder Formation and basement rocks. Part of another late Cenozoic active fault, the
Cleghorn fault, cuts the Squaw Peak fault and extends into the Cajon Valley.

The most active fault that cuts through the Cajon Pass area is the modern San
Andreas fault. Although the relative displacements have been occurring between the
North America and Pacific plate system during the past thirty million years, the modern
San Andreas fault was probably not started until about 5 million years ago (Atwater,
1970; Crowell, 1981, Weldon, 1986). As it is much younger than the Cajon and Crowder
formations, it will not be discussed further here.

The Squaw Peak Fault is a large, low-angle thrust fault in this area, separating
the basement of the San Bernardino Mountains and the overlying Crowder Formation
from the basement of unknown affinity and the overlying Cajon Formation (Weldon,
1986; Meisling and Weldon, 1989). A portion of this fault had been previously mapped
by Foster (1980) as the Squaw Peak fault, which is the name given to the entire
structure. Foster thought that the Squaw Peak fault was a minor normal fault, which
dropped the lower Crowder against the Cajon Formation, and was overlain by the upper
Crowder (the Phelan Peak Formation of Weldon, 1984, 1986). On the other hand,
Weldon (1984, 1986) suggested that the Squaw Peak fault is a major structure, probably
the offset extension of the Liebre Mountain fault, which would postdate both the Cajon
and the Crowder formations and is overlain by the Phelan Peak Formation. Therefore,
the active period of motion along the Squaw Peak fault is bracketed by the Phelan Peak

Formation at the top, and the Cajon and/or Crowder formations at the bottom. If the
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Cajon and Crowder formations were indeed deposited in different basins, the
movements along the Squaw Peak fault can be roughly estimated based on the
geometries and original sizes of depositional basins.

According to Weldon (1986), the main trace of the Squaw Peak fault generally
trends northwesterly and dips at low angles to the east. North of Squaw Peak, the fault
trends north, whereas further north it trends northwesterly, and separates the Crowder
and Cajon formations. It is offset left-laterally by the Cleghorn fault, and continues
southward separating the Cajon Formation from the San Bernardino Mountains
basement. The north-trending segment is interpreted by Weldon (1986), Meisling and
Weldon (1989), and Miller and Weldon (1989) as a high-angle tear fault in an otherwise
northwest-southeast trending low-angle thrust system. This interpretation was
questioned (Ehlig, 1988) because no surface exposure of the north-trending segment
of the fault has been found.

Another fault, the Cajon Valley fault, separates the sedimentary rocks in Cajon
Valley from the basement rocks. It was proposed to be a reverse fault that joins the San
Andreas fault obliquely, dropping the Cajon Formation against the pre-Cenozoic
basement rocks (Noble, 1932; Dibblee, 1967; Woodburne and Golz, 1972; Foster 1982).
The offset of the Cajon Valley fault is not yet known. Woodburne and Golz (1972)
suggested that unit 5a of the Cajon Formation is a clastic wedge and was derived from
tectonic activity west of the Cajon Valley fault. Accordingly, the activity of the Cajon
Valley fault would start after the deposition of unit S5a of the Cajon Formation. Based
on Weldon’s map (1986) and spatial relationships between unit 5a and the fault,
however, the activity of the Cajon Valley fault more likely started after deposition of
the Cajon Formation. In 1984 and 1986, Weldon proposed that the Cajon Valley fault

is a right-lateral strike-slip fault and that it may have been an earlier strand of the San
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Andreas system. Subsequently, Matti et al. (1985) proposed that it is an offset
continuation of the San Gabriel fault. Again, the youngest rock unit cut by this fault
is the Cajon Formation, and the oldest unit that it does not cut is the Phelan Peak
Formation. So the ages of these units are critical for verifying these hypotheses.

The Cleghorn fault has been active mainly during Quaternary time. The fault
was originally named by Noble (1932) for its exposures in Cleghorn Valley. It cuts the
Squaw Peak fault near the center of Cajon Valley, and extends about 25 km through
the Silverwood Lake area to the Tunnel Ridge fault west of Lake Arrowhead (Meisling
and Weldon, 1989). Over most of its length the Cleghorn fault dips between vertical
and 85° to the north. It cannot be traced west of the Squaw Peak fault, but may extend
an unknown distance beneath the alluvium of Cajon Valley (Meisling and Weldon,
1989). Meisling and Weldon (1989) suggested that the cumulative left-lateral motion on
the Cleghorn fault is between 3.5 and 4.0 km. Based on the offsets of terraces, they also
suggested an average slip-rate for the Cleghorn fault of 2 to 3 mm/yr (Meisling, 1984;

Meisling and Weldon, 1982, 1989).

PHYSICAL STRATIGRAPHY

I. The Cajon Formation

The stratigraphy and lithology of the Cajon Formation has been discussed in
detail by Woodburne and Golz (1972). In this paper, we will concentrate only on the
magnetostratigraphy of this formation, its tectonic rotation, and their implications for
the tectonic evolution of the Cajon Valley area. Therefore, the following paragraphs

provide a general summary of the lithologic characteristics of the formation mainly
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based on Woodburne and Golz’s study (1972). For a more detailed description of the
Cajon units, and in particular stratigraphic position of the fossil locations, readers are
directed to the appendix of Woodburne and Golz’ paper (1972).

The Cajon Formation is described by Woodburne and Golz (1972) as an
assemblage of non-marine, moderately to strongly deformed strata, which is extensively
exposed in Cajon Valley between the Squaw Peak and the San Andreas faults (Figure
1). It is unconformably overlying the basement rocks and the Early Miocene Vaqueros
Formation, and overlain by the Pliocene Phelan Peak Formation. The _formation is
about 2700 meters thick and mainly consists of arkosic conglomerate and conglomeratic
sandstone in the lower portion, and fine-grained sand- and siltstone interbedded with
conglomeratic sandstone in the upper portion. Based on cross-bedding, pebble
imbrication, and lamination of granule layers in the formation, Woodburne and Golz
(1972) suggested that the Cajon Formation was deposited by southwestward flowing
streams in a basin with somewhat irregular original surface. The lower part of the
formation (units 1, 2, and 3) is best characterized as a periodic, fluvial deposit, while
the upper half (units 5 and 6) was mainly accumulated under relatively continuous, low
energy depositional condition (Woodburne and Golz, 1972) as most of the fine-grained
sediments in the upper part of the formation apparently were deposited in temporary
lakes or ponds. The uniformity of lithology over a wide area and the long depositional
duration of the Cajon Formation imply that it was deposited in a basin of considerable
size.

Although the conglomerates and conglomeratic sandstones are predominant,
fine-grained sandstone and siltstone interbeds can be found very often through the
entire formation, particularly in the upper half of the formation. Based on the detailed

lithological variations, this formation has been divided into seven units by Woodburne
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and Golz (1972), named units 1 to 6 plus a lateral unit, unit 5a. Each of these has a
distinctive feature, including the hogbacks of units 2 and 4, the weathered red beds of
unit 3, the variegated beds of unit 5 and its lateral face of unit 5a, and the unusual
volcanic and red sandstone clast suite of unit 6. These different features probably
reflect basin-wide variations in sediment source and depositional environments through
time.

The contacts between all the main units, except unit 4, of the Cajon Formation
are all comfortable and gradational. There is no major unconformity within the
formation except short disruptions of deposition indicated by abundant paleosols in
units 3 and 6, and also in unit 2. Unit 4 is probably a lateral equivalent of unit 5, as is
unit 5a, based on its stratigraphic relationship with unit 5 (Woodburne and Golz, 1972).
Mammalian fossils were only found from units 2, 3, and 5, which range from late
Hemingfordian to Barstovian in age (Woodburne and Golz, 1972). Microvertebrate
fossils were found later (Reynolds, 1985) from units 5 and 6, which are all of Barstovian
age. The ages and stratigraphic levels of these fossils are described in the following.

Woodburne and Golz (1972) collected a fossil from the uppermost part of unit
2, about 3.3 meters below the contact with unit 3 in central Cajon Valley. It is
predominantly represented in late Hemingfordian faunas. Therefore, a late middle
Miocene age was suggested for the upper part of unit 2.

Fossils of late Hemingfordian age were found from 80 meters above the base to
within 17 meters of the top of unit 3 in the southern part of the Cajon Valley, west of
Cajon Junction. Fossils of early Barstovian age were also collected from unit 3, about
270 meters above its base (Woodburne and Golz, 1972). Based on these fossils and
their stratigraphic position, the boundary between the Hemingfordian and Barstovian

biochrons is probably within unit 3 of the Cajon Formation.



29

Relatively abundant vertebrate fossils were recovered from unit 5, although most
of them were not sufficient to determine the age of the unit (Woodburne and Golz,
1972). Fossils were collected from about 40 meters above the base, and also about 100
meters below the top and about 600 meters above its base. These fossils are of late
Barstovian age. Considering their stratigraphic positions, Woodburne and Golz (1972)
suggested unit 5 to be of "late, but not latest Barstovian" age. In 1984 and 1985,
microvertebrate fossils of the Barstovian assemble age were also collected from unit 5
by Reynolds (1984, 1985).

No fossils had been found in unit 6 prior to 1985, except for a few gastropods
in the middle part of the sequence east of Alray (Woodburne and Golz, 1972). In 1985,
Reynolds reported a microvertebrate fossil, Copemys tenuis, which occurs in the Barstow
Formation dated between 15 and 13.7 or more precisely, 13.4 Ma (MacFadden et al.,
1990), from the bottom of unit 6 of the Cajon Formation. This suggests that the upper

age of the formation was late early to middle Miocene (Reynolds, 1985; Weldon 1986).

II. The Crowder Formation

The Crowder Formation was named first by Dibblee (1967), who described it as
a sequence of fluvial sediment resting on the Cajon Formation and pre-Tertiary
crystalline rock, and overlain conformably by older (Quaternary) alluvium. In the type
area near Crowder Canyon, the formation is nearly 1,000 meters thick and consists of
nonmarine arkosic sandstone and conglomerate, which are generally pinkish-gray in
color and cemented by carbonate. Trough cross-stratification, channel scour, and
paleosols suggest that the Crowder is mainly a fluvial unit. Based on imbrication of

cobbles and crossbedding, the sediments were laid down by braided streams flowing
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from northeast to southwest (Foster, 1980; Winston, 1985; Weldon, 1986). The Crowder
Formation is exposed west of Lake Arrowhead as far as the edge of the San Bernardino
plateau and the Tunnel Ridge lineament (Figure 1). The original geometry and extent
of the Crowder Formation are not known, but lithologic similarity of remnants
preserved throughout the western San Bernardino Mountains suggests that it was
deposited in a large, continuous, homogeneous basin that was uplifted and largely
removed by erosion.

The Crowder Formation has been divided into five units in Crowder Canyon
(Foster, 1980). The thickest section of the formation lies just east of the Squaw Peak
fault, which is of unknown displacement. The type section of Crowder in Crowder
Canyon, 1 kilometer to the east of the Squaw Peak fault is 884 m thick.

There is no evidence of any unconformities within the Crowder Formation, and
all contacts between units of the formation appear conformable. Hemingfordian and
Barstovian fossils were collected by Reynolds (1985) from unit 1, approximately from
the 86- through the 130-meter stratigraphic levels. An age of about 16 Ma has been
assigned to this fossil locality. Hence, the upper unit 1 of the Crowder Formation must
be about 16 million years in age.

Woodburne and Golz (1972) collected fossils from unit 2. However, these fossils
were in inverse stratigraphical order, with Barstovian below Hemingfordian. Hence, they
considered the Cajon Formation to be a source of Crowder sediment and the fossils to
represent progressive erosion of Cajon sediments. This theory is not supported by either
the paleocurrent data or the structural and temporal relationships, however, whereas
a fluvial reworking of the deposit would be (Reynolds, 1985). The reversed order of
fossil ages may be due to this reworking within the formation, overlap of fossil ages, or

the sampling techniques used. Subsequent paleontology (Reynolds and Weldon, 1988)
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shows no indication of significant stratigraphic inconsistency.
Fossils collected from the base of unit 4 (Reynolds, 1984) are representative of
the middle Clarendonian land mammal age, implying ages of about 11 m.y. for the

Crowder 3-4 boundary.

MAGNETOSTRATIGRAPHY

Techniques

As most sediments of the Cajon and Crowder formations are poorly- or
unconsolidated, drilling is not suitable. Hence, we used a new impact-coring technique
first described by Weldon (1986) to collect magnetic samples from the Cajon Formation
and also from the upper part of the Crowder Formation. A nonmagnetic stainless-steel
tube with a beveled edge and 2.5 cm inner diameter was pounded gently into the
sediments. The orientation of the tube then was measured using standard techniques
prior to removal from the outcrop. After removal, the end of the sample (sticking out
of the tube) was smoothed and scratched with an orientation mark. The sample was
then extruded into a quartz glass sample holder of the same diameter as the steel tube,
and sealed with wax film to prevent loss of the moisture, which helps maintain the
sample’s integrity. The samples were cemented into their quartz tubes in a magnetically
shielded environment with a solution of sodium silicate and processed like rock cores.
In the test study, samples were collected both by the impact-coring technique and by
hand carving of oriented samples and were measured by the same process. Comparisons
of these two sets of samples demonstrated that the impact-coring technique did not

cause any measurable realignment of the magnetic remanence. The results of this test



32

are included as the data for member 4 (see later section, Figure 23) of the Crowder
Formation. The middle part of unit 5 in section MS - Ca (see later section, Figure 17)
was also sampled by using both drilling and the impact-coring technique. These two sets
of samples were all combined together in our analysis. Our results indicate again that
there is no difference between these two sampling methods.

Two different strategies for sample collection in the field were used in this
combined study, and these deserve detailed discussion and comparison herein. The first
technique, used largely by the Caltech group, was developed during the last two decades
for the high resolution study of sedimentary rocks. A more "standard” method that has
been used mainly for study of volcanic rocks since it was developed in early 1950’s is
employed by the USC group.

The Caltech procedure is as follows. For the upper parts of the Cajon and
Crowder formations, one sample was taken from closely-spaced stratigraphic horizons
in order to obtain better coverage of magnetozonation. Both alternating field and
thermal demagnetization techniques were employed to isolate a characteristic com-
ponent of remanence from each sample. Instead of blanket demagnetization, each of
the samples was subjected to detailed demagnetization analysis. Most of the samples
were progressively demagnetized in weak alternating magnetic fields (AF) of 2.5, 5.0,
7.5, and 10 mT to remove soft magnetic components. They were then subjected to
stepwise thermal demagnetization from 100 °C up to 575 or 600 °C at 25, 50, and/or 100
°C intervals, and measured using a SQUID magnetometer controlled by a microcom-
puter. Progressive demagnetization plots (Figure 3) generally reveal characteristic
components for each sample, and directions for the lines and planes of best least-
squares fit were found using principle component analysis (Kirschvink, 1980). Only

directions with maximum angular deviations of less than 10° were accepted. Almost all
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Figure 3. Typical results of alternating and thermal demagnetization of the Cajon
Formation samples.
LEFT -- orthogonal plots:
Solid circles are projected on a horizontal plane; Open circles are
projected on a vertical plane;
The initial direction (NRM) were showing by the box symbols.
RIGHT -- equal-area stereographic projection:
Open circles are the plots on the upper hemisphere, and solid circles are
the plots on the lower hemisphere.
The NRM directions are marked by letter N next to the vector.
Circled star is the present geomagnetic field direction.
The Characteristic component of sample CP3M84 is of a normal polarity,

whereas that of sample PB122.0 has a reversed polarity.
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samples have an overprint of the present field direction that was often removed at low
demagnetization steps (Figure 3). In some samples the overprint could not be
completely removed, but their demagnetization paths typically produce great circles on
a stereograph, which could be fitted to a plane (Figure 4). Thus, the polarity of a
primary component of higher stability can usually be inferred from the trajectory of the
path toward either normal or reversed directions.

The demagnetization paths for the high temperature steps exhibited linear
trajectories towards the origin on orthogonal projections, which corresponds on a stereo
net plot as a cluster of demagnetized directions (Figure 3 and 4b). Although the
majority of the samples display either normal or reversed magnetic direction, some of
the samples pass an indeterminate polarity (Figure 5). A few samples showed erratic
demagnetization behavior, indicating a general magnetic instability. Others, however,
followed great-circle trajectories (Figure 4), which could be used for magnetostratigrap-
hy. Only the samples that were cleaned up to reveal a stable primary component were
used for calculating mean directions of units for rotation studies.

In another method that was used at USC for the lower part of the Crowder
Formation (Winston, 1985), three samples were taken from each horizon with relatively
large stratigraphic intervals. Representative samples were measured first to determine
optimum temperatures useful in revealing the primary remnant magnetization. After
measuring NRM (Natural Remanent Magnetization), they were heated to 200, 400, or
450, 500, 550, or 600 and in some cases, 650 °C with a magnetometer measurement
subsequent to each step. Figures 6 and 7 illustrate some representative results obtained
from these samples. Although secondary overprints are present in samples from the
Crowder Formation, they are removed readily by thermal demagnetization. Most

samples revealed whether they were of normal or reversed polarity without demagneti-
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Figure 4. Typical plots of the demagnetization path for the samples that fit a great
circle or reach a stable "end point.”

Plotting conventions are the same as for Figure 3.

A -- sample for which demagnetization path fits with a great circle.

B -- sample reaches a stable "end point.”
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Figure 5. Types of demagnetization behavior of the Cajon Formation samples.
Plotting conventions are the same as for Figure 3.
A -- Sample showing stable, linear demagnetization path corresponding
to an indeterminable direction;

B -- Samples showing an unstable magnetization.
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zation.

Subsequently, the remaining samples were subjected to "blanket” demagnetiza-
tion at 450, 500, and 550 °C, and results from the 500 °C steps were used to represent
the stable primary direction. In general, obvious overprinting had been removed by the
500 °C step and heating the samples to higher temperatures would only reduce the
intensity of the remanence with minor changes in direction, implying a stable direction
had been reached. Samples that did not behave in this manner, i.e., wild fluctuations
in magnetic vector direction between thermal demagnetization steps, generally did not
satisfy statistical requirements essential for their use in the study and were rejected.

The magnetic vectors at each site were averaged to determine the site mean, on
the assumption that they represent one, instantancous reading of the ancient field
direction (an assumption rarely true in sediments). The inclination and declination of
the site mean are then used to determine a virtual geomagnetic pole (VGP) position.
The paleolatitude of the VGP of the site mean determines whether the site is of normal
or reversed polarity. The three magnetic vectors were then analyzed using Fisher
statistics (1953). If a site yields a precision value (k) greater than 10, the data at this
site is considered "Class I". If k value is less than 10, but two of the vectors are in close
agreement, the data are "Class II", and the errant vector is not used in the VGP
calculations. Data is termed "Class III" when there is little correlation between the
three vectors. Class three are deemed unreliable and are not used t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>