Part I. Tectonic Evolution of the Northern Gulf of
California, Mexico, Deduced from Conjugate
Rifted Margins of the Upper Delfin Basin
Part II. Active Folding and Seismic Hazard in

Central Los Angeles, California

Thesis by

Michael E. Oskin

In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

California Institute of Technology

Pasadena, California

2002
(Submitted October 9, 2001)



i

© 2002
Michael E. Oskin
All Rights Reserved



1l

Acknowledgments

Caltech is a strange, intense, and exceptional place, full of really great people,
many of whom I owe a great debt of gratitude. The California Institute of Technology
and especially the Division of Geological and Planetary Sciences are unparalleled
places to pursue scientific discovery. I would like to thank the community here for
the collective effort that makes this such a special place.

I would foremost like to thank my advisors, Joann Stock and Kerry Sieh, who
have guided, supported and inspired me through my development as a scientist here
at Caltech. It would be impossible here to thank Joann and Kerry for everything
that they have done for me over these past six years. If I were to select an experience
from each, however, it would be the following. From Kerry, an infectious sense of
excitement for scientific research and a commitment to a free exchange of ideas.
From Joann, an appreciation for the many dimensions and implications of a scientific
problem, and an unlimited capacity and inspiration for hard work—especially under
the intense desert sun! From both Kerry and Joann, a great sense of humor, an open-
door policy of advising, and many, many, many great conversations over the years. It
has been a great pleasure to work with both of you.

There are many people without whom the work that has led to this thesis would
have been impossible. Arturo Martin-Barajas has been an invaluable scientific col-
league and sponsor of my field work in Mexico. I could not have begun to navigate
the Canal de Infernillo (Little Hell Channel) to Isla Tiburén without the great ef-
forts by Arturo to obtain permission every year, starting months in advance. Ernesto
Molina-Villabosa has been my Cumcadc (Seri Indian) guide every year that I have
worked on Isla Tiburén. I could not have approached fieldwork on the exposed, west-
ern coastline of the island without Ernesto’s immense wisdom and skill as a boat

pilot. Very simply, when the going got rough, Ernesto always knew what to do. My



iv
life was in very good hands. Thank you, my friend.

Many people have assisted me with my fieldwork in northwest Mexico. Becky
Oskin (then known as Becky Charlton) conducted initial reconnaissance of the Sono-
ran coastal area in 1997 with Joann Stock and Gordon Gastil. Claudia Lewis and
Arturo accompanied me on the first reconnaissance trip to Isla Tiburén in 1998,
where we identified much of the geology that comprises the core of this thesis. Clau-
dia’s encouragement (see quote) was greatly appreciated. Lesley Perg has been a
frequent companion on my travels to the coastal desert of Baja California and Sonora
since 1995. Together, we have endured many experiences, from the dangerous to
the bizarre. Scott Dobner weathered three long months and over 4000 km of driv-
ing during my 1998 season of reconnaissance fieldwork over a 100 km length of both
coastlines of the northern Gulf of California. Scott’s endurance is amazing. Naomi
Marks endured dawn-to-past-dark fieldwork in Baja California and each day wisely
marked and then relocated our field vehicle by GPS in the dark. Matt Bachman,
Robert Houston, and Jason Wise each endured weeks of dawn-to-dusk fieldwork un-
der the blazing sun on Isla Tiburén and on the unpredictable waters of the Gulf of
California. I also owe thanks to the Prescott College Field Station at Bahia Kino,
Sonora—especially Ed Boyer and Tad Phister-who welcomed and guided me when I
was a stranger to fieldwork in Sonora.

Many other colleagues at Caltech and elsewhere, too many to comprehensively
list here, have contributed to the development of this thesis through their discussion,
support, and friendship. This study is built on a strong foundation established by
prior work in the Puertecitos Volcanic Province of Baja California by Arturo Martin,
Claudia Lewis, Elizabeth Nagy, and Joann Stock. Discussions and samples provided
by Claudia and Elizabeth Nagy and discussions with Joe Kirschvink, John Eiler,
Jason Saleeby, and Brian Wernicke contributed greatly to the development of the
data set and ideas presented here. I would like to thank Gary Axen, Lee Silver, Paul
Umbhoefer, Francisco Paz, Jaime Roldan-Quintana, Carlos Gonzales-Leon, Thierry

Calmus, Martin Valencia, J.C. Ingle, Ana Luisa Carreno, Luis Delgado-Argote, Jorge



v

Ledesma, John Holt, Patricia Persaud, Jane Dmochowski, and probably many others
for discussions of the Geology of the Gulf of California over the years. I would also
like to thank the community of scientists at the Southern California Earthquake
Center for collaboration on the problems of seismic hazard in the Los Angeles region—
especially Andrew Meigs, Karl Mueller, Robert Yeats, John Shaw, Doug Yule, and
others of the Geology group. Suefawn Barnett, Evelina Cui, Donna Sackett, Jean
Grinols, Marcia Hudson, Carolyn Porter, and many others provided an efficient and
invaluable support structure here at the Caltech GPS division. Terry Gennaro has
expertly maintained field vehicles and equipment here and has gone through extra
effort to accommodate my travels south of the border. Joanne Giberson and Tony
Soeller provided a supportive environment at the Caltech GIS lab, and Jim O’Donnell
has built one of the most amazing geology library collections at any university I have
ever visited.

Finally, I am incredibly indebted to my friends and family, who have supported
me through the long years of my education at U.C.L.A. and Caltech. I would like
to thank my parents, Marilyn and Robert, for their love and unbending support. I
would also like to thank my brothers, Mark and Peter, and my grandparents, Dorothy
and Roy, for their love and inspiration. Lastly, I would like to express my deepest
love and gratitude to my wife, Becky, who has stood closely by me through the years
of hard work leading to this day. We have followed a long road from the our first
days together here at Caltech as first-year graduate students. Of everything that I

have gained during my time here, you, Becky, are by far and away the best.



vi

Abstract

Part I of this thesis addresses the tectonic evolution of the Pacific-North America
plate boundary through northwest Mexico and its implications for rifting processes.
Offset ignimbrites support 255410 km of opening across the Upper Delfin basin of
the northern Gulf of California. Additional deformation from the continental margins
supports 296+17 km total plate boundary displacement between coastal Sonora and
the Main Gulf Escarpment in Baja California, of which at least 276+13 km occurred
since ~6 Ma. This strain history requires that the plate boundary localized into the
the northern Gulf of California during latest Miocene time. Only a narrow width
of upper continental crust foundered into the Upper Delfin basin, such that most of
the crust between Isla Tiburén and Baja California must be new transitional oceanic
crust and possibly lower continental crust contributed by inflow from the rift flanks.
Extension of the margins of the Upper and Lower Delfin basins is <40% in most
places, though the whole crustal column may have been thinned by a factor of two,
further supporting that lower crustal flow has operated here. Opening of the Upper
Delfin basin was accompanied by a steady or increased strain rate on its continental
margins, contrary to the expected rheology of a narrow continental rift. Reevaluation
of a critical deposit of marine rocks on Isla Tiburén indicates that initial marine
incursion in the northern Gulf of California also occurred during latest Miocene time.
Together, these records suggest that opening of the Upper Delfin basin was an abrupt
event, accompanied by a localized zone of intense extension, marine incursion, and a
rapid increase in strain rate. Continental rupture in the Upper Delfin basin does not
appear to have been a response to crustal weakening by intracontinental extension,
but rather may have resulted from a significant increase in strain rate, brought on
by a change in boundary forces. Part II of this thesis develops methods to estimate

seismic hazard from blind reverse faults by analysis of fault-related folding of Late
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Quaternary strata, with application to the Elysian Park anticline of Los Angeles,

California.
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Chapter 1

Introduction



1.1 Introduction

The Pacific-North America plate boundary of southwestern North America (Fig.
1.1) represents the most influential example of a continental transform margin. Early
kinematic models of continental transform plate boundaries [Larson et al., 1968; Atwa-
ter, 1970], translation of continental slivers [Coney, 1989], and the mechanics of con-
tinental transform systems [Thatcher, 1975] developed from the concentrated study
of the geology of this margin. While a basic model for the development of the Pacific-
North America transform plate boundary here remains well-accepted [Atwater, 1970],
reconciliation is still often lacking between plate boundary deformation measured on
the continents and plate movements recorded by seafloor spreading [Stock and Mol-
nar, 1988]. Reconciliation of these records is possible with sufficient geologic records
of continental strain, as shown for the Pacific-North America plate boundary of central
California [Dickinson and Wernicke, 1997; Atwater and Stock, 1998]. Combination
of continental and oceanic strain records such as these provides new insight into the
role of continental crust in plate tectonics and the relationship between competing
buoyancy and plate boundary forces that drive deformation of continental lithosphere.
Closing the discrepancy between plate motions as measured from seafloor spreading
and geological records of continental deformation thus addresses fundamental prob-
lems in the study of plate tectonics and continental dynamics.

The Pacific-North America plate boundary of southwestern North America also
represents a premiere natural laboratory for the study of seismic hazards. Beginning
with the recognition by Reid [1910] that the 1906 San Francisco earthquake was
produced by motion on the San Andreas fault, many of the methods to evaluate
these hazards have been developed through study of this plate boundary [Sieh, 1978;
Shaw and Shearer, 1999, for example]. Neotectonic studies here have recognized the
importance of diffuse continental deformation to the distribution of seismicity. A
consequence of diffuse tectonic deformation is that minor faults with low strain rates,

if located beneath urban areas, pose significant seismic hazards. Recent damaging
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large earthquakes on poorly characterized faults within the urban areas of California
have underscored the need to fully account for a complex plate boundary zone to
compute seismic hazard. Often, deformation rates are known to higher confidence
than the locations of faults that accommodate this deformation [Walls et al., 1998;

Argus et al., 1999].

1.2 Purpose of study

This thesis addresses two aspects of the geological constraint of crustal strain
along the Pacific-North America plate boundary. Part I of this thesis addresses the
development of the Pacific-North America plate boundary through southern Califor-
nia and northwest Mexico. In this region, the timing and amount of rifting of Baja
California away from North America contributes a large part of the uncertainty in
closure between the continental and seafloor records for Pacific-North America plate
boundary motion. Tectonic reconstruction of the Gulf of California is currently lim-
ited by a dearth of youthful, high-precision cross-gulf tie points. This problem is
addressed here with a new set of Mid to Late Miocene cross-gulf geologic tie points
that constrain both the magnitude and rate of dextral shear in the Gulf. A set of four
pyroclastic flow (ignimbrite) sequences, comprising nine separate cooling units, are
correlated lithologically, geochemically, and paleomagnetically from the Puertecitos
Volcanic Province of Baja California across the Gulf to Isla Tiburén and the adjacent
coast of Sonora. Comparison of the distribution and facies of these ignimbrite se-
quences indicate a close match between opposing margins of the Gulf of California at
~6 Ma and 12.6 Ma. These data provide new, independent constraints on the strain
budget and kinematic development of the Pacific-North America plate boundary in
the Gulf of California.

Part II of this thesis is a study of the neotectonic development of a reverse fault
system beneath central Los Angeles, California (Fig. 1.1). Oblique convergence along

the Pacific-North America plate boundary through the Transverse Ranges of southern
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California is manifested here by secondary reverse faulting (Fig. 1.1). This study
addresses a segment of this fault system where fault-related folding has obscured
structures that accommodate compression. This analysis of fault-related folding of
Late Quaternary strata overlying the Elysian Park anticline provides a direct measure

of the rate and style of deformation of the otherwise inaccessible Elysian Park fault.

1.3 Geologic setting of the Pacific-North America
plate boundary

1.3.1 Plate tectonic constraints

From Mesozoic until Middle Miocene time, the geology of southwestern North
America was dominated by subduction of a series of oceanic plates west of California
[Atwater, 1970]. During Oligocene time, the Farallon plate subducted eastward be-
neath North America, forming a continuous subduction zone from Canada through
southern Mexico [Atwater, 1989]. Starting in earliest Miocene time, the Farallon-
Pacific spreading center impinged on the western margin of North America, begin-
ning at about the latitude of southern California [Atwater, 1970, approximately 34° on
Fig. 1.1]. The intersection of these plates formed a pair of triple junctions bounding
the newly formed Pacific-North America transform boundary. These triple junctions
diverged by northwestward relative motion of the Pacific Plate and by progressive
fragmentation and capture of pieces of the Farallon plate [Atwater, 1989]. Inactive
remnants of some of these microplates remain now attached to the Pacific Plate
offshore of central and Baja California (Fig. 1.1). During Early- to Mid-Miocene
time, Pacific-North American transform motion was restricted to the coastal mar-
gin of southern California and northern Baja California [Atwater, 1989]. West of
southern and central Baja California subduction of the Guadalupe and Magdelena
microplates maintained a volcanic arc centered near the present-day eastern shore of

the Gulf [Hausback, 1984]. Cessation of spreading at the Guadalupe-Pacific rise at
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12.5 Ma marks the onset of the Pacific-North America transform boundary along the
full length of Baja California [Mammerickz and Klitgord, 1982].

1.3.2 Opening of the Gulf of California

The Gulf of California currently forms the southern half of the Pacific-North
America transform plate boundary between the Mendocino and Rivera triple junc-
tions (Fig. 1.1). Initiation of the plate boundary in the Gulf of California followed
cessation of subduction and microplate capture offshore of the Pacific coast of south-
ern Baja California sometime after ~12.5 Ma [Lonsdale, 1989]. However, only 300 to
350 km of the expected 500 to 600 km of transform offset between the Pacific and
North American plates has been accommodated within the Gulf, with the remainder
partitioned on faults west of Baja California [Stock and Hodges, 1989] and/or in the
Mexican Basin and Range Province [Gans, 1997]. Transfer of Baja California to the
Pacific Plate is evident by 3.5 Ma from the formation of magnetically lineated oceanic
crust at the Alarcén Rise in the mouth of the Gulf (Lonsdale [1989]; Fig. 1.1). The
timing, partitioning, and magnitude of plate boundary slip between 12.5 and 3.5 Ma,
and any amount of pre-12.5 Ma strike-slip, is not constrained from within the Gulf
of California or its surrounding extensional Province (Fig. 1.1).

In a plate tectonic context, faulting today within the Gulf of California represents a
relatively mature stage of development of the Pacific-North America transform plate
boundary. Early transform motion on this plate boundary was partitioned over a
broad zone from the Pacific coast and continental borderland west of Baja California
to the Basin and Range province of central Mexico [Spencer and Normark, 1979;
Stock and Hodges, 1989, and Fig. 1.1]. Localization of plate boundary motion in the
Gulf sometime after 12.5 Ma has led to oblique continental rifting and the formation
of new ocean floor [Lonsdale, 1989, and Fig. 1.2]. The modern plate boundary in
the Gulf of California is dominated by long transform faults separated by narrow
submarine basins [Lonsdale, 1989, and Figs. 1.2 and 1.3]. Magnetic lineations in

youthful oceanic crust forming at the Alarcén rise indicate that more than 95% of
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Pacific-North America plate motion is currently accommodated on the Gulf fault
system [DeMets and Dizon, 1999; Dizon et al., 2000, and Fig. 1.2]. The northern
and central gulf is characterized by thick sediment cover and complex patterns faults
and magnetic anomalies [Lonsdale, 1991]. However, since most of the length of the
Baja California Peninsula remains unfaulted during Tertiary time, the full rate of
seafloor spreading at the Alarcon Rise must be translated northwestward through the
Gulf of California fault systems [Dickinson, 1996].

With adequate geologic control, fundamental tectonic problems such as the role
of pre-existing weaknesses and strain partitioning in localizing crustal deformation
may be addressed from the geologic record in the Gulf of California. It remains
unclear, however, whether localization of transform motion within the Gulf was a
gradual process beginning at 12.5 Ma, or an abrupt transition some 5 to 7 Myr later.
Commonly it has been assumed that Baja California was transferred to the Pacific
Plate at or near the full plate motion rate, sufficient to open the Gulf at 5.5 to 6
Ma [Curray et al., 1982; Lonsdale, 1989; Dickinson, 1996]. The evidence for these
models is less than conclusive. Dextral displacement on the southern San Andreas
fault system, and extension and marine deposition in the Gulf region began as early
as 12 Ma [Stock and Hodges, 1989; Weldon et al., 1993; Lee et al., 1996; Helenes and
Carrenio, 1999]. Full Pacific-North America plate motion may not have been carried

in the Gulf until 1 Ma [DeMets, 1995].

1.3.3 Existing cross-Gulf geologic tie points

Several basement geologic relationships indicate approximately 300 km of opening
of the northern Gulf of California (Fig. 1.3). The oldest of these is a Paleozoic strati-
graphic transition between miogeoclinal and eugeoclinal facies at the southwestern
margin of North America. Gastil et al. [1991] correlated a southeast-trending facies
transition in northeastern Baja California with a similar-aged east-trending transition
in southern Sonora. Detailed correlation of this transition is complicated by intrusion

of the Peninsular Ranges Batholith, tectonic intercalation of syn-batholithic strata
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[Gastil et al., 1975], and by a change in trend of the facies boundary coincident with
the Gulf of California. Compositional trends within the Mesozoic Peninsular Ranges
Batholith correlate to similar trends the coastal Sonoran Batholith [Silver and Chap-
pell, 1988]. Unfortunately, the trend of this batholith and the trend of gulf are similar,
complicating precise correlation of opposite margins. Also, the age of these basement
tie points does not constrain the temporal development of the Gulf.

A second set of cross-gulf tie points is preserved as two well-correlated fluvial
systems that originated in central and northern Sonora and crossed the position of
the northern Gulf of California during Tertiary time (Fig. 1.3). The first of these
is the Eocene Poway Conglomerate, which carried distinctive Jurassic volcanic clasts
from northern Sonora across the eroded Peninsular Range Batholith and out to the
Pacific Ocean near San Diego, California [Abbott and Smith, 1989]. The second of
these is a pre-15 Ma conglomerate that carried distinctive Permian fusulinid-bearing
limestone clasts from central Sonora to the Santa Rosa Basin area of northern Baja
California [Gastil et al., 1973; Bryant, 1986]. Both of these correlated fluvial systems
are offset approximately 300 km dextrally across the Gulf of California and indicate

that this offset occurred in Late Tertiary time.

1.3.4 Potential new cross-Gulf geologic tie points

The published geology of conjugate rifted margins of the northern Gulf of Califor-
nia presents several possibilities for precise temporal constraints on the development
of the Gulf rift. As described previously, existing correlation of basement geology
and Tertiary-age conglomerate deposits indicates ~300 km total displacement for
this area [Gastil et al., 1973; Silver and Chappell, 1988; Gastil et al., 1991, see Fig.
1.3]. In addition, younger pre- and syn-rift volcanic deposits of the Puertecitos Vol-
canic Province (PVP) of northern Baja California comprise a well-dated Mid- to Late
Miocene stratigraphic sequence adjacent to the Gulf [Stock, 1989; Stock et al., 1991;
Lewis, 1996; Nagy et al., 1999, Fig. 1.4]. Contained within these units are a se-

ries of extensive ignimbrite sequences deposited at 12.6 Ma, ~6 Ma, and 3 to 2 Ma.
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Detailed mapping in the northern PVP indicates sources for these deposits near the
present-day western shore of the Gulf of California [Stock et al., 1991; Martin-Barajas
and Stock, 1993; Lewis, 1994; Nagy, 1997]. These widespread ignimbrite deposits,
with eastern sources, comprise ideal candidates for cross-gulf correlation [Stock et al.,
1999; Nagy et al., 1999]. A likely target for correlation is the coastal area of central
Sonora, located ~300 km southeast of the Puertecitos area. Reconnaissance mapping
of coastal Sonora by Gastil and Krummenacher [1976] indicated a similar, extensive
Mid- to Late-Miocene volcanic cover adjacent to the eastern shoreline of the Gulf of

California.

1.4 Overview of thesis

Part I of this thesis is comprised of seven chapters. Chapters 2 and 3 compile
the geology of correlative conjugate margins of the northern Gulf of California. The
stratigraphy of these areas is grouped into simplified framework. Four sets of correl-
ative pyroclastic flow deposits are recognized in these study areas. Much of Chapter
2 summarizes detailed studies of parts of northeastern Baja California by Bryant
[1986], Stock [1993], Martin-Barajas and Stock [1993], Lewis [1994], and Nagy [1997]
(Fig. 1.4). These studies are combined with new reconnaissance investigations to
produce a new geologic map of the northeastern Baja California continental margin
of the northern Gulf of California. Chapter 3 describes new reconnaissance-level and
detailed mapping of the central-western Sonora continental margin of the northern
Gulf of California. The stratigraphy of the Sonora margin is described under the
simplified framework established for Baja California. Preliminary correlations of py-
roclastic flow deposits from Baja California to Isla Tiburén and coastal Sonora are
established by lithologic and stratigraphic similarity.

Chapters 4 and 5 form the core of part I of this thesis. These chapters describe geo-
chemical and paleomagnetic tests that confirm correlation of pyroclastic flow deposits

from Baja California to Isla Tiburén and coastal Sonora. The distribution of these
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pyroclastic flow deposits and other volcanic and sedimentary facies relationships are
then examined to build a set of offset features on conjugate margins of the northern
Gulf of California. Map-view restoration of these features defines the rate and timing
of displacement across the northern Gulf of California in Chapter 4. This chapter was
published as Rapid localization of Pacific—North America plate motion in the Gulf of
California in the May, 2001 issue of Geology. The implications of these reconstruc-
tions for the strain budget and tectonic evolution of the Pacific-North America plate
boundary are addressed in Chapter 5.

Chapter 6 builds on the correlation presented in Chapters 4 and 5 to explore the
kinematic history of localization of the Pacific-North America plate boundary. Nor-
mal faulting on both margins of the northern Gulf of California displays a constant
long-term rate of continental extension. Quaternary scarps on most major fault sys-
tems indicate that this extension continues into the present, coeval with formation of
new transitional oceanic crust at the plate boundary in the Gulf of California. In two
localities where the syn-rift volcanic sequence preserves a higher-resolution record of
rifting, preliminary evidence suggests a period of more rapid extension during the
initial opening of the Gulf of California.

Two chapters conclude part I of this thesis. Chapter 7 focuses on the geology
of Cinco Islas, Baja California. The geology of this small area helps to define the
tectonic setting of the location where Isla Angel de La Guarda was detached from
Baja California (Fig. 1.4). This island forms a 30 x 70 km continental microplate
within the evolving plate boundary in the Gulf of California. Chapter 8 proposes a
revised history of marine incursion into the Gulf of California. A reappraisal of marine
deposition on southwest Isla Tiburén combined with a review of other age constraints
strongly suggests that initial marine incursion into the northern Gulf of California
was coincident with localization of the Pacific-North America plate boundary here.

Part II comprises the final chapter of this thesis. Chapter 9 appeared as Active
parasitic folds on the Elysian Park anticline: Implications for seismic hazard in central

Los Angeles in the May, 2000 issue of the Geological Society of America Bulletin. This
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article is reprinted here with permission from the Geological Society of America.
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Chapter 2
Geology of the northeastern Baja

California continental margin
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2.1 Abstract

The stratigraphy of the Baja California continental margin of the Upper Delfin
basin is divided here into six partially interfingering stratigraphic groups correspond-
ing to time periods prior to and during rifting in the Gulf of California extensional
province. Group one encompasses the basement rocks, which are dominantly plu-
tons of the Peninsular Ranges Batholith with lesser amounts of host metamorphosed
sedimentary rocks. Group two rocks nonconformably overlie the basement as a thin,
discontinuous veneer of Eocene through Mid-Miocene fluvial, lacustrine, and aeolian
sedimentary rock. These deposits grade upward and laterally into lava flows, intru-
sions, and volcaniclastic deposits of the Middle Miocene volcanic arc that comprise
group three. Lithologic group four contains only the Tuff of San Felipe, a 12.6 Ma
ignimbrite of regional extent in northeastern Baja California. Group five is an assem-
blage of volcanic, volcaniclastic, and fluvial deposits deposited synchronously with
rifting in the Gulf of California Extensional Province. Group five is capped by an
extensive series of 6-7 Ma ignimbrites designated here as the Tuffs of the Northern
Puertecitos Volcanic Province. Group six contains a younger syn-rift volcanic and
fluvial assemblage similar to group five, and also includes marine deposits of the Gulf
of California. Two regional-scale stratigraphic relationships of pre-rift and syn-rift
ignimbrite deposits are identified for correlation to the conjugate rifted margin of
the Upper Delfin basin in western Sonora. The first of these relationships is dis-
tribution and facies of the Tuff of San Felipe which centered on a region of thick,
densely-welded outcrops in the northern Sierra San Fermin and the adjacent Sierra
San Felipe (30.7°N, 114.8°W). The second relationship is the distribution and source
of the Tuffs of the Northern Puertecitos Volcanic Province. These tuffs crop out
adjacent to ~40 km of the coastline of the Gulf of California from Puertecitos to
the northern Sierra San Fermin. Thick, higher-grade deposits of the Tuffs of Mesa
Cuadrada and the Tuffs of Arroyo El Canelo (both part of the Tuffs of the Northern

Puertecitos Volcanic Province) appear to be centered on a vent or vents at the eastern
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end of Arroyo Matomi and the eastern coast of Baja California (30.5°N, -114.7°W).

2.2 Introduction

This chapter and Chapter 3 introduce the geology of conjugate rifted continental
margins of the Northern Gulf of California. This chapter summarizes the geology
of northeastern Baja California in order to match this region to the conjugate rifted
margin of coastal Sonora. Prior to the opening of the Gulf of California, volcanic
and sedimentary rocks deposited on the conjugate rift margins should share similar
lithologies and paleogeographic distributions. Restoration of displacement across the
northern Gulf of California must reasonably match the distribution of pre-rift vol-
canic and sedimentary deposits and explain the distribution of syn-rift deposits. This
chapter contains a complete stratigraphic overview of the northeastern Baja Cali-
fornia continental margin between 30° and 31° N latitude (Fig. 2.1 and Table 2.2).
Particular attention is given here to the lithology and facies distribution of several
widespread silicic ignimbrites of the Puertecitos Volcanic Province that will be shown

to correlate to western Sonora and Isla Tiburén in Chapters 3, 4, and 5.

2.3 Geologic mapping of northeastern Baja Cal-
fornia

Much of the geology of northeastern Baja California is known only in reconnais-
sance (Figs. 1.4 and 2.1). Gastil et al. [1975] first published a reconnaissance geologic
map of the state of Baja California Norte and described Tertiary sedimentary and vol-
canic strata of the study area. Since this work, several detailed studies of northeastern
Baja California have significantly refined the stratigraphic and tectonic knowledge of
the study region [Bryant, 1986; Stock et al., 1991; Stock, 1993; Martin-Barajas and
Stock, 1993; Lewis, 1994; Nagy, 1997]. New reconnaissance-scale field investigations

and inspection of Landsat imagery link together these areas of detailed work into a
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Figure 2.1. (next page) Geologic map of northeastern Baja California. See text for
discussion of stratigraphic groups depicted here. Stratigraphic relationships of these groups
are shown in Fig. 2.2. Geology based on detailed mapping of areas shown on Fig. 1.4
and Gastil et al. [1975], field reconnaissance in the Sierra San Felipe, and interpretation
of a Landsat image (path 38 row 39) and aerial photography of the Puertecitos Volcanic
Province. Asterisks mark locations of group 6 (late syn-rift) andesitic volcanoes. This map
and also Figs. 2.3 and 2.5 through 2.8 are universal transverse Mercator projection, zone
11. Group 6 andesitic volcanic centers: B, Unnamed Quaternary basaltic andesite of Santa
Isabel Wash; F, Pico San Fermin; G, Pico de Los Gemelos; H, Pico Los Heme; P, Volcén
Prieto. S.I. and SIW, Santa Isabel Wash; MA, Mesa El Avion; Oc., Arroyo El Oculto.

new reconnaissance geologic map (Fig. 2.1).

The limits of the northeastern Baja California study area (Fig. 2.1) were selected
by multiple criteria. The eastern boundary of the study area is the shoreline of the
Gulf of California. The northern boundary of the study area corresponds approxi-
mately with latitude 31°00’, which is sufficient to enclose the northern extent of the
ignimbrite deposits of interest. The western extent of the study area encompasses
the Main Gulf escarpment fault system, which separates the stable interior of Baja
California from the Gulf Extensional Province [Gastil et al., 1975]. The southern
boundary of the study area encloses the Puertecitos Volcanic Province. Much of
the interior of the Puertecitos Volcanic Province is mapped in reconnaissance only
(Fig. 1.4). In this region, nearly flat-lying strata complicate reconnaissance map-
ping because many important stratigraphic relationships are difficult to resolve on
steep canyon walls using overhead imagery. Additional detailed fieldwork is required
here to completely document the geology of this area. Fortunately, detailed studies
of the northern Puertecitos Volcanic Province constrain the important volcanic de-
posits and structural relationships necessary for correlation across the northern Gulf

of California.
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2.4 Stratigraphy of northeastern Baja California

2.4.1 Stratigraphic framework

To simplify description of the geology of conjugate margins of the northern Gulf
of California, the regional stratigraphy is divided into six groups. These groups en-
compass six partially interfingering stratigraphic-tectonic packages corresponding to
time periods prior to and during Gulf rifting (Fig. 2.2). This stratigraphic framework
is based on previous groupings used by Nagy et al. [1999]. Cross-references of these
groups with mapping by previous authors is compiled into Table 2.2, located at the
end of this chapter.

Lithologic groups one, two, and three contain strata from intervals prior to Neo-
gene rifting in the Gulf of California region. Group one encompasses the basement
rocks, which are dominantly plutons of the Peninsular Ranges Batholith with lesser
amounts of host metamorphosed sedimentary rocks. Group two rocks nonconformably
overlie the basement as a thin, discontinuous veneer of Eocene through Mid-Miocene
fluvial, lacustrine, and aeolian sedimentary rock. These deposits grade upward and
laterally into lava flows, intrusions, and volcaniclastic deposits of the Middle Miocene
volcanic arc that comprise group three.

Lithologic group four contains only the Tuff of San Felipe, a 12.6 Ma ignimbrite
of regional extent in northeastern Baja California [Stock et al., 1999, Fig. 2.1]. This
distinctive ignimbrite is allotted a separate group because of its stratigraphic posi-
tion marking the transition from the Mid to Late Miocene arc volcanism to rifting,
volcanism, and sedimentation related to formation of the Gulf Extensional Province
[Stock, 1993; Lewis, 1994].

Lithologic groups five and six were deposited synchronously with rifting in the
Gulf of California Extensional Province. Group five is an assemblage of volcanic,
volcaniclastic, and fluvial deposits. This group is capped by an extensive series of
6-7 Ma ignimbrites that form much of the volcanic cover of the northern Puertecitos

Volcanic Province (Fig. 2.1). Group six contains a younger volcanic and fluvial
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Figure 2.2. Schematic stratigraphic column of northeastern Baja California. See text
for discussion of stratigraphic groups depicted here. Group 5 tuffs are collectively named
the Tuffs of the Northern Puertecitos Volcanic Province. Five ignimbrites that com-
prise the Tuffs of the Northern Puertecitos Volcanic Province are divided by dashed lines.
Tmmt, Tuffs of Mesa Matomi; Tmrsiw, Tuffs of Santa Isabel Wash; Tmrmc, Tuffs of Mesa
Cuadrada; Tmrdb, Tuffs of Dead Battery Canyon; Tmrec, Tuffs of Arroyo El Canelo.
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assemblage similar to group five, and also includes marine deposits of the Gulf of

California.

2.4.2 Group 1: Basement complex

The Peninsular Ranges Batholith dominates the basement geology of northeast-
ern Baja California, obscuring much of the prior geologic history of the region. This
batholith was emplaced during Jurassic through Cretaceous time as a volcanic arc
at the western margin of North America [Gastil et al., 1975]. Exposures of pre-
batholithic basement are not known in the study area. Isotopic studies of the batholith
intrusions and the provenance of pre-batholithic sedimentary strata indicate that the
basement beneath the study area is probably rifted Proterozoic North American con-
tinental crust [DePaolo, 1981; Silver and Chappell, 1988; Gastil et al., 1991; Roth-
stein, 1997]. The oldest exposed host rocks for the batholithic intrusions consist of a
Neoproterozoic through Jurassic siliciclastic and carbonate passive margin sedimen-
tary sequence [Gastil et al., 1991]. Within the Gulf extensional province of Baja
California, these strata are generally preserved as steeply-dipping, isoclinally folded
intrabatholithic screens metamorphosed to amphibolite (andalusite-staurolite to sil-
limanite) grade [Gastil et al., 1975; Rothstein, 1997]. The youngest metasedimentary
basement of northern Baja California comprises syn-intrusive volcaniclastic deposits
of the Cretaceous Alisitos Formation, exposed west of the Main Gulf Escarpment
[Gastil et al., 1975]. Within the study region, some metasedimentary deposits may
record a Jurassic and Cretaceous marine back-arc basin [Gastil, 1993; Phillips, 1993]
that was closed in Mid Cretaceous time.

Basement is exposed heterogeneously in the study area (Fig. 2.1). Within the
PVP, a thick Tertiary volcaniclastic section covers basement [Gastil et al., 1975].
North of the PVP, basement is extensively exposed in the Sierra San Pedro Martir
and Sierra San Felipe. In the Sierra San Fermin, adjacent to the Gulf of California,
exposures are about equally divided between basement and Tertiary volcanic cover

[Lewis, 1994]. The transition between thick Tertiary volcanic cover and basement
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exposures corresponds approximately to the position of Arroyo Matomi (Fig. 2.1).
Basement lithologies are dominantly tonalite composition, with lesser amounts of
granodiorite, granite, and gabbro [Gastil et al., 1975]. Stock [1993] and Nagy [1997]
report garnet-bearing, two-mica granite from the southern Sierra San Felipe and
Santa Isabel Wash areas (696°%° 33 68%%0  all locations in the Baja California study
area are universal transverse mercator projection, zone 11, NAD27 datum). Bryant
[1986] reports tonalite and granodiorite in plutonic contact nonconformably beneath
sediments of the Santa Rosa basin (693%% 34 17990) " Detailed mapping of some of the
larger metasedimentary exposures reveals a variety of lithologies. Stock [1993], Lewis
[1994], and Nagy [1997] report marble, quartzite, pelitic schist, calc-silicate schist,
and amphibolite from vertically-foliated metamorphic screens in the southernmost
Sierra San Felipe (69809033 76800) " central Sierra San Fermin (779°003382800) " and
Santa Isabel Wash (°961%0 33 67809). Schmidt [2000] reports amphibolite, quartzite,
and metavolcanic rocks from the southern Sierra San Pedro Martir. Anderson [1993]
reports quartzite from the San Felipe area (705%°%°3436%° ~15 km north of Fig.
2.1) that may correlate with Neoproterozoic deposits in Sonora. New reconnaissance
mapping near Arroyo Huatamote also reveals a marble and calc-silicate metamorphic
screen (094600 31 (07390) - Rothstein [1997] classified most outcrops of the pre-batholithic
basement north of the PVP as miogeoclinal strata, similar to exposures mapped by
Anderson [1993] near San Felipe.

Isotopic measurements of the age of basement are sparse in the study area, and
age designations rely in part on correlations to more studied regions of southern
California. Krummenacher et al. [1975] report K-Ar ages from 120 to 75 Ma on
hornblende and 115 to 65 Ma on biotite across northern Baja California and Southern
California. Silver et al. [1979] and Silver and Chappell [1988] report U-Pb zircon ages
from 140 to 90 Ma in southern California. Both of these studies describe younger
crystallization ages in the eastern part of the batholith. Schmidt [2000] reports U-Pb
ages of 100 to 137 Ma from plutons and ~164 Ma for orthogneiss from the southern
Sierra San Pedro Martir. Ortega-Rivera et al. [1997] reports a U-Pb zircon and
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monazite crystallization ages of 93-98 Ma for emplacement of the San Pedro Martir
pluton located at the northwest corner of Fig. 2.1. Ages of the pre-batholithic rocks
east of the Main Gulf Escarpment are even less well constrained, except in a few
localities where fossils are preserved. Buch and Delattre [1993] and Phillips [1993]
report Permian, Triassic, and Mid Cretaceous fossils from metamorphic rocks near El
Mérmol, (72190933 17909) " Gastil et al. [1981] report late Paleozoic crinoidal limestone

from the Sierras Pintas, located ~50 km northwest of the area enclosed by Fig. 2.1.

2.4.3 Group 2: Tertiary basal sedimentary rocks

Group two sedimentary deposits nonconformably and unconformably overlie the
group one basement complex. Strata of group two comprise a variety of fine- to
coarse-grained colluvial, fluvial, lacustrine, and eolian deposits. Clast composition
dominantly reflects the local basement substrate, with the exception of rare fluvial
conglomerates containing exotic lithologies. Group two basal sedimentary rocks are
recognized regionally across northeastern Baja California and the Peninsular Ranges.
Gabb [1882] first proposed the name Mesa Formation to describe the combined basal
sedimentary rocks and overlying volcaniclastic strata at Rancho de Los Martires
(Sierra San Pedro Martir?). Dorsey and Burns [1994] restricted the Mesa Formation
to the dominantly locally-derived basal sedimentary rocks, and assigned the overlying
volcaniclastic strata to the Comondu formation. Groups two and three reflect this
same division within the study area.

Within the Baja California study area, group two forms a thin sedimentary ve-
neer. The basal contact on basement (group one) is an irregular erosional surface and
weathering horizon. Group two strata vary from 0 to 120 meters in thickness. Discon-
tinuous colluvial and fluvial facies characterize the basal deposits of group two strata,
and are commonly buttressed against local paleo-relief. Tabular-bedded sandstones,
mudstones, and cross-bedded eolian sandstones are more evenly distributed in the
upper sections of group two. The upper contact of group two sedimentary rocks with

group three volcaniclastic strata is gradational and laterally interfingering. Towards
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Figure 2.3. (next page) Outcrop map of stratigraphic groups 1, 2, and 3 in northeastern
Baja California. See Figs. 1.4 and 2.1 for mapping sources. Facies distribution of group 2
divided into aeolian, fluvial, and playa-dominated depositional environments. A distinctive
fluvial conglomerate containing clasts of extra-regional lithologies [Bryant, 1986] is shown
as a paleo-terrrace isolated from younger group 2 and group 3 deposits. Facies distribution
of group three deposits shown as the distribution known group 3 vents (asterisks) and the
northern limit of the stratovolcano volcaniclastic facies of the Puertecitos Volcanic Province.
Outcrops of the basaltic facies of group three (see text) are present north of this line and
as undifferentiated outcrops within the Pueretecitos Volcanic Province.

the northern end of the Baja California study area, group three is absent, and group
two sedimentary rocks are overlain directly by the Tuff of San Felipe (group four) or
younger deposits.

The lithologies of group two strata within the Baja California study area define
four distinct facies (Fig. 2.3). The most common facies are the basal weathering
profile above group one basement and an extensive cover of eolian sands. Fluvial
and lacustrine facies are present to lesser extent. The basal weathering profile fa-
cies are recognized by immature, poorly-bedded fluvial sandstone, grus, and base-
ment breccia overlying a 5 to 10 meter thickness of weathered basement. Where
the overlying sedimentary rocks are absent, the weathered basement surface may be
recognized by rounded corestones exhumed from the weathering profile. Medium- to
fine-grained, poorly indurated eolian deposits form the most common facies of upper
group two strata in the study area, and are present everywhere from southern Valle
Chico [Stock, 1993] and the Sierra San Fermin [Lewis, 1994] to the Santa Rosa Basin
[Bryant, 1986]. Medium- to coarse-grained, moderately indurate tabular sandstone
and conglomerate interfinger locally throughout these eolian sand deposits. Between
Arroyo Huatamote and the Santa Rosa Basin, fluvial deposits are the dominant facies,
with local deposits of eolian sandstone. Mudstone with authigenic gypsum, siltstone
with mud cracks, and laminated fine-grained sandstone comprise a lacustrine/playa
facies exposed within the central Sierra San Felipe adjacent to Arroyo Huatamote
(694150 34 7550 Fig. 2.3).

A fluvial conglomerate containing a distinctive, exotic clast assemblage comprises
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group two strata at the base of the Santa Rosa basin (Figs. 2.3 and 2.4). This
conglomerate contains a diverse assemblage of volcanic and sedimentary lithologies
exotic to Baja California [Bryant, 1986]. From the presence of distinctive limestone
clasts containing Permian fusilinid fossils, Gastil et al. [1973] correlated this conglom-
erate with a similar deposit in the Sierra Seri of coastal Sonora and estimated 300 km
of dextral offset across the Gulf of California. Locally derived basement clasts and
basalt boulders are also present in this deposit in the Santa Rosa basin. Stratigraphic
relationships at the southern end of the basin indicate that this conglomerate formed
an older terrace deposit during deposition of adjacent fluvial, eolian, and lacustrine
deposits that are also mapped within group two (Fig. 2.4). Exotic clasts from the
Santa Rosa basin conglomerate are recycled within these younger group two deposits,
although the distinctive limestone clasts are not present in the younger strata.
Determination of the age of group two strata is problematic. Most likely, these
strata are of Oligocene (?) to Mid-Miocene age [Dorsey and Burns, 1994], although
similar strata northwest of the study area are as old as Cretaceous [Minch, 1979)].
The oldest group two deposits must post-date Cretaceous intrusions of the Peninsu-
lar Ranges Batholith that form group one. Cooling ages on basement outcrops in the
Sierra E1 Mayor (Fig. 1.3) record 3 to 4 km of denudation between 45 and 33 Ma [Azen
et al., 2000]. In Baja California, known Eocene and older Tertiary marine sedimen-
tary deposits are restricted to the western slope of the Peninsula [Minch, 1979; Gastil
et al., 1975]. Together, these data suggest that the basal unconformity /nonconformity
between group one and group two in the study area formed during early Tertiary time,
and that an Eocene age is probably the oldest possible age for group two strata. Upper
group two strata are overlain by, and laterally equivalent to, Miocene volcaniclastic
strata of group three. In the Sierra San Fermin (71157933 87609) ' southern Valle Chico
(697100 33 78810) and Arroyo Huatamote (¢972% 34 (099) group two strata are interca-
lated with group three basalt. The oldest ages of intercalated and overlying volcanic
flows are 20-21 Ma [Lewis, 1994; Stock, 1989, Table 2.2]. The youngest conformable
overlying unit observed is group four, the 12.5 Ma Tuff of San Felipe [Stock et al.,
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Figure 2.4. (continued)

Young alluvium. Active arroyo sedimentation.
Local aeolian and lacustrine deposits.

Old alluvium, second generation.
Moderately incised low-relief alluvial terrace
deposits.

Old alluvium, first generation. Incised
alluvial terrace deposits, perched on hilltops 5-
10m above local base level.

Basin-fill alluvium. Miocene and/or Pliocene
basin-fill deposits. Moderately lithified
conglomerate and sandstone.

Basin-fill alluvium. Miocene basin-fill
deposits. Moderately lithified conglomerate
and sandstone.

Tuffs of Santa Rosa basin, unit 2.
Spherulitic phyric welded tuff. Phenocrysts of
sanidine >> quartz = pyroxene = hornblende =
plagioclase. K-Ar ages (whole rock) of
12.3+1.8 Ma and 13.6+2.4 Ma (Bryant, 1986).

Tuffs of Santa Rosa basin, unit 1. Unwelded
lithic phyric tuff. 5%(?) Rhyolite lithic
fragments and 5-10% phenocrysts of sanadine
quartz >> hornblende > biotite > opaques. K-
Ar age (whole rock) of 16.6+1.3 Ma (Bryant,
1986).

Tuff of San Felipe. Densely-welded phyric
tuff. 10% phenocrysts of anorthoclase >>
clinopyroxene > opaques. Distinctive dark-
brown rhyolite lithics. K-Ar age (whole rock) of
14.2+0.9 Ma (Gastil et a., 1979). 40Ar/39Ar
age (anortholcase) of 12.6+0.2 Ma (Stock et
al., 1999).

Basalt. Olivine-phyric basalt flow. Forms
dark-gray weathered outcrops. K-Ar age
(whole rock) of 15.0+0.4 Ma (Gastil et al.,
1979).
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1999]. These relationships indicate that group two depositional systems were active

synchronously with deposition of group three strata in other parts of the study area.

2.4.4 Group 3: Miocene volcanic arc

Extensive volcanic and volcaniclastic deposits of dominantly andesitic composition
comprise the first volumetrically significant lithologic group overlying the basement
nonconformity in northeastern Baja California. These deposits form part of a belt
of calc-alkaline volcanic rocks located adjacent to the eastern shoreline of the Baja
California peninsula [Gastil et al., 1979; Sawlan and Smith, 1984, Fig. 2.3]. In south-
ern Baja California, equivalent deposits are known as the Comondu formation and
comprise a continuous volcanic pile up to 2 km thick extending from Lat. 28° to Lat.
25° [Hausback, 1984]. Proximal facies of the volcanic arc in southern Baja California
lie adjacent to the Gulf shoreline, with more distal facies deposited westward across
the Peninsula [Hausback, 1984]. In contrast, group three deposits of northeastern
Baja California surround isolated volcanic edifices [Gastil et al., 1975; Sawlan, 1991]
present from the center of the peninsula to the eastern shore. Unlike the continuous
belt of arc volcanic rocks present in Baja California Sur, volcanic rocks of this age in
northern Baja California are mainly preserved in discrete volcanic provinces such as
at Puertecitos and the southern Sierra Juarez [Gastil et al., 1975, Figs. 1.3 and 2.3].
Within the study area, group three deposits overlie a veneer of group two sedimen-
tary rocks or basement. Over much of the study area, the presence of the distinctive
welded Tuff of San Felipe (Group 4) marks the transition to syn-rift group 5 and 6
strata. Elsewhere, unconformable contacts with overlying deposits are used to divide
group three from younger syn-rift volcanic and sedimentary strata. In cases where
both rift-related tilting and the Tuff of San Felipe are absent, the division between
Group three and Group five or six mafic- to intermediate-composition volcanic rocks
may be difficult to detect in the field.

Within the Baja California study area, group three is divided into two distinctive

facies (Fig. 2.3). The more voluminous stratovolcano facies is concentrated at the
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PVP (Fig. 2.3). These deposits, andesitic to dacitic flows and intrusions, proximal to
medial debris apron, lava, pyroclastic flows, and distal volcaniclastic deposits comprise
facies derived from andesitic to dacitic stratovolcanoes. The second, basaltic facies
comprises small-volume basalt and basaltic andesite intrusions and flows distributed
throughout the study area.

Deposits of the stratovolcano facies reach a composite thickness of up to 500 m
within the PVP [Nagy et al., 1999], where eroded stratovolcano edifices with up to
500 m of additional relief are present locally [Gastil et al., 1975]. Individual flow fields
and dome complexes of the stratovolcano facies range in volume up to ~20 km? (e.g.,
the Tombstone Dacite of Nagy et al. [1999]). Separation of stratovolcano facies into
vent, proximal-medial, and distal facies is incomplete in the study region, although
some vent localities are known from areas of detailed mapping [Martin-Barajas and
Stock, 1993; Nagy, 1997; Gastil et al., 1975, Chapter 7 of this thesis; Fig. 2.3]. West
of the PVP, a westward-fining apron of volcaniclastic conglomerate and sandstone
comformably overlies group two strata [Dorsey and Burns, 1994]. Volcaniclastic de-
posits of the stratovolcano facies thin much more abruptly north of the Puertecitos
Volcanic Province, and pinch out completely in the northern Sierra San Fermin and
adjacent parts of the Sierra San Felipe (Fig. 2.3).

The lithology and distribution of the basaltic facies of group three contrast with
the lithology and distribution of the stratovolcano facies. Flows of the basaltic facies
seldom exceed 10 meters thickness. Isolated deposits of cinders that may indicate
proximity to a vent are mapped together with the flows. Few vent areas have been
identified for these deposits, but the distribution of individual flows suggests a simi-
larly widespread distribution of sources. The intercalation of the basaltic facies and
the stratovolcano facies of group three with group two sedimentary strata indicates
that these groups represent depositional systems that coexisted in the study area
(Fig. 2.2).

The ages of group three strata in the study area show two overlapping distributions

that correspond to the facies divisions defined above. The broadest range of ages is
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measured from the basaltic facies. The oldest ages are 20.5 4+ 0.36 Ma from basalt
in the Southern Valle Chico [Stock, 1989], and 21 £+ 1 Ma from basalt in the central
Sierra San Fermin [Lewis, 1996]. The youngest ages measured for group three strata
are also from a basalt that erupted in southern Valle Chico at 12.70 + 0.24 Ma.
Ages spanning this range for the basaltic facies are known from throughout the study
area (Table 2.2). Age determinations for the stratovolcano facies span a slightly
more restricted range, from 14 to 20 Ma (Table 2.2). Deposits of this facies in the
Puertecitos Volcanic Province cluster even more closely at 15 to 18 Ma, and may
indicate a pulse of activity in this region during this time interval. In most localities
between Arroyo Matomi and the Santa Rosa Basin, group three strata are overlain
by the ~12.6 Ma Tuff of San Felipe [Stock et al., 1999]. Outliers of the Tuff of San
Felipe also cap thick group three deposits within the Puertecitos Volcanic Province
[Stock, 1993; Nagy, 1997, Stock, unpublished mapping, Fig. 2.1].

Arc volcanism in northern Baja California occurred during a short interval of
Early to Mid-Miocene time [Gastil et al., 1975; Sawlan, 1991, Table 2.2]. Older ages
on volcanic rocks east of the Gulf indicate that the locus of the arc shifted westward
near the end of Early Tertiary time [Gastil et al., 1981]. The limited distribution of the
stratovolcano facies in northern Gulf of California may reflect a short residence time
of the arc here [Sawlan, 1991] which is supported by clustered ages measured for the
PVP (Table 2.2). This contrasts with the presence of more extensive arc deposits and
a longer duration of volcanism (24 to 12 Ma) in southern Baja California [Hausback,

1984; Sawlan and Smith, 1984; Gastil et al., 1979].

2.4.5 Group 4: The Tuff of San Felipe

Lithologic group four consists of a single volcanic unit, the Tuff of San Felipe.
This welded ash-flow tuff is assigned its own group to reflect its unique transitional
stratigraphic position and widespread occurrence in the study area between Early to
Middle-Miocene volcanic arc deposits and younger syn-rift deposits. The significance

of the Tuff of San Felipe as a stratigraphic marker was recognized by Stock [1993]
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and Lewis [1994] who correlated the deposit from the Main Gulf Escarpment eastward
to the coastal plain (Figs. 1.4 and 2.1). Stock et al. [1999] compiled lithologic, pet-
rographic, geochemical, paleomagnetic, and geochronologic data for the Tuff of San
Felipe and correlated this unique deposit across an 1800 km? area of northeastern
Baja California (Figs. 2.1 and 2.5).

Contacts of the Tuff of San Felipe upon group two or group three strata are
commonly disconformable. The Tuff of San Felipe is preserved discontinuously within
the Puertecitos Volcanic Province where it occupies canyons cut westward across
group three volcaniclastic deposits (Fig. 2.5). North of the Puertecitos Volcanic
Province, the Tuff of San Felipe is deposited on group two sedimentary rocks and
group one basement. Although erosion is often evident where the Tuff of San Felipe
contacts group three strata and occasionally evident where in contact with group two
strata, evidence for regional tilting or faulting prior to deposition of the Tuff of San
Felipe has not been proven in the study area. Lewis [1994] reported one location in
the Siera San Fermin where group three strata (Tmvs) were tilted up to 80° prior
to deposition of the Tuff of San Felipe. Non-tectonic angular discordance between
cross-stratified eolian sandstone of group two and the Tuff of San Felipe is commonly
observed throughout much of the Sierra San Fermin and Sierra San Felipe.

Angular contact relationships with younger group five and six strata are common
throughout the study area and indicate rifting after deposition of the Tuff of San
Felipe [Stock and Hodges, 1989; Lewis, 1994; Nagy, 1997; Stock et al., 1999]. Within
the Puertecitos Volcanic Province, the Tuff of San Felipe underlies synrift volcanic
and volcaniclastic deposits [Stock, 1989; Nagy et al., 1999]. North of the Puertecitos
Volcanic Province and Mesa Cuadrada, the Tuff of San Felipe caps tilted mesas on
the west side of the Sierra San Felipe without evidence for later deposition [Stock,
1993; Lewis, 1994; Stock et al., 1999, Fig. 2.1]. Elsewhere in the Sierra San Felipe,
sedimentary rift basin deposits overlie the Tuff of San Felipe, such as in the Canon
el Parral area [Lewis, 1994], Arroyo Huatamote, and the Santa Rosa Basin (Bryant
[1986], with correlation by Stock et al. [1999]).
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Figure 2.5. The Tuff of San Felipe in northeastern Baja California. Outcrops are de-
picted in black, stratigraphic thickness measurements (in meters) are depicted by numbers,
isopachs of the Tuff of San Felipe are depicted by thin black lines and labelled with values in
meters. Isolated paleocanyon exposures occur over the southern quarter of the total outcrop

area of the ignimbrite. Isopachs are contoured at 30 m intervals up to 90 m.
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The Tuff of San Felipe may be recognized in the field by several characteristic
lithologic features. The tuff is everywhere densely welded, with 10-15% anorthoclase
phenocrysts, <1% augite phenocrysts, rare accidental lithic fragments, and distinc-
tive, rare to uncommon dark inclusions of rhyolite. These inclusions contain 20%
phenocrysts (alkali feldspar > clinopyroxene > fayalite) and form pods up to 40 cm
in length. Typical outcrops of the base of the tuff have a dark brown to black vit-
rophyre at the base, grading into densely welded, red to orange eutaxitically foliated
tuff. In the thicker deposits, the vitrophyre grades into densely welded, red to light
purple rheomorphic tuff with lithophysae up to 50 cm long. The remaining thickness
of tuff is generally light-colored and vapor-phase recrystallized. Non-welded airfall
ash up to 1 m thick may be present beneath thicker sections of the Tuff of San Felipe.
The total outcrop area and volume of the Tuff of San Felipe in Baja California may
be as much as 3,400 km? and 120 km? in Baja California (Table 2.1). This estimate
does not account for 10% to 80% extension of the study area [Stock and Hodges, 1990;
Lewis and Stock, 1998b].
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Table 2.1. Volume calculations of tuffs in northeastern Baja California.

contour interval  Areal Multiplier? Volume

(m) (km?) (km) (km?)
Tuff of San Felipe (Max 180 m)

0 m 3354.4 0.015 50.3
30 m 1394.1 0.03 41.8
60 m 542.3 0.03 16.3
90 m 215.6 0.045 9.7

Volume of the Tuff of San Felipe in Baja California: 118.1

Tuffs of Mesa Cuadrada (Max 110 m)

0 m 1790.2 0.015 26.9
0 m -3 0.015 0.0
30 m 1313.8 0.03 39.4
30 m -31.2 0.03 -0.9
30 m -13.3 0.03 -0.4
60 m 883.9 0.03 26.5
60 m -62.5 0.03 -1.9
60 m -22.9 0.03 -0.7
60 m 48.4 0.03 1.5
90 m 324 0.022 0.7
90 m 39.8 0.022 0.9
90 m 241.9 0.022 5.2
90 m 13.7 0.022 0.3

Volume of the Tuffs of Mesa Cuadrada in Baja California: 97.4

Tuffs of Dead Battery Canyon (Max: 74 m)

0 m 110.8 0.015 1.7
30 m 27.2 0.03 0.8
60 m 15.2 0.020 0.3

Volume of the Tuffs of Dead Battery Canyon in Baja California: 2.8
Tuffs of Arroyo El Canelo (Max 325 m)

0 m 587.4 0.015 8.8
30 m 290 0.03 8.7
60 m 233.4 0.03 7.0
90 m 178.1 0.093 16.6
Volume of the Tuffs of Arroyo El Canelo in Baja California: 41.1

I The areas of closed internal contours shown as negative values. Area measurements do not

account for extension of the outcrop area after deposition and may overestimate the volume of
tuffs by up to a factor of 2.

2 0 m contour multiplied at % contour interval (15 m). Each complete contour above 0 m mul-

tiplied at 1 contour interval or (30 m). Final contour interval multiplied at % contour interval

+% remaining thickness.
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Samples of the Tuff of San Felipe have been dated from several localities in the
study area (Figure 2.5). Stock et al. [1999] summarized these ages and determined
that emplacement of the Tuff of San Felipe at about 12.6 Ma is in best agreement
with isotopic age determinations of the tuff and bounding volcanic strata. A prob-
lematic older age of 13.3 + 0.5 Ma from the Sierra San Fermin is attributed to
possible xenocrystic contamination from rhyolite inclusions described above [Lewis,
1996]. Petrographic examination of these inclusions reveals a very similar phenocryst
assemblage to the Tuff of San Felipe and evidence for plastic flow and disaggrega-
tion, consistent with the possibility for xenocrystic contamination. These distinctive
inclusions have not been dated separately.

The Tuff of San Felipe in Baja California is distributed in a semicircular region
centered at the northern end of the Sierra San Fermin. Thickness and welding grade
increase towards this area, where up to 180 m of tuff with rheomorphic texture is
present (Fig. 2.5). Lewis [1996] proposed a vent location for the Tuff of San Felipe
in this area. Based upon its wide distribution and distinctive characteristics, Stock
et al. [1999] proposed that the Tuff of San Felipe may be present and recognized
on the opposite rifted margin of the Gulf of California. In Chapter 3, the Tuff of
San Felipe is shown to indeed correlate across the Gulf of California to Isla Tiburén
and the adjacent coast of Sonora. Salient lithologic, paleomagnetic, and geochemical
characteristics of the Tuff of San Felipe used to confirm correlation are discussed

separately in Chapters 4 and 5.

2.4.6 Group 5: Early syn-rift deposits

Rifting that ultimately led to formation of the Gulf of California caused a pro-
nounced change in sedimentary and volcanic deposition in northeastern Baja Cali-
fornia. Group five comprises an early syn-rift sequence of volcanic and non-marine
sedimentary strata. Rift-related bimodal volcanism in the northern Puertecitos Vol-
canic Province generated an abundance and variety of flows and pyroclastic deposits

that covered most of the pre-existing arc strata [Martin-Barajas et al., 1995]. A few
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isolated eroded cores of stratovolcanoes were left standing above the level of exten-
sive synrift ignimbrite sheets [Gastil et al., 1975]. North of the PVP, fault-generated
topographic relief produced an abundance of locally-derived conglomerate and sand-
stone that filled adjacent rift basins [Gastil et al., 1975; Lewis, 1994; Bryant, 1986].
Group five strata may be most easily differentiated from older deposits by the pres-
ence of extensive rhyolitic ash-flow tuffs and proximal rift basin conglomerates and
breccias. Often, the stratigraphic succession of group five deposits shows evidence
for rifting such as internal angular unconformities and angular contacts with older
strata. Group five is differentiated from group six by a pulse of ignimbrite volcanism
from the northern Puertecitos Volcanic Province at ~6 Ma [Nagy et al., 1999]. These
eruptions left a mantle of distinctive ash-flow tuffs throughout the southern half of
the study area that are useful as structural markers [Stock and Hodges, 1990; Lewis
and Stock, 1998b]. These ignimbrite deposits also pre-date marine deposition in the
study area [Martin-Barajas and Stock, 1993; Lewis, 1994]. In the northern part of
the study area synrift sedimentary deposits form continuous sections lacking these

marker beds.

Sedimentary Strata

Group five syn-rift clastic strata comprise nonmarine conglomerate and sandstone.
Over much of the study area it is likely that rift basin formation has continued to
the present, burying older syn-rift strata. Exposures of syn-rift sedimentary deposits
are shown in Figs. 2.1 and 2.6. These deposits occupy a chain of fragmented syn-
rift sedimentary basins located within the Sierra San Felipe where later faulting has
uplifted and exposed older syn-rift strata.

The best studied of the early syn-rift basins in the study area is the Santa Rosa
basin [Bryant, 1986, Figs. 2.1 and 2.6]. Here, a tilted section of conglomeratic strata
was deposited on a conformable section of older fluvial conglomerate (group two),
basalt and andesite flows (group three) and the Tuff of San Felipe (group four).

Group five strata in the Santa Rosa basin contain boulder conglomerate interstrati-
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Figure 2.6. Early syn-rift (group 5) deposits of northeastern Baja California. Syn-rift
sedimentary basin fill (black) and volcanic rocks (grey with pattern) are depicted where
known or suspected to be older than the Tuffs of the Northern Puertecitos Volcanic Province
(solid grey). The Huatamote Basin and the Canon el Parral basin may be all or part
group six age. Abbreviations refer to locations described in text: S.I. Santa Isabel Wash;
Oc., Arroyo el Oculto; M.C., Mesa Cuadrada; M.M., Mesa Matomi; M.A., Mesa el Avidn;
D.B.C., Dead Battery Canyon; S.S.F., Southern Sierra San Fermin.
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fied with conglomeratic sandstone [Bryant, 1986]. These strata contain clasts of the
Tuff of San Felipe and group three volcanic rocks and are interpreted as alluvial fan
deposits. Finer-grained non-marine conglomerate and sandstone become predomi-
nant up-section. The total exposed basin fill covers an area of 30 km? in the central
Sierra San Felipe (Fig. 2.1). The western exposures of basin fill rest against base-
ment along a gently inclined low-angle (18° to 20°) normal fault with up to 5 km of
throw [Bryant, 1986]. An interstratified basalt flow dated at 8.9 + 1.2 Ma (K—Ar on
plagioclase, Bryant [1986]) indicates that the lower part of Santa Rosa Basin section
is of group five age.

South of the Santa Rosa basin, the Huatamote basin (new name) occupies a similar
structural position within the central Sierra San Felipe (Figs. 2.1 and 2.6). Recon-
naissance mapping indicates that the Tuff of San Felipe (group four) was erosionally
removed from some areas prior to deposition of coarse clastic syn-rift deposits. Group
two sandstones and lacustrine deposits are preserved unconformably beneath group
five strata. This contact is marked by an irregular and abrupt transition to coarse-
grained group five conglomerates north of Arroyo Huatamote. The Huatamote basin
fill preserves no volcanic units useful for dating deposition here. However, truncation
of the Santa Rosa basin deposits by deposits of the Huatamote basin (unit Tmpal,
Fig. 2.4) indicates that the Huatamote basin is younger than the adjacent Santa Rosa
Basin. The distinctive ignimbrites that mark the top of group five in the Puertecitos
Volcanic Province do not crop out as far north as Arroyo Huatamote (Fig. 2.1).
Therefore, all or part of the Huatamote basin strata may be part of group six rather
than group five.

The Canon el Parral and southern Sierra San Fermin regions also contain areas of
uplifted non-marine conglomerate interbedded with sandstone and mudstone [Lewsis,
1994]. Some mapped exposures of basin fill here overlie distinctive ~6 Ma rhyolite
ignimbrites that mark the upper part of group five, and thus at least some of these
deposits are assigned to group six (see below). Air-photo inspection of interior (west-

ern) areas of the Cafion el Parral basin (new name) indicates that sedimentary rocks
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there are deposited directly upon the Tuff of San Felipe (group four) and thus may
be of group five age.

Volcanic Strata

Group five volcanic strata form the majority of exposures in the northern Puertecitos
Volcanic Province. These strata are subdivided into two facies (Fig. 2.6). Distinctive,
regionally correlative ignimbrites of the northern Puertecitos Volcanic Province are
mapped separately from lava flows and local pyroclastic deposits. Bedded rhyolitic
pyroclastic deposits comprise the greatest volume of group five materials mapped in
the PVP, where sections of ash-flow tuff may exceed 300 m thickness and cap a ~2,000
km? area of mesas and plateaus. Individual welded ash-flow tuffs of this series form
regionally correlative marker horizons [Stock and Hodges, 1989; Lewis, 1996; Nagy
et al., 1999, Figs. 2.1, 2.7, and 2.8]. Several of these units are thickest adjacent to
the west coast of the Gulf of California [Lewis, 1994; Nagy, 1997] and will be shown
in later chapters to correlate across the Gulf of California to Isla Tiburén. Lithologic
characteristics of these ash-flow tuffs are summarized separately below.

The age of group five strata is defined between the onset of rifting in the study
area up to and including deposition of the extensive rhyolite ignimbrites at ~6 Ma in
the northern Puertecitos Volcanic Province [Nagy et al., 1999]. The ~12.6 Ma Tuff of
San Felipe (group four) predates rifting [Stock and Hodges, 1989; Stock et al., 1999]
and provides the lower age constraint on group five strata. 100 km north of the study
area, in the southern Sierra Juarez, Lee et al. [1996] constrained extension to have
begun between 15.98 £+ 0.13 Ma and 10.96 £+ 0.05 Ma. Assuming that the timing of
extension is the same in the study area as in the southern Sierra Juarez, these data
together constrain the onset of rifting and the lower age of group five in the study
area to 11-12.6 Ma [Stock et al., 1999]. The uppermost welded ash-flow tuff of group
five is the Flagpole member of the Tuffs of Arroyo El Canelo (Flagpole Tuff of Nagy
et al. [1999]). The main member of the Tuffs of Arroyo El Canelo was dated as 6.1 +
0.3 Ma by Nagy et al. [1999] and the lowest member of the Tuff of Arroyo El Canelo
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was dated at 6.4 + 0.04 Ma by Martin-Barajas et al. [1995] and 6.4 + 0.1 Ma by
Nagy et al. [1999]. These constrain the age of group five strata as between 12.6 Ma
and 6 Ma. Ages of interstratified volcanic units agree with these constraints (Table

2.2).

2.4.7 Tuffs of the northern Puertecitos Volcanic Province

The Tuffs of the northern Puertecitos Volcanic Province form a set of marker beds
that correlate over the southern half of the Baja California study area and comprise
the uppermost group five strata (Figs. 2.2 and 2.6). These tuffs are subdivided into
five eruptive sequences. Three of these sequences, the Tuffs of Mesa Cuadrada, the
Tuffs of Dead Battery Canyon, and the Tuffs of Arroyo El Canelo, will be shown to
correlate across the Gulf of California to Isla Tiburdn in later chapters. Together, the
Tuffs of the northern Puertecitos Volcanic Province comprise over 100 km? erupted
from 6.7 to 6.1 Ma, covering ~2,000 km? of northeastern Baja California with up to
300 m of pyroclastic material (Figs. 2.7 and 2.8; Table 2.1).

Tuffs of Santa Isabel Wash

The lowermost tuffs of the northern Puertecitos Volcanic Province are two local
sequences of pyroclastic flow deposits located at Santa Isabel Wash (’SI’ on Fig.
2.6) and Mesa Matomi ("MM’ on Fig. 2.6). The following description is from Nagy
[1997] and Nagy et al. [1999]. The Tuffs of Santa Isabel Wash are weakly indurated,
crystal-rich (plagioclase 4+ anorthoclase > olivine ~ clinopyroxene ~ Fe-Ti Oxides)
pumice- and lithic-lapilli pyroclastic flow deposits. A variety of volcanic and granitic
lithic fragments are present in the Tuffs of Santa Isabel Wash. Pale blue-grey and
pale purple fine-grained volcanic lithics fragments are distinctive in these tuffs. The
lowermost cooling unit of the Tuffs of Santa Isabel Wash is a non-welded pumice-flow
and air-fall deposit up to 30 m thick. This unit is overlain by up to four ash-flow tuff

cooling units with moderately- to densely-welded bases and less-welded to non-welded
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upper sections. The composite thickness of the Tuffs of Santa Isabel Wash ranges
from 70 m at the southern limit of detailed mapping to 140 m near Arroyo Matomi.
The Tuffs of Santa Isabel Wash have been recognized only in the Santa Isabel Wash
area of the northern PVP. 1°Ar /3% Ar isotopic dates determined by Nagy et al. [1999]
indicate that the Tuffs of Santa Isabel Wash erupted at ~6.6 £ 0.2 Ma (Table 2.2).
Identical paleomagnetic remanance measured for all four ash-flow tuff cooling units
Nagy [2000] suggests that these were erupted over a time period less than the 103 to
10* yr time scale of secular variation [Butler, 1992; Merrill and McElhinny, 1983].

Tuffs of Matomi

The Tuffs of Matomi (Tmmt of Stock [1989] and Stock [1993]) are a package of
unwelded pumice lapilli tuffs that crop out on Mesa Matomi and Mesa Cuadrada
at the southern end of Valle Chico. The following description is from Stock [1989).
Individual pyroclastic flow units that make up the Tuffs of Matomi range from 2.5 m
to 37 m thickness, and the composite thickness of the tuffs ranges from 20 m to 180
m. The unit fills constructional relief formed of group three and group five andesite
and group four (The Tuff of San Felipe). The Tuffs of Matomi are not mapped east
of Mesa Cuadrada ("MC’ on Fig. 2.6). However, non-welded pumice-flow deposits
similar to the Tuffs of Matomi, in the same stratigraphic position in the Sierra San
Fermin, are mapped as unit Tmr3a [Lewis, 1994]. The Tuffs of Matomi are undated
but are overlain comformably by unit Tmr3 of the Tuffs of Mesa Cuadrad