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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 255±10 km of opening across the Upper Delf́ın 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 Delf́ın basin, such that most of

the crust between Isla Tiburón 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 Delf́ın 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

Delf́ın 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 Tiburón 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 Delf́ın 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 Delf́ın 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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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 Tiburón 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 [Mammerickx 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 Alarcón 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 Alarcón rise indicate that more than 95% of



7

Pacific–North America plate motion is currently accommodated on the Gulf fault

system [DeMets and Dixon, 1999; Dixon 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 Alarcón 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

Carreño, 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; Mart́ın-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], Mart́ın-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 Tiburón 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 Tiburón 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 Tiburón 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 Delf́ın

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 Delf́ın 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 Fermı́n 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 Fermı́n. 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 Matomı́ 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 Tiburón 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; Mart́ın-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 Fermín; G, Pico de Los Gemelos; H, Pico Los Heme; P, Volcán
Prieto. S.I. and SIW, Santa Isabel Wash; MA, Mesa El Avión; 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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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.
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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 Mártir

and Sierra San Felipe. In the Sierra San Fermı́n, 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 Matomı́ (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 (696500,33 68000, 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 (693000,34 17000). 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 (698000,33 76800), central Sierra San Fermı́n (779000,33 82800), and

Santa Isabel Wash (696400,33 67800). Schmidt [2000] reports amphibolite, quartzite,

and metavolcanic rocks from the southern Sierra San Pedro Mártir. Anderson [1993]

reports quartzite from the San Felipe area (705000,34 36000, ∼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 (694600,34 07300). 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 Mártir. 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 Mártir

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

Mármol, (721000,33 17000). 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 Mártir?). Dorsey and Burns [1994] restricted the Mesa Formation

to the dominantly locally-derived basal sedimentary rocks, and assigned the overlying

volcaniclastic strata to the Comondú 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 Fermı́n [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 07550, 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 El Mayor (Fig. 1.3) record 3 to 4 km of denudation between 45 and 33 Ma [Axen

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 Fermı́n (711670,33 87600), southern Valle Chico

(697100,33 78810) and Arroyo Huatamote (697200,34 09140) 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)
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Michael Oskin, 2001







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

Qoal2 Old alluvium, second generation.  
Moderately incised low-relief alluvial terrace 
deposits.

Qoal1 Old alluvium, first generation.  Incised 
alluvial terrace deposits, perched on hilltops 5-
10m above local base level.

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

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

Tmrsrb1
 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).    

Tmrsf
 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).

Tmb1 Basalt.  Olivine-phyric basalt flow.  Forms 
dark-gray weathered outcrops.  K-Ar age 
(whole rock) of 15.0±0.4 Ma (Gastil et al., 
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and cobble conglomerate with interbedded 
sandstone.  Clasts are exotic to field area.  
Contains <1% distinctive limestone clasts with 
Permian fusilinid fossils. Correlated to 
conglomerate outcrops in the Sierra Seri of 
Sonora (Gastil et al., 1973). 

Mzg Granitic basement.  Reported as strongly-
foliated melanocratic medium-grained biotite 
quartz diorite by Bryant (1986).
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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 Comondú 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 km3 (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 [Mart́ın-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 Fermı́n 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 ± 0.36 Ma from basalt

in the Southern Valle Chico [Stock , 1989], and 21 ± 1 Ma from basalt in the central

Sierra San Fermı́n [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 Matomı́ 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 km2 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 Fermı́n 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 Fermı́n 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 Cañon

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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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 À 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 km2 and 120 km3 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 Area1 Multiplier2 Volume
(m) (km2) (km) (km3)

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 32.4 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

1 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 1
2

contour interval (15 m). Each complete contour above 0 m mul-

tiplied at 1 contour interval or (30 m). Final contour interval multiplied at 1
2

contour interval

+ 1
3

remaining thickness.



37

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 Fermı́n 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 Fermı́n. 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 Tiburón

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 [Mart́ın-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 [Mart́ın-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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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 km2 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 Cañon el Parral and southern Sierra San Fermı́n regions also contain areas of

uplifted non-marine conglomerate interbedded with sandstone and mudstone [Lewis ,

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 Cañon el Parral basin (new name) indicates that sedimentary rocks



41

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

km2 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 Tiburón. 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 Juárez, 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 Mart́ın-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 Tiburón in later chapters. Together, the

Tuffs of the northern Puertecitos Volcanic Province comprise over 100 km3 erupted

from 6.7 to 6.1 Ma, covering ∼2,000 km2 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 Matomı́ (’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 + anorthoclase À 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 Matomı́.

The Tuffs of Santa Isabel Wash have been recognized only in the Santa Isabel Wash

area of the northern PVP. 40Ar/39Ar 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

104 yr time scale of secular variation [Butler , 1992; Merrill and McElhinny , 1983].

Tuffs of Matomı́

The Tuffs of Matomı́ (Tmmt of Stock [1989] and Stock [1993]) are a package of

unwelded pumice lapilli tuffs that crop out on Mesa Matomı́ 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 Matomı́ 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 Matomı́ are not mapped east

of Mesa Cuadrada (’MC’ on Fig. 2.6). However, non-welded pumice-flow deposits

similar to the Tuffs of Matomı́, in the same stratigraphic position in the Sierra San

Fermı́n, are mapped as unit Tmr3a [Lewis , 1994]. The Tuffs of Matomı́ are undated

but are overlain comformably by unit Tmr3 of the Tuffs of Mesa Cuadrada which has

been dated at ∼6.3 ± 0.2 Ma in several localities (Table 2.2).

Tuffs of Mesa Cuadrada

The Tuffs of Mesa Cuadrada (new name) comprise two distinctive cooling units,

Tmr3 and Tmr4 [Stock , 1989; Lewis , 1996; Nagy et al., 1999, Fig. 2.7]. Parallel

changes in thickness and welding grade, and the absence of intervening erosion sup-

ports grouping of these units into a single eruptive sequence [Lewis , 1994]. Tmr3 is

a non-welded to partially-welded ash-flow tuff characterized by 5–10% cm-sized vol-
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Figure 2.7. (next page) Distribution of the Tuffs of Mesa Cuadrada in northeastern
California. Ignimbrite outcrops are depicted as solid grey. Numbers represent the combined
stratigraphic thickness of cooling units Tmr3 and Tmr4. Thicknesses from the interior of
the Puertecitos Volcanic Province estimated from topographic maps. Proposed group five
caldera walls are hypothesized in areas of abrupt thickness changes that occur within the
group five ignimbrite section. These areas define a possible caldera structure centered on
the eastern part of Arroyo Matomı́. 30 m isopach contour interval.

canic lithics and 10–15% phenocrysts (alkali feldspar À augite ≈ quartz > biotite ≈
Fe–Ti oxides > basaltic hornblende ≈ fayalite ≈ zircon). Matrix material of Tmr3 is

dominantly glass spicules with up to 10% pumice lapilli. Typical deposits of Tmr3

weather orange, with a light grayish purple fresh surface. Progressively more welded

sections appear bright orange to red, with a dark-brown indurated vitrophyre near

the base. Tmr4 is a densely welded ash-flow tuff characterized by distinctive weld-

ing zonation, 1–3% phenocrysts (plagioclase > pyroxene > quartz) and 1% volcanic

lithic inclusions. Glass spicules dominate the matrix material, lending the tuff an

even porcelainous texture. Basal Tmr4 commonly includes a thin (<1 m) layer of

yellow ash and pumice, grading upwards into brown to black vitrophyre with pumice

fiamme. A sharp break separates the black vitrophyre from a zone of densely welded

red tuff. This is capped by vapor-phase altered light purple welded tuff. Thicker

sections of Tmr4 near Dead Battery Canyon (’DBC’ on Fig. 2.6) and Santa Isabel

Wash display spherulitic crystal growths in the basal welded zones, and are capped

by an additional zone of non-welded tuff.

Combined thickness of the Tuffs of Mesa Cuadrada in Baja California ranges

from zero to over 100 m (Fig. 2.7). Tmr3 is everywhere at least 50% thicker than

the overlying Tmr4 cooling unit except where Tmr3 fills in paleotopography. The

thickest sections of the Tuffs of Mesa Cuadrada (Fig. 2.7 are located on Mesa el

Avión [Stock, unpublished mapping ], adjacent to Santa Isabel Wash [Nagy , 1997]

and in the central Sierra San Fermı́n [Lewis , 1994]. Between these areas, abundant

coalesced rhyolite domes and younger welded tuffs bury the Tuffs of Mesa Cuadrada

[Lewis , 1994; Nagy , 1997]. Abrupt thickening of cooling unit Tmr4 from 5 m to 80
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m across an escarpment adjacent to Santa Isabel Wash (706000,33 64000, Nagy [1997];

Fig. 2.7) may indicate a collapse feature formed during an earlier eruption. This

feature may have formed during eruption of the Tmr3 cooling unit of the Tuffs of

Mesa Cuadrada. Exposures of Tmr3 on the higher (west) side of this escarpment

are commonly over 100 m thick and fill paleotopography. Exposures of Tmr3 are the

same thickness or thinner on the lower (east) side of the escarpment (706960,33 60720

and 709170,33 62450, Nagy [1997]). The Tuffs of Mesa Cuadrada covered up to 1800

km2 of the northern Puertecitos Volcanic province with approximately 100 km3 of

pyroclastic deposits (Fig. 2.7, Table 2.1).

Local non- to moderately-welded pyroclastic deposits commonly underlie the Tuffs

of Mesa Cuadrada. Lewis [1994] mapped unit Tmr3a in the southern Sierra San

Fermı́n and Nagy [1997] describes unit Tmr3-type 1 from Santa Isabel Wash. Paleo-

magnetic data indicate that these units do not correlate [Nagy , 2000, also see Chapter

5]. A thin (1 to 2 m), welded tuff (unit Tmr3-4) is locally visible between the Tmr3

and Tmr4 cooling units in the Santa Isabel Wash and Sierra San Fermı́n [Nagy , 1997;

Lewis , 1994].

The age of the Tuffs of Mesa Cuadrada is measured from several localities in the

study area as ∼6.3 ± 0.2 Ma (Table 2.2). Ages are determined from the abundant

alkali feldspar in Tmr3. The overlying Tmr4 deposit has not been directly dated

because of the dearth of phenocrysts present in this unit. Stratigraphic evidence sug-

gests that Tmr4 erupted soon after Tmr3; thus, the age of ∼6.3 Ma is adopted for the

combined Tuffs of Mesa Cuadrada. A consistent, 10–15◦ difference in paleomagnetic

remanence direction occurs between Tmr3 and Tmr4 [Lewis and Stock , 1998a; Nagy ,

2000]. This difference suggests that the time interval between eruption of cooling unit

Tmr3 and cooling unit Tmr4 was on the order of at least the 103 year scale of secular

variation [Butler , 1992; Merrill and McElhinny , 1983]. Paleomagnetic remanence di-

rections for units Tmr3a [Lewis , 1994] and Tmr3 type 1 [Nagy , 1997] are dissimilar,

proving that these lower deposits do not correlate [Nagy , 2000].
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Tuffs of Dead Battery Canyon

The Tuffs of Dead Battery Canyon form an isolated stack of two welded ash-flow

tuffs in the southern Sierra San Fermı́n [Lewis , 1996]. Two nearly identical cooling

units, Tmr5 and Tmr6, comprise the Tuffs of Dead Battery Canyon exposed in a

series of east-tilted fault blocks at the type locality (Fig. 2.8). Based upon similar

lithology and conformable contact relationships, Lewis [1994] suggested that these

ignimbrites may comprise an uppermost product of the same eruptions that produced

Tmr3 and Tmr4 of the Tuffs of Mesa Cuadrada. The following descriptions are from

Lewis [1994] and Lewis [1996]. Cooling unit Tmr5 is characterized by ∼3% cm-sized

pumice and 5–10% phenocrysts (feldspar À Fe–Ti oxides > clinopyroxene). Tmr5 is

comprised of a base of indurated, dark reddish-brown porcelainous welded tuff, capped

by light purple vapor-phase altered tuff. Tmr6 contains 10–15% phenocrysts (feldspar

À Fe-Ti oxides > clinopyroxene ≈ basaltic hornblende) and up to 10% flattened

pumice. Lewis [1994] and Lewis [1996] also noted a trace amount of tourmaline

phenocrysts in Tmr6, but additional petrographic observations of Tmr6 for this study

did not encounter this phenocryst phase. Like Tmr5, Tmr6 is also composed of

a base of indurate dark reddish-brown porcelainous welded tuff, capped by lighter-

colored vapor-phase altered zones. Additional outcrops of plagioclase-phyric welded

tuff mapped as Tmr4a [Lewis , 1994] on the western side of the Sierra San Fermı́n are

included here with the Tuffs of Dead Battery Canyon. The thickness of the Tuffs of

Dead Battery Canyon measured at the type locality is 36 m of Tmr5 and 38 m of

Tmr6, for 74 m total [Lewis , 1994]. The combined area and volume of these outcrops,

including deposits that probably underlie the Llanos de San Fermı́n, is approximately

110 km2 and 3 km3 (Fig. 2.8, Table 2.1). Tmr5 has not been dated, but it is younger

than the 6.3 ± 0.2 Ma Tuffs of Mesa Cuadrada and it is overlain with a slight angular

unconformity by a non-welded sequence of pyroclastic deposits (Tmr7) dated at 6.3

± 0.4 Ma [Lewis , 1994]. The Tuffs of Dead Battery Canyon are also overlain by

Lewis [1994]’s Tmr8, which may be a northernmost equivelant of the Tuffs of Arroyo
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Figure 2.8. (next page) Distribution of the Tuff of Dead Battery Canyon and the Tuffs of
Arroyo El Canelo in northeastern Baja California. Outcrops of the Tuffs of Dead Battery
Canon shown in black and outcrops of the Tuffs of Arroyo El Canelo shown in grey. Numbers
represent stratigraphic thickness of these units in meters. Thickness estimates combine all
cooling units (see text for a definition of these cooling units). Proposed caldera wall features
correspond to abrupt thinning of these ignimbrites from >30 m to <5 m thickness.

El Canelo which were dated at 6.1 ± 0.5 Ma by Nagy et al. [1999]. Conformable

contacts and bracketing strata suggest that the Tuffs of Dead Battery Canyon are

probably very close in age and may deposited by the same eruptions that produced

the underlying Tuffs of Mesa Cuadrada.

Tuffs of Arroyo El Canelo

The Tuffs of Arroyo El Canelo comprise a complexly zoned unit present in the

coastal areas adjacent to Arroyo Matomı́. Stock et al. [1991] named the Tuffs of

Arroyo El Canelo for a sequence of high-grade welded ignimbrites that crop out in

Arroyo El Canelo and Arroyo Matomı́, northeast of the town of Puertecitos (Fig. 2.8).

Six cooling units of the Tuff of Arroyo El Canelo were measured by Mart́ın-Barajas

and Stock [1993] at the type locality in Arroyo La Cantera (Fig. 2.8). Nagy [1997]

mapped a similar sequence of units in the Santa Isabel Wash region (Fig. 2.8). The

Tuff of Arroyo El Canelo is defined here based upon the exposures in the Santa Isabel

Wash region, where these tuffs are best exposed in relation to other group five units

[Nagy et al., 1999]. Many of the tuffs designated as cooling units of the Tuffs of Arroyo

El Canelo in this study were given separate names by Nagy et al. [1999]. These units

are the Tuff of Arroyo El Oculto, Tuff of Arroyo El Canelo (with an internal cooling

break), the Bighorn Sheep Tuff, and the Flagpole Tuff. Since the distribution of these

units is closely related in the study area and, as will be shown in Chapters 3 and 5,

similarly related on Isla Tiburón, these ash-flow deposits are grouped together here

as the Tuffs of Arroyo El Canelo. The combined area and distribution of the Tuffs of

Arroyo El Canelo in Baja California is estimated at approximately 600 km2 and 40

km3, respectively (Fig. 2.8, Table 2.1). These estimates do not account for significant
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Figure 2.8.

30m

0m




Tmrdb
DBC

115˚15'00" 115˚00'00" 114˚45'00" 114˚30'00"

30
˚0

0'
00

"
30

˚1
5'

00
"

30
˚3

0'
00

"
30

˚4
5'

00
"

Groups 5 and 6

undifferentiated

cover rocks

Group 5 Tuffs of

Dead Battery Canyon

Groups 1 through 5

undifferentiated

basement rocks

S
ierra S

an P
edro M

ártir

Sierra

Fermín

San

Felipe

Sierra

San

0 km 5 10 15 20

Huatamote

El Parral

Matomí


El Canelo

La Cantera

Zamora

Miramar

Los Heme

Arroyo

(Stream)

S.I.
Oc.

Group 5

Caldera


wall?

Group 5 Tuffs of

Arroyo El Canelo

74 30

3

110

2

150

325

2

Tmrec30m
60m
90m

Tmrec
30m
60m
90m

0m

0m

Puertecitos

N



50

(100%?) extension of the Arroyo Matomı́ area described by Stock et al. [1991].

The El Oculto member of the Tuffs of Arroyo El Canelo is a non-welded lithic-

rich devitrified ash-flow tuff with 2% phenocrysts (plagioclase + anorthoclase(?) >

orthopyroxene). The El Oculto member is typically thin (0-2 m thick) and has a

distinctive bright-white weathered surface. Thicker sections of 20–30 m near Arroyo

El Oculto [Nagy , 1997] display a densely welded interior zone, up to decimeter-sized

lithic fragments, and lithic-concentration zones. Nagy et al. [1999] obtained an inverse

isochron 40Ar/39Ar age of 6.4 ± 0.1 Ma for the El Oculto member. This unit is

correlated to unit t14 which forms the base of the Tuff of Arroyo El Canelo in the

Arroyo Matomı́ area and which is also crystal poor, light-colored, nonwelded and

devitrified [Stock et al., 1991; Nagy , 1997]. Mart́ın-Barajas and Stock [1993]’s unit t1

is a non-welded lithic-rich ash-flow tuff at Arroyo La Cantera that occupies a similar

stratigraphic position to the El Oculto member but contains 25–30% phenocrysts.

The relationship of unit t1 to the El Oculto member is unclear.

The main (El Canelo) member of the Tuffs of Arroyo El Canelo comprises multiple

cooling units of densely welded lithic-phyric ash-flow tuff. These units are charac-

terized by 3-10% phenocrysts (plagioclase + anorthoclase À orthopyroxene ≈ Fe–Ti

oxides > hornblende), a dark-purple matrix of welded glass, and distinctive pumice

fiamme up to 50 cm in length. The base of the tuff is characterized by dense, dark-

purple indurated vitrophyre with cm-scale variations in phenocryst concentration and

black fiamme. Above the basal densely welded zones, phenocryst concentration levels

out at ∼10% and replacement of the pumice by light-colored vapor-phase crystals

form white pods that sharply contrast with the dark-purple glassy matrix. Thick sec-

tions of the El Canelo member in the eastern part of Santa Isabel Wash and adjacent

to Arroyo Matomı́ display extremely thin (<1 cm) fiamme with rheomorphic flow

lineations. Cooling breaks in the El Canelo member are distinguished by a volcanic

lithic concentration zone overlain by a thin non-welded dark-colored glass and/or a

dark purple indurated vitrophyre. Nagy et al. [1999] determined an age of 6.1 ± 0.5

Ma for the El Canelo member at Santa Isabel Wash.
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The main (El Canelo) member of the Tuffs of Arroyo El Canelo ranges from less

than 5 m to over 200 m thickness in the study area. Two cooling units, 80 m and 40

m thick, are mapped as the Tuff of Arroyo El Canelo in the eastern Santa Isabel Wash

area [Nagy , 1997, 707000,33 66000]. These units are mapped in continuity with unit t12

of the Tuff of Arroyo El Canelo adjacent to Arroyo Matomı́ [Stock et al., 1991; Nagy

et al., 1999, 712000,33 70000] where multiple cooling breaks are observed. At Arroyo

La Cantera (719200,33 59200), units tmc2 and tmc3 of the Tuffs of Arroyo El Canelo

[Mart́ın-Barajas et al., 1995] comprise 225 m of welded tuff correlated here to the main

member. The main member of Tuffs of Arroyo El Canelo thins dramatically in the

western part of the Santa Isabel Wash area, forming a thin (<5 m) densely welded

single (or possibly compound) cooling unit that caps the group five volcaniclastic

section here. In the southern Sierra San Fermı́n, Lewis [1994]’s Tmr8 is a complexly

zoned welded tuff up to 30 m thick with a light-purple glassy matrix, vapor-phase

altered fiamme, and lithic concentration zones. Tmr8 is tentatively correlated to the

main member of the Tuffs of Arroyo El Canelo.

The Bighorn Sheep member and the Flagpole member are the uppermost cooling

units of the Tuffs of Arroyo El Canelo. These units were first described in the Santa

Isabel Wash area by Nagy [1997]. The following descriptions are from Nagy [1997]

and Nagy et al. [1999]. The Bighorn Sheep member is a weakly-indurated crystal-

and lithic-rich pyroclastic flow deposit. The concentration of lithic fragments ranges

from 2% to up to 50%, and they average 2–3 cm size. Elongate dark pumice or

scoria may be up to 50 cm in length and comprise up to 100% of the unit locally.

Matrix material, where present, consists of pale pink/purple, or yellow devitrified

ash and 5–10 phenocrysts (plagioclase + anorthoclase(?) > Fe–Ti oxides > altered

mafic silicates (pyroxene?)). The distribution of the Bighorn Sheep member is erratic

at the 100 m-scale and its thickness ranges from 0–15 m. The Flagpole member

is an indurate densely welded dark-purple to dark-orange crystal-rich ash-flow tuff.

Its appearance is similar to that of the underlying El Canelo member, with large

vapor-phase replaced fiamme and cm-scale variation in phenocryst abundance in the
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basal welded vitrophyre. The presence of trace amounts of fayalite distinguishes this

capping unit from the underlying members of the Tuffs of Arroyo El Canelo at Santa

Isabel Wash. Possible correlatives to the Bighorn and Flagpole members are unit t9

from Arroyo Matomı́ [Stock et al., 1991] and units tmc4 and tmc5 from Arroyo La

Cantera [Mart́ın-Barajas et al., 1995]. However, fayalite is not described from these

tuffs and these may comprise additional cooling units of the underlying El Canelo

member.

The Tuffs of Arroyo El Canelo are the highest ignimbrites of group five. The

distribution of these tuffs is centered on a probable vent area at the eastern end of

Arroyo Matmóı [Stock et al., 1991]. Very high-grade welding, rheomorphic flow, and

intercalated lithic breccias present here support deposition in an intracaldera setting

[Stock et al., 1991]. The Tuffs of Arroyo El Canelo thin abruptly and pinch out in

the Santa Isabel Wash region (Fig. 2.8). Outflow sheets of these tuffs pinch out more

gradually against paleotopography south of Arroyo La Cantera [Mart́ın-Barajas and

Stock , 1993]. Tmr8, which is tentatively correlated to the Tuffs of Arroyo El Canelo,

is restricted in distribution to the southern Sierra San Fermı́n. The Tuffs of Arroyo

El Canelo have not been identified further north despite all of the detailed mapping

that has been conducted.

2.4.8 Group 6: Late syn-rift deposits

Group six comprises a continuation of group five syn-rift sedimentary deposits,

but with the addition of marine strata of the Gulf of California. The base of group

six is defined by the extensive Tuffs of the Northern Puertecitos Volcanic Province of

group five which covered much of the southern part of the study area during latest

Miocene time. Where these tuffs are not present, the base of group six may be difficult

to differentiate from underlying group five. Group six syn-rift strata include present-

day sedimentary and volcanic rocks, and thus the age of group six spans from latest

Miocene/earliest Pliocene to Late Quaternary time. Volcanic strata of group six (Fig.

2.1) are similar to those of group five and include flows of a range of compositions.
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Group six also includes a Late Pliocene to Early Pleistocene sequence of welded

rhyolitic ignimbrites (Fig. 2.1) known as the Tuffs of Los Heme [Mart́ın-Barajas and

Stock , 1993] and the correlative Tuffs of Mesa El Tábano [Stock et al., 1991; Lewis ,

1996]. Sedimentary strata of group six include non-marine breccia, conglomerate, and

sandstone as well as marine sedimentary rocks (Fig. 2.1).

Nonmarine clastic sedimentary deposits of group six age are common throughout

the study area. Exposures of this type include areas of uplifted sedimentary deposits

in the Cañon el Parral basin (Fig. 2.6) and the southern Sierra San Fermı́n (Lewis

[1994]; ’SSF’ on Fig. 2.6). Present-day analogs to these basins are Valle Chico-Valle de

San Felipe and the Llanos de San Fermı́n (Fig. 2.6). Transitional marine-nonmarine

conditions are present on the coastal plain east of the Sierra San Felipe, the Sierra

San Fermı́n, and the PVP where alluvial fans prograde into the Gulf of California to

form deltas, and littoral and eolian processes combine to redistribute these sediments.

Marine sedimentary deposits are preserved in an uplifted marginal basin adja-

cent to the east side of the Sierra San Fermı́n extending southward to Puertecitos

[Lewis , 1994; Mart́ın-Barajas and Stock , 1993, Fig. 2.1]. Mart́ın-Barajas et al. [1997]

summarized the stratigraphy here and designated these deposits as the Puertecitos

Formation. This formation records two marine transgressions that post-date the 6.1 ±
0.5 Ma Tuffs of Arroyo El Canelo. Both sequences exhibit sedimentological character-

istics of a shallow marine, intertidal to subtidal environment with local progradation

of alluvial fans and fan-deltas [Mart́ın-Barajas et al., 1997]. Isotopic ages from the

Tuff of Valle Curbina, a non-welded ash-flow tuff and partially water-lain air-fall tuff,

date the base of the second transgression at 3.27 Ma [Lewis , 1994]. Primary volcani-

clastic input increased during deposition of the second sequence coeval with eruption

of the Tuffs of Los Heme to the south [Mart́ın-Barajas et al., 1995, 1997].

Volcanic deposits of group six are concentrated in the southeastern corner of the

study area (Fig. 2.1). This area of the Puertecitos Volcanic Province hosted waning

volcansim surrounding the eastern end of Arroyo Matomı́ during Early Pliocene time

and the formation of a new eruptive center for the Tuffs of Arroyo Los Heme further
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to the southeast. Volcanism at the eastern end of Arroyo Matomi formed a thick

accumulation of coelesced rhyolite domes [Mart́ın-Barajas and Stock , 1993] and three

andesite volcanoes: Pico Los Heme, Pico Los Gemelos (both from Nagy et al. [1999];

’H’ and ’G’ on Fig. 2.1), and Pico San Fermı́n (Lewis [1994]; ’F’ on Fig. 2.1). A

basaltic andesite flow south of Arroyo Matomı́ (’B’ on Fig. 2.1) dated at 0.7 Ma

records the most recent volcanism here [Mart́ın-Barajas et al., 1995]. The Los Heme

eruptive center, located to the southeast offshore of Puertecitos [Mart́ın-Barajas et al.,

1997], started to erupt during mid-Pliocene time. The Tuffs of Los Heme form a stack

of up to 28 densely welded cooling units increasing in thickness and number towards

this eruptive center [Mart́ın-Barajas et al., 1995]. Scattered basaltic andesite cinder

cones are interstratified at an unconformity within the Tuffs of Los Heme [Mart́ın-

Barajas and Stock , 1993, also Chapter 7 of this thesis]. Volcán Prieto, a 10 km2

basaltic andesite volcano (’P’ on Fig. 2.1) dated at 2.6 ± 0.1 Ma [Mart́ın-Barajas

et al., 1995] is the largest of these basaltic andesite eruptive centers. The youngest

volcanism in the Puertecitos Volcanic Province is a series of Late Pleistocene and

Holocene rhyolite lava domes and airfall deposits erupted from Isla San Luis (Paz-

Moreno and Demant [1999]; Hausback et al. [2000]; Fig. 2.1).

2.5 Discussion

The following sections apply the stratigraphic framework (groups 1–6) to present

a concise geologic summary of the northeastern Baja California continental margin.

These descriptions and interpretations are first presented on a range-by-range basis

below and then summarized at the conclusion of this chapter. Following this chapter,

the characteristics of the volcaniclastic stratigraphy of the conjugate Sonoran margin

are described in Chapter 3. These observations are synthesized into a paleogeographic

restoration of the Gulf of California rift in Chapter 5.
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2.5.1 Sierra San Felipe

This range at the northern end of the Baja California margin study area is com-

prised of basement outcrops with a thin sedimentary and volcanic cover. Group 2

fluvial and eolian sedimentary rocks define an Early Miocene low-relief surface with

scattered basement outcrops, sand dune fields, and shallow closed basins (Fig. 2.3).

A fluvial system that deposited exotic clasts from Sonora appears to have been iso-

lated as a terrace deposit by middle Miocene time (Figs. 2.3 and 2.4). Deposits from

the group 3 volcanic arc are limited to scattered basalt flows intercalated with these

sedimentary rocks and a northward-thinning wedge of volcaniclastic debris derived

from intermediate-composition volcanoes in the Puertecitos Volcanic Province (Fig.

2.3). The Tuff of San Felipe comprises the majority of volcanic outcrops in the Sierra

San Felipe (Fig. 2.5). This ash-flow tuff formed a once-continuous sheet over most of

the range south of 31◦ latitude. Deposits of high-grade Tuff of San Felipe up to 180

m thick ponded over fluvial and eolian group 2 deposits near the present coastline of

the Gulf of California. Thin (10–40 m thick) deposits of the Tuff of San Felipe form

a ubiquitous mesa-capping unit along the crest of the range. Synrift sedimentary

deposits are confined to a string of small basins in the central reach of the Sierra San

Felipe (Fig. 2.6). Synrift volcanic deposits are limited to thin deposits of the Tuffs of

Mesa Cuadrada on Mesa Cuadrada and adjacent to the northern Sierra San Fermı́n

(Fig. 2.7). Two partially welded synrift pyroclastic flows are present in the Santa

Rosa Basin [Bryant , 1986, also Fig. 2.4] and appear unrelated to synrift volcanic

strata exposed elsewhere in the study area.

2.5.2 Sierra San Fermı́n

The stratigraphy of this range is transitional between the thin volcanic and sed-

imentary cover of the Sierra San Felipe and the thick volcanic cover of the northern

Puertecitos Volcanic Province [Lewis , 1994]. Group 2 sedimentary rocks intercalated

with volcaniclastic deposits and basalt flows overlie basement in the northern part of
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the range (Fig. 2.3). A thicker wedge of volcaniclastic material overlies basement to

the south (Fig. 2.3). The Tuff of San Felipe thickens from 15 m at the southern end

of the range to over 70 m in the north with a concurrent increase in welding grade and

abundance of dark-colored volcanic inclusions (Fig. 2.5). This ignimbrite covered a

low-relief surface in the northern part of the range and is restricted to paleocanyons

cut into group three volcaniclastic deposits in the central and southern areas. Early

synrift andesite crops out in the central-northern part of the range. Most of the Sierra

San Fermı́n is capped by the Tuffs of Mesa Cuadrada (Fig. 2.7). Tmr3 is over 100 m

thick and partially welded in the central and northern Sierra San Fermı́n and much

thinner in the intervening part of the range. Tmr4 forms a 1–5 m thick welded de-

posit capping the central and northern parts of the range and thickens abruptly to 70

m in the east-central and southern Sierra San Fermı́n. The Tuffs of Mesa Cuadrada

pinch out in the northernmost Sierra San Fermı́n and parts of the adjacent Sierra San

Felipe. The Tuffs of Dead Battery Canyon also appear as a 3 m thick veneer in the

east-central part of the range and thicken abruptly to 74 m (combined thickness of

units Tmr5 and Tmr6) to the south.

Abrupt thickness changes in the Tuffs of Mesa Cuadrada and the Tuffs of Dead

Battery Canyon occur adjacent to the El Coloradito Fault (Fig. 2.1), an oblique left-

lateral fault zone that may have excised a caldera ring fracture system here [Lewis ,

1996, Figs. 2.7 and 2.8]. This gradient marks the appearance of a 20 to 600 m section

of rhyolite domes and lava flows that cover most of the tuff outcrops and may be post-

caldera fill following eruption of the Tuffs of Mesa Cuadrada and the Tuffs of Dead

Battery Canyon. Unit Tmr8, a 10–30 m thick densely welded tuff intercalated with

these rhyolite lava flows, may be a northernmost equivalent of the Tuffs of Arroyo

El Canelo. Late synrift marine strata are exposed in fault blocks along the eastern

range-front of the Sierra San Fermı́n, and fluvial conglomerate fills fault-bounded

basins at the northern and southern ends of the range.
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2.5.3 Southern Valle Chico

This region comprises the western, interior area of the northern Puertecitos Vol-

canic Province. Here, a thick (up to 300 m) section of Early- to Mid-Miocene arc

volcanic rocks (group 3, Fig. 2.3) is overlain by ash-flow tuffs and synrift lava flows

[Stock , 1989]. These strata crop out at the southern end of the Sierra San Pedro

Mártir Fault, which bounds the western edge of the Gulf Extensional Province here

(Fig. 2.1). In the southern Sierra San Pedro Mártir, group 3 volcaniclastic deposits

thin northward beneath a 10 m- to 30 m–thick cover of the Tuff of San Felipe, sim-

ilar to exposures in the adjacent Sierra San Felipe [Stock , 1993; Schmidt , 2000, and

Fig. 2.5]. Group 3 volcanic rocks become more abundant and proximal to the south,

whereas the Tuff of San Felipe appears to pinch out here. A chain of synrift andesite

volcanoes and related pyroclastic deposits is preserved as a series of ridges extending

eastward from the Sierra San Pedro Mártir. These are overlain by rhyolite lava domes

and non-welded pyroclastic deposits of the Tuffs of Matomı́. The uppermost Tuffs of

Matomı́ may correlate to unit Tmr3a of the Sierra San Fermı́n [Lewis , 1994]. Tmr3

and Tmr4 of the Tuffs of Mesa Cuadrada (Fig. 2.7) form a mesa-capping sequence

in the northwestern Puertecitos Volcanic province. Tmr3 thins northward from 54 m

thick on Mesa Matomı́ to 20 m thick on Mesa Cuadrada. Cooling unit Tmr4 forms a

thin (<10 m) veneer capping these areas.

2.5.4 Santa Isabel Wash and Mesa El Avión

The Santa Isabel Wash and Mesa El Avión areas [Nagy , 1997, Stock, unpub-

lished mapping ] comprise the central-northern Puertecitos Volcanic Province. This

region preserves a similar volcanic sequence as the adjacent Mesa Matomı́ and Mesa

Cuadrada [Nagy et al., 1999]. Here, lava flows, vents, and associated volcaniclastic

deposits of the Early- to Mid-Miocene arc exceed 500 m thickness [Nagy , 1997, and

Fig. 2.3]. Paleocanyons inset into this section contain 15–30 m of the Tuff of San

Felipe (Fig. 2.5). Deposits derived from an early synrift andesite volcano (Pico Del



58

Toro) overlie the Tuff of San Felipe and are, in turn, overlain by the Tuffs of the

Northern Puertecitos Volcanic Province (Fig. 2.1).

The Tuffs of Santa Isabel Wash form one of the stratigraphically lowest units of

the Tuffs of the Northern Puertecitos Volcanic Province. The Tuffs of Santa Isabel

Wash, which are collectively up to 140 m thick, appear to be restricted to the Santa

Isabel Wash area of the northern Puertecitos Volcanic Province. The Tuffs of Mesa

Cuadrada overlie the Tuffs of Santa Isabel Wash here. Cooling unit Tmr3 is commonly

over 100 m thick and fills paleotopography formed by older volcanic centers. Cooling

unit Tmr4 ranges from 3 to 5 m thick in the north, thickening slightly (to 10-20

m) in the south. To the east, cooling unit Tmr4 thickens abruptly to 70 m across

a prominent, northwest-trending, 200 to 300 m-high escarpment [Nagy , 1997]. Map

relations and structural evidence suggest that this escarpment formed during eruption

of the Tuffs of Mesa Cuadrada. A thin (1–2 m thick) single densely welded cooling unit

of the Tuffs of Arroyo El Canelo (or possibly a compound cooling unit, Nagy, pers.

comm., 1999) caps the central and western parts of the northern Puertecitos Volcanic

Province. The Tuffs of Arroyo El Canelo also thicken abruptly across the northwest-

trending escarpment, splitting into four distinct cooling units (Tmrao, Tmrec with an

internal cooling break, Tmrbs, and Tmrfp) with an aggregate thickness exceeding 75

m and evidence for high-grade welding and rheomorphic flow [Nagy , 1997]. Northeast

of the escarpment, a Late Miocene rhyolite lava dome (Picacho El Canelo) and three

Late Miocene or younger andesite volcanoes (Picacho El Gemelo, ’Ugly Mountain,’

and Picacho Los Heme) overlie the Tuffs of Arroyo El Canelo [Nagy , 1997].

2.5.5 Arroyo Matomı́–Puertecitos

The Arroyo Matomı́–Puertecitos region preserves a complex stratigraphy of synrift

volcanic deposits, including the probable eruptive centers for the Tuffs of the Northern

Puertecitos Province [Stock et al., 1991, and Figs. 2.1, 2.7, and 2.8]. Basement is

exposed at the western end of Arroyo Matomı́ where its channel crosses the southern

end of the Sierra San Felipe. Here, a 50 m+ thick section of Tmr4 of the Tuffs of
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Mesa Cuadrada and a similarly thick section of the Tuffs of Arroyo El Canelo overlie

tilted and faulted group three volcaniclastic strata and the Tuff of San Felipe (Stock

et al. [1991]; Stock [1993], with correlation by Nagy [1997]). Tmr4 from this area

is much thicker than on nearby Mesa Cuadrada. Similar abrupt thickness changes

in the Tuffs of Mesa Cuadrada are seen at Santa Isabel Wash and the Southern

Sierra San Fermı́n (Fig. 2.7). These abrupt thickness changes may reflect underlying

topographic relief caused by subsidence due to a prior eruption (e.g., Tmr3). Adjacent

to Arroyo Matomı́ and extending eastward toward the coastline, there are rhyolite

lava flows both above and below high-grade deposits of the Tuff of Arroyo El Canelo.

These high-grade deposits are interpreted as caldera fill [Stock et al., 1991]. The

associated rhyolite lavas here comprise coalesced domes and flows extending from the

Southern Sierra San Fermı́n [Lewis , 1994] to Santa Isabel Wash [Nagy , 1997] and the

town of Puertecitos [Mart́ın-Barajas and Stock , 1993]. This region of concentrated

Late Miocene volcanic activity during and just after eruption of the Tuffs of the

Northern Puertecitos Volcanic Province is interpreted to be the source area for these

ignimbrites. A section of the Plio-Pleistocene Tuffs of Arroyo Los Heme [Mart́ın-

Barajas et al., 1995] caps the synrift volcanic sequence here. Pliocene marine strata

crop out adjacent to the mountain front both north and south of Arroyo Matomı́

(Fig. 2.1).

2.6 Summary

In summary, the Baja California margin study area comprises a southward-thicken-

ing wedge of volcanic and sedimentary strata (groups 2–6) overlying Mesozoic and

older bedrock (group 1). The lowest strata of this wedge are a thin veneer of flu-

vial and eolian sandstones, including a distinctive conglomerate with clasts derived

from Sonora (group 2). These strata are intercalated with Early- to Mid-Miocene

volcanic and volcaniclastic deposits (group 3). These deposits are comprised of scat-

tered basalt flows in the northern part of the study area and culminate in a 500 m+



60

thick distal to proximal volcaniclastic apron and associated andesitic stratovolcanoes

in the northern Puertecitos Volcanic Province. The Tuff of San Felipe (group 4)

disconformably overlies all older units. This widespread welded tuff covers a 3,300

km2 area encompassing the Sierra San Felipe, Sierra San Pedro Mártir, Sierra San

Fermı́n and the northern Puertecitos Volcanic Province. Early syn-rift volcanic rocks

(group 5) formed widely scattered rhyolite and andesite flows throughout the study

area, with a concentration of andesite and rhyolite in the southern Valle Chico area.

The 6.1 to 6.7 Ma Tuffs of the Northern Puertecitos Volcanic Province (top of group

5) cover most of the central part of the Baja California margin study area from the

northern and western Puertecitos Volcanic Province to the southernmost Sierra San

Felipe and the Sierra San Fermı́n. The thickest and highest grade outcrops of these

ignimbrites occur within a ∼25 km–diameter area centered on the eastern end of Ar-

royo Matomı́. Late syn-rift volcanism (group 6) is confined to areas adjacent to the

Gulf of California coastline near the outlet of Arroyo Matomı́. The most widespread

group six volcanic rocks are the Plio-Pleistocene Tuffs of Arroyo Los Heme, which

crop out over the eastern half of the Puertecitos Volcanic Province. Syn-rift basin

deposits include non-marine alluvial fill of Valle Chico and the Llanos de San Fermı́n,

as well a chain of uplifted basin deposits that crop out in the Sierra San Fermı́n and

Sierra San Felipe. Marine and non-marine sedimentary deposits form a coastal plain

extending eastward from the Sierra San Felipe, Sierra San Fermı́n, and the outlet of

Arroyo Matomı́.

Two regional-scale stratigraphic relationships of pre-rift and syn-rift ignimbrite

deposits are key for correlation to the conjugate rifted margin in Sonora. The first

of these relationships is distribution and facies of the Tuff of San Felipe. Regional

mapping of the Tuff of San Felipe indicates that the source of this unit was likely

to be most proximal to the northern Sierra San Fermı́n and the adjacent Sierra San

Felipe as suggested by Lewis [1996] and Stock et al. [1999]. However, a vent for

the Tuff of San Felipe was not encountered in Baja California. The second key

regional-scale relationship is the distribution and source of the Tuffs of the Northern



61

Puertecitos Volcanic Province. These tuffs cover a ∼2,000 km2 area of northeastern

Baja California and crop out adjacent to ∼40 km of the coastline of the Gulf of

California from Puertecitos to the northern Sierra San Fermı́n. 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 end of Arroyo Matomı́.



62

Table 2.2. Compilation of mapped units of northeastern Baja California and western
Sonora into stratigraphic groups 1–6

Location Mapped Units1

Group 1: Basement Complex

Southern Valle Chico2 m, c, q, p, a: Metasedimentary rocks
g: Granitic rocks

Sierra San Felipe pbs, sch: Metasedimentary rocks3

t, gb: tonalite, gabbro3

Kgd, Kqd: Granodiorite, Quartz-Diorite4

Mzg: Undifferentiated granitic rocks5

Sierra San Fermı́n6 mm: Metasedimentary rocks
g: Granitic rocks

Arroyo Matomı́7 not exposed

Santa Isabel Wash8 Pz: Metasedimentary rocks
Mg: Granitic rocks

Puertecitos9 not exposed

Cinco Islas10 Mzm: Metasedimentary rocks of the Olvidada Formation

Isla Tiburón11 MzPzm: Metasedimentary rocks
Mzg: Granitic rocks

Coastal Sonora12 MzPzm: Metasedimentary rocks
Mzg: Granitic rocks

Group 2: Tertiary Basal Sedimentary Rocks

Southern Valle Chico2 Tc: Fluvial conglomerate
Ts: Sandstone

Sierra San Felipe Tmf: Fluvial deposits3

Tos: Old conglomerate (with distinctive clasts)4

Tcg, Ts: Conglomerate (with distinctive clasts), sandstone5

Sierra San Fermı́n6 Ts: Sandstone

Arroyo Matomı́7 not exposed

Santa Isabel Wash8 not exposed (base of Tmvs?)

Puertecitos9 not exposed

Cinco Islas10 Tcg: Conglomerate
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Compilation of mapped units of northeastern Baja California and western Sonora into
stratigraphic groups 1–6, continued

Location Mapped Units1

Group 2: Tertiary Basal Sedimentary Rocks (continued)

Isla Tiburón11 Tcg: Conglomerate

Coastal Sonora13 T1c: Conglomerate (with distinctive clasts)

Group 3: Miocene volcanic arc

Southern Valle Chico2 Mb1: Basalt, 20.5±0.36 K–Ar on whole rock
Mb2: Basalt, 19.56±0.42 K–Ar on whole rock
Mb3: Basalt, 17.03±0.26 K–Ar on whole rock
Mvb: Breccia, 16.82±0.26 K–Ar on whole rock
Mvs: Volcaniclastic sediments, 16.75±0.28 K–Ar on biotite
Mtt: Tuffs of Toronja Hill
Mb4: Basalt, 14.53±0.22 K–Ar on whole rock
Mb5: Basalt, 12.70±0.24 K–Ar on whole rock

Sierra San Felipe Tmb: Basalt, 15.0±0.414

Tmb, Tma, Tmv: Basalt, andesite, and undifferentiated vol-
canic rock3

Tmb1: Basalt5

Sierra San Fermı́n6 Tmb1: Basalt, 21±1 K–Ar on whole rock
Tmb2: Basalt
Tmvs: Volcaniclastic sediments, pyroclastic flows, epiclastic
deposits

Arroyo Matomı́7 Tmvs: Volcaniclastic sediments, pyroclastic flows, epiclastic
deposits

Santa Isabel Wash8 Tmvs: Volcaniclastic sediments, pyroclastic flows, epiclastic de-
posits
Tmrb: Biotite Tuff, 17±2.4 40Ar/39Ar on biotite
Tmbk: Klondike Canyon Basalt, 17.1±2.4 40Ar/39Ar on plagio-
clase
Tmbl: Land of the Lost Basalt, 16.3±1.0 40Ar/39Ar on plagio-
clase
Tmdt: Tombstone Dacite, 15.5±0.7 to 16.7±1.0 40Ar/39Ar on
plagioclase

Puertecitos9 Tma: Andesite, pyroclastic flows and epicalstic deposits,
15.9±0.2, 16.3±0.1 40Ar/39Ar on hornblende
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Compilation of mapped units of northeastern Baja California and western Sonora into
stratigraphic groups 1–6, continued

Location Mapped Units1

Group 3: Miocene volcanic arc (continued)

Cinco Islas10 Tmv: Volcaniclastic sediments, pyroclastic flows, epiclastic de-
posits
Tmva, Tmla, Tmua: Andesite

Isla Tiburón11 Tmvs: Volcaniclastic sediments, pyroclastic flows, epiclastic de-
posits
Tmb1, Tmrf1: Basalt, Rhyolite lava
Tma, Tma1, Tma1d: Andesite
Tmvlc: La Cruz Volcanic Sequence (basalt, volcaniclastic
redbeds, rhyolite lava(?) and pyroclastic flows(?))
Tmrcc: Tuffs of Cerro Colorado, 9.58±2.66 Ma, 40Ar/39Ar on
alkali feldspar
Tmrk: Tuff of the Sierra Kunkaak

Coastal Sonora12 Tmvs: Volcaniclastic sediments, pyroclastic flows, epiclastic de-
posits
Tmb1, Tma1: Basalt, Andesite
Tmrj: Tuffs of Pico Johnson

Group 4: Tuff of San Felipe

Southern Valle Chico2 Mr1: Rhyolite Tuff #1

Sierra San Felipe Tmr1: Ash-flow rhyolite, 12.2±0.9 K–Ar on whole rock4

Tmrsf: Tuff of San Felipe, 12.43±0.14 40Ar/39Ar on alkali
feldspar15

Sierra San Fermı́n6 Tmr1: Rhyolite Tuff #1, 13.5±0.5, (10.6±0.1) 40Ar/39Ar on
alkali feldspar

Arroyo Matomı́7 Tmr1: Rhyolite Tuff #1

Santa Isabel Wash8 Tmrs: Tuff of San Felipe, 12.7±0.5 40Ar/39Ar on alkali feldspar

Puertecitos9 not exposed/not present

Cinco Islas10 not present

Isla Tiburón11 Tmrsf: Tuff of San Felipe, 12.96±3.67, (9.66±1.31) 40Ar/39Ar
on alkali feldspar

Coastal Sonora12 Tmrsf: Tuff of San Felipe, 13.86±2.21 40Ar/39Ar on alkali
feldspar
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Compilation of mapped units of northeastern Baja California and western Sonora into
stratigraphic groups 1–6, continued

Location Mapped Units1

Group 5: Early syn-rift deposits16

Southern Valle Chico2 Ma2: Andesite, 6.47±0.5, K–Ar on alkali feldspar
Mr2: Rhyolite flows, 5.80±0.5 40Ar/39Ar on alkali feldspar
Tmyt: Non-welded yellow tuffs

Sierra San Felipe Tmb2: Basalt, 8.9±1.2, K–Ar on plagioclase3

Tmt: Rhyolitic tuff, 16.6±1.3, K–Ar on whole rock4

Tmr2: Spherulitic welded tuff, 12.3±1.8, 13.6±2.4, K–Ar on
whole rock4

Tmrsrb1, Tmrsrb2: Tuffs of Santa Rosa Basin, equivalent to
Tmt and Tmr2 above5

Tmf: fluvial deposits3

Tmm, Tmf1, Tmf2, Tmf3: Monolithologic megabreccia, alluvial
fan deposits4

Tmal, Tmpal: fluvial deposits5

Sierra San Fermı́n6 Tma2: Andesite, 11.7±0.6 wr
Tmr2: Rhyolite flows
Tmyt: Non-welded yellow tuffs
Tmr9: Rhyolite flows (lower)

Arroyo Matomı́7 f1, f2: Rhyolite flows.

Santa Isabel Wash8 Tmat: Pico del Toro Andesite, 9.3±0.8 40Ar/39Ar on plagioclase

Puertecitos9 Tmrl: Lower rhyolite flows

Cinco Islas10 not present(?)

Isla Tiburón11 Tmb2, Tma2, Tmrf2: Basalt, andesite, and rhyolite flows
Tm
Tmal, Tmpal: Fluvial conglomerate and non-welded pyroclastic
deposits

Coastal Sonora12 Tmrpc: Tuffs of Punta Chueca
Tmb2, Tmrf2: Basalt, Rhyolite flows
Tmpal: Fluvial conglomerate
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Compilation of mapped units of northeastern Baja California and western Sonora into
stratigraphic groups 1–6, continued

Location Mapped Units1

Tuffs of the Northern Puertecitos Volcanic Province16

Southern Valle Chico2 Mmt: Tuffs of Matomı́
Mr3: Rhyolite Tuff #3, 6.07±0.20, 6.14±0.16 K–Ar on alkali
feldspar
Mr4: Rhyolite Tuff #4

Sierra San Felipe not present, except adjacent to the Sierra San Fermı́n (see below)
and southern Valle Chico (see above)

Sierra San Fermı́n6 Tmr3a: Rhyolite Tuff #3a
Tmr3b: Rhyolite tuff #3b, 6.5±0.2, 6.7±0.2 40Ar/39Ar on alkali
feldspar
Tmr4: Rhyolite Tuff #4
Tmr5: Rhyolite Tuff #5
Tmr6: Rhyolite Tuff #6
Tmr7: Rhyolite Tuff #7, 6.4±0.3, 40Ar/39Ar on alkali feldspar
Tmr8: Rhyolite Tuff #8

Arroyo Matomı́7 t2: Rhyolite Tuff #4 17

t3: Tuffs of Arroyo El Canelo17

t12, t14, t9: Tuffs of Arroyo El Canelo

Santa Isabel Wash8 Tmrw: Tuffs of Santa Isabel Wash, 6.5±0.3, 6.6±0.5, 6.7±0.3
40Ar/39Ar on plagioclase
Tmr3–I: Rhyolite Tuff #3–I
Tmr3–II: Rhyolite Tuff #3–II, 6.2±0.1, 6.5±0.2, 6.4±0.2
40Ar/39Ar on alkali feldspar
Tmr4: Rhyolite Tuff #4
Tmra: Tuff of Arroyo El Oculto, 6.4±0.3 40Ar/39Ar on alkali
feldspar
Tmre: Tuff of Arroyo El Canelo, 6.1±0.5 40Ar/39Ar on plagio-
clase
Tmrb: Bighorn Sheep Tuff
Tmrf: Flagpole Tuff

Puertecitos9 Tmrc: Tuffs of Arroyo El Canelo

Cinco Islas10 not present
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Compilation of mapped units of northeastern Baja California and western Sonora into
stratigraphic groups 1–6, continued

Location Mapped Units1

Tuffs of the Northern Puertecitos Volcanic Province (continued)16

Isla Tiburón11 Tmr3a: Tuffs of Mesa Cuadrada, Tmr3a member
Tmr3: Tuffs of Mesa Cuadrada, Tmr3 member, 5.7±0.6 K–Ar
on alkali feldspar14, 5.33±2.18, 6.15±1.03 40Ar/39Ar on alkali
feldspar
Tmr4: Tuffs of Mesa Cuadrada, Tmr4 member
Tmr5: Tuffs of Dead Battery Canyon, Tmr5 member
Tmrao: Tuffs of Arroyo El Canelo, El Oculto Member
Tmrec: Tmrec1, Tmrec2: Tuffs of Arroyo El Canelo, El Canelo
Members
Tmrfp: Tuffs of Arroyo El Canelo, Flagpole Member

Coastal Sonora12 not present

Group 6: Late syn-rift deposits

Southern Valle Chico2 PQl: Lacustrine limestone
Qoal, Qal: Alluvium

Sierra San Felipe Tpf, Qf, Qal: Alluvium3

Tpm: Marine sediments3

Tmpal, Qoal, Qal: Alluvium5

Sierra San Fermı́n6 Tmr9: Rhyolite flows (upper)
Tpet: Tuffs of Mesa El Tabano (6.2±0.3), (5.6±0.2) 40Ar/39Ar
on plagioclase
Tpa: andesite (5.7±0.2) 40Ar/39Ar on whole rock
Tpm, Tpsc, Tpsb: Marine sediments (Puertecitos Formation)
Tpsa: Marine volcanic sandstone, (4.5±0.3), 3.2±0.7 40Ar/39Ar
on plagioclase from interbedded tuff
Ps, Qoal, Qal: Alluvium

Arroyo Matomı́7 f4, f11, r6: Rhyolite flows
t8: Tuffs of Mesa El Tabano
Pmw, Pmy: Marine sediments
Ps, QPal, Qoal, Qf, Qal: Alluvium

Santa Isabel Wash8 Tmag: Pico de los Gemelos Andesite
Tmrc: Picacho Canelo Rhyolite (flow), 6.0±0.4, 5.9±0.8
40Ar/39Aron alkali feldspar
Tmau: Ugly Mountain Andesite
Tmah: Low Heme Andesite
Qoal, Qal: Alluvium
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Compilation of mapped units of northeastern Baja California and western Sonora into
stratigraphic groups 1–6, continued

Location Mapped Units1

Group 6: Late syn-rift deposits (continued)

Puertecitos9 Tmru: Rhyolite flows, 5.80±0.03 40Ar/39Ar on whole rock
Tba: Andesite, 5.1±0.3 40Ar/39Ar on whole rock
Tph: Tuffs of Los Heme, 2.7±0.4, 3.36±0.03 40Ar/39Ar on pla-
gioclase
Tpvc: Tuff of Valle Curbina, 3.5±0.1 40Ar/39Ar on plagioclase
Tpet: Tuffs of Mesa El Tábano
Tpa: Andesite of Volcan Prieto, 2.6±0.1 40Ar/39Ar on whole
rock
Tms, Pms: Puertecitos Formation marine deposits
Qal: Alluvium

Cinco Islas10 Tprh: Tuffs of Los Heme
Tpb, Tpbc: Basalt
Tmpal, Qoal, Qal: Alluvium

Isla Tiburón11 Tmprsz: Tuffs of Arroyo Sauzal, 5.67±0.17 K–Ar on alkali
feldspar18, 6.67±0.83, 5.40±3.90, 6.40±1.63, 40Ar/39Ar on al-
kali feldspar
Tprcs: Rhyodacite of Cerro Starship, (11.2±1.3)14, 3.7±0.914,
4.16±1.8118, K–Ar on plagioclase
Tprbv: Tuffs of Bahia Vaporeta
Tpdcc: Cerro Colorado Dacite
Tpth: Hipat Tuffs
Tmpm, Qm: Marine sediments, terraces
Tmpal, Qoal, Qal: Alluvium

Coastal Sonora12 Tmpal, Qoal, Qal: Alluvium
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1Named units emphasized. Anomalous or otherwise suspect dates enclosed in parentheses. All
ages in millions of years.

2Stock [1993] and Stock [1989].
3Gastil et al. [1975].
4Bryant [1986].
5Fig. 2.4.
6Lewis [1994] and Lewis [1996].
7Stock et al. [1991].
8Nagy [1997] and Nagy et al. [1999].
9Mart́ın-Barajas and Stock [1993], Mart́ın-Barajas et al. [1995], and Mart́ın-Barajas et al. [1997].

10See Plate IV and chapter 7 of this thesis.
11See Plate II and chapter 3 of this thesis.
12See Plate I and chapter 3 of this thesis.
13Gastil and Krummenacher [1976].
14Gastil et al. [1979].
15Stock et al. [1999].
16The Tuffs of the Northern Puertecitos Volcanic Province, which form the uppermost deposits of

group 5, are listed separately here for clarity.
17With correlation by Nagy [1997].
18Gastil et al. [1999].
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Chapter 3

Geology of the western Sonoran

continental margin
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3.1 Abstract

Geologic investigations of Isla Tiburón and western Sonora encountered a simi-

lar stratigraphy to that described for the conjugate rift margin of the Upper Delf́ın

basin in northeastern Baja California. The rocks of the Sonoran margin are divided

here into six partially interfingering stratigraphic groups in the same manner as for

Baja California. Group one encompasses the basement rocks of the Sonoran coastal

batholith and host metamorphosed sedimentary rocks. Group two basal sedimentary

rocks are mostly absent from the Sonoran margin except for a distinctive fluvial con-

glomerate described by Gastil et al. [1973] for the Sierra Seri. Lava flows, intrusions,

and volcaniclastic deposits of the Middle Miocene volcanic arc comprise group three.

Unique volcanic sections within group three delineate separate stratigraphic domains

that are juxtaposed by faulting in coastal Sonora and Isla Tiburón. Lithologic group

four contains correlative deposits of the Tuff of San Felipe, a 12.6 Ma ignimbrite.

Part of the vent for the Tuff of San Felipe is identified near Punta Chueca, Sonora

(29.0◦N, 112.2◦W). Syn-rift volcanic, volcaniclastic, and fluvial deposits are divided

into groups five and six. On western Isla Tiburón, group five is capped by correl-

ative outcrops of 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. As in Baja California,

regional-scale stratigraphic relationships of the Tuff of San Felipe and the Tuffs of the

Northern Puertecitos Volcanic Province are identified for correlation to the conjugate

rifted margin of the Upper Delf́ın basin. The Tuff of San Felipe fills a series of west-

trending paleocanyons that crop out over a north-south distance of 30 km adjacent

to the western coastline of Isla Tiburón. Higher-grade densely welded outcrops of the

Tuff of San Felipe occur in coastal Sonora and on the northern areas of Isla Tiburón.

The Tuffs of the Northern Puertecitos Volcanic Province are restricted to the western

and northern areas of Isla Tiburón.
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3.2 Introduction

This chapter is the second of two chapters that introduce the geology of conjugate

rifted continental margins of the Upper Delf́ın basin in the Gulf of California. This

chapter summarizes the geology of central western Sonora in order to match this re-

gion to its conjugate rifted margin in northeastern Baja California. Prior to opening

of the Gulf of California, volcanic and sedimentary rocks deposited on the conju-

gate rift margins should share similar lithologies and paleogeographic distributions.

Restoration of displacement across this segment of the rift must reasonably match the

distribution of pre-rift volcanic and sedimentary deposits and explain the distribution

of syn-rift deposits. This chapter contains an explanation of new geologic mapping

and a complete stratigraphic overview of central coastal Sonora and Isla Tiburón be-

tween 28◦45′ and 29◦25′ latitude (Plates I and II, Fig. 3.1 and Table 2.2 located at

the end of chapter 2). Particular attention is given here to the lithology and facies

distribution of several widespread silicic ignimbrites ro establish their correlation to

the Puertecitos Volcanic Province of Baja California.

3.3 Geologic mapping of coastal Sonora and Isla

Tiburón

3.3.1 Reconnaissance investigations

Reconnaissance geologic investigations conducted over the central-western coast-

line of Sonora, Mexico, sought to identify matching pyroclastic flow deposits to the

Puertecitos Volcanic Province and the Sierra San Felipe of Baja California. Earlier

reconnaissance mapping by Gastil and Krummenacher [1976] guided selection of the

central region of the Sonoran coastline for initial study. Gastil et al. [1973] and Gastil

and Krummenacher [1976] correlated a distinctive conglomerate from the Sierra Seri

in coastal Sonora to the Santa Rosa Basin in Baja California (Fig. 1.4). This cor-
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relation suggested the possibility of matching the younger, voluminous Tuff of San

Felipe and the ash-flow tuffs of the northern Puertecitos Volcanic Province to this

same region of coastal Sonora [Stock et al., 1999; Nagy et al., 1999]. Accessible out-

crops of ash-flow tuffs mapped by Gastil and Krummenacher [1976] were assessed

for litholigic similarity to the distinctive tuffs mapped in northeastern Baja Califor-

nia (Fig. 2.1). These investigations from Puerto Lobos in the north to Bah́ıa Kino

in the south (Fig. 1.4) spanned the entire length of earlier mapping by Gastil and

Krummenacher [1976].

Potentially correlative outcrops of the Tuff of San Felipe and the Tuffs of the

northern Puertecitos Volcanic Province were found in coastal Sonora and Isla Tiburón.

Outcrops of the Tuff of San Felipe up to 135 m thickness were found along a 25 km

length of the Sierra Seri between Punta Chueca and Bahia Kino (Fig. 3.1). On

the western side of Isla Tiburón, a 300 m thick section of ash-flow tuffs contains

correlatives to the Tuff of San Felipe overlain by correlatives to the Tuffs of the

northern Puertecitos Volcanic Province. Inspection of Landsat Thematic Mapper

imagery of Isla Tiburon revealed that the potentially correlative section here is present

in the Sierra Menor and Sierra Alta on the western half of the island. Additional

isolated outcrops are present in the Sierra Kunkaak on the northeastern part of the

island (Fig. 3.1).

3.3.2 Detailed geologic mapping

Areas for detailed study were chosen to encompass the extent of potentially cor-

relative ash-flow tuffs on Isla Tiburón and mainland coastal Sonora (Plates I and II,

Figs. 1.4 and 3.1). Field studies of tuff outcrops on mainland Sonora concentrate

on the facies and depositional relationships of the Tuff of San Felipe. Possible vent

and near-vent facies of this pre-rift deposit in this region indicate displacement be-

tween Isla Tiburón and Coastal Sonora. Outcrops of a thick and possibly complete

section of tuffs on western Isla Tiburón matching the northern Puertecitos Volcanic

Province were selected for more intensive field study. The unusual position of western
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Figure 3.1. Geologic map of coastal Sonora and Isla Tiburón. Mapping generalized from
plate I, plate II, Gastil and Krummenacher [1976], and Gastil et al. [1999] with additional
field reconnaissance. A georeferenced Landsat Thematic Mapper image (path 36, row 40)
was used as a base map. See text for discussion of the lithologic groups presented here.
This map and figures 3.2–3.6 are universal transverse Mercator projection, zone 12.
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Isla Tiburón closely adjacent to the deep basins of the northern Gulf of California

provides exceptional potential for matching its geology to the conjugate rifted margin

of Baja California.

Detailed geologic mapping of the coastal Sonora and western Isla Tiburón study

areas each was limited by significant cartographic, access, and time constraints. The

geology of coastal Sonora was mapped directly onto 1:50,000 topographic base maps

published by the Mexican government (Plate I). No 1:50,000 maps are published for

Isla Tiburón, and map sheets that cover both the mainland and the island show

only mainland areas. A pair of lower-quality 1:250,000 topographic maps include the

island, but these were unsuitable for detailed geologic mapping. Aerial photographs

obtained from the Mexican cartographic agency (INEGI) cover both the island and

mainland areas as separate flight lines. These photographs, printed at a scale of

approximately 1:50,000, were used as field base maps for geologic mapping of Isla

Tiburon (Fig. 3.1, Plate II). The final geologic map was composed in Arc/Info GIS

(geographical information system) from a georeferenced mosaic of these photographs

at 2 meter pixel resolution. This mosaic was generated in ENVI (Environment for

Visualizing Images) software using a 30-meter-pixel Landsat Thematic Mapper image

(path 36, row 40) as a base, georeferenced to a 90-meter-pixel digital elevation model

provided by National Imagery and Mapping Agency [1993]. Absolute locations on

this mosaic are accurate at the 100-meter level, while local relative positions (within

1000 meters) are probably accurate to 10 meters. Local distortions are present in

areas of high topographic relief or at photograph boundaries.

Access to all areas of the mainland required permission of landowners. The coastal

Sonora map area includes several ranchos, small parcels near the town of Bahia Kino,

and tribal lands of the Seri (Kunkaak) Indian tribe. Permission to access Seri lands

is obtained from the Seri governor at home in Punta Chueca or at an office in Bah́ıa

Kino. Access to ranchos and other parcels required locating and obtaining permission

of individual owners or operators. Permission to enter Rancho Sacrificio, a hunting

rancho located northeast of Punta Chueca, was obtained from a ranch house located
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one kilometer east of the coastal road. Other ranch houses are located on the Valle

de Kino road east of the Sierra Seri. Several poorly maintained ranch roads cross the

Sierra Seri between Punta Chueca and Bahia Kino and provide access to interior areas.

Most of the reconnaissance mapping of the coastal area relies on detailed observations

near these access ways. Remote and fenced-in regions were mapped from air-photo

and Landsat image interpretation.

Access to western Isla Tiburón is controlled by the weather and by hunting in-

terests. Trophy bighorn sheep hunting from December through February closes the

entire island and much of the mainland ranch lands. From mid-November through

early March the western shoreline of Isla Tiburón is exposed to a strong prevailing

northwest wind and waves, making boat landings impossible. Temperatures in ex-

cess of 38◦C (100◦F) begin as early as mid-April and are common by the beginning

of May. Ideal combinations of sea conditions and weather occur from late March

through early May. Access to the interior of the island by a 4-wheel drive vehicle

owned by the Seri Tribe is possible during times of rough seas. All fieldwork pre-

sented here was performed by boat access to the shoreline of Isla Tiburón (Plate II).

Campsites (Campos) with safe landings during moderate wave action are located at

Bah́ıa Vaporeta on the western shore and Arroyo Tecomate on the northern shore

(Plate II). Other areas of western Isla Tiburón could only be accessed during calm

days.

Detailed geologic mapping of Isla Tiburón concentrated on the western coast of the

island (Figs. 1.4 and 3.1). This area presented a well-exposed north-south transect of

volcanic strata to match with the conjugate rifted margin in Baja California. Interior

areas of the southern and northeastern parts of the island were explored in order

to assess important stratigraphic features identified by initial reconnaissance studies.

Areas bordering the interior valley of the island (Valle Tecomate) were mapped pri-

marily by air-photo and Landsat interpretation. Fortunately, stratigraphic and struc-

tural complexity appear most commonly near the western coastline of Isla Tiburón

while much of the interior area of the Sierra Menor and Sierra Alta consists of sim-
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ple, well-exposed block faulted ridges (Plate II). Field reconnaissance of the Sierra

Kunkaak revealed a thick section of non-correlative volcanic rocks. Some of these

strata were encountered near the northeastern edge of the detailed map area. The re-

lationship of the Sierra Kunkaak to the correlative sections and regional stratigraphy

is discussed in greater detail below.

Landsat Thematic Mapper imagery was used to identify volcanic lithologies for

initial reconnaissance studies as well as for detailed mapping of interior areas of Isla

Tiburón. A simple false color composite image was interpreted, using Band 7 (2.08–

2.35 µm, reflected IR) for red, Band 4 (0.76–0.90 µm, reflected IR) for green, and

Band 1 (0.45–0.52 µm, blue-green) for blue. A gaussian stretch was applied to the

image to enhance contrast of volcanic strata. Empirical, map-view correlation to

areas of known lithology enabled mapping of individual units into inaccessible regions.

Lava flow compositions were also estimated by reflectance in bands 4 and 7, which

most likely indicates Fe content and mineralogy [Hook et al., 1998]. Andesite flows

showed a strong signature of hematite, reflecting strongly in both bands 4 and 7 as an

orange hue in the false color image. The reflectance of unaltered dacitic and rhyolitic

compositions was weaker in band 7 and sharply diminished band 4. These lithologies

trended towards darker red to black in the false color image.

Hydrothermal alteration, which most affects bands 1 and 4 [Sabins , 1996], and

scattering, which affects all bands [Clark , 1998], appear to most strongly affect rhy-

olitic compositions. Hydrothermal alteration was manifested by blue-green hues on

the false color image, whereas scattering was manifested by pastel colors and white.

Partially welded ash-flow tuffs displayed a characteristic stratigraphic sequence on

the false-color image with a red to green base capped by lighter green and white.

This sequence is interpreted here as a strongly welded base dominated by reflectance

of Fe minerals (red). This is overlain by hydrothermally altered welded to partially-

welded tuff (green). Scattering by non-welded tuff or intensively vapor-phase recrys-

talized tuff is manifested by lighter green to white hues. Basalt, which was typically

non-reflective in the false-color image, sometimes showed reflectance in band 1 corre-
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sponding to weathered outcrops.

3.4 Stratigraphy of coastal Sonora and Isla Tiburón

3.4.1 Stratigraphic framework

The stratigraphy of coastal Sonora and Isla Tiburón closely resembles that of

northeastern Baja California [Gastil and Krummenacher , 1977]. The same frame-

work outlined above for Baja California is applied here to the Sonoran margin. Gastil

and Krummenacher [1976] relied on relative tilting to discriminate between five differ-

ently aged volcanic stratigraphic packages. Since different areas of coastal Sonora and

Isla Tiburón have been subject to differing degrees and style of tectonism, these age

groupings show considerable overlap in K–Ar ages [Gastil and Krummenacher , 1977].

Detailed field study has revealed that Gastil and Krummenacher [1976] mapped re-

gionally correlative units into multiple groups in different areas. For these reasons, a

detailed correlation of the Gastil and Krummenacher [1976] map to the stratigraphic

framework used in this study is possible only on a range-by-range basis (Table 3.3, lo-

cated at the end of this chapter). These correlations will be discussed in the following

descriptions of the stratigraphy of Isla Tiburón and coastal Sonora.

3.4.2 Basement complex

Group one basement of Isla Tiburón and coastal Sonora is broadly similar to

the basement of northeastern Baja California [Gastil et al., 1978]. Plutons of Mid to

Late Cretaceous tonalite and granodiorite intrude metasedimentary and metavolcanic

strata of Mesozoic and Paleozoic age. Reconnaissance studies suggest that the base-

ment here is an offset continuation of the Peninsular Ranges Batholith of northern

Baja California [Silver and Chappell , 1988]. Isotopic studies of plutons in the study

area support this correlation [Valencia-Moreno et al., 2000]. Interpretations of the

metasedimentary strata of Isla Tiburón and coastal Sonora have differed due to lack
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of age control. Strata of coastal Sonora and Isla Tiburón may correlate with outcrops

of an east-west trending Paleozoic miogeoclinal to eugeoclinal facies transition, lo-

cated in central Sonora, and with equivalent metasedimentary strata in northeastern

Baja California [Gastil et al., 1991]. Alternatively, the metasedimentary strata of Isla

Tiburón and coastal Sonora may be a remnant of a Late Paleozoic to Early Mesozoic

oceanic basin [Dickinson and Lawton, 2001] or back-arc basin [Radelli , 1989; Gastil

et al., 1981].

Plutonic basement exposures in the study area are not differentiated by lithology

and are mapped as unit Mzg (Plates I and II). Metasedimentary and metavolcanic

strata were similarly grouped together as unit MzPzm in the map areas (Plates I and

II). Gastil and Krummenacher [1976] distinguished basement lithologies in the study

areas. Field checking of basement lithologies mapped by Gastil and Krummenacher

[1976] revealed that plutonic lithologies are generally mapped accurately while meta-

morphic lithologies displayed considerable heterogeneity at the outcrop scale that is

not represented in their reconnaissance study.

Outcrops of basement dominate the coastal Sonora study area (Fig. 3.2, Plate

I). These outcrops are tonalite to granodiorite near Bahia Kino, with a mixture of

plutonic and metamorphic lithologies towards the northwest part of the map area.

Gastil and Krummenacher [1977] describe tonalite adjacent to Bah́ıa Kino and at

Cerro Buenanoche (Fig. 3.2). A granodiorite is described from areas inland from

Punta Chueca (393000,32 08800; all locations in the Sonora study area are UTM zone

12). Closer to the village of Punta Chueca, metavolcanic rocks (389740,32 09280), and

mixed metacarbonate rock and metachert (386670,32 14000) are described by Gastil

et al. [1981]. Valencia-Moreno et al. [2000] also describe metacarbonate rocks from

the coastal region.

On Isla Tiburón, basement is exposed in two distinctive belts. On the southern

part of the island and the adjacent island of Isla Datil, tonalite and metasedimentary

strata are exposed in a series of northwest-tilted blocks [Gastil and Krummenacher ,

1976, also Fig. 3.1]. This belt of basement oucrops is separated across the La Cruz
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fault from the central area of Isla Tiburón where exposure levels do not reveal base-

ment at the surface. Near Punta Reina basement is exposed on the coast beneath

east-tilted volcanic strata of the Sierra Alta (Fig. 3.1, Plate II). Basement also ap-

pears at approximately this latitude in the Sierra Kunkaak on the eastern side of Isla

Tiburón [Gastil and Krummenacher , 1976, also Fig. 3.1]. Basement in coastal expo-

sures on the northwest shoreline of Isla Tiburón comprises a steeply-tilted section of

pelitic shales, metachert, and possibly metabasalt. Metachert, metacarbonate rocks,

thinly-bedded quartzite, pelitic shales and phyllites are also observed in the northern

Sierra Kunkaak (372310,32 28270).

Similar to the Baja California study area, the age and composition of pre-batholithic

basement is unknown from the study area. The relationship of the Peninsular Ranges

Batholith to the Proterozoic margin of North America is exposed 100 km north of

the study area, inland of Puerto Libertad [Gastil and Krummenacher , 1976]. In

this region, Mesozoic plutons are in tectonic and intrusive contact with Neoprotero-

zoic to Paleozoic carbonate rocks that overlie Proterozoic crystalline basement of

the Caborca Terrane [Gastil et al., 1981]. Within the study area, ages of metased-

imentary and metavolcanic strata are known only from Isla Dátil (also called Isla

Turner), a small island located 2 km south of the southernmost point on Isla Tiburon

(373640, 3178720). Here, Poole et al. [1993] report Ordovician fossils from a section of

metamorphosed deep-water shale. Isotopic age determinations indicate Mid to Late

Cretaceous plutonic basement in the coastal Sonora and Isla Tiburón areas [Gastil

and Krummenacher , 1977; Silver and Chappell , 1988].

3.4.3 Tertiary basal sedimentary rocks

Group two sedimentary deposits unconformably or nonconformably overlie group

one basement and underlie later volcaniclastic strata of group three or group four.

These strata are absent from most basement-cover contacts in the Sonoran margin

study area except for outcrops in the Sierra Seri (Fig. 3.2). These outcrops correlate

to a conglomerate with distinctive fusulinid fossil-bearing clasts present in the Santa
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Rosa Basin of Baja California [Gastil et al., 1973]. Outcrop patterns of this conglom-

erate in the Sierra Seri suggest that this deposit filled a 15 km-wide paleo-valley cut

into Mesozoic basement (group one). Gastil and Krummenacher [1976] mapped these

deposits as unit T1c. Field observations from other parts of the study area revealed

additional group two deposits at only one locality within the Sierra Alta area of Isla

Tiburón (Fig. 3.1). In this locality, a 3 m thick conglomerate consisting of locally

derived clasts of metamorphic rocks fills a 100 m wide paleocanyon. Other regions

of the study area mapped as T1c or T1s by Gastil and Krummenacher [1976] were

remapped as younger syn-rift alluvial deposits (Plate II).

The age of group two strata is best constrained from correlation to Baja California.

No other strata cap the distinctive conglomerate outcrops in the Sierra Seri and

therefore their upper age limit cannot be constrained from observations in Sonora

[Gastil and Krummenacher , 1976, also Fig. 3.1]. Correlation of this conglomerate

to Baja California indicates a range of possible ages from Eocene through middle

Miocene for these deposits in Sonora (Chapter 2). The conglomerate-filled channel

mapped as Tcg in the Sierra Alta is overlain by the 12.6 Ma Tuff of San Felipe (Plate

II) similar to group two deposits of northeastern Baja California.

3.4.4 Miocene volcanic arc

Early to Middle Miocene volcanic deposits of dominantly andesitic composition

crop out extensively throughout the Isla Tiburón and coastal Sonora study areas

(Figs. 3.1 and 3.2). Similar to deposits of this age in Baja California, these form part

of a Miocene volcanic arc that stretched from northeastern Baja California through

central Mexico [Sawlan, 1991]. The majority of outcrops in the study areas are vol-

caniclastic deposits and associated lava flows formed proximal to volcanic centers.

Where exposed, the base of group three rests unconformably or nonconformably on

basement (group one). Group three is overlain conformably and disconformably by

the Tuff of San Felipe (group four) and unconformably by group five and group six

synrift strata. Ages of group three strata are based primarily on prior isotopic age de-
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terminations by Gastil and Krummenacher [1977] and on stratigraphic relationships.

The volcanic and volcanclastic deposits of group three are divided into tectono-

stratigraphic packages that distinguish five separate structural domains within the

Sonoran margin study area (Fig. 3.2). These domains have been separated and

juxtaposed by rift-related faulting. The stratigraphy of each of these domains is

described in the following paragraphs. The juxtaposition and origin of these domains

and development of the bounding structures will be addressed in chapter 6. The

Sierra Menor domain and the Sierra Kunkaak domain on Isla Tiburón define the

principal western and eastern fault block mountain ranges, respectively. The La Cruz

domain is bounded on the north by the La Cruz fault, a northwest-striking strike-slip

fault first mapped by Gastil and Krummenacher [1976]). The Kino–Chueca domain

lies along the Sonoran coastline between Bah́ıa Kino and Punta Chueca, and the

Sierra Seri domain bounds the Kino–Chueca domain to the northeast. The distinctive

volcanic stratigraphy of these domains probably developed prior to rifting of the Gulf

of California.

Sierra Menor Domain

Group three deposits of the Sierra Menor comprise andesite lava and proximal an-

desitic debris-flow deposits. The overall pattern of deposition suggests the existence

of a volcanic center in the area of the southern Sierra Menor (359000,31 98000). At this

center, massive andesite bodies make up the bulk of exposures. These deposits formed

a paleotopographic high which blocked deposition of later rift-related ignimbrites

(see following sections). Proximal andesitic debris flow deposits and block-and-ash

breccias are encountered south and southeast of these andesite flows (364550,31 94210).

Additional volcaniclastic conglomerates and debris-flow breccias intercalated with an-

desite lava flows crop out periodically at the base of a 200–300 meter thick synrift vol-

canic section in the central Sierra Menor (e.g., at 357900,32 05380, and 358220,32 03940).

Group three deposits of the Sierra Menor domain become dominantly volcaniclastic

in the northern Sierra Menor and pinch out in the Sierra Alta (354900,32 19200), where
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younger synrift volcanic rocks rest directly upon basement.

Only two isotopic ages exist for group three strata of the Sierra Menor domain.

Both of these ages are suspect due to uncertain sample localities. Gastil and Krum-

menacher [1977] reported K-Ar ages of 10.9±2.3 Ma from plagioclase and 15.3±1.3

Ma from hornblende from a sample from central western Isla Tiburón (355070,32 07140).

Unfortunately, the sample locality is denoted in an area of marine and fluvial terraces

[Gastil and Krummenacher , 1976]. There are both group three and synrift andesite

lava flows in the vicinity of this locality that may have been sampled by Gastil and

Krummenacher [1977]. Smith et al. [1985] report an age of 12.9±0.5 Ma from an

andesitic breccia from southwestern Isla Tiburón. This breccia was originally inter-

preted as a primary volcaniclastic deposit intercalated with Middle Miocene marine

strata. Neuhaus [1989] revised the stratigraphic position of this breccia as below

the marine deposits. New observations of the geology of this area denote a landslide

breccia (unit Tmbr, Plate II) underlain by andesitic debris flow deposits (unit Tmvs,

Plate II). The clast dated by Smith et al. [1985] may have come from either of these

deposits.

Group three deposits of the Sierra Menor domain are mapped as several separate

units. Gastil and Krummenacher [1977] mapped andesite lava flows as unit T2 and

volcaniclastic deposits as units T1 and T3. Most of this domain is remapped in detail

on Plate II. Andesite lava flows of group three of the Sierra Menor domain are denoted

as unit Tma1 where the age is known to pre-date the 12.6 Ma Tuff of San Felipe,

and as unit Tma where these deposits are undifferentiated from synrift andesite lava

flows. Volcaniclastic deposits of group three of the Sierra Menor are mapped as unit

Tmvs.

Sierra Kunkaak Domain

Very little information is known about the geology of the Sierra Kunkaak domain.

This area was not mapped in detail as part of this study. The only published infor-

mation on the Sierra Kunkaak is from Gastil and Krummenacher [1976] who mapped
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volcaniclastic deposits as units T2, T3 and T4 and denote the general strike and dip

of these strata. A single day of reconnaissance investigation of the southern part of

the Sierra Kunkaak domain from Arroyo El Carrizo (Fig. 3.1) revealed a variety of

volcaniclastic deposits intercalated with lava flows. The base of the section here is

a sequence of andesite lava flows and volcaniclastic debris-flow deposits similar to

the Sierra Menor domain. Above these deposits lies the Tuff of the Sierra Kunkaak

(new name, unit Tmtk). This welded tuff with a red glassy matrix and 50% angular

aphanitic orange volcanic lithic fragments is distinctive to the Sierra Kunkaak. On

aerial photographs and Landsat imagery, this welded lithic tuff forms a distinctive

unit that crops out throughout the Sierra Kunkaak and may exceed 200 m thickness

in the central part of the range. The stratigraphically highest part of the volcanic

section exposed in Arroyo el Carrizo comprises a 20 m-thick fluvial conglomerate, a

pair of 5 to 10 m-thick rhyolite lava flows, and a thin (<5 m) non-welded pumice flow.

Basement outcrops dominate the northern Sierra Kunkaak [Gastil and Krummen-

acher , 1976]. Field mapping of the northern Sierra Kunkaak (371980,32 27330) revealed

an outcrop of welded andesitic lithic tuff identical to the tuff of the Sierra Kunkaak

from Arroyo El Carrizo. This deposit of lithic tuff (unit Tmtk) is overlain uncon-

formably by a rhyolite lava flow (unit Tmrf1) and the 12.6 Ma Tuff of San Felipe

(unit Tmrsf, group 4). This locality provides the only age control on group three

deposits of the Sierra Kunkaak domain. No other age determinations or detailed

lithologic descriptions of strata from this part of Isla Tiburón are published. The

ages of younger volcanic deposits from the central and southern Sierra Kunkaak and

relationships of these deposits to rifting are unknown.

La Cruz Domain

The La Cruz domain of group three deposits forms a distinctive terrane on the

southern edge of Isla Tiburón. This domain is separated from the rest of Isla Tiburón

by the La Cruz fault, a strike-slip fault that strikes parallel to the Tiburón Fracture

Zone (Figs. 1.4 and 3.1). In this region, up to 500 m of middle Miocene lava flows and
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volcaniclastic deposits and underlying basement are faulted into a series of southeast-

tilted blocks [Gastil and Krummenacher , 1976; Neuhaus , 1989; Gastil et al., 1999,

also Plate II]. Gastil and Krummenacher [1976] mapped the volcanic deposits of the

La Cruz domain as units T1, T2, T3, and T5. Units T1, T2, and T3 comprise group

three of this study. Unit T5 corresponds to a synrift andesite volcano and associated

pyroclastic deposits that form part of group six described later in this chapter.

Gastil et al. [1999] subdivided group three strata of the western part of La Cruz

domain into units M1-M6. The base of this section consists of thinly bedded lacustrine

chert and carbonate rocks interbedded with fluvial arkose and conglomerate (unit

M1a of Gastil et al. [1999]). Basaltic to andesitic flows and breccias with red volcanic

sandstone and tephra overlie these basal sedimentary rocks (units M1b-M5 of Gastil

et al. [1999]). A dacite lava (unit M6 of Gastil et al. [1999]) caps the group three

section here. Group three deposits of the La Cruz domain on Plate II were not

mapped in as much detail as shown by Neuhaus [1989] or Gastil et al. [1999]. Unit

M4, a latite dome flow [Neuhaus , 1989], is mapped as unit Tmlf on Plate II. Other

group three units of the western area of the La Cruz domain (M1-M3, M5, and M6

of Gastil et al. [1999]) are mapped as unit Tmvlc on Plate II.

Reconnaissance investigations of the central and eastern areas of the La Cruz do-

main reveal additional volcanic lithologies not present on the western part of the is-

land. These silicic volcanic deposits may have been emplaced during rifting. However,

unlike the sedimentary and volcanic deposits of group six from this area, the litholo-

gies described here are confined to the La Cruz block and tentatively included with

group three. Two densely welded rhyolitic ignimbrites designated the Tuffs of Cerro

Colorado (new name) are mapped as unit Tmrcc (354770,31 91030). The Tuffs of Cerro

Colorado are each approximately 15 meters thick and unconformably overlie tilted

Tmvlc basalt. The lower member of the Tuffs Cerro Colorado (5% volcanic lithic

fragments, 20% phenocrysts: alkali-feldspar À pyroxene ≈ hornblende À olivine)

appears similar to unit Tmr3 of the Tuffs of Mesa Cuadrada. Southeast of Punta

Sauzal, an undated rhyolite lava flow 40 m thick conformably overlies basalt and red
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volcanic sandstone of unit Tmvlc. Fault repetition of this unit forms several promi-

nent headlands on the southern coast of Isla Tiburón (365250,31 83770; 367530,31 82020;

371020,31 81400). At Ensenada de la Cruz, near the southeastern tip of Isla Tiburón,

this rhyolite lava flow is capped by non-welded pumice flows, a 5 m-thick perlitic

rhyolite flow, volcaniclastic sandstone, and a 4 m-thick densely welded tuff (5% vol-

canic lithic fragments, 35% phenocrysts: alkali-feldspar ≥ pyroxene > plagioclase)

(368150,31 82640).

Several isotopic ages exist for lava flows from the La Cruz domain. Gastil et al.

[1999] compiled several ages for group three strata of the southwestern part of Isla

Tiburón. In this area, unit Tmvlc (units M1-M3, M5 and M6 of Gastil et al. [1999])

ranges from 21.0±0.5 Ma to 15.2±0.5 Ma (K-Ar). Unit Tmlf (unit M4 of Gastil et al.

[1999]) was dated at 17.4±0.4 Ma by Neuhaus [1989]. The welded tuff that caps the

volcanic section at Ensenada de la Cruz was dated here as 11.25±1.98 Ma (Table 3.1).

The lower member of the Tuffs of Cerro Colorado was dated to test for correlation to

unit Tmr3 of the Tuffs of Mesa Cuadrada. The 9.58±2.66 Ma (Table 3.1) age of this

unit does not support correlation of these outcrops to the Tuffs of Mesa Cuadrada.

This result is consistent with observations that the Tuffs of Mesa Cuadrada pinch out

further to the north on Isla Tiburón.

Kino-Chueca Domain

The Kino–Chueca domain forms a belt of north to northeast-trending ridges on

the Sonoran mainland adjacent to the Gulf of California (Plate I). In the southern and

central parts of this region, a 20 to 80 meter thick section of group three lava flows and

volcaniclastic deposits nonconformably overlies basement and is conformably overlain

by the Tuff of San Felipe (group 4). Gastil and Krummenacher [1976] map these de-

posits and the overlying Tuff of San Felipe as units T1, T2, and T3. A consistent

stratigraphy of group three characteristizes of the southern part of the Kino–Chueca

domain. The lowest units are basalt (unit Tmb1) and a pair of andesite flows (unit

Tma1). The lower of these andesite flows contains abundant (20%) distinctive horn-
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blende phenocrysts up to 3 cm long. This sequence is well exposed at Cat Canyon, 3

km north of Bah́ıa Kino (402220,31 94770). The basalt pinches out towards the central

area of the domain, whereas outcrops of the distinctive andesite remain abundant.

Throughout the southern half of the Kino–Chueca domain volcanic sandstone, con-

glomerate, and/or debris-flow breccia (unit Tmvs) overlie these lava flows. Group

three deposits are thin to absent in most of the northern part of the Kino–Chueca

domain. This region corresponds to the position of intracaldera facies of the Tuff

of San Felipe and most outcrops of volcanic rocks in this area are high-grade tuff

of San Felipe nonconformably overlying basement. One locality near Punta Chueca

preserves a section of the distinctive andesite overlain by basalt and capped by the

Tuff of San Felipe (398700,32 06740). At the northern end of the Kino–Chueca domain,

group three deposits comprise a 5 m thick volcaniclastic debris-flow capped by an

andesite lava flow and overlain by the Tuff of San Felipe (389440,32 13820).

Gastil and Krummenacher [1977] report two K-Ar ages from the Kino–Chueca

domain. A separate of hornblende from an andesite north of Bah́ıa Kino (Sample

S3G-764, misidentified as a dacite?) yielded an age of 17.8±0.8 Ma. A separate of

hornblende from an andesite from the central part of the Kino–Chueca domain yielded

an age of 21.0±0.8 Ma (Sample S2K-31). Overall, these isotopic ages reported for the

Kino–Chueca domain agree with the stratigraphic position of group three deposits

beneath outcrops of the 12.6 Ma Tuff of San Felipe.

Sierra Seri Domain

The Sierra Seri domain of group three deposits forms a northwest-trending moun-

tain range adjacent to the Sonoran coastline and northeast of the Kino–Chueca do-

main. The boundary between the Sierra Seri and Kino–Chueca domains is the Sacri-

ficio fault (Fig. 3.1), a northwest-striking structure. This fault is probably part of a

series of northwest-striking faults proposed to have accommodated right-lateral strike-

slip displacement along the Sonoran coastline [Gastil and Krummenacher , 1977]. The

southern part of the Sierra Seri domain is cut by three additional northwest-striking
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faults of this series with west-side-down normal separation and probable strike-slip

displacement (Fig. 3.1). In this area, a section of group three volcanic deposits up to

300 m thick is mapped as units T1-T3 and T4 by Gastil and Krummenacher [1976].

The northern part of the Sierra Seri domain comprises a single fault block capped by

outcrops of the distinctive conglomerate of Gastil et al. [1973]. Volcanic rocks appear

to be absent from this region of the Sierra Seri [Gastil and Krummenacher , 1976].

Volcanic rocks crop out further north in the Sierra Seri and Rio San Ignacio areas

[Gastil and Krummenacher , 1976], outside the region of detailed studies described

here.

The group three volcanic section of the Sierra Seri domain was investigated at

Pico Noche Buena and in the foothills of Pico Johnson (Fig. 3.2). The base of

the section comprises 20 meters of volcaniclastic sandstones and conglomerate (unit

Tmvs) overlain by 50 meters of andesite lava flows (unit Tma1). This basal section is

similar to group three deposits of the other domains described above. The upper part

of the volcanic section is formed of an additional 100 to 200 meters of the rhyolites

of Pico Johnson (new name, unit Tmrj). These rhyolites form a distinctive stack

of five to ten 20 m thick densely welded ignimbrite cooling units separated by thin

non-welded ash deposits and rhyolite lava flows. The lithology of these deposits (15%

phenocrysts: plagioclase > quartz À pyroxene) is distinct from the Tuff of San Felipe

and the Tuffs of the northern Puertecitos Volcanic Province.

Gastil and Krummenacher [1977] report two K-Ar ages from the Sierra Seri do-

main. Plagioclase from andesite outcrops northwest of Pico Noche Buena (sample

S2G-17) yielded an age of 12.3±2.9 Ma. Plagioclase from rhyolite outcrops northeast

of Pico Johnson yielded an age of 12.7±1.1 Ma (sample S2G-21). These isotopic ages

indicate that the rocks are younger than adjacent outcrops of distinctive conglomer-

ate of Gastil et al. [1973] which is overlain by a 15.0±0.4 Ma basalt in the Santa Rosa

basin of Baja California [Gastil et al., 1979].
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3.4.5 Group 4: The Tuff of San Felipe

The Tuff of San Felipe is assigned to a separate lithologic group (group four) to

reflect its significance as a stratigraphic marker. Outcrops here correlated to the Tuff

of San Felipe, densely welded rhyolite ignimbrite, are common to the Kino–Chueca

domain of coastal Sonora and the western and northern region of Isla Tiburón (Figure

3.3, plates I and II). Gastil and Krummenacher [1976] included the Tuff of San Felipe

variably into units T1, T2, or T4 and did not regionally correlate tuff exposures.

Distinctive lithic and phenocryst content and textural characteristics were used to

correlate and map exposures of the Tuff of San Felipe (unit Tmrsf). Geochemical

and paleomagnetic tests were applied to verify correlation (see chapters 4 and 5).

Similar to its exposures in Baja California, the Tuff of San Felipe in Sonora occupies

a transitional stratigraphic position disconformably above group three deposits of the

Middle Miocene volcanic arc and unconformably beneath group five and group six

synrift deposits. A likely eruptive center for the Tuff of San Felipe is located near the

coastline of mainland Sonora (Plate I, Fig. 3.3).

Exposures of the Tuff of San Felipe on Isla Tiburón fill a series of west-trending

paleocanyons. The maximum thickness of the Tuff of San Felipe preserved as paleo-

canyon fill ranges from 50 to 85 meters in the central part of the Sierra Menor, the

Sierra Alta, and the northern Sierra Kunkaak (Fig. 3.3). Discontinuous outcrops of

the Tuff of San Felipe up to 10 meters thick are deposited against a paleotopographic

high of group three andesite in the southern Sierra Menor. Exposures of the Tuff of

San Felipe on Isla Tiburón are densely welded with a 20 cm to 50 cm black to dark

brown vitrophyre overlain by vapor-phase recrystallized welded tuff. Welding grade,

as indicated by the aspect ratio of fiamme, increases from south to north from the

Sierra Menor to the Sierra Alta. Very high-grade Tuff of San Felipe with rheomorphic

texture occurs in the northern Sierra Kunkaak. The size and abundance of distinctive

dark-colored lithic inclusions increases with welding grade as it does in the Tuff of

San Felipe in Baja California. The area and volume of the Tuff of San Felipe on Isla
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east of the map area.
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Tiburón is estimated as 440 km2 and 17 km3 (Table 3.2). This estimate does not

include moderate extension that has taken place on Isla Tiburón since emplacement

of the Tuff of San Felipe.

Table 3.2. Volume calculations of tuffs in coastal Sonora and Isla Tiburón.

Contour interval Area1 Multiplier2 Volume
(m) (km2) (km) (km3)

Tuff of San Felipe
Isla Tiburón, Max Thickness: 85 m

0 m 441.9 0.015 6.6
30 m 303.5 0.03 9.1
60 m 41.2 0.023 1.0
60 m 16.4 0.023 0.4

Volume of the Tuff of San Felipe on Isla Tiburón: 17.1

Coastal Sonora, Max Thickness: 135 m
0 m 334.2 0.015 5.0
30 m 277.9 0.03 8.3
60 m 220.9 0.03 6.6
90 m 174.1 0.030 5.2

Volume of the Tuff of San Felipe in coastal Sonora (west of 112◦W): 25.2

Tuffs of Mesa Cuadrada

Max Thickness: 190 m
0 m 368.4 0.015 5.5
0 m -12.2 0.015 -0.2
0 m -1.9 0.015 0.0
30 m 262.9 0.03 7.9
30 m -10.9 0.03 -0.3
60 m 164.1 0.03 4.9
90 m 5.2 0.048 0.3
90 m 82.1 0.048 4.0

Volume of the Tuffs of Mesa Cuadrada on Isla Tiburón: 22.0
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Contour interval Area1 Multiplier2 Volume
(m) (km2) (km) (km3)

Tuffs of Dead Battery Canyon

Max Thickness: 38 m
0 m 52.5 0.015 0.8
30 m 9.5 0.018 0.2

Volume of the Tuffs of Dead Battery Canyon on Isla Tiburón: 1.0

Tuffs of Arroyo El Canelo

Max Thickness: 60 m
0 m 169.5 0.015 2.5
0 m -16.8 0.015 -0.3
30 m 169.5 0.03 5.1
30 m 45.9 0.03 1.4
60 m 7.7 0.015 0.1

Volume of the Tuffs of Arroyo El Canelo on Isla Tiburón: 8.9

1 The areas of closed internal contours shown as negative values. Area measure-
ments 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 1
2 contour interval (15 m). Each complete contour

above 0 m multiplied at 1 contour interval or (30 m). Final contour interval
multiplied at 1

2 contour interval + 1
3 remaining thickness.

High grade welded Tuff of San Felipe over 100 meters thick forms a belt of ex-

posures on the mainland coast of Sonora. A stratigraphic section of the Tuff of San

Felipe at Cat Canyon, 3 km north of Bah́ıa Kino (402350,31 95740), reveals a 135 m

thick section of ignimbrite very similar to thick deposits of the Tuff of San Felipe in

Baja California. The base of the Tuff of San Felipe at Cat Canyon rests on a 75 cm

thick block-and-ash deposit with altered andesite clasts in a matrix of white volcanic

ash. Above this block-and-ash deposit, a 1 m thick black vitrophyre forms the base

of the Tuff of San Felipe. Overlying the vitrophyre, a 25-meter section of high-grade

rheomorphic tuff with abundant decimeter to centimeter-sized lithophysae completes

the densely welded base of the ignimbrite. Spherulitic recrystallization increases up-

section such that pyroclastic texture is completely obscured for the upper 100 meters

of tuff exposure. Welding grade of the Tuff of San Felipe increases from south to the
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north on mainland Sonora. Rheomorphic flow texture is indicated by rolled lithic

clasts embedded in the ignimbrite near Bah́ıa Kino. Flow features increase in grade

to include meter-scale rheomorphic folding in ignimbrite exposures midway between

Punta Chueca and Bah́ıa Kino. The highest-grade rheomorphic texture is expressed

by 2- to 5-meter amplitude recumbent rheomorphic folds found in possible intra-

caldera facies of the Tuff of San Felipe located near Punta Chueca (396290,32 10300).

The volume of the Tuff of San Felipe in coastal Sonora is estimated as 25 km3 (Table

3.2). This estimate does not account for substantial extension in this region that has

tilted outcrops in excess of 70◦ in some localities (Plate I). Also, there is an unknown

but possibly large volume of the Tuff of San Felipe east of the map area.

A portion of the likely vent of the Tuff of San Felipe crops out at the northern

end of the mainland coastal Sonora outcrop belt, inland of Punta Chueca (Fig. 3.3).

Here, moderate to large-magnitude northwest-directed extension has exposed very

high-grade densely welded outcrops of the Tuff of San Felipe that may be caldera-fill

deposits (Plate I). These deposits are capped by a 100 to 200 m-thick section of the

Tuffs of Punta Chueca (new name). The Tuffs of Punta Chueca are non-welded py-

roclastic deposits (unit Tmrpc of group 5) interstratified with and capped by basalt

flows (unit Tmb2 of group 5). The Tuffs of Punta Chueca may represent additional

caldera-fill deposits. Abrupt thickness changes of the Tuffs of Punta Chueca support

deposition in a fault-controlled depression. A possible caldera ring fracture corre-

sponds to an abrupt thinning of the Tuffs of Punta Chueca north of the town of

Punta Chueca (389700,32 13680). The large volume of the Tuff of San Felipe (over 160

km2, Tables 2.1 and 3.2) probably requires a larger source than the extent of col-

lapse indicated by Tuffs of Punta Chueca, suggesting that the Punta Chueca region

represents a small part of a larger eruptive center.

The age of Tuff of San Felipe is well constrained from both Baja California and

Sonora. Stock et al. [1999] summarized the isotopic age of the Tuff of San Felipe

in Baja California as ∼12.6 Ma. Additional age determinations of three samples of

the Tuff of San Felipe from Sonora confirm correlation of the Tuff of San Felipe.



97

New isotopic age data are described completely in Chapter 5 and Appendix C. To

summarize these results, the Tuff of San Felipe on Isla Tiburón yielded ages of 9.66 ±
1.31 Ma and 12.96 ± 3.67 Ma and the Tuff of San Felipe on coastal mainland Sonora

yielded an age of 13.86 ± 2.21 Ma (Table 3.1). Gastil and Krummenacher [1977] did

not date the Tuff of San Felipe in Sonora.

3.4.6 Group 5: Early syn-rift deposits

Group five rocks record the onset of rift-related deposition on the Sonoran margin

of the Gulf of California. The stratigraphic position of these deposits appears to be the

same as for the northeastern Baja California margin. Emplacement of the Tuff of San

Felipe (group four) disconformably upon group three strata of the Middle Miocene arc

indicates that rifting was not underway in coastal Sonora prior to 12.6 Ma. Deposits

of group five strata typically form an angular unconformity with the Tuff of San Felipe

and indicate the inception of rifting in Mid to Late Miocene time. As in northeastern

Baja California, group five comprises an early synrift sequence of volcanic and non-

marine sedimentary strata. Rift-related bimodal volcanism beginning in Late Miocene

time deposited a variety of lava flows and pyroclastic deposits on the western part of

Isla Tiburón. These deposits culminate in a section of ignimbrites up to 300 meters

thick that correlate to the Tuffs of the northern Puertecitos Volcanic Province. The

top of these ignimbrites divides group five from group six sedimentary and volcanic

deposits. The following paragraphs discuss the late Miocene record of volcanic and

fluvial group five deposition. The correlative exposures of the Tuffs of the northern

Puertecitos Volcanic Province on western Isla Tiburón will be described separately

in a following section.

Sedimentary strata

Similar to synrift deposits of Baja California, group five sedimentary rocks of

the Sonoran margin record formation of rift basins that filled with fluvial deposits.
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The principal rift basins of group five age in the Sonoran margin study area are the

Valle de Tecomate, which forms the central valley of Isla Tiburón, and the Canal de

Infernillo, the channel between Isla Tiburón and mainland coastal Sonora (Fig. 3.1).

Early rift-related deposits from these two basins have been uplifted and exposed on

the basin margins in the Sierra Menor (358100,32 04700), the northern Sierra Kunkaak

(369200,32 27600), and in the Kino–Chueca domain of coastal Sonora (395800,32 08800

and 402400,32 02600). Where synrift sedimentary strata are definitely overlain by the

Tuffs of the northern Puertecitos Volcanic Provice these deposits are mapped as unit

Tmal. Non-marine conglomerates of the Canal de Infernillo basin are not overlain by

the Tuffs of the northern Puertecitos Volcanic Province and thus may be in part or

entirely of group six age. These deposits are mapped as unit Tmpal. Middle Miocene

’proto-Gulf’ marine deposits that crop out on southwest Isla Tiburón are documented

by Gastil and Krummenacher [1976] and Gastil et al. [1999]. These strata are shown

in Chapters 6 and 8 to have been deposited in a strike-slip basin of latest Miocene to

early Pliocene age. These deposits are classified as group six synrift strata and will

be described further below.

Volcanic strata

Volcanic flows and pyroclastic deposits of group five are common in the Sonoran

margin study area. In the central and southern parts of the Kino-Chueca domain

of mainland coastal Sonora, rhyolite lava flows (unit Tmrf2) and non-welded pyro-

clastic deposits (unit Tmrpc) conformably overlie the Tuff of San Felipe and are

unconformably overlain by synrift fluvial conglomerates (Plate I). Basalt flows (unit

Tmb2) also crop out at this same stratigraphic position in the northern part of the

Kino-Chueca domain. Rhyolite lava flows capped by a basalt flow overlie outcrops of

the Tuff of San Felipe in the northern Sierra Kunkaak (unit Tmrf2 and unit Tmb2,

372130,32 26350). A 300 m thick, east-tilted section of early synrift volcanic deposits

fills a half-graben basin on western Isla Tiburón (Fig. 3.1). These deposits include

basaltic, andesitic, and rhyolitic lava flows, and locally reworked pyroclastic deposits,
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as well as non-welded pumice flows and welded ignimbrites. Observations of each of

these deposits are discussed in a separate section below.

Basalt flows form the stratigraphically lowest set of group five volcanic deposits

on western Isla Tiburón (unit Tmb2, Plate II). A stack of nine basalt flows, each 10

meters thick on average, overlies the Tuff of San Felipe in the central Sierra Menor

(357920,32 05980). The lowest and uppermost of these flows are nearly identical pet-

rographically (15% glass, 80% microlitic plagioclase and pyroxene, 5% phenocrysts:

plagioclase ≈ olivine > pyroxene). A 2 m thick horizon of conglomerate containing

clasts of granitic basement underlies the uppermost of these basalt flows and at least

15 meters of conglomerate and non-welded pyroclastic deposits overlie the basalt flow

section. Similar basalt flows crop out elsewhere in the southern Sierra Menor; these

flows are commonly overlain by conglomerate. Vents in the northern Sierra Menor

and adjacent parts of the Sierra Alta are a likely source of these basalts, which appear

to have flowed into a basin in the central and southern Sierra Menor. At the northern

end of the Sierra Menor outcrops of basalt formed a paleotopographic high during

later eruptions (362900,32 19100). A basaltic shield volcano with a preserved summit

crater is partially covered by later group five volcanic strata in the southern Sierra

Alta (units Tmb2 and Tmb2v, 357400,32 20000).

Andesite lava flows overlie basaltic vents and flows in the northern Sierra Menor

and southern Sierra Alta (unit Tma2, Plate II). Andesite from the coastal side of

the Sierra Menor was identified lithologically (for example, sample BV-99-20, 50%

phenocrysts: plagioclase > biotite > hornblende), whereas interior outcrops were

identified from their morphology and spectral signature on a Landsat image. Flows

of andesite formed several paleotopographic highs that blocked deposition of the

Tuffs of the northern Puertecitos Volcanic Province (356130,32 08100; 358780,32 11740;

361800,32 09770). Additional andesites overlie rhyolite lava flows in the northeastern

Sierra Alta. Gastil and Krummenacher [1977] dated andesite from an isolated hill in

the southern Valle de Tecomate as 9.9±1.3 Ma (K-Ar on hornblende, sample S3G-

714, 362900,32 03300). This same sample is identified as hornblende dacite by Gastil
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et al. [1979]. This outcrop is here mapped as andesite (unit Tma2, Plate II) based

upon spectral similarity to other outcrops of andesite identified from field mapping

at the southern end of the Valle de Tecomate.

Rhyolite lavas form the stratigraphically highest group five lava flows on western

Isla Tiburón (unit Tmrf2, Plate II). These form a 50 to 100 meter-thick mantle of

lava flows in the northern and central Sierra Menor and culminate in a ∼200 m thick

accumulation of ash deposits, lava flows, and breccias that crop out in the northern

Sierra Alta. A similar thick culmination may exist in the northeastern Sierra Menor

where rhyolite lava was inferred from Landsat imagery and aerial photographs.

Non-welded pumice flows and reworked pyroclastic deposits form a thin (0-15

meter) layer above lava flows and conglomerates of group five and beneath the base of

the Tuffs of the Northern Puertecitos Volcanic Province. These deposits are mapped

as part of unit Tmal. Elsewhere, bedded pumice and ash at this stratigraphic position

have been mapped as ’Yellow Tuffs’ [Stock , 1993; Lewis , 1994, unit Tmyt]. Rhyolite

vents in the northern Sierra Menor and the Sierra Alta are a possible source for these

deposits on Isla Tiburón. The amount and thickness of pumice beds as well as the

proportion of primary deposited material increases up-section to the base of unit

Tmr3 of the Tuffs of Mesa Cuadrada.

The age of group five strata is best constrained by stratigraphic position between

the 12.6 Ma Tuff of San Felipe and ca. 6.2 Ma Tuffs of the northern Puertecitos

Volcanic Province. Two isotopic ages of andesite determined by Gastil and Krumme-

nacher [1977] may have been acquired from group five volcanic strata. One of these

samples is from an isolated hill of andesite (sample S3G-714, 9.9±1.3 Ma K–Ar on

hornblende) while the other sample locality is erroneously placed in an area of ma-

rine terraces (sample S2K-11, 10.9±2.3 Ma K–Ar on plagioclase, 15.3±1.3 Ma K–Ar

on hornblende). An attempt to date an andesite from the central Sierra Menor was

unsuccessful (sample BV-99-20, 40Ar/39Ar on plagioclase, Stock and Oskin, in prep.).
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3.4.7 Tuffs of the northern Puertecitos Volcanic Province on

Isla Tiburón

The uppermost group five strata of the Sierra Menor and Sierra Alta of western

Isla Tiburón comprise correlative deposits of the tuffs of the Northern Puertecitos

Volcanic Province of Baja California (Plate II, Figs. 3.4, 3.5, and 3.6). Correlatives to

the Tuffs of the Northern Puertecitos Volcanic Province also crop out in the northern

Sierra Kunkaak of northeastern Isla Tiburón. Eight separate cooling units of these

ignimbrites are grouped into three eruptive sequences. The lowest sequence is the

Tuffs of Mesa Cuadrada (Fig. 3.4), which is composed primarily of cooling units

Tmr3 and Tmr4 (Plate II). The second eruptive sequence is the Tuffs of Dead Battery

Canyon (Fig. 3.5), represented by cooling unit Tmr5 on Isla Tiburón (Plate II). The

Tuffs of Dead Battery Canyon may be from a late-stage pyroclastic flow from the same

eruptive sequence that produced the Tuffs of Mesa Cuadrada. The highest eruptive

sequence is the Tuffs of Arroyo El Canelo (Fig. 3.6), which is composed of the Arroyo

Oculto member (Tmrao, Plate II), the main El Canelo member(s) (Tmrec, Tmrec1,

and Tmrec2, Plate II), the Bighorn Sheep member (mapped with the main member

on Plate II), and the Flagpole member (Tmrfp, Plate II).

Tuffs of Mesa Cuadrada

The Tuffs of Mesa Cuadrada are deposited over most of western Isla Tiburón as

a distinctive pair of cooling units: a lower partially- to non-welded lithic phyric cool-

ing unit mapped as Tmr3, and an upper densely welded vitric cooling unit mapped

as Tmr4 (see Chapter 2 and Plate II for additional lithologic description). As in

Baja California, Tmr3 and Tmr4 display parallel trends in thickness and welding

grade, with Tmr3 everywhere at least 50% thicker than Tmr4 except where Tmr3

fills paleotopographic relief. Locally in the central Sierra Menor, A 10–15 m thick

partially welded pyroclastic flow, mapped as Tmr3a, forms the base of the Tuffs of

Mesa Cuadrada. This unit may correlate to similar deposits mapped as Tmr3a in the
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Figure 3.4. Distribution of the Tuffs of Mesa Cuadrada on Isla Tiburón. Numbers denote
combined Tmr3 and Tmr4 outcrop thickness measurements (in meters). Isopachs of tuff
thickness labelled with 30 m contour interval. Three areas of non-deposition of the Tuffs of
Mesa Cuadrada correspond to paleotopographic highs. Adjacent paleocanyons and basins
are filled with up to 190 meters of the the Tuffs of Mesa Cuadrada. The eastern edge of
tuff distribution was probably the fault-controlled eastern slope of the Tecomate basin (Fig.
3.1). Isopachs of tuff thickness are inferred to terminate against this boundary.
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Sierra San Fermı́n by Lewis [1994]. The thickest accumulation of the Tuffs of Mesa

Cuadrada occurs in the southern and central Sierra Menor (Plate II). Here, up to 120

meters of Tmr3 and 70 meters of Tmr4 accumulated above older group five sedimen-

tary and volcanic strata. Continuous outcrops of the Tuffs of Mesa Cuadrada form a 9

km-long north-trending ridge in the southern and central Sierra Menor (357700,32 09100

to 359200,32 00000). These deposits are buttressed against a paleotopographic high of

group three andesite deposits in the southern Sierra Menor and against a paleoto-

pographic high of group five andesite and rhyolite lava flows in the northern Sierra

Menor. Deposits of the Tuffs of Mesa Cuadrada fill three paleocanyons on the north-

western part of Isla Tiburón. One of these paleocanyons occurs at the crest of the

northern Sierra Menor (356000,32 12000) and a second paleocanyon crops out nearby

at Punta Reina (354000,32 15000). A third paleocanyon occurs in the central Sierra

Alta (357000,32 23000). The area and volume of the Tuffs of Mesa Cuadrada on Isla

Tiburón is estimated as 370 km2 and over 20 km3 (Table 3.2). This estimate does

not account for moderate extension on Isla Tiburón since emplacement of the Tuffs

of Mesa Cuadrada.

Outcrops surrounding the northern Valle de Tecomate record filling of a half-

graben during eruption of the Tuffs of Mesa Cuadrada. The northeast slopes of the

Sierra Menor and the Sierra Alta are mantled with a westward-thinning section of

these ignimbrites. Faulting on the eastern side of the Valle de Tecomate uplifted and

exposed a section of basin fill. This section lies tilted to the east at 45◦ above a

gently west-dipping (30◦) normal fault at the crest of the northern Sierra Kunkaak

(Kunkaak fault, Plate II). The lowest exposures of this basin-fill section record de-

position of non-marine conglomerate with a mixture of volcanic and basement clasts

(unit Tmal). Emplacement of cooling unit Tmr3 or underlying Tmr3a, if present,

marks the beginning of a sequence of volcanic deposits approximately 300 meters

thick. The intermediate 200 meters of this section comprises a series of primary and

reworked pyroclastic deposits (unit Tmr3t). Sediment input during this time was

entirely volcanic and dominantly ash, including ash and pumice beds, cross-bedded
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surge deposits, and debris flows with clasts of Tmr3 in an ash matrix. A 20 m thick

deposit of densely welded Tmr4 caps this complex volcanic sequence. Following de-

position of Tmr4, basin-fill deposition returned to a non-marine conglomerate with

mixed volcanic and basement clasts (unit Tmpal). Boulders of Tmr3, probably eroded

from the footwall of the Sierra Kunkaak, are present within unit Tmpal near the fault

contact with metamorphic basement (369400,32 27800).

Three isotopic ages determined for cooling unit Tmr3 of the Tuffs of Mesa Cuadrada

on Isla Tiburón all support correlation of these outcrops to Baja California. An age of

5.7±0.6 Ma on rhyolite from west Isla Tiburón is published in Gastil et al. [1979]. The

location of this sample (sample #1012, 28◦56′00′′, 112◦29′00′′, K–Ar on feldspar) cor-

responds to sample locality S2K-16 of Gastil and Krummenacher [1976]. The locality,

age, and lithology of this sample are consistent with Tmr3 mapped at this same lo-

cality (Plate II). Two additional 40Ar/39Ar ages were obtained on alkali-feldspar from

unit Tmr3 to confirm correlation of this unit to the Tuffs of Mesa Cuadrada (Table

3.1). New isotopic ages of 5.33±2.18 Ma and 6.15±1.03 Ma overlap ages of Tmr3

determined for Baja California (Stock [1989];Lewis [1996]; Nagy et al. [1999]; Table

2.2).

Tuffs of Dead Battery Canyon

Outcrops of cooling unit Tmr5 of the Tuffs of Dead Battery Canyon extend from

Punta Reina through the central to northern Sierra Menor (Fig. 3.5 and Plate II).

As in Baja California, the Tuffs of Dead Battery Canyon cover a limited geographic

extent near the center of distribution of the Tuffs of the Northern Puertecitos Vol-

canic Province. Similar to observations by Lewis [1994] in the Sierra San Fermı́n,

the Tuffs of Dead Battery Canyon conformably overlie the Tuffs of Mesa Cuadrada

and are unconformably overlain by the Tuffs of Arroyo El Canelo. South of Punta

Reina, a paleocanyon cut into the Tuffs of Dead Battery Canyon is filled by the Tuffs

of Arroyo El Canelo. A single cooling unit of the Tuffs of Dead Battery Canyon,

most likely correlative to Tmr5, is present on Isla Tiburón. This unit on Isla Tiburón
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is a moderately- to densely welded ignimbrite, 10 to 35 meters thick, with 5% phe-

nocrysts (plagioclase À clinopyroxene). This unit is compositionally and texturally

most similar to cooling unit Tmr5 of the southern Sierra San Fermı́n [Lewis , 1996],

although correlation to cooling unit Tmr6 is also possible. The Tuffs of Dead Bat-

tery canyon abruptly thin northward against cooling unit Tmr4 of the Tuffs of Mesa

Cuadrada at Punta Reina (354500,32 16140). The southern extent of the Tuffs of Dead

Battery Canyon is exposed as a gradually thinning section along the crest of the

Sierra Menor. Here, Tmr5 is exposed between Tmr4 and the Tuffs of El Canelo. A

recognizable welded interval of tuff at the northern end of this ridge (358000,32 08850)

thins southward along strike to a 5-meter thick interval of non-welded pumice (Fig.

3.5, Plate II, 358440,32 06600). Further south, the Tuffs of Dead Battery Canyon are

absent. The total area and volume of the Tuffs of Dead Battery Canyon on Isla

Tiburón is estimated as only 50 km2 and 1 km3 (Table 3.2).

Outcrops of a section of the Tuffs of the Northern Puertecitos Volcanic Province

at Punta Reina and the central Sierra San Fermı́n constrain the age of the Tuffs of

Dead Battery Canyon. Cooling unit Tmr5 of these tuffs overlies the Tuffs of Mesa

Cuadrada, as is also mapped in the Sierra San Fermı́n [Lewis , 1994]. In addition, on

Isla Tiburón, correlative deposits of the Tuffs of Arroyo El Canelo cap unit Tmr5.

This sequence confirms that the Tuffs of Dead Battery Canyon are intermediate in

age between the 6.3±0.3 Ma Tuffs of Mesa Cuadrada (see above) and the 6.1±0.5 Ma

Tuffs of Arroyo El Canelo [Nagy et al., 1999].

Tuffs of Arroyo El Canelo

The Tuffs of Arroyo El Canelo cap the stratigraphic section of the Sierra Menor.

These ignimbrites preserve a sequence of cooling units identical to outcrops mapped

in Baja California. The lowest cooling unit of the Tuffs of Arroyo El Canelo on

Isla Tiburón is the El Oculto member (Tmrao, Plate II). This non-welded, lithic-

rich cooling unit crops out in a restricted area along the coastline south of Punta

Reina (354260,32 13650). The base of the El Oculto member includes a 20 meter thick
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Figure 3.5. Distribution of the Tuffs of Dead Battery Canyon on Isla Tiburón. Numbers
denote outcrop thickness measurements (in meters). Isopachs of tuff thickness labelled
with 30 m contour interval. Paleotopography and limited tuff volume probably restricted
distribution of the Tuffs of Dead Battery Canyon. Enclosed area of zero thickness indicates
a paleotopographic high. A paleocanyon located northeast of this high and a basin located
southeast of this high each contain eastward-thinning outcrops of the Tuffs of Dead Battery
Canyon.
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sequence of ash and pumice surge deposits intercalated with volcaniclastic breccia.

The El Oculto member fills a paleocanyon whose walls cut down across the Tuffs of

Dead Battery Canyon and unit Tmr4 of the Tuffs of Mesa Cuadrada.

One to two main members of the Tuff of Arroyo El Canelo are observed in the

Sierra Menor. These members are mapped as units Tmrec1 and Tmrec2 where they

are separated by a thin (1 to 2 m) lithic-rich horizon and/or a vitrophyre. At other

localities where only one main member unit is present, or the transition between

members is welded together and hard to identify, outcrops are mapped as unit Tm-

rec. The main members of the Tuff of Arroyo El Canelo are characteristically densely

welded with 10-15% phenocrysts (plagioclase > pyroxene) and distinctive 5-20 cm

long vapor-phase altered pumice. Centimeter-scale variations in phenocryst content

are occasionally observed near the base of each member. Thick vapor-phase altered

horizons characterize the upper parts of the El Canelo members exposed along the

coastline between Punta Reina and Bahia Vaporeta (353980,32 11600 to 354900,32 07000).

Thick deposits of the main members of the Tuff of Arroyo El Canelo in the south-

western Sierra Menor are densely welded, with thin pumice fiamme that display rheo-

morphic lineations.

The Flagpole member is the uppermost cooling unit of the Tuffs of Arroyo El

Canelo. The Bighorn Sheep member, a 1 to 3 m thick lithic tuff, commonly marks

the base of the Flagpole member. This transition is mapped with the underlying

main member of the Tuffs of Arroyo El Canelo (Plate II). The Flagpole member is

found in most outcrop areas of the Tuff of Arroyo el Canelo on Isla Tiburón. It

is distinguished from the main member by its thickness (2 to 5 meters) and dense

welding, with smaller and less frequent pumice fiamme and the presence of olivine

phenocrysts.

The Tuffs of Arroyo El Canelo are preserved further south than the Tuffs of Mesa

Cuadrada or the Tuffs of Dead Battery Canyon (Figs. 3.5, and 3.6). At the southern

end of the Sierra Menor, the Tuff of Arroyo El Canelo crops out both north and south

of a paleotopographic barrier that had blocked deposition of earlier ignimbrites. South
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Figure 3.6. Distribution of the Tuffs of Arroyo El Canelo on Isla Tiburón. Numbers
denote combined outcrop thickness measurements of all cooling units (in meters). Isopachs
of tuff thickness labelled with 30 m contour interval. Enclosed area of non-deposition of the
Tuffs of Arroyo El Canelo corresponds to a paleotopographic high. Tuff thickness changes
abruptly near the western coastline of Isla Tiburón. The eastern edge of tuff was probably
controlled by fault-bounded relief east of the Tecomate basin (Fig. 3.1). Isopachs of tuff
thickness are inferred to terminate against this boundary.
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of this barrier, the Tuffs of El Canelo are thick and densely welded (354400,32 00000).

The Tuffs of Arroyo El Canelo on Isla Tiburón abruptly pinch out northward against

the Tuffs of Dead Battery Canyon near Punta Reina and the northern Sierra Menor

(354900,32 15600 and 357280,32 14170). Combined measured thickness of all members

of the Tuffs of Arroyo El Canelo does not appear to exceed 20 meters throughout

the interior of the Sierra Menor (Fig. 3.6). However, outcrops adjacent to Valle de

Tecomate have not been measured. The thickness of the Tuffs of Arroyo El Canelo

reaches at least 60 meters in coastal exposures on Isla Tiburón. These outcrops also

display areas of very high-grade welding and steep paleotopography that appears

to have developed after deposition of the Tuffs of Mesa Cuadrada and the Tuffs

of Dead Battery Canyon. These characteristics are similar to caldera margin areas

documented in Baja California and suggest that the present-day western coastline of

Isla Tiburón lay near the vent for the Tuffs of Arroyo El Canelo. Alternatively, fault-

bounded basin(s) may have controlled deposition of the Tuffs of Arroyo El Canelo

near the present-day western coastline of Isla Tiburón. The area and volume of the

Tuffs of Arroyo El Canelo on Isla Tiburón is estimated as 170 km2 and 9 km3 (Table

3.2).

Dates are reported on the Tuffs of Arroyo El Canelo in Baja California [Nagy

et al., 1999; Mart́ın-Barajas and Stock , 1993]. These samples yielded ages of 6.4±0.1

Ma for the base of the Tuffs in Arroyo La Cantera and 6.1±0.5 Ma for the main

member of the Tuffs of Arroyo El Canelo from Santa Isabel Wash (Fig. 2.1). No age

determinations were attempted for samples of the Tuffs of Arroyo El Canelo from Isla

Tiburón.

3.4.8 Group 6: Late synrift deposits

Late synrift deposits of Isla Tiburón and Coastal Sonora record a continuation of

volcanic and non-marine deposition into marginal rift basins combined with marine

incursion into the northern Gulf of California. On Isla Tiburón, group six deposits

overlie the 6.1 to 6.3 Ma Tuffs of the Northern Puertecitos Volcanic Province. Group
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six deposits filled alluvial valleys in the northern and central-western area of the

island. Small-volume lavas and pyroclastic flows are intercalated with both marine

and non-marine sedimentary rocks of group six on the southern and southwestern

areas of Isla Tiburón. These deposits include the ’proto-Gulf’ marine conglomerate

of southwestern Isla Tiburón [Gastil and Krummenacher , 1977; Smith, 1991; Gastil

et al., 1999] which is shown to be post-6 Ma age in this study. On the mainland

coastal Sonora study area, group six sedimentary rocks are undivided from older

synrift sedimentary rocks, except where these younger deposits show geomorphic

evidence for deposition during the Quaternary.

Non-marine pre-Quaternary sedimentary rocks of group six crop out throughout

the study area. These deposits are mapped as unit Tmpal if they lack geomorphic

evidence of depositional setting. Outcrops of Tmpal overlie the Tuffs of the Northern

Puertecitos Volcanic Province only in the northern Sierra Kunkaak, where a section

of basin fill has been uplifted to the range crest along the Kunkaak low-angle normal

fault. Outcrops of Tmpal on southern and southwestern Isla Tiburón may also overlie

scattered exposures of the Tuff of Arroyo El Canelo (353550,32 95000 and 353930,31 95780)

and contain intercalated volcanic rocks of group six age (e.g., 364940,31 95950). Non-

marine basin-filling sedimentary rocks are mapped as unit QTpal where outcrops

retain geomorphic evidence of a depositional surface but are stranded as a high-

standing thick alluvial terrace. Gastil and Krummenacher [1976] mapped outcrops

of group six non-marine conglomerates as several different units. They mapped con-

glomerate exposures of the Kino–Chueca domain of coastal Sonora as units T3, T4x,

and Qf. On Isla Tiburón, they mapped exposures of non-marine conglomerate as

T3 on southwestern Isla Tiburon, T4y in the northern Sierra Kunkaak, T5 and Qf

in central Isla Tiburon, and Qm adjacent to Bahia Vaporeta. Non-marine fluvial

conglomerate on southwest Isla Tiburón was mapped as unit Pfc by Neuhaus [1989]

and unit M11 by Gastil et al. [1999].

Exposures of marine pre-Quaternary rocks of group six age are restricted to south-

western Isla Tiburón [Gastil and Krummenacher , 1976; Gastil et al., 1999]. These
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outcrops (unit Tmpm on Plate II) are a shallow-marine conglomeratic delta-fan de-

posit [Cassidy , 1988]. The conglomerates overlie a landslide breccia (unit Tmbr)

which marks the base of the shallow marine basin. This breccia contains mono-

lithologic zones of angular welded tuff clasts intercalated with polylithologic zones of

andesitic volcaniclastic breccia. The matrix of unit Tmbr is composed of pulverized

angular fragments of breccia lithologies. Volcanic ash and pumice form part of the

matrix of the polylithologic breccia. The base of the breccia shows a cm-thick black-

ened zone of fragmental material with a sheared basal contact that probably formed

during emplacement of the breccia as a landslide. Marine rocks on southwest Isla

Tiburón are mapped as unit T3m by Gastil and Krummenacher [1977], units Mcg

and Mss by Neuhaus [1989], and unit M8 by Gastil et al. [1999]. The underlying

breccias were mapped as unit Mbt by Neuhaus [1989] and unit M7 by Gastil et al.

[1999].

The stratigraphically lowest volcaniclastic rocks of group six in the Sonoran mar-

gin study area are the Tuffs of Arroyo Sauzal. These ash-flow tuffs comprise four

cooling units emplaced into the Sauzal basin (356000,31 96000). Member one of the

Tuffs of Arroyo Sauzal is a non-welded to slightly welded ash-flow tuff (20% phe-

nocrysts: alkali-feldspar À clinopyroxene ≈ hornblende À biotite ≈ plagioclase ≈
zircon) with <1% andesite and crystalline (basement?) lithic fragments. This dis-

tinctive unit also crops out beneath the marine sedimentary rocks and above the

landslide breccia on southwestern Isla Tiburón (350730,31 97360 and 349650,31 97540).

Alkali-feldspar separated from member one was dated by K-Ar from southwestern

Isla Tiburón at 5.67±0.17 Ma (sample 51A, unit Mr, Neuhaus [1989]). Additional

samples of this unit from southwestern Isla Tiburón were dated for this study by

40Ar/39Ar as 6.40±1.63 Ma and 6.67±0.83 Ma (Table 3.1). A third sample of member

one of the Tuffs of Arroyo Sauzal from southern Isla Tiburón yielded an isotopic age

5.40±3.90 Ma. Members two and three of the Tuffs of Arroyo Sauzal are each 3 meter

thick welded ash-flow tuffs that together form a composite unit (Tmprsz2–3) sepa-

rated from member one by a 15-meter section of non-marine conglomerate. Member
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two is a moderately welded ignimbrite with 3% volcanic lithics, 3% pumice fiamme,

and 15% phenocrysts (plagioclase À clinopyroxene ≈ opaques > olivine). Member

three is a densely welded ignimbrite with pumice fiamme up to 20 cm long and 20%

phenocrysts (plagioclase > alkali-feldspar ≈ clinopyroxene > opaques). Outcrops of

member four of the Tuffs of Arroyo Sauzal are separated from the top of member

three by 3 meters of fluvial conglomerate. Member four is a one meter thick, densely

welded ash-flow tuff with 15% pumice fiamme and 3% phenocrysts (alkali-feldspar ≈
plagioclase > pyroxene). With the exception of unit Mr/M10 [Neuhaus , 1989; Gastil

et al., 1999] from southwest Isla Tiburón, the Tuffs of Arroyo Sauzal were not mapped

by previous workers.

The Rhyodacite of Cerro Starship caps marine conglomerates on southwestern

Isla Tiburón [Gastil and Krummenacher , 1976; Neuhaus , 1989; Gastil et al., 1999,

350300,31 97300]. This flow contains 35% phenocrysts (plagioclase > hornblende >

alkali-feldspar > opaques > biotite) and displays macroscopic flow foliation and tra-

chytic alignment of phenocrysts. The Rhyodacite of Cerro Starship was emplaced

primarily as a lava flow that erupted from a north-striking dike on the eastern side of

Cerro Starship (350400,31 97190). Pyroclastic textures are absent from the main body

of the lava flow, and a one- to two-meter–thick block-and-ash deposit underlies the

rhyodacite. The Rhyodacite of Cerro Starship was misidentified as an ash-flow tuff

by Gastil and Krummenacher [1977] and dated by these authors as 11.2±1.3 Ma by

K-Ar on plagioclase (sample S2B-27). This date formed the basis of interpretation of

marine strata on southwestern Isla Tiburón as evidence for a middle Miocene proto-

Gulf of California [Smith, 1991]. Attempts to re-date this flow by Neuhaus [1989]

yielded an age 4.16±1.81 Ma (sample 10W). Gastil and Krummenacher [1977] also

dated plagioclase by K-Ar from the rhyodacite dike at 3.7±0.9 Ma (sample S2G-13).

The older age of 11.2±1.3 Ma for the Rhyodacite of Cerro Starship is discordant with

the stratigraphic position of this flow above well-dated outcrops of member one of

the Tuffs of Arroyo Sauzal (see above). Thus, the Rhyodacite of Cerro Starship and

the underlying marine strata are probably of Early Pliocene age as suggested by the
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younger isotopic age determined for the Rhyodacite of Cerro Starship [Neuhaus , 1989]

and for nearby outcrops of the rhyodacite dike [Gastil and Krummenacher , 1977]. An

attempt to re-date this flow by 40Ar/39Ar on plagioclase produced a large uncertainty

[Stock and Oskin, in prep]. The Rhyodacite of Cerro Starship was mapped as unit T4x

by Gastil and Krummenacher [1976], units Mrt (flow) and Mgd (dike) by Neuhaus

[1989] and units M9 (flow) and M10 (dike) by Gastil et al. [1999].

The Tuffs of Bah́ıa Vaporeta form a set of small-volume non-welded to moderately

welded pyroclastic flows intercalated with group six non-marine conglomerates ex-

posed along the southwestern shoreline of Isla Tiburón (unit QTprbv). At least three

five-meter-thick cooling units are exposed (353300,32 00280). Thin, poorly exposed non-

welded pumice flows characterize northern outcrops and a one- to two-meter-thick

welded carapace of tuff crops out on southwestern Isla Tiburón (352630,31 99100). The

Tuffs of Bah́ıa Vaporeta may be recognized from their distinctive and abundant light-

and dark-colored pumice and uncommon (1%) anorthoclase phenocrysts. Outcrops

of the Tuffs of Bah́ıa Vaporeta were mapped as Qm by Gastil and Krummenacher

[1976], unit Mry by Neuhaus [1989] and M10 by Gastil et al. [1999]. The Tuffs of

Bah́ıa Vaporeta have not been dated. These tuffs may be older or younger than the

Dacite of Cerro Colorado and the Hipat Tuffs that are described below.

In addition to the Tuffs of Bah́ıa Vaporeta, probably the youngest volcanic rocks

on Isla Tiburón are preserved on a prominent volcanic edifice near Punta Colorado

(354630,31 91680) and a nearby plateau formed of partially welded to non-welded airfall

deposits. These deposits are designated the Dacite of Cerro Colorado (unit Tpdcc)

and the Hipat Tuffs (new name, units Tpth1, Tpth2, and Tpth3). The thickness

and welding grade of the Hipat Tuffs increases towards the edifice of Dacite of Cerro

Colorado, strongly suggesting eruption from a volcano here. The bulk composition

of the Hipat Tuffs was determined as dacite by Neuhaus [1989]. The volcanic edi-

fice has not been sampled but is assumed to be the same composition as the airfall

deposits. The Hipat Tuffs record three pulses of airfall deposition. Unit Tpth1 is a

widespread non-welded bedded pumice lapilli and ash deposit up to 20 meters thick.
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This unit is draped over paleotopography in the Arroyo Sauzal drainage. Unit Tpth2

and unit Tpth3 are 5- to 10-meter-thick partially welded to non-welded lithic phyric

air-fall tuffs dominated by lapilli-sized pumice and containing 15-20% phenocrysts

(plagioclase > clinopyroxene > alkali-feldspar). Tpth2 contains one to two promi-

nent red welded bands, whereas Tpth3 contains an equally prominent black welded

band. Each of these internal welding zones ranges from 1 to 3 meters thickness. The

Dacite of Cerro Colorado and the Hipat Tuffs are mapped as unit T5r by Gastil and

Krummenacher [1976] and described as unit 12 by Neuhaus [1989] and Gastil et al.

[1999]. Attempts to date the Hipat Tuffs produced large uncertainties. Neuhaus

[1989] dated a sample by the whole-rock K-Ar method at 5.61±7.89 Ma (sample

239W). An attempt to date plagioclase by the 40Ar/39Ar method were unsuccessful

[Stock and Oskin, in prep.].

Several types of Quaternary deposits are mapped on Isla Tiburón (Plate II) and

mainland coastal Sonora (Plate I). Areas of active sedimentary deposition include

alluvium (unit Qal), littoral deposits (unit Qli), and colluvial slope-cover (unit Qco).

Aeolian deposits stabilized by vegetation (unit Qae) cover some areas adjacent to

the coastline. These deposits, where present along the rugged northeast coastline of

Isla Tiburón, appear to have been derived from sandy seafloor sediment transported

during times of lower sea level. Older Quaternary fluvial deposits are mapped as unit

Qoal where these deposits are low (1- to 3-meter-high) terrace deposits likely to be

of Quaternary age. Unit QTpal is mapped where thicker, high-standing terraces may

pre-date the Quaternary period. Stream terraces were mapped in detail where cut by

recent fault movements. Only the more prominent stream terraces are divided from

unit Qal in other areas. A string of 3- to 5-meter elevation benches covered with

rounded cobbles and sand lies adjacent to the coastline of Bah́ıa Vaporeta (unit Qm).

These are interpreted as wave-cut marine terraces that may correspond to a 5±1 m

highstand in the Gulf of California during oxygen isotope stage 5e [Ortlieb, 1991]. No

isotopic age information exists for Quaternary deposits on Isla Tiburón.
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3.5 Discussion

In this section, unit distribution and thickness, facies relationships, and paleo-

geography are discussed on a range-by-range basis for the Sonoran margin study

area. There is a similar set of facies relationships for the Tuff of San Felipe and the

Tuffs of the Northern Puertecitos Volcanic Province as shown for the northeastern

Baja California margin. A likely source area for the Tuff of San Felipe crops out

on the coastline of mainland Sonora and appears to be closely related to high-grade

exposures of the ignimbrite on northern Isla Tiburón. The Tuffs of the northern

Puertecitos Volcanic Province are confined to the western and northern areas of Isla

Tiburón. Here, the north to south progression of ignimbrite distribution and facies

relationships shares many aspects of the relationships exposed in northeastern Baja

California. Characteristics of the volcaniclastic stratigraphy of the Sonoran margin

are described below. In Chapter 5 below, these descriptions are synthesized with the

geology of northeastern Baja California into a paleogeographic restoration of the Gulf

of California rift.

3.5.1 Coastal Sonora

The mainland coastal area of central Sonora (Plate I) contains north- to northwest-

trending ridges comprised of basement (group 1) overlain by volcanic and volcaniclas-

tic strata (groups 2–6). This region can be divided into two domains of Miocene vol-

canic strata. The Sierra Seri domain comprises basal volcaniclastic sandstone capped

by a 200 m thick stack of densely welded ash-flow tuffs and rhyolite lava flows. These

volcanic strata are tentatively assigned to the Early- to Mid-Miocene arc (group 3)

and have no known correlative to the west. Outcrops of a distinctive conglomerate

(group 2) in the Sierra Seri correlate to outcrops in the Santa Rosa Basin of Baja

California. Outcrop relationships suggest that this conglomerate is younger than the

adjacent volcanic section [Gastil and Krummenacher , 1976, and Fig. 3.1], although

more fieldwork is needed here. The Kino–Chueca domain is separated from the Sierra
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Seri domain by the northwest-striking Sacrificio fault. Volcanic strata of the Kino–

Chueca domain comprise a basal 5 to 50 m thick section of basalt flows, andesite flows,

and volcaniclastic sandstone and conglomerate from the Early- to Mid-Miocene vol-

canic arc (group 3). These strata are overlain by 100 m to 135 m thick high-grade

Tuff of San Felipe (group 4). The highest-grade ignimbrite crops out near Punta

Chueca and is capped by the Tuffs of Punta Chueca, a 100 to 200 m thick section

of non-welded pyroclastic flows, and by basalt flows. These facies relationships and

associated syndepositional faults suggest that the Punta Chueca outcrops comprise

part of a caldera formed by eruption of the Tuff of San Felipe. Synrift volcanic de-

posits (groups 5 or 6) are represented by rhyolite lava flows overlying the Tuff of San

Felipe near Bah́ıa Kino. Synrift sedimentary deposits (groups 5 and/or 6) consist of

tilted fluvial conglomerate and modern fluvial and marine basin fill.

3.5.2 Sierra Kunkaak

The Sierra Kunkaak of eastern Isla Tiburón are comprised of a thick (500+ m?)

and largely unstudied section of probably Early to Mid-Miocene (group 3) lava flows

and volcaniclastic deposits [Gastil and Krummenacher , 1976]. This section is missing

and may have been structurally removed from the northern half of the range, where

basement (group 1) exposures predominate. A 3 km wide paleocanyon exposure in

the northern Sierra Kunkaak preserves high-grade Tuff of San Felipe intercalated with

rhyolite lava flows and capped by a basalt flow. West of this exposure, an eastward-

tilted package of synrift basin fill is preserved above the gently west-dipping (30◦)

Kunkaak normal fault. This section comprises early synrift conglomerates overlain

by the Tuffs of Mesa Cuadrada. The ignimbrite section here includes 200 m of primary

and reworked pyroclastic deposits overlying a partially-welded 80 m thick section of

Tmr3 and underlying a 20 m thick section of Tmr4. Late synrift fluvial conglomerates

(group 6) overlie Tmr4 here. Other outcrops of the western range-front of the Sierra

Kunkaak (unit Tmvu of Plate I) may also contain the Tuff of San Felipe and/or

the Tuffs of the northern Puertecitos Volcanic Province. A pair of incised half-graben
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basins within the southwestern Sierra Kunkaak/Arroyo Sauzal area preserves a section

of non-marine conglomerate and intercalated late synrift pyroclastic deposits.

3.5.3 Sierra Alta

The Sierra Alta of northwestern Isla Tiburón preserves a discontinuous section of

pre-rift strata overlying basement and overlain by approximately 200 m of early syn-

rift lava flows capped by the Tuffs of Mesa Cuadrada. Basement-clast conglomerate

(group 2) and the Tuff of San Felipe (group 4) fill west-trending paleocanyons cut into

igneous and metamorphic basement (group 1). Outcrops of the Tuff of San Felipe

are densely welded deposits up to 70 m thick with abundant dark-colored rhyolite

lithic inclusions. Early synrift rhyolite and andesite lava flows with intercalated vol-

caniclastic deposits overlie the Tuff of San Felipe. Rhyolite lava flows are underlain

by block and ash deposits and dikes are associated with andesite flows, suggesting

that these flows were erupted locally. The Tuffs of Mesa Cuadrada form a thin to

moderately thick (0–50 m) layer on the east side of the range. Tmr3 is poorly welded

to non-welded and Tmr4 is densely welded here. Thicker sections of the Tuffs of Mesa

Cuadrada are preserved as a paleocanyon fill deposit in the central part of the range.

Located at the southern end of the Sierra Alta, Punta Reina exposes several

stratigraphic transitions within both the Early- to Mid-Miocene arc rocks (group 3)

and overlying synrift deposits (group 5). Volcaniclastic rocks of the Early- to Mid-

Miocene arc appear in the section just north of Punta Reina and thicken southward.

Basement is buried from the exposed section at this same location southward and

does not reappear until south of the La Cruz fault in southern Isla Tiburón. Two

paleocanyons, one cut into basement and the other cut into group three volcaniclastic

strata, are filled by up to 30 m of the Tuff of San Felipe. After deposition of the Tuff

of San Felipe into these paleocanyons, early synrift andesite flows and volcaniclastic

debris flows (group 5) covered the northern paleocanyon. The southern paleocanyon

was filled by a > 250 m-thick section of the Tuffs of the Northern Puertecitos Volcanic

Province. Within a 2 km north-south distance at Punta Reina, outcrops of the Tuffs of
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Dead Battery Canyon and then the Tuffs of Arroyo El Canelo appear stratigraphically

above the Tuffs of Mesa Cuadrada. A younger paleocanyon cut across the Tuffs of

Mesa Cuadrada and the Tuffs of Dead Battery Canyon is filled by a section of debris

flows, ash-flow surge deposits, and other pyroclastic materials of the lowest member

of the Tuffs of Arroyo El Canelo. Overall, the Punta Reina area marks an abrupt

transition, from a simple section of 0 to 50 m thick deposits of the Tuffs of Mesa

Cuadrada in the Sierra Alta, to a complete > 250 m thick section of the Tuffs of the

Northern Puertectios Volcanic Province in the central Sierra Menor.

3.5.4 Sierra Menor

The Sierra Menor forms the principal belt of exposures of correlative volcanic

deposits adjacent to the western shoreline of Isla Tiburón. The oldest exposed strata

here are andesite lava flows and volcaniclastic rocks of the Early to Mid-Miocene arc

(group 3). These are exposed in the footwall of larger normal faults in the northern

and central parts of the range and in a 10 km diameter area of andesite in the

southern part of the range (Plate II). This latter feature appears to have persisted as

a paleotopographic high during later depositional episodes. The Tuff of San Felipe

crops out periodically in paleocanyons cut into the volcanic and volcaniclastic strata

or as isolated ridge-top exposures. The Tuff of San Felipe is typically less than 10

m thick, although local paleocanyon fill deposits reach 85 m thickness in the central

part of the range and 50 m thickness east of Punta Reina. Early synrift lava flows

are common throughout the range. These are predominantly rhyolite and andesite

in the northern half of the Sierra Menor. Basalt flows crop out in central part of

the range and at its northeast end. Early synrift conglomerates overlie these basalt

flows, defining the base of a 10-km-wide basin in the central Sierra Menor. Most

of this basin is filled by a 100 to 250 m thick section of the Tuffs of the Northern

Puertecitos Volcanic Province. The Tuffs of Mesa Cuadrada crop out throughout the

range and pinch out against paleotopography to the north and south. The Tuffs of

Dead Battery canyon are exposed in a 10 km-wide swath extending southeastward
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from Punta Reina. Outcrops of the Tuffs of Arroyo El Canelo partially overlie and

extend south of exposures of the Tuffs of Dead Battery Canyon. The Tuffs of Arroyo

El Canelo cap the stratigraphic section of the central and southern Sierra Menor. In

the southwestern part of the Sierra Menor, the Tuffs of Arroyo El Canelo directly

overlie older syn-rift or pre-rift strata, including the Tuff of San Felipe. In this area

it appears that the Tuff of Arroyo El Canelo surmounted or skirted paleotopography.

Thick, densely welded deposits of the Tuff of Arroyo El Canelo near the western

shoreline of Isla Tiburón (Fig. 3.6) may represent an equivalent of the intracaldera

facies present in the Arroyo Matomı́ area of Baja California (Fig. 2.8). Late synrift

fluvial basin fill deposits are exposed adjacent to the northern and eastern edge of

the Sierra Menor. Fluvial and marine deposits fill a fringing basin located at Bah́ıa

Vaporeta, west of the central Sierra Menor. A late synrift non-welded pyroclastic

flow, the Tuff of Bah́ıa Vaporeta, crops out periodically along the coastline here.

The Sierra Menor of southwestern Isla Tiburón preserves several complex strati-

graphic relationships in Early Miocene to Pliocene (or later) volcanic and volcani-

clastic rocks. Early to Mid-Miocene volcanic strata (group 3) do not match across

the northwest-striking La Cruz fault. Northeast of the La Cruz fault are exposures

of andesite and volcaniclastic conglomerates, whereas southwest of the fault, basalt

and volcanic sandstone are overlain by scattered andesite lava flows [Gastil et al.,

1999]. Outcrops of the Tuff of San Felipe and the Tuffs of the Northern Puertecitos

Volcanic Province appear to pinch out against paleotopography north of the La Cruz

fault, although isolated outcrops of the Tuff of Arroyo El Canelo may approach the

fault zone. The oldest deposits that correlate across the La Cruz fault are a landslide

breccia deposit and member one of the Tuffs of Arroyo Sauzal (Plate II). This latest

Miocene non-welded ash-flow tuff underlies a small (10 km2) basin formed adjacent to

the La Cruz fault and filled by marine and fluvial conglomerate. The basin deposit is

intruded by and overlain by the Early- to Mid-Pliocene Rhyodacite of Cerro Starship.

Southeast of Cerro Starship, the Dacite of Cerro Colorado and its associated air-fall

deposit, the Hipat Tuffs, form one of the youngest volcanic features on Isla Tiburón.
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Cerro Colorado forms a volcanic edifice exceeding 500 m elevation adjacent to the

southwestern coastline of Isla Tiburón. The Hipat Tuffs extend northeast of Cerro

Colorado, across the La Cruz fault and into the southwestern Sierra Kunkaak. These

tuffs are only slightly disrupted by the La Cruz fault.

3.6 Summary

In summary, similar to the northeastern Baja California margin, the Sonoran

margin study area contains a southward-thickening wedge of volcanic and sedimen-

tary strata (groups 2–6) overlying Mesozoic and older bedrock (group 1). The lowest

strata of this wedge are isolated channel-filling conglomerates (group 2). The largest

of these channels, located in the central Sierra Seri of mainland Sonora, contains

distinctive clasts that correlate to a similar deposit in the Santa Rosa Basin of Baja

California [Gastil et al., 1973]. Early- to Mid-Miocene arc volcanic and volcaniclastic

strata (group 3) vary in thickness from zero in the central Sierra Seri, northern Sierra

Kunkaak, and the Sierra Alta, to as much as 500 m in the southern Sierra Kunkaak

and the southern Sierra Menor. The Tuff of San Felipe (group 4) probably erupted

from a caldera located at Punta Chueca, mainland Sonora. Lobes of this ignimbrite

flowed southward to Bah́ıa Kino and westward across the northern Sierra Kunkaak,

Sierra Alta and the Sierra Menor. Early synrift (group 5) lava flows of varying compo-

sition extensively covered the Sierra Alta and the Sierra Menor. Early synrift fluvial

conglomerates in the central Sierra Menor and northern Sierra Kunkaak document

the formation of rift basins that later filled with the Tuffs of Mesa Cuadrada, the

Tuffs of Dead Battery Canyon, and the Tuffs of Arroyo El Canelo. Young synrift

volcanic deposits (group 6) are found only in southwestern Isla Tiburón. These Early

to Mid-Pliocene lava flows and tuffs bracket the age of a 10 km2 marine to non-marine

basin formed adjacent to the La Cruz fault. Other young synrift sedimentary deposits

are found in the north-trending rift basins of the Valle Tecomate and Arroyo Sauzal

of central Isla Tiburón, as well as in the Canal de Infernillo located between Isla
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Tiburón and mainland Sonora.

Two regional-scale stratigraphic relationships of pre-rift and syn-rift ignimbrite

deposits are key for correlation of the geology of coastal Sonora and Isla Tiburón across

the northern Gulf of California. These relationships are similar to those described for

Baja California in Chapter 2. The first of these relationships is the distribution and

facies of the Tuff of San Felipe. The Tuff of San Felipe fills a series of west-trending

paleocanyons that crop out over a north-south distance of 30 km adjacent to the

the western coastline of Isla Tiburón. Higher-grade densely welded outcrops of the

Tuff of San Felipe occur in coastal Sonora and on the northern areas of Isla Tiburón.

Outcrops of part of the likely vent area of the Tuff of San Felipe occur near Punta

Chueca on the Sonoran mainland. The second key regional-scale relationship is the

distribution of the Tuffs of the Northern Puertecitos Volcanic Province. In western

Sonora, these tuffs are restricted to a ∼400 km2 area of western and northern Isla

Tiburón. These outcrops occur adjacent to ∼30 km of the coastline of Isla Tiburón

from the La Cruz fault to the northern Sierra Alta. The overall north-south variations

in distribution of the Tuffs of Mesa Cuadrada, Tuffs of Dead Battery Canyon, and

the Tuffs of Arroyo El Canelo are identical to those seen in Baja California. The

Tuffs of Mesa Cuadrada are the most widespread unit. The Tuffs of Dead Battery

Canyon are restricted to the central coast of Isla Tiburón. The Tuffs of Arroyo el

Canelo are present in the central and southern Sierra Menor. As in Baja California,

the distribution of the Tuffs of Arroyo El Canelo is centered southward of the Tuffs of

Mesa Cuadrada. Thick, more densely welded deposits of the Tuffs of Mesa Cuadrada

and the Tuffs of Arroyo El Canelo appear in the central and coastal regions of Sierra

Menor.
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Table 3.3. Compilation of mapped units by Gastil and Krummenacher [1976] on Isla
Tiburón, and coastal Sonora into stratigraphic groups 1–6.

Group Mapped as Units1

Sierra Alta

Group 1: Basement complex Ms, Mc, t

Group 2: Tertiary basal sediments T1s, Base of T4x

Group 3: Miocene volcanic arc not present

Group 4: Tuff of San Felipe T1r, Base of T4x

Group 5: Early syn-rift deposits T1, T4, T4a, T4b, T4d, T4x

Group 5: Tuffs of the Northern
Puertecitos Volcanic Province

Top of T4 (T4, T4a, T4b, T4d, T4x)

Group 6: Late syn-rift deposits al, s

Sierra Menor

Group 1: Basement complex not exposed

Group 2: Tertiary basal sediments not exposed

Group 3: Miocene volcanic arc Lower T1, (10.9±2.3, K–Ar on plagioclase),
15.3±1.3, K–Ar on hornblende
T2
T3, 22.7±1.1, K–Ar on plagioclase, 18.8±2.4, K–
Ar on hornblende

Group 4: Tuff of San Felipe Middle T1
Lower T4x (near coast)

Group 5: Early syn-rift deposits Upper T1 (near coast)
T2, T3
T5 (inland, central to northern area)

Group 5: Tuffs of the Northern
Puertecitos Volcanic Province

T3? (unlabelled outcrop), 5.7±0.6, K–Ar on K-
feldspar
T4, T4x, T4y

Group 6: Late syn-rift deposits T3m, Qm, T3m, al
T5, T5r, T5d (southern area)

Sierra Kunkaak
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Compilation of mapped units by Gastil and Krummenacher [1976] on Isla Tiburón, and
coastal Sonora into stratigraphic groups 1–6, continued.

Group Mapped as Units1

Group 1: Basement complex M, Mv, Mc
t, gd

Group 2: Tertiary basal sediments not present(?)

Group 3: Miocene volcanic arc Lower T1, T1r(?), T1b(?), T2 (northern area)
Tv(?), T2, T3, T4b, T4x, T4y, T5d (southern
area)

Group 4: Tuff of San Felipe Middle T1 (northern area)

Group 5: Early syn-rift deposits T5a (southern area) 9.9±1.3, K–Ar on horn-
blende
Upper T1, T1s, T1c, T3 (northern area)

Group 5: Tuffs of the Northern
Puertecitos Volcanic Province

T4, T4x, T4y (northern area)

Group 6: Late syn-rift deposits al, Qm, Qf
T3, T5, T5r (southwestern area)

La Cruz Domain

Group 1: Basement complex Ms, gd

Group 2: Tertiary basal sediments not present(?)

Group 3: Miocene volcanic arc T1, T1r, T2, T2b, T3

Group 4: Tuff of San Felipe not present

Group 5: Early syn-rift deposits T4b, 7.0±0.3, K–Ar on whole rock

Group 5: Tuffs of the Northern
Puertecitos Volcanic Province

not present

Group 6: Late syn-rift deposits T4x, (11.2±1.3, K–Ar on plagioclase), 3.7±0.9,
K–Ar on plagioclase
T3m, T5r, al, Qm

Kino–Chueca Domain

Group 1: Basement complex M, Mc, Ms, Mv, t, gd, d

Group 2: Tertiary basal sediments not present(?)
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Compilation of mapped units by Gastil and Krummenacher [1976] on Isla Tiburón, and
coastal Sonora into stratigraphic groups 1–6, continued.

Group Mapped as Units1

Group 3: Miocene volcanic arc Lower T1 (northern area)
T2a, 21±0.8, 17.8±0.8, K–Ar on hornblende
T1b, T2, T2s

Group 4: Tuff of San Felipe Upper T1, T2 (northern area)
T1r, T2r

Group 5: Early syn-rift deposits T3, T4, T4x, Qf

Group 5: Tuffs of the Northern
Puertecitos Volcanic Province

not present

Group 6: Late syn-rift deposits T3, T4, T4x, Qf, al

Sierra Seri

Group 1: Basement complex M, Ms, ad, gd

Group 2: Tertiary basal sediments T1c

Group 3: Miocene volcanic arc Tb, Tv, T1-3, T2, T3
T2a, 12.3±2.9, K–Ar on plagioclase
T4x 12.7±1.1, K–Ar on plagioclase

Group 4: Tuff of San Felipe not present

Group 5: Early syn-rift deposits not exposed

Group 5: Tuffs of the Northern
Puertecitos Volcanic Province

not present

Group 6: Late syn-rift deposits Qf, al

1Anomalous or otherwise suspect dates enclosed in parentheses. All ages in millions of years.
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4.1 Abstract

Correlation of late Miocene volcaniclastic strata across the northern Gulf of Cal-

ifornia shows that the Pacific–North America plate boundary localized east of the

Baja California peninsula ca. 6 Ma. Dextral offset of the 12.6 Ma Tuff of San Fe-

lipe and a pair of overlying ca. 6.3 Ma pyroclastic flows indicate at least 255±10

km of displacement along an azimuth of 310◦. Isopach and facies trends of the Tuff

of San Felipe support no more than a few tens of kilometers of additional dextral

displacement between 12.6 and 6.3 Ma. These constraints indicate that nearly all of

the dextral displacement between the Pacific and North American plates prior to 6.3

Ma was accommodated outside of the gulf region, and by 4.7 Ma, the plate boundary

motion was localized in the Gulf of California. Although continental extension has

accounted for a component of plate boundary motion in northwestern Mexico since

cessation of subduction offshore of southern Baja California at 12.5 Ma [Stock and

Hodges , 1989], transfer of Baja California to the Pacific plate was delayed by at least

6–7 m.y.

4.2 Introduction

The Gulf of California is one of a few active examples of the transition from con-

tinental rifting to seafloor spreading. The opening of the gulf is directly related to

dextral motion on the San Andreas fault [Larson et al., 1968, Fig. 4.1] following

the cessation of subduction and microplate capture west of southern Baja Califor-

nia [Atwater , 1970; Mammerickx and Klitgord , 1982]. However, only 300–350 km of

the expected 500–600 km of post-12 Ma displacement between the Pacific and North

American plates has been accommodated as transform slip within the gulf, the re-

mainder being partitioned on faults west of Baja California [Spencer and Normark ,

1979; Stock and Hodges , 1989]. Transfer of Baja California to the Pacific Plate by

3.5 Ma is evident from the formation of magnetically lineated oceanic crust at the
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Alarcon Rise in the mouth of the gulf [Lonsdale, 1989]. The timing and location of

plate boundary motion between 12.5 and 3.5 Ma, and any amount of pre-12.5 Ma

strike-slip, is not defined from within the gulf or its surrounding extensional province.

From previous studies, it remains unclear whether the northwestward acceleration

of Baja California was a gradual process beginning at 12.5 Ma, or an abrupt event

6–7 m.y. later. Commonly, it is assumed that Baja California joined the Pacific plate

at or near the full plate motion rate, sufficient to open the gulf at 5 to 6 Ma [Curray

et al., 1982; Dickinson, 1996]. The evidence for this timing is not conclusive. Dextral

displacement on the southern San Andreas fault 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 Carreño, 1999]. Acceleration of Baja California

at 3.5 Ma has been proposed [Lonsdale, 1989; Umhoefer et al., 1994] and the full

Pacific-North America plate motion may not have occurred in the Gulf until 1 Ma

[DeMets , 1995].

We present a new set of cross-gulf geologic tie points that define the timing, magni-

tude, and rate of dextral shear in the gulf. Three distinctive pyroclastic flows correlate

lithologically, geochemically, and paleomagnetically from the northern Puertecitos

Volcanic Province of Baja California, across the gulf to Isla Tiburón and the adjacent

coast of Sonora. These units are the 12.6 Ma Tuff of San Felipe [Stock et al., 1999],

and a pair of ca. 6.3 Ma tuffs, Tmr3 and Tmr4, that overlie the Tuff of San Felipe

[Stock , 1989; Lewis , 1996; Nagy et al., 1999].

4.3 Tuffs of the Puertecitos Volcanic Province

The Puertecitos Volcanic Province records the transition from the early Miocene

andesitic arc to rift-related, bimodal volcanism [Mart́ın-Barajas et al., 1995, Fig.

4.1]. The synrift section here is dominated by a few extensive welded tuffs [Stock ,

1989, 1993; Mart́ın-Barajas et al., 1995; Lewis , 1996; Nagy et al., 1999]. Thickening

and facies trends of several of these tuffs indicate vent locations adjacent to the
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modern gulf coastline [Lewis , 1994; Stock et al., 1999], making these ideal targets for

cross-gulf correlation.

Characteristic lithologic features of the Tuff of San Felipe are dense welding, 3%–

15% phenocrysts (anorthoclase À Fe-Ti oxides ≈ clinopyroxene), rare accidental

lithics, and variably abundant distinctive, dark pods of rhyolite with 20% phenocrysts

(alkali feldspar À Fe-Ti oxides ≈ clinopyroxene > fayalite). 40Ar/39Ar age determi-

nations suggest that the Tuff of San Felipe is about 12.6 Ma in age [Stock et al.,

1999].

The Tmr3 and Tmr4 ignimbrites form a distinctive package of similar extent with

parallel changes in thickness and welding grade. Characteristic lithologic features of

Tmr3 are partial welding, 5%-10% cm sized, mostly volcanic lithics, and 10%-15%

phenocrysts (alkali feldspar À magnetite > pyroxene > zircon ≈ basaltic hornblende

≈ biotite ≈ fayalite). 40Ar/39Ar age determinations suggest that Tmr3 is about 6.3

Ma in age [Lewis , 1996; Nagy et al., 1999]. Tmr4 is a densely welded vitric ash-

flow tuff with rare phenocrysts and volcanic lithic inclusions. Tmr4 is undated, but

stratigraphic evidence suggests that Tmr3 and Tmr4 together form a single eruptive

sequence [Stock , 1989; Lewis , 1994]. These units are grouped together for correlation

(Fig. 4.1).

4.4 Correlation

The likely location of correlative deposits is the coastal region of Sonora and Isla

Tiburón. Gastil and Krummenacher [1977] identified an extensive cover of volcani-

clastic strata here, which they recognized as potentially correlative to the Puertecitos

Volcanic Province. Northeastern Baja California and coastal Sonora also share a

correlative Tertiary conglomerate [Gastil et al., 1973, Fig. 4.1] and Paleozoic strati-

graphic trends [Gastil et al., 1991] supporting ∼300 km of separation between these

areas.

Our reconnaissance investigations identified ash-flow tuffs lithologically similar to
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the Tuff of San Felipe, Tmr3, and Tmr4 in coastal Sonora and Isla Tiburón (Fig. 4.1).

To confirm correlation, several geochemical tests were applied. Feldspar and pyrox-

ene phenocrysts from the Tuff of San Felipe, Tmr3, and from potential correlative

ignimbrites in Sonora were analyzed in thin section by electron microprobe (Fig. 4.2).

Both phenocryst composition and zonation are distinctive in these ignimbrites. The

phenocrysts of samples from correlated deposits on Isla Tiburón and coastal Sonora

are identical to those measured from the Tuff of San Felipe in Baja California (Fig.

4.2, Appendix B). Whole-rock chemical analyses also support correlation (See Table

5.1 in Chapter 5). 40Ar/39Arage determinations of Sonoran samples are in progress

to further validate these correlations.

Paleomagnetic remanence directions also verify the correlation of the tuffs (Fig.

4.3, Table 5.3 in Chapter 5). Remanent magnetic vectors were measured following the

procedures outlined in Stock et al. [1999]. The Tuff of San Felipe yields a distinctive,

low-inclination reversed polarity vector of magnetization [Stock et al., 1999]. Samples

of similar tuff from Sonora also yielded low-inclination reversed polarity directions.

Tmr3 and Tmr4 from Baja California yield a distinctive pair of moderate-inclination

normal polarity vectors. Tmr4 has consistently lower inclination and is counterclock-

wise to Tmr3. Remanent magnetization of Tmr3 and Tmr4 from Isla Tiburón yield

similar vector pairs, supporting correlation of these units.

Thickness and welding grade of the Tuff of San Felipe and the distribution of

Tmr3 and Tmr4 are used to match opposite sides of the Gulf of California (Fig.

4.3). The Tuff of San Felipe in Baja California has a semicircular thickness pattern,

centered on an area of higher grade, near-vent deposits in the eastern Sierra San

Felipe [Stock et al., 1999]. The isopachs of the correlative deposits in Sonora are

complex. The thickest deposits and possible intracaldera facies are preserved near

the Sonoran coastline. Outcrops on Isla Tiburón fill west-trending paleocanyons, with

higher grade deposits present on the northern part of the island. The distribution of

Tmr3 and Tmr4 is more uniform and restricted than the Tuff of San Felipe. Thick

welded deposits occur in the Sierra Menor on Isla Tiburón and adjacent to an area
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covered by younger rhyolitic lava and ignimbrites near the present-day coastline of

Baja Califronia (’Covered Area’ of Fig. 4.3). Additional deposits of Tmr3 and Tmr4

may exist south of the area of detailed mapping in Baja California.

4.5 Discussion

The identical lithologic, geochemical, and paleomagnetic characteristics of the out-

crops in coastal Sonora and Isla Tiburón confirm that these deposits are displaced

parts of tuffs known from Baja California. We restore 255±10 km of right slip be-

tween Baja California and Sonora, along an azimuth of 310◦ defined by the Tiburón

Fracture Zone and Ballenas Transform (Figs. 4.1 and 4.3). This restoration brings

into proximity the correlative ignimbrite outcrops as well as older correlative con-

glomerates described by Gastil et al. [1973]. The map-view restoration (Fig. 4.3)

does not account for the effects of additional distributed dextral shear and east-west

extension in the study area. The division of slip onto the Ballenas Transform and the

Tiburón Fracture Zone (Fig. 4.1) depends upon the restoration of Isla Angel de la

Guarda to an uncertain position south of Isla Tiburón [Lonsdale, 1989; Stock , 2000].

This uncertainty does not affect the summed dextral displacement measured here.

Although a palinspastic reconstruction is beyond the scope of this paper, the

map-view restoration defines the strike-slip history in the gulf. Extension in this area

during the interval from 12.6 to 6.3 Ma [Stock and Hodges , 1989; Stock et al., 1991;

Lewis and Stock , 1998b; Nagy , 2000] was not accompanied by enough dextral shear

to significantly displace the Tuff of San Felipe or the older correlative conglomerate of

Gastil et al. [1973] more than a few tens of kilometers before deposition of Tmr3 and

Tmr4. Comparison of the offset of 255±10 km with estimates of plate motion from

plate circuit analyses indicates that localization of strike slip into the gulf probably

occurred during a short, 1–2 Myr window during late Miocene-early Pliocene time

(Table 4.1). This window is largest if the Pacific-North America rate is applied to

the gulf. If the spreading rate in the Gulf was 10–15% less than the Pacific-North
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Table 4.1. Comparison of potential displacement
rates across the northern Gulf of California.

Ratea Time intervalb Time to 255±10 kmc

(mm/yr) (Ma) (Ma)

Alarcón Rise [DeMets , 1995]d

47.9±2.1 0–1.03
41.0±1.9 1.03–3.16e 6.1±0.3

Nuvel-1A [DeMets and Dixon, 1999]f

49.6±0.8 0–3.16e 5.1±0.1

Plate Circuit [Atwater and Stock , 1998]f

∼54 0–5.105 4.7

a Rates calculated for a point on the Tiburón Fracture
Zone, 28.38◦N, 112.5◦W.

b Interval between magnetic anomalies used to calculate
rate.

c Time required to accumulate 255 km between Isla
Tiburón and the Puertecitos Volcanic Province.

d Motion of Baja California relative to North America
measured from magnetic anomalies at the Alarcón Rise
(Fig. 5.1).

e Rate extrapolated to time required to attain displace-
ment of 255 km.

f Full Pacific–North America displacement rate.
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America rate until 1 Ma [DeMets , 1995], then the time to acquire 255±10 km of offset

overlaps the age of Tmr3. Significant acceleration of Baja California both at 3.5 Ma

and at 1 Ma are incompatible with the total amount of offset recorded since 6.3 Ma.

4.6 Conclusion

The locations of correlative deposits of the 12.6 Ma Tuff of San Felipe, and ca. 6.3

Ma Tmr3 and Tmr4 ignimbrites suggest at least 255±10 km of transform displacement

across the northern Gulf of California. These results agree well with models of the San

Andreas fault system in southern California that partition significant strike slip into

the gulf after 6 Ma [Crowell , 1981; Curray et al., 1982; Matti et al., 1992; Dickinson,

1996]. Localization of plate boundary slip in the Gulf of California was a rapid

transition from extension and minor dextral motion prior to 6.3 Ma, to the principal

plate boundary by 4.7 Ma. Transfer of the Baja California peninsula to the Pacific

Plate was delayed 6–7 m.y. after microplate capture and initiation of transform

faulting west of southern Baja California.
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Chapter 5

Miocene to Recent Pacific–North America

plate motion and opening of the Upper

Delf́ın basin, northern Gulf of California,

Mexico
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5.1 Abstract

Correlation of conjugate rifted margins of the Upper Delf́ın basin constrains the

timing of Pacific–North America Plate motion and amount of opening of in the north-

ern Gulf of California. Lithologic, geochemical, paleomagnetic, and geochronologic

data from a set of four ignimbrites, consisting of a total of eight distinctive cooling

units, are shown to correlate from northeastern Baja California to Isla Tiburón and

adjacent areas of western Sonora. These matching ignimbrites are the ∼12.6 Ma Tuff

of San Felipe and the 6.1–6.3 Ma Tuffs of Mesa Cuadrada, the Tuffs of Dead Battery

Canyon, the Tuffs of Arroyo El Canelo. Offset distributions and facies relationships

of these ignimbrites and other strata support 255 ± 10 km of opening between con-

jugate rifted margins of the Upper Delf́ın basin. Additional deformation from the

continental margins of this basin supports a total of 296 ± 17 km of Pacific–North

America Plate motion between coastal Sonora and the Main Gulf Escarpment in Baja

California. This measurement is indistinguishable from older conglomerate and base-

ment geologic tie points but requires that at least 276 ± 13 km of displacement has

occurred since ∼6 Ma. The restored continental margins of the Upper Delf́ın sup-

ports that only a 15 to 25 km width of upper continental crust has foundered beneath

this part of the northern Gulf of California. This result suggests that most of the

crust between Isla Tiburón and coastal Sonora is formed of new transitional oceanic

crust with a possible contribution from lower continental crust by inflow from the

rift flanks. Lower crustal flow was especially likely during initial separation of Baja

California from North America prior to arrival of large amounts of sediment from the

Colorado River.

5.2 Introduction

The Gulf of California of southwestern North America (Fig. 5.1) presents an

exceptional opportunity to examine the formation of a young ocean basin within
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an evolving continental orogen. Opening of the Gulf of California is the result of

transform motion between the Pacific plate and the North America plate [Atwater ,

1970]. The tectonic setting of the Gulf of California and southwestern North America

is well understood from the perspective of continental geology [Burchfiel et al., 1992;

Stewart , 1998; Stock and Hodges , 1989; Gastil et al., 1991] and from marine plate

tectonic studies [Stock and Molnar , 1988; Lonsdale, 1989; Atwater and Stock , 1998].

Opening of the Gulf of California followed the termination of subduction west of Baja

California Sur at 12.5 Ma [Mammerickx and Klitgord , 1982; Spencer and Normark ,

1979]. Seafloor spreading at the mouth of the Gulf of California records more than

85% of Pacific-North America plate motion since 3.5 Ma and over 95% of the plate

motion since 1 Ma [DeMets , 1995; DeMets and Dixon, 1999; Dixon et al., 2000].

Continental geologic records define the tectonic history of the Gulf of California

prior to 3.5 Ma. Offset basement relationships and Tertiary conglomerates indi-

cate that approximately 300 km of dextral displacement has occurred in the Gulf of

California [Gastil et al., 1991, 1973, and Fig. 5.2]. Geologic relationships in south-

ern California indicate that most or all of this displacement occurred after 12.5 Ma

[Crowell , 1981; Dickinson, 1996]. Correlation of syn-rift pyroclastic deposits from the

Puertecitos Volcanic Province of Baja California to Isla Tiburón and coastal Sonora

supports 255 ± 10 km of opening of the Upper Delf́ın basin of the northern Gulf

of California. These results suggest that the Pacific–North America plate boundary

localized in the Gulf of California during latest Miocene time.

With adequate geologic control, fundamental tectonic problems such as the role of

pre-existing weaknesses and strain partitioning in localizing continental rifting may

be addressed from the geology of the Gulf of California. Critical geologic parameters

from the Gulf of California are the rate of transfer of Baja California to the Pacific

plate and the amount of crustal attenuation that accompanied this transfer. Until

recently, no record existed that directly measured total offset, offset rate, and crustal

attenuation in the Gulf of California.

This paper expands on the initial findings reported by Oskin et al. [2001] to docu-
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Sierra Juárez; PVP, Puertecitos Volcanic Province; IAG, Isla Angel de La Guarda; IT, Isla
Tiburón.



142

ment a complete record of dextral Pacific–North America plate motion in the northern

Gulf of California and its surrounding rifted continental margin. A set of four ign-

imbrites consisting of a total of eight distinctive cooling units are shown to correlate

from northeastern Baja California to Isla Tiburón and coastal Sonora. Each of these

ignimbrites displays a unique matching distribution in northeastern Baja California

and Isla Tiburón. Offset distributions and facies relationships of these ignimbrites

and other strata support 255 ± 10 km of the Upper Delf́ın basin of the northern

Gulf of California, as proposed earlier by Oskin et al. [2001]. The uncertainty of this

geologic tie point is supported by alternative reconstructions. New geologic map-

ping presented here suggests that an additional 20 ± 10 km of dextral displacement

occurred in coastal Sonora sometime after 12.6 Ma. Together with earlier studies

of rotational deformation of the continental margin of Baja California by Lewis and

Stock [1998a], the total opening measured in the northern Gulf of California of 296 ±
17 km is indistinguishable from older conglomerate and basement geologic tie points.

Restoration of the conjugate rifted margins of the Upper Delf́ın basin also constrains

the amount of foundered upper continental crust that may underlie this segment of

the Gulf of California. This slip history and crustal budget comprise important con-

straints for the tectonic evolution of southwestern North America and the mechanisms

of continental rifting in the northern Gulf of California.

5.3 Geology of northeastern Baja California, Isla

Tiburón, and coastal Sonora

5.3.1 Study areas

The geology of conjugate rifted margins of the northern Gulf of California presents

several possibilities for precise temporal constraints on the development of the Gulf

rift. Existing correlations of basement geology and Tertiary conglomerate deposits

indicate ∼300 km total displacement for this area [Gastil et al., 1973; Silver and
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Chappell , 1988; Gastil et al., 1991, and Fig. 5.2]. Pre- and syn-rift volcanic deposits of

the Puertecitos Volcanic Province (PVP) of northern Baja California comprise a well-

dated Mid-Miocene to Late Pliocene stratigraphy adjacent to the Gulf of California

[Stock , 1989; Stock et al., 1991; Mart́ın-Barajas and Stock , 1993; Mart́ın-Barajas et al.,

1995; Lewis , 1996; Nagy et al., 1999, and Fig. 5.3]. Contained within these strata

are extensive ignimbrite sequences deposited at 12.6 Ma, ∼6 Ma, and ∼3. 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; Mart́ın-Barajas et al.,

1995; Lewis , 1994; Nagy , 1997]. These widespread ignimbrites, 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

indicates a similar, extensive Mid- to Late-Miocene volcanic cover adjacent to the

eastern shoreline of the Gulf of California [Gastil and Krummenacher , 1976].

5.3.2 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. 5.4). This stratigraphic framework

is based on previous groupings used by Nagy et al. [1999].

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 [Gastil et al., 1975; Silver and

Chappell , 1988; Gastil et al., 1991]. Group two rocks nonconformably overlie the

basement as a thin, discontinuous veneer of Eocene through Mid-Miocene fluvial, la-

custrine, and aeolian sedimentary rock. These deposits grade upward and laterally

into lava flows, intrusions, and volcaniclastic rocks of the Middle Miocene volcanic
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arc that comprise group three [Dorsey and Burns , 1994].

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]. This distinctive

ignimbrite is allotted a separate group because of its stratigraphic position marking

the transition from the Mid to Late Miocene volcanic arc to rifting, volcanism, and

sedimentation related to formation of the Gulf Extensional Province [Stock , 1993;

Lewis , 1994; Nagy , 1997; Stock et al., 1999]. The Tuff of San Felipe is correlated to

Isla Tiburón and coastal Sonora by Oskin et al. [2001].

Lithologic group five is an assemblage of volcanic, volcaniclastic, and fluvial rocks

deposited synchronously with rifting in the Gulf of California Extensional Province.

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 [Stock , 1989; Stock

et al., 1991; Stock , 1993; Mart́ın-Barajas and Stock , 1993; Lewis , 1996; Nagy et al.,

1999]. Three separate sets of group five ignimbrites are recognized both in Baja

California and Isla Tiburón. The lowest of these are the Tuffs of Mesa Cuadrada

(new name). This unit is comprised of the Tmr3 and Tmr4 ignimbrites which Oskin

et al. [2001] correlated to Isla Tiburón. The Tuffs of Dead Battery Canyon [Lewis ,

1996] overlie the Tuffs of Mesa Cuadrada. Two cooling units (Tmr5 and Tmr6) of

this tuff are present in Baja California; one of these (Tmr5) is also recognized on Isla

Tiburón. The Tuffs of Dead Battery Canyon may be the uppermost deposits from

the same eruptions that produced the Tuffs of Mesa Cuadrada [Lewis , 1994]. The

Tuffs of Arroyo El Canelo [Stock et al., 1991; Mart́ın-Barajas and Stock , 1993] cap the

group five section (Fig. 5.4). Four distinctive cooling units of the Tuffs of Arroyo El

Canelo are recognized in both Baja California and Isla Tiburón. Together, the Tuffs

of Mesa Cuadrada, the Tuffs of Dead Battery Canyon, and the Tuffs of Arroyo El

Canelo comprise the Tuffs of the Northern Puertecitos Volcanic province (new name).

Group six contains a younger volcanic and fluvial assemblage similar to group five,

and also includes marine deposits of the Gulf of California [Lewis , 1996; Stock et al.,

1991; Mart́ın-Barajas et al., 1997]. The 2.7 Ma to 3.5 Ma Tuffs of Los Heme form
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a Late Pliocene composite ignimbrite sheet that covers the southwestern Puertecitos

Volcanic Province [Mart́ın-Barajas et al., 1995]. Geologic mapping in Sonora and Isla

Tiburón did not correlate these or other group six strata across the Gulf of California.

5.3.3 Geologic mapping

Baja California

Much of the geology of northeastern Baja California is known only in reconnais-

sance (Figs. 5.3 and 5.5). 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; Mart́ın-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

new reconnaissance geologic map (Fig. 5.5).

The limits of the northeastern Baja California study area (Fig. 5.5) 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

Figure 5.5. (next page) Geologic map of northeastern Baja California. See text for dis-
cussion of stratigraphic groups depicted here. Stratigraphic relationships of these groups
are shown in Fig. 5.4. Geology based on detailed mapping of areas shown on Fig. 5.3
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: B, Un-
named Quaternary basaltic andesite of Santa Isabel Wash; F, Pico San Fermín; G, Pico de
Los Gemelos; H, Pico Los Heme; P, Volcán Prieto. Other locations: S.I. and SIW, Santa
Isabel Wash; MA, Mesa El Avión; Oc., Arroyo El Oculto.
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Figure 5.5.
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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. 5.3). 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.

Isla Tiburón and coastal Sonora

Reconnaissance geologic investigations conducted over the central-western coast-

line of Sonora, Mexico, sought to identify matching ignimbrite units to the Puertecitos

Volcanic Province and the Sierra San Felipe of Baja California. Accessible outcrops of

ash-flow tuffs mapped by Gastil and Krummenacher [1976] were assessed for litholigic

similarity to the distinctive tuffs mapped in northeastern Baja California (Fig. 5.5).

Potentially correlative outcrops of the Tuff of San Felipe and the Tuffs of the north-

ern Puertecitos Volcanic Province were located on Isla Tiburón and adjacent areas

of coastal Sonora (Fig. 5.6). On the western side of Isla Tiburón, a 300 m thick

section of ash-flow tuffs contains correlatives to the Tuff of San Felipe overlain by

correlatives to the Tuffs of the northern Puertecitos Volcanic Province. Inspection

of Landsat Thematic Mapper Imagery of Isla Tiburón revealed that the potentially

correlative section here is present in the Sierra Menor and Sierra Alta on the western

half of the island. Additional isolated outcrops are present in the Sierra Kunkaak on

the northeastern part of the island (Fig. 5.6).

Detailed geologic mapping of Isla Tiburón concentrated on the western coast of

the island (Figs. 5.3 and 5.6). This area presented a well-exposed north-south transect

of volcanic strata to match with the conjugate rifted margin in Baja California. Inte-
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rior areas of the southern and northeastern parts of the island were explored in order

to assess important stratigraphic features identified by initial reconnaissance stud-

ies. Areas bordering the interior valley of the island (Valle Tecomate) were mapped

primarily by air-photo and Landsat image interpretation. Fortunately, stratigraphic

and structural complexity appear most commonly near the western coastline of Isla

Tiburón while much of the interior area of the Sierra Menor and Sierra Alta consists

of structurally simple, well-exposed block faulted ridges.

5.4 Correlation of ash-flow tuffs

Preliminary correlations of ash-flow tuffs were established by lithology and later

verified by petrographic examination of phenocryst, glass, pumice, and lithic content.

Further geochemical and paleomagnetic tests were applied to the most widespread

and stratigraphically simple ignimbrites common to northeastern Baja California and

western Sonora [Oskin et al., 2001]. These simple cooling units are the Tuff of San

Felipe and Tmr3 and Tmr4 from the Tuffs of Mesa Cuadrada. The Tuffs of Dead

Battery Canyon were also analyzed paleomagnetically at two localities in Baja Cali-

fornia and one locality on Isla Tiburón (Locations SFI and SFJ, Fig. 5.7; Location

PRS, Fig. 5.8). Due to several complexities, the Tuffs of Arroyo El Canelo were

avoided for geochemical and paleomagnetic analyses. Nagy [1997] reported difficulty

recovering core samples and demagnetization paths for the Tuffs of Arroyo El Canelo.

Complex and incompletely understood cooling unit stratigraphy for the Tuffs of Ar-

royo El Canelo in Baja California also complicates interpretation of geochemical data

for this unit [Stock et al., 1991; Mart́ın-Barajas and Stock , 1993; Nagy , 1997]. How-

ever, it does appear that much of the zonation of the Tuff of El Canelo is consistent

between the Sierra Santa Isabel of Baja California and western Isla Tiburón. Future

geochemical tests should reinforce existing lithologic and stratigraphic correlation of

this unit.
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Figure 5.7. (next page) Measured section and geochemical, paleomagnetic, and
geochronology sample localities in northeastern Baja California. Measured section loca-
tions (see Fig. 5.9) indicated by circles: AO, Arroyo El Oculto [Nagy , 1997]; DBC, Dead
Battery Canyon [Lewis, 1994]; EC, El Coloradito [Lewis, 1994]; LC, Arroyo La Cantera
[Mart́ın-Barajas et al., 1995]; MC, Mesa Cuadrada [Stock , 1989]; MM, Mesa Matomı́ [Stock ,
1989]; SIW, Santa Isabel Wash [Nagy , 1997]. Geochemical, paleomagnetic, and geochronol-
ogy sample localities indicated by asterisks:. MA, Mesa El Avión; MC, Mesa Cuadrada;
SFB–SFN, Sierra San Fermı́n; SIW, Santa Isabel Wash; SRB, Santa Rosa basin; VC, Valle
Chico.

5.4.1 Lithology

The Tuff of San Felipe

The Tuff of San Felipe (Fig. 5.9) may be recognized in the field by several charac-

teristic lithologic features [Stock et al., 1999; Oskin et al., 2001]. The tuff is everywhere

densely welded, with 10–15% anorthoclase phenocrysts, <1% augite phenocrysts, rare

accidental lithics, and distinctive, rare to uncommon dark inclusions of rhyolite. These

inclusions contain 20% phenocrysts (alkali feldspar À clinopyroxene > fayalite) and

form pods up to 40 cm in length. Typical outcrops of the tuff develop a dark brown to

black vitrophyre 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 Tuffs of Mesa Cuadrada

The Tuffs of Mesa Cuadrada (Fig. 5.9) comprise two distinctive cooling units,

Tmr3 and Tmr4 [Stock , 1989; Lewis , 1996; Nagy et al., 1999]. Parallel changes in

thickness and welding grade, and the absence of intervening erosion supports group-

ing of these units into a single eruptive sequence [Lewis , 1994]. Tmr3 is a non-welded

to partially-welded ash-flow tuff characterized by 5–10% cm-sized volcanic lithic frag-
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ments and 10–15% phenocrysts (alkali-feldspar À augite ≈ quartz > biotite ≈ Fe–Ti

oxides > basaltic hornblende ≈ fayalite ≈ zircon). Matrix material of Tmr3 is domi-

nantly glass shards with up to 10% pumice lapilli. Typical deposits of Tmr3 weather

orange, with a light grayish purple fresh surface. Progressively more welded sections

appear bright orange to red, with a dark-brown indurated vitrophyre near the base.

Tmr4 is a densely welded ash-flow tuff characterized by distinctive welding zona-

tion, 1–3% phenocrysts (plagioclase > pyroxene > quartz) and 1% volcanic lithic

fragments. Glass spicules dominate the matrix material, lending the tuff an even

porcelainous texture. Basal Tmr4 commonly includes a thin (<1 m) layer of yellow

ash and pumice, grading upwards into brown to black vitrophyre with pumice fiamme.

A sharp break separates the black vitrophyre from a zone of dense welded red tuff.

This is capped by vapor-phase altered light purple welded tuff. Thicker sections of

Tmr4 are capped by an additional zone of non-welded tuff.

The Tuffs of Dead Battery Canyon

The Tuffs of Dead Battery Canyon form two nearly identical cooling units, Tmr5

and Tmr6 (Fig. 5.9). The following descriptions are from Lewis [1994] and Lewis

[1996]. Cooling unit Tmr5 is characterized by ∼3% cm-sized pumice and 5–10%

phenocrysts (feldspar À Fe–Ti oxides > clinopyroxene). Tmr5 is comprised of a base

of indurated, dark reddish-brown porcelainous welded tuff, capped by light purple

vapor-phase altered tuff. Tmr6 contains 10–15% phenocrysts (feldsparÀ Fe-Ti oxides

> clinopyroxene ≈ basaltic hornblende) and up to 10% flattened pumice. Lewis [1994]

Figure 5.9. (next page) Stratigraphic columns of the Tuff of San Felipe and the Tuffs of the
Northern Puertecitos Volcanic Province. See Figs. 5.7 and 5.8 for section locations. Grey
bands denote grouping and correlation of ash-flow tuffs. Ash (small filled circles), pumice
(ellipses and lenses) and lithic fragments (angular filled blocks) schematically represent
the relative concentration of these components in each unit. Welding grade indicated by
flattened pumice and a greater concentration of ash and lithic fragments. Measured sections
in Baja California are from the references shown beneath each column. Measured section
from Isla Tiburón is a composite of Punta Reina localities PRS and PRF located on Fig. 5.8
and described in Appendix A.
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and Lewis [1996] also noted a trace amount of tourmaline phenocrysts in Tmr6, but

additional petrographic observations of Tmr6 for this study did not encounter this

phenocryst phase. Like Tmr5, Tmr6 is also composed of a base of indurate dark

reddish-brown porcelainous welded tuff, capped by lighter-colored vapor-phase altered

zones. Additional outcrops of plagioclase-phyric welded tuff mapped as Tmr4a [Lewis ,

1994] on the western side of the Sierra San Fermı́n are included here with the Tuffs

of Dead Battery Canyon. Pumice and phenocryst content of outcrops of the Tuffs of

Dead Battery canyon on Isla Tiburón best supports correlation to cooling unit Tmr5.

The Tuffs of Dead Battery Canyon may be an uppermost cooling unit of the Tuffs

of Mesa Cuadrada. This possibility was suggested by Lewis [1994], who observed

that the Tuffs of Dead Battery Canyon are lithologically similar to and conformably

overlie Tmr4 in the Sierra San Fermı́n. Younger units, including a possible correlative

to the Tuffs of Arroyo El Canelo (Tmr8, see below) overlie the Tuffs of Dead Battery

Canyon with a slight angular unconformity [Lewis , 1994]. This same relationship

appears on Isla Tiburón south of Punta Reina (Fig. 5.6) where the Tuffs of Dead

Battery Canyon conformably overlie the Tuffs of Mesa Cuadrada but are cut by a

paleocanyon filled by the El Oculto member of the Tuffs of Arroyo El Canelo.

The Tuffs of Arroyo El Canelo

The Tuffs of Arroyo El Canelo comprise a complexly zoned ignimbrite with at

least four distinct cooling units (Fig. 5.9). The Tuffs of Arroyo El Canelo as defined

here are based upon the exposures in the Santa Isabel Wash region, where these tuffs

are best exposed in relation to other ignimbrites [Nagy et al., 1999]. Many of the tuffs

designated as cooling units of the Tuffs of Arroyo El Canelo in this study were given

separate names by Nagy et al. [1999]. These units are the Tuff of Arroyo El Oculto,

Tuff of Arroyo El Canelo (with an internal cooling break), the Bighorn Sheep Tuff,

and the Flagpole Tuff.

The El Oculto member of the Tuffs of Arroyo El Canelo is a non-welded lithic-rich

devitrified ash-flow tuff with 2% phenocrysts (plagioclase + anorthoclase(?) > or-
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thopyroxene). The El Oculto member is typically thin (0-2 m thick) and has a distinc-

tive bright-white weathered surface. Thicker sections described by Nagy [1997] display

a densely welded interior zone, up to decimeter-sized lithics, and lithic-concentration

zones. This unit is correlated by Nagy et al. [1999] to unit t14 of Stock et al. [1991].

The main (El Canelo) member of the Tuffs of Arroyo El Canelo comprises multiple

cooling units of densely welded lithic-phyric ash-flow tuff. These units are charac-

terized by 3-10% phenocrysts (plagioclase + anorthoclase À orthopyroxene ≈ Fe–Ti

oxides > hornblende), a dark-purple matrix of welded glass, and distinctive pumice

fiamme up to 50 cm in length. The base of the tuff is characterized by dense, dark-

purple indurated vitrophyre with cm-scale variations in phenocryst concentration and

black fiamme. Above the basal densely welded zones, phenocryst concentration levels

out at ∼10% and replacement of the pumice by light-colored vapor-phase crystals

form white pods that sharply contrast with the dark-purple glassy matrix. Thick

high-grade sections of the El Canelo member display extremely thin (<1 cm) fi-

amme with rheomorphic flow lineations. Cooling breaks in the El Canelo member are

distinguished by a volcanic lithic concentration zone overlain by a thin non-welded

dark-colored glass and/or a dark purple indurated vitrophyre. This unit is correlated

by Nagy et al. [1999] to units t9 and t12 of Stock et al. [1991] and units tmc2 and tmc3

of [Mart́ın-Barajas et al., 1995]. Lewis [1994]’s Tmr8 is also tentatively correlated to

the main member of the Tuffs of Arroyo El Canelo.

The Bighorn Sheep member and the Flagpole member are the uppermost cooling

units of the Tuffs of Arroyo El Canelo. The following descriptions are from Nagy

[1997] and Nagy et al. [1999]. The Bighorn Sheep member is a weakly-indurated

crystal- and lithic-rich pyroclastic flow deposit. The concentration of lithic fragments

ranges from 2% to up to 50%, and they average 2–3 cm size. Elongate dark pumice

or scoria may be up to 50 cm in length and comprise up to 100% of the unit locally.

Matrix material, where present, consists of pale pink/purple, or yellow devitrified ash

and 5–10 phenocrysts (plagioclase + anorthoclase(?) > Fe–Ti oxides > altered mafic

silicates (pyroxene?)). The distribution of the Bighorn Sheep member is erratic at
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the 100 m-scale and its thickness ranges from 0–15 m. The Flagpole member is a

2–5 m-thick indurate densely welded dark-purple to dark-orange crystal-rich ash-flow

tuff. Its appearance is similar to that of the underlying El Canelo member, with large

vapor-phase replaced fiamme and cm-scale variation in phenocryst abundance in the

basal welded vitrophyre. The presence of trace amounts of fayalite distinguishes this

capping unit from the underlying members of the Tuffs of Arroyo El Canelo at Santa

Isabel Wash. Possible correlatives to the Bighorn and Flagpole members are unit

t9 of Stock et al. [1991] and units tmc4 and tmc5 of [Mart́ın-Barajas et al., 1995].

However, fayalite is not described from these tuffs and these may comprise additional

cooling units of the underlying El Canelo member.

5.4.2 Major and trace element analyses

Major and trace element analyses provide a simple test of correlation of ash-flow

tuffs across the Gulf of California (Table 5.1). However, this test should not produce

identical data for every sample locality within a single ignimbrite. Composition vari-

ations within a pyroclastic flow may arise from variations within the magma source

[Wilson and Hildreth, 1997, for example], mechanical separation of ash-flow compo-

nents during emplacement [Branney and Kokelaar , 1992], and transport of mobile

elements by hydrothermal processes during cooling of the ash-flow deposit [Weaver

et al., 1990, for example]. To minimize these effects, samples of minimally altered

vitrophyre from the base of each unit were analyzed where possible. Whole-rock

chemical analyses were carried out on one sample each of units Tmr3 and Tmr4 of

the Tuffs of Mesa Cuadrada from Isla Tiburón and Baja California (Table 5.1). One

sample of the Tuff of San Felipe from Isla Tiburón and one sample from mainland

coastal Sonora were also analyzed for comparison to four analyses of the Tuff of San

Felipe from Baja California first published in Stock et al. [1999].
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Table 5.1. Major and trace-element analyses from correlative tuffs.1

Tuff of San Felipe Tmr3 Tmr4 Other
Coastal Isla Baja S. San Isla S. San Isla PVP
Sonora2 Tiburón3 California4 Fermı́n5 Tiburón6 Fermı́n7 Tiburón8 Rhyolites9

SiO2 76.57 76.5 74.9–75.9 75.9 75.88 74.33 76.24 70.5–76.4
TiO2 0.13 0.12 0.14–0.15 0.13 0.14 0.16 0.16 0.17–0.45
Al2O3 12.67 12.62 12.2–12.6 12.45 12.29 12.79 12.78 12.8–15.2
Fe2O3* 1.81 1.75 1.83–1.91 1.8 1.88 1.37 1.36 0.65–3.26
MnO 0.04 0.04 0.03–0.04 0.03 1.03 0.03 0.03 0.00–0.10
MgO 0.18 0.08 0.17–0.36 0.67 0.19 0.34 0.32 0.14–1.54
CaO 1.13 0.69 0.45–2.02 0.65 0.62 3.44 0.96 0.88–3.22
Na2O 4.72 4.38 3.68–3.93 3.88 4.24 3.82 3.78 3.70–5.15
K2O 2.58 3.9 4.94-5.41 4.31 4.34 3.95 4.54 2.73–4.25
P2O5 0.01 0.01 0.02–0.05 0.01 0.01 0.06 0.02 0.02–0.10
Total 99.84 100.07 99.83 99.63 100.28 100.17

Y 51.8 52.6 48.1–51.9 53.6 55.4 26.7 27.6 20–57
U 5 5 4–5 4 4 3 4 0–4
Rb 176.3 195.4 166–188 155.6 149.8 124.9 129.9 80–127
Th 17 18 16–18 12 12 10 10 4–13
Pb 28 25 27–28 29 19 23 15 8–28
Ga 21 22 0–20 23 23 16 16 16–21
Nb 24.6 25 22.5–24.4 20.5 21.1 11.9 12.6 7.6–19.5
Zr 315 321 384–402 329 320 168 177 98–432
Sr 90 35 19–60 65 44 88 68 72–263
Zn 91 85 57–76 107 109 68 42 24–80
Ni 2 1 8–9 1 2 1 1 3–16
Cr 2 6 0–2 0 4 2 6 0–8
V 2 2 7–58 4 2 3 3 0–42
Ce 123 127 111–120 94 94 56 57 20–87
Ba 78 39 52–56 428 460 1093 996 705–1184
La 54 56 54–56 43 38 27 26 13–44

1 Major- and trace-element analyses (XRF) were done at the University of Massachusetts, Amherst
and are reported on a volatile-free, oxidized basis. See Rhodes [1988] for typical values of
analytical precision from this facility. Oxides reported in wt. %, trace elements reported in
ppm. Reprinted from Oskin et al. [2001]

2 Sample number BK-99-05, 28.880◦N, 112.001◦W.
3 Sample number BV-99-30, 28.979◦N, 112.458◦W.
4 Range of values for samples of the Tuff of San Felipe from Baja California [Stock et al., 1999].
5 Sample number SF-92-64, 30.594◦N, 114.756◦W.
6 Sample number BV-99-08, 28.917◦N, 112.447◦W.
7 Sample number SF-92-101, 30.566◦N, 114.790◦W.
8 Sample number TIB-98-17, 28.979◦N, 112.476◦W.
9 Range of values for other high-SiO2 rhyolite samples from the Puertecitos area reported by

Mart́ın-Barajas et al. [1995].
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Major element compositions of ash-flow tuffs are similar for all units measured

and thus not very useful for testing correlation. The SiO2 content of the Tuff of

San Felipe for Baja California samples ranges from 74.9 to 75.8% and K2O + Na2O

varies from 8.6 to 9.2% [Stock et al., 1999]. Samples of the Tuff of San Felipe from

Sonora and Isla Tiburón contained 76.5 and 76.6% SiO2 and 7.3 and 8.3% K2O +

Na2O, respectively. Samples of the Tuffs of Mesa Cuadrada overlap these ranges of

SiO2 and alkali content. Major elements present in minerals that form spherulites

and lithophysae within stratigraphically higher sections of the sampled ash-flow tuffs

show a greater range of variability between correlated samples. These elements (Si, Al,

Ca, Na, and K) form quartz, feldspar, and calcite that comprise crystal structures

produced by vapor-phase alteration during cooling of tuffs. Other major element

analyses (Fe, Mn and Ti) are consistent and similar for samples of the Tuff of San

Felipe and the Tuffs of Mesa Cuadrada. Of all major element analyses, only Fe

content may confidently discriminate between cooling units Tmr3 and Tmr4 of the

Tuffs of Mesa Cuadrada.

Trace element measurements display a restricted and reproducible range of com-

positions and a positive test of correlation (Table 5.1). Most of the measured trace

element concentrations are similar for correlated ash-flow tuffs and also unique to each

unit (e.g., Y, Rb, Th, Ga, Nb, Zr, Zn, Ce, and La). Other trace elements show a wide

variability within duplicate analyses and are thus less reliable indicators of correlation

(e.g., Pb, Sr, and Ba). Remaining trace elements are present in low concentrations

for all samples (e.g., U, Ni, Cr, and V).

The concentrations of trace elements in the Tuff of San Felipe and the Tuffs of Mesa

Cuadrada distinguish these units other syn-rift high-silica rhyolites of the northern

Puertecitos Volcanic Province. A range of measurements obtained by Mart́ın-Barajas

et al. [1995] for rhyolites with >70% SiO2 is shown in the right-hand column of Table

5.1. Stock et al. [1999] document that the abundance of Nb, Ce, Rb, and La are higher

for the Tuff of San Felipe than for any other silicic rocks measured by Mart́ın-Barajas

et al. [1995]. Cooling unit Tmr3 of the Tuffs of Mesa Cuadrada is similarly high



162

in these trace elements but with concentrations distinct from the Tuff of San Felipe

(Table 5.1). Trace element composition of cooling unit Tmr4 of the Tuffs of Mesa

Cuadrada falls within the range of values measured for other high-silica rhyolites of

the northern Puertecitos Volcanic Province.

5.4.3 Phenocryst chemistry

Phenocryst chemistry and zonation provide an additional test of correlation of ash-

flow tuffs across the northern Gulf of California. Feldspar and pyroxene phenocrysts

from the Tuff of San Felipe and unit Tmr3 of the Tuffs of Mesa Cuadrada were

analyzed by electron microprobe on thin sections (Figs. 5.10 and 5.11, Appendix B).

Fayalite phenocrysts in Tmr3 samples were also analyzed (Appendix B). Cooling

unit Tmr4 of the Tuffs of Mesa Cuadrada was not analyzed because of its extremely

low phenocryst content. Both major element concentrations (Fig. 5.10) and minor

element concentrations (Fig. 5.11) are consistent between correlated ash-flow tuffs.

Phenocrysts of the Tuff of San Felipe

Electron microprobe analyses were carried out on five samples of the Tuff of San

Felipe from Baja California and three samples of correlated ignimbrite from Isla

Tiburón and Coastal Sonora (Figs. 5.10 and 5.11). Feldspars from the Tuff of San

Felipe are anorthoclase and range from Ab52An5Or43 to Ab67An15Or18. These values

are within the range of compositions (Ab47An4Or49 to Ab69An7Or24) measured by

Stock et al. [1999]. This full range of compositions is present in most crystals. Cryp-

toperthitic texture is rarely visible as differential reflectance under the microprobe

SEM, and lamellae correspond to the end-members described above. Of the minor

elements measured for feldspars of the Tuff of San Felipe, Fe is consistently present at

0.3 wt.% and Ba is present just at the detection limit, if at all (Fig. 5.11). Rare pla-

gioclase was also measured. Plagioclase compositions are highly variable, suggesting

that these crystals are probably xenocrystic. Anorthoclase phenocrysts are identical
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Figure 5.10. Phenocryst major-element compositions from the Tuff of San Felipe and
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compositional trend, dashed line across immiscibility gap. Reproduced from Oskin et al.
[2001].
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for samples of the Tuff of San Felipe from each side of the Gulf of California.

Pyroxene phenocrysts of the Tuff of San Felipe show distinctive composition and

zonation of major and minor elements (Fig. 5.10 and 5.11). Most pyroxenes (80 to

90% of those observed in thin section) are unzoned green Fe-rich augite (En7Fs48Wo45)

with consistent minor-element composition (0.3% Na, 0.2% Ti, 0.4% Al, and 1.0%

Mn). Cores of zoned pyroxenes are brown-colored magnesian augite (up to En30)

with higher Al content, lower Na content, and variable Mn content. Zoned pyroxene

cores are often oxidized. Two orthopyroxene xenocrysts were also measured, each

of a distinct composition. Overall, pyroxene chemistry and zonation are identical for

samples collected from opposite sides of the Gulf of California and support correlation

of these deposits.

Phenocrysts of Tmr3

Compositions of phenocrysts from Tmr3 were measured in three samples from

Baja California and three samples from Isla Tiburón (Figs. 5.10 and 5.11). Feldspar

phenocrysts from Tmr3 were sanidine and anorthoclase with compositions similar to

feldspars from the Tuff of San Felipe (Ab60An3Or37 to Ab72An13Or15). Minor element

compositions of Tmr3 feldspar are distinctive, however, with 0.2 wt.% Fe and 0.3 wt.%

Ba (Fig. 5.11). Feldspar phenocrysts from samples from Isla Tiburón are identical to

samples from Baja California.

Pyroxene phenocrysts of Tmr3 also show distinctive composition and zonation of

major and minor elements (Figs. 5.10 and 5.11). Most pyroxenes observed in thin

section (90%) were unzoned. Measurements of these phenocrysts indicate Fe-rich

augite (En7Fs48Wo45) with distinct minor-element composition (0.4% Na, 0.3% Ti,

Figure 5.11. (next three pages) Phenocryst minor element compositions from the Tuff
of San Felipe and cooling unit Tmr3 of the Tuffs of Mesa Cuadrada. 5.11a, Feldspar FeO,
BaO; 5.11b, pyroxene NaO, TiO2; 5.11c, pyroxene Al2O3, MnO. Each graph is a normalized
histogram of minor element concentrations in individual electron microprobe measurements.
Pyroxene core compositions shown as dashed lines. Data from Tmr3 type I shown as dotted
lines.
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Figure 5.11a.

BaO in Tmrsf Feldspar, Sonora

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

Wt. % BaO

N
or

m
al

iz
ed



F

re
qu

en
cy

FeO in Tmrsf Feldspar, Sonora

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

Wt. % FeO

N
or

m
al

iz
ed



F

re
qu

en
cy

FeO in Tmrsf Feldspar, Baja California

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

N
or

m
al

iz
ed



F

re
qu

en
cy

Wt. % FeO

BaO in Tmrsf Feldspar, Baja California

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7
N

or
m

al
iz

ed



F
re

qu
en

cy

Wt. % BaO

BaO in Tmr3 Feldspar, Baja California

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

Wt. % BaO

N
or

m
al

iz
ed



F

re
qu

en
cy

BaO in Tmr3 Feldspar, Sonora

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

Wt. % BaO

N
or

m
al

iz
ed



F

re
qu

en
cy

FeO in Tmr3 Feldspar, Baja California

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

Wt. % FeO

N
or

m
al

iz
ed



F

re
qu

en
cy

FeO in Tmr3 Feldspar, Sonora

0.0 0.5 1.0 1.5 2.0
0.0

0.5

0.7

Wt. % FeO

N
or

m
al

iz
ed



F

re
qu

en
cy

Type 1, n=9

Type 1, n=9

Type 2,B,Etc., n=31

Type 2,B,Etc., n=31

n=97
n=97

n=50
n=50

n=51

n=51



166

Figure 5.11b.
TiO2 in Tmrsf Pyroxene, Baja California
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Figure 5.11c.
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0.3% Al, and 0.7% Mn). Core compositions of zoned pyroxenes from Tmr3 are un-

usual. The most primitive cores are brown-colored Fe-rich enstatite (En57Fs40Wo3)

to ferrosilite (En20Fs76Wo4). These orthopyroxene cores are surrounded by brown to

green-colored Fe-rich augite ranging from En25 to En7. Compositions intermediate

between Wo4 and Wo44 are not present. Exsolution lamellae of orthopyroxene and

clinopyroxene form a comb-like boundary between core and rim compositions. Pyrox-

ene phenocrysts in unit Tmr3 are also zoned in terms of minor elements (Fig. 5.11).

Three orthopyroxene xenocrysts were also measured, each of a distinct composition.

The unusual zoned pyroxenes of the Tmr3 member of the Tuffs of Mesa Cuadrada

are identical for samples collected from opposite sides of the Gulf of California and

support correlation of these deposits.

Fayalite phenocrysts of Tmr3 were also analyzed by electron microprobe (Ap-

pendix B). These phenocrysts contain very little Mg. Oxide totals seldom reached

100%, reflecting oxidation of these phenocrysts to iddingsite. Fayalite phenocrysts

were encountered in many, but not all samples of Tmr3. Fayalite is most abundant

in samples from the northern Sierra Kunkaak and the Sierra San Fermı́n. Fayalite is

also present in samples from the southern Sierra Menor and the Sierra Santa Isabel.

No fayalite was found in Tmr3 from Punta Reina and southern Valle Chico. These

variations in fayalite concentration are geographically similar on opposite sides of

the Gulf of California. Fayalite abundance is highest in the north, absent in middle

reaches of tuff exposure and present to a minor degree in southerly outcrops. These

transitions occur across a continuous belt of outcrops in the Sierra Menor. The sys-

tematic variation in % fayalite in Tmr3 most likely reflects small variations in the

magma source such as have been documented from ignimbrites elsewhere [Wilson and

Hildreth, 1997, for example].

5.4.4 Geochronology

Isotopic ages are an important test of correlation of ash-flow tuffs across the Gulf of

California. Both the Tuff of San Felipe and unit Tmr3 of the Tuffs of Mesa Cuadrada
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have been dated in several localities in Baja California [Stock et al., 1999; Nagy et al.,

1999, and references therein]. New 40Ar/39Ar geochronology of three samples of the

Tuff of San Felipe and two samples of unit Tmr3, presented here, confirms correlation

of these ash-flow tuffs on both sides of the Gulf of California (Table 5.2). Procedures

of 40Ar/39Ar dating employed for this study are described in appendix C.

Alkali feldspar was prepared from five samples of correlated ash-flow tuffs. Both

the Tuff of San Felipe and unit Tmr3 of the Tuffs of Mesa Cuadrada contain abundant

(10%) alkali feldspar. Measurements of Ar isotopes were made at the Massachusetts

Institute of Technology CLAIR laboratory by Dr. Joann Stock. Laser fusion was used

to release Ar from the sample. 6 to 8 crystals of alkali feldspar were placed in each

sample well. Ten sample wells were measured for each sample.

Isotopic ages of correlative ash-flow tuffs of Isla Tiburón and coastal Sonora are

consistent with the correlation of these to deposits in Baja California (Table 5.2).

Isotopic ages of Tuff of San Felipe samples from coastal Sonora and Isla Tiburón

overlap the range of ages cited for this deposit in Baja California [Stock et al., 1999].

One sample (TIB-98-23) does not overlap the ∼12.6 Ma average age cited by Stock

et al. [1999]. Samples of unit Tmr3 from the Tuffs of Mesa Cuadrada all overlap

isotopic ages of ∼6.3 Ma for Tmr3 from Baja California. A sample of rhyolite from

western Isla Tiburón dated by Gastil et al. [1979] at 5.7 ± 0.6 Ma (Sample #1012,

K–Ar on feldspar) also appears to be from unit Tmr3.

5.4.5 Paleomagnetism

Paleomagnetic remanence directions measured on samples of the Tuff of San Fe-

lipe, Tuffs of Mesa Cuadrada, and the Tuffs of Dead Battery Canyon from Isla Tiburón

and coastal Sonora match those of samples from the same units in Baja California

(Fig. 5.12, Table 5.3). Each of these tuffs preserves a unique thermoremanent mag-

netization (TRM) direction or set of directions for multiple cooling units [Lewis and

Stock , 1998a; Stock et al., 1999; Nagy , 2000]. Sampling methods and analysis are

described in appendix D. To match preserved remanence directions, a structural cor-



170

T
ab

le
5.

2.
N

ew
ge

oc
hr

on
ol

og
ic

da
ta

fr
om

co
rr

el
at

iv
e

tu
ffs

on
Is

la
T

ib
ur

ón
an

d
So

no
ra

.

U
ni

t
U

T
M

U
T

M
Sa

m
pl

e
M

in
er

al
a

C
a/

K
b

n/
n 0

c
A

ge
d

4
0
A

r/
3
6
A

re
M

SW
D

e
95

%
cr

it
.

ea
st

no
rt

h
nu

m
be

r
(±

2σ
)

(±
1σ

)
M

SW
D

f

T
m

rs
f

3
57

7
3
0

3
2
05

7
6
0

T
IB

-9
8-

23
A

no
rt

ho
cl

as
e

0.
06

–0
.2

8
8/

8
9.

66
±

1.
31

T
ot

al
ga

s
ag

e
8/

8
10

.2
3
±

1.
56

E
rr

or
w

ei
gh

te
d

m
ea

n
ag

e
8/

8
10

.6
9
±

1.
48

%
3
9
A

r
w

ei
gh

te
d

m
ea

n
ag

e

T
m

rs
f

3
56

7
4
0

3
2
03

7
9
0

B
V

-9
9-

30
A

no
rt

ho
cl

as
e

0.
05

–0
.2

4
10

/1
0

12
.9

6
±

3.
67

29
4
±

19
0.

26
0.

27
–2

.1
9

10
/1

0
11

.5
6
±

10
.4

0
T
ot

al
ga

s
ag

e
10

/1
0

12
.2

6
±

9.
60

E
rr

or
w

ei
gh

te
d

m
ea

n
ag

e
10

/1
0

12
.6

3
±

9.
02

%
3
9
A

r
w

ei
gh

te
d

m
ea

n
ag

e

T
m

rs
f

4
00

2
5
0

3
1
94

9
0
0

B
K

-9
9-

05
A

no
rt

ho
cl

as
e

0.
06

–0
.2

7
10

/1
0

13
.8

6
±

2.
21

36
7
±

11
8

0.
14

0.
27

–2
.1

9
10

/1
0

14
.9

3
±

2.
21

T
ot

al
ga

s
ag

e
10

/1
0

14
.7

9
±

4.
11

E
rr

or
w

ei
gh

te
d

m
ea

n
ag

e
10

/1
0

14
.4

5
±

3.
92

%
3
9
A

r
w

ei
gh

te
d

m
ea

n
ag

e

T
m

r3
3
58

0
8
0

3
2
06

3
4
0

T
IB

-9
8-

12
A

no
rt

ho
cl

as
eh

0.
04

–0
.0

6
10

/1
0

5.
33
±

2.
18

T
ot

al
ga

s
ag

e
(2

8–
29

)h
10

/1
0

6.
16
±

2.
28

E
rr

or
w

ei
gh

te
d

m
ea

n
ag

e
10

/1
0

5.
17
±

2.
24

%
3
9
A

r
w

ei
gh

te
d

m
ea

n
ag

e

T
m

r3
3
59

0
9
0

3
2
00

2
4
0

B
V

-9
9-

08
A

no
rt

ho
cl

as
e

0.
04

–1
.2

9
10

/1
0

6.
15
±

1.
03

36
7
±

90
1.

22
0.

27
–2

.1
9

10
/1

0
6.

91
±

2.
71

T
ot

al
ga

s
ag

e
10

/1
0

6.
10
±

2.
38

E
rr

or
w

ei
gh

te
d

m
ea

n
ag

e
10

/1
0

6.
77
±

2.
17

%
3
9
A

r
w

ei
gh

te
d

m
ea

n
ag

e

a
B

as
ed

on
re

pr
es

en
ta

ti
ve

m
ic

ro
pr

ob
e

an
al

ys
is

.
b

A
ve

ra
ge

m
ic

ro
pr

ob
e

an
al

ys
es

of
cr

ys
ta

ls
ep

ar
at

es
us

ed
to

de
te

rm
in

e
th

e
re

la
ti

ve
pu

ri
ty

of
m

in
er

al
co

nc
en

tr
at

io
ns

.
Se

e
A

pp
en

di
x

B
fo

r
an

al
ys

es
.

c
N

um
be

r
of

al
iq

uo
ts

in
cl

ud
ed

in
ca

lc
ul

at
io

n
ov

er
to

ta
l.

E
ac

h
al

iq
uo

t
is

si
x

to
ei

gh
t

cr
ys

ta
ls

.
d

A
ge

s
re

po
rt

ed
in

M
a.

e
R

ep
or

te
d

fo
r

in
ve

rs
e

is
oc

hr
on

ag
es

.
f

A
ft

er
M

ah
on

[1
99

6]
.

g
P

la
gi

oc
la

se
al

so
pr

es
en

t.



171

rection for dipping units is applied to each sample locality. This correction does not

remove the effect of tectonic vertical-axis rotation of sample localities. Despite this

uncertainty, measurements from widely distributed sample localities on both margins

of the Gulf of California show similar remanence directions, supporting the lithologic

correlations described above. These data also reveal a pattern of clockwise vertical-

axis rotation of sample localities on both margins of the Gulf of California. These

declination anomalies permit estimation of distributed shear through the study areas

[Lewis and Stock , 1998a].
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Table 5.3. Paleomagnetic results from correlative tuffs in Baja California
and Sonora.

Unita n/n0 Dec. Inc. α95 κ Rb ∆Rc Fd ∆F c

Mesa Cuadrada [Lewis and Stock , 1998a]
Locality MC, (30.53◦N, 114.96◦W)

Tmrsf 5/6 218.3 -6.9 4.1 442.5 reference locality
Tmr3b 3/3 9.5 53.9 8.9 129.8 reference locality
Tmr4 8/10 348.8 50.3 2.6 482.7 reference locality

Sierra San Fermı́n [Lewis and Stock , 1998a]
Locality SFB (30.65◦N, 114.79◦W)

Tmrsf 3/6 258.5 -3.1 9.1 178.4 40.2 8.0 -3.8 8.0
Tmr3b 9/9 27.1 50 6.2 61.5 17.6 14.0 3.9 8.7
Tmr4e 3/3 13.4 54.9 5.8 297.8 24.6 9 -4.6 5.1

Locality SFD, (30.73◦N, 114.85◦W)
Tmrsf 8/8 253 1.8 6.5 64 34.7 6 -8.7 6.1

Locality SFE, (30.66◦N, 114.83◦W)
Tmrsf 7/7 253.4 -2.8 5.7 93.3 35.1 6 -4.1 5.6

Locality SFH, (30.55◦N, 114.74◦W)
Tmrsf6 4/5 288.6 10.6 13.6 46.8 70.3 12 -17.5 11.4
Tmr3b 6/6 43.7 55.5 8.1 58 34.2 17 -1.6 9.6
Tmr4e 2/2 38.9 53.7 29.4 37.2 50.1 40 -3.4 23.6

Locality SFI, (30.54◦N, 114.83◦W)
Tmr4 11/12 42.4 42 3.4 165.3 53.6 5 8.3 3.4
Tmr5 12/12 41 41.1 4.9 71.5 -1.4 6.4 0.9 4.8
Tmr6e 2/6 75.8 49.1 2 7724.3 33.4 4.4 -7.1 3.2

Locality SFJ, (30.54◦N, 114.83◦W)
Tmrsf 6/6 255.4 -11.2 7.1 98.9 37.1 7 4.3 6.6
Tmr3b 5/6 33.1 52.4 6.7 105.5 23.6 15 1.5 8.9
Tmr46 3/5 57.1 55.5 16.7 34.2 68.3 24 -5.2 13.5

Locality SFK, (30.55◦N, 114.79◦W)
Tmr4 6/6 42.1 52.7 6.1 101 53.3 9 -2.4 5.3
Tmr5 6/6 32.3 46.6 3.5 304.3 -9.8 9.0 6.7 5.6
Tmr6 4/6 48 55 3.9 418.7 5.9 9.7 -2.3 5.6

Santa Rosa Basin [Stock et al., 1999]
Locality SRB, (30.85◦N, 114.97◦W)

Tmrsf 11/11 259.4 -11.5 2.7 261.6 41.1 4 4.6 3.9
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Unita n/n0 Dec. Inc. α95 κ Rb ∆Rc Fd ∆F c

Santa Isabel Wash [Stock et al., 1999; Nagy , 2000]
Locality SIW, (30.38◦N, 114.92◦W)

Tmrsf 11/11 229.7 -9.1 2 497.7 11.4 4 2.2 3.6
Tmr3(2) 14/14 26.1 56 2.7 225 16.6 13 -2.1 7.4
Tmr4 9/10 2.1 43 5.3 99 13.3 7 7.3 4.7

Isla Tiburón [Oskin et al., 2001]
Locality SA, (29.18◦N, 112.46◦W)

Tmrsf 6/7 235.1 -15.8 5.4 129 14.5 6 8.9 5.4
Locality PR, (29.07◦N, 112.49◦W)

Tmrsf 10/12 231.3 -1.3 4.6 101 10.7 5 -5.6 4.9
Tmr3 13/13 35.6 53.7 2.9 88 23.8 13 0.2 7.5
Tmr4e 5/10 358.1 38.3 5.9 177 7 7 12 5.2

Locality PRS, (29.05◦N, 112.49◦W)
Tmr3 11/12 40.9 61 2.8 241 29.1 13 -7.1 7.5
Tmr4 8/9 22.7 35.7 3.2 292 31.6 5 14.6 3.3
Tmr5 12/12 13.6 48.7 3.2 170 -9.1 5.0 -12.0 3.6

Locality SM, (28.98◦N, 112.46◦W)
Tmrsf 11/13 226 2.7 4 122 5.4 5 -9.6 4.6
Tmr3 11/12 23.8 55.6 4.7 96 12 14 -1.7 8.1
Tmr4 9/11 2.5 44.7 3.5 194 11.4 5 5.6 3.5

Locality BV, (28.92◦N, 112.47◦W)
Tmrsfe 16/18 232.9 16.4 7.8 23 12.3 7 -23.3 7.0

Coastal Sonora [Oskin et al., 2001]
Locality PC, (29.02◦N, 112.08◦W)

Tmrsf 13/13 263 -11.6 2.2 338 42.4 4 4.7 3.7
Locality BK, (28.88◦N, 112.01◦W)

Tmrsf 10/11 245.6 -10.4 3.9 138 25 5 3.5 4.5

Central Sonoraf

Locality HE, (28.98◦N, 111.00◦W)
Tmrsf? 5/7 202.5 -10 4.8 269 -18.1 5 3.1 5.1

a Tmrsf, Tuff of San Felipe; Tmr3 and Tmr4, Tuffs of Mesa Cuadrada; Tmr5 and Tmr6, Tuffs
of Dead Battery Canyon.

b Rotation of Tmrsf, Tmr3, and Tmr4 relative to reference locality at Mesa Cuadrada. Clock-
wise values are positive. 2.3◦ subtracted from rotation values in Sonora to account for finite
rotation of reference locality due to Pacific–North America plate displacement. Rotation of
Tmr5 and Tmr6 calculated relative to Tmr4 at same sample locality to assess correlation
(see text).

c Calculated according to Beck [1980] and Demarest [1983].
d Flattening of inclination relative to reference locality at Mesa Cuadrada for Tmrsf, Tmr3,

and Tmr4. Flattening of inclination of Tmr5 and Tmr6 calculated relative to Tmr4 at sample
locality to assess correlation (see text).

e Sample with high error values or less than 3 cores used in average.

f Probable correlative outcrop of the Tuff of San Felipe located 5 km south of Hermosillo (Fig.

5.1).
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Paleomagnetism of the Tuff of San Felipe

Primary thermal remanent magnetization of the Tuff of San Felipe preserves an

unusual low-inclination reversed polarity direction [Stock et al., 1999]. Samples from

correlative deposits of the Tuff of San Felipe on Isla Tiburón and coastal Sonora

also yielded low-inclination reversed polarity vectors (Fig. 5.12, Table 5.3). This

remanence direction differs substantially from the expected Miocene field direction

and probably records an excursion or transitional phase of the geomagnetic field [Stock

et al., 1999]. Most sample localities of the Tuff of San Felipe in Baja California and

Sonora yielded consistent results with evidence for clockwise vertical-axis rotation of

up to 50◦ between sample localities [Lewis and Stock , 1998a; Nagy , 2000]. One sample

locality within the central Sierra Menor (BV) yielded less consistent results from

low-angle reversed to low-angle normal polarity. These results appear to be caused

by a problem with structural correction in an area of distributed normal faulting

and a change from west- to east-dipping strata. Overall, paleomagnetic results from

outcrops of the Tuff of San Felipe in coastal Sonora and Isla Tiburón strongly support

correlation of this deposit to the Tuff of San Felipe of Baja California.

Paleomagnetism of the Tuffs of Mesa Cuadrada

The Tuffs of Mesa Cuadrada display moderate-inclination normal polarity pri-

mary thermal remanent magnetization [Lewis and Stock , 1998a; Nagy , 2000]. These

remanence directions are within the expected range of paleosecular variation of 10◦ to

15◦ about the geomagnetic pole and, unlike the low-inclination reversed remanence of

Figure 5.12. (next page) Magnetic inclination-declination summary plots for sample lo-
calities in northeastern Baja California, Isla Tiburón and coastal Sonora. Primary paleo-
magnetic remanance directions of the Tuff of San Felipe (black, sf), Tuffs of Mesa Cuadrada
(grey, Tmr3 as 3, Tmr4 as 4) and the Tuffs of Dead Battery Canyon (open, Tmr5 as 5, Tmr6
as 6). Ellipses denote 95% confidence. Plots are lower hemisphere, equal area projection,
with reversed polarity inclination results projected from upper hemisphere. See Table 5.3
for sources of data. MC is considered unrotated reference locality. All other localities show
clockwise vertical-axis rotation.
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Figure 5.12.
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the Tuff of San Felipe, do not represent a distinctive fingerprint for correlation. How-

ever, since the Tmr4 member of the Tuffs of Mesa Cuadrada preserves a consistently

shallower inclination and counterclockwise declination compared to the underlying

Tmr3 member, paleomagnetism can be used to verify correlation of these deposits.

Everywhere that each of these has been carefully sampled at the same locality, this

correlation is robust (Fig. 5.12, Table 5.3).

Based on paleomagnetic measurements, Nagy [2000] suggested that units Tmr3

(type 1) and Tmr3 (type 2) of Santa Isabel Wash are not correlative to units Tmr3a

and Tmr3b (Tmr3b was also mapped as just Tmr3) from the Sierra San Fermı́n.

The average remanence directions for each of these cooling units differs from that

of cooling unit Tmr4, supporting a hypothesis that Tmr3 (type 1), Tmr3 (type 2),

Tmr3a, and Tmr3b are each paleomagnetically distinct cooling units [Nagy , 1997;

Nagy et al., 1999; Nagy , 2000]. Reexamination of individual sample localities reveals

that the averaging technique used by Nagy [2000] included more samples of Tmr4

than Tmr3a or Tmr3b from a zone of greater clockwise vertical-axis rotation in the

southern Sierra San Fermı́n [Lewis , 1994]. This biased the average declination for

Tmr4 relative to the average declination of Tmr3b from the Sierra San Fermı́n. Due

to this bias, Tmr3b appeared paleomagnetically distinct from Tmr3 (type 2) of Santa

Isabel Wash. By using individual sample localities from the Sierra San Fermı́n instead

of a range-wide average, the inclination and declination of Tmr3 (type 2) and Tmr3b

relative to Tmr4 are shown to be consistent throughout the Baja California margin

and consistent with outcrops on Isla Tiburón (Fig. 5.12, Table 5.3). Remanent

paleomagnetic directions from unit Tmr3 (type 1) of Santa Isabel Wash and unit

Tmr3a of the Sierra San Fermı́n remain distinctive from each other and from cooling

unit Tmr4. Tmr3 (type 1) has not been mapped separately from Tmr3 (type 2) at

Santa Isabel Wash and the actual distribution of these two units within the Tuffs of

Mesa Cuadrada in the Puertecitos Volcanic Province is unknown.
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Paleomagnetism of the Tuffs of Dead Battery Canyon

Correlation of the Tuffs of Dead Battery Canyon to outcrops on Isla Tiburón was

tested by a method similar to that applied above to the Tuffs of Mesa Cuadrada.

Cooling units Tmr5 and Tmr6 in Baja California both preserve normal-polarity,

moderate-inclination paleomagnetic remanence directions, with Tmr6 steeper and

clockwise of unit Tmr5 [Lewis and Stock , 1998a, Fig. 5.12 and Table 5.3]. Since only

one cooling unit of the Tuffs of Dead Battery Canyon appears to be present of Isla

Tiburón, the following analysis compares the paleomagnetic remanance of Tmr5 and

Tmr6 to cooling unit Tmr4 of the Tuffs of Mesa Cuadrada, which is present at all

localities where the Tuffs of Dead Battery Canyon were sampled. At locality SFK in

the Sierra San Fermı́n, The remanence direction of unit Tmr4 of the Tuffs of Mesa

Cuadrada overlaps Tmr5 and Tmr6 [Lewis and Stock , 1998a, Fig. 5.12 and Table

5.3]. These same units were also sampled at locality SFI in the Sierra San Fermı́n

where structural control was less certain [Lewis and Stock , 1998a, Fig. 5.12 and Ta-

ble 5.3]. At this locality, the pattern of Tmr4 and Tmr5 are again consistent, but

the error ellipse for Tmr6 is steeper and clockwise of Tmr4. Note that remanance

direction of Tmr6 is poorly constrained at locality SFI. Paleomagnetic remanence

of the Tuffs of Dead Battery Canyon at locality PRS on Isla Tiburón is 9.1 ± 5.0◦

counterclockwise and 12.0 ± 3.6◦ steeper than cooling unit Tmr4 of the Tuffs of Mesa

Cuadrada (Fig. 5.12 and Table 5.3). This remanance direction is consistent with the

overall paleomagnetic directions of Tmr5 and Tmr6 from Baja California, but it is

not distinctive of either Tmr5 or Tmr6 given the uncertainties present in the data.

Although uncertain, paleomagnetic remanence does support correlation of the Tuffs

of Dead Battery Canyon on Isla Tiburón to Isla Tiburón.

5.5 Correlation of conjugate rifted margins

The lithologic, geochemical, and paleomagnetic similarities of tuff outcrops in

coastal Sonora and Isla Tiburón presented above confirm that these are displaced
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parts of the tuffs known from northeastern Baja California. The outcrop area and

facies relationships of these ignimbrites permit a precise restoration of the conjugate

rifted margins of the northern Gulf of California. In the following sections, correlative

stratigraphic features are matched across the Gulf of California and its surrounding

extensional province (Figs. 5.13 and 5.14).

Stratigraphic evidence for the amount of dextral offset across the northern Gulf

of California comes from groups one through five exposed in the study areas. Some

of these offsets have been described from basement lithologies [Gastil et al., 1991]

and distinctive Middle Miocene age or older fluvial deposits [Gastil et al., 1973]. The

offset distributions of the Tuff of San Felipe and the Tuffs of the northern Puertecitos

Volcanic Province significantly enhance the resolution of the amount and timing of

dextral displacement. The facies and distribution of other volcanic and sedimentary

strata intercalated with these ash-flow tuffs also support correlation. All of this

evidence is summarized graphically as a series of tie lines for each margin study area

(Figs. 5.13 and 5.14). The following sections summarize the evidence for each of

these tie lines in stratigraphic order.

5.5.1 Group 1: Basement complex

Basement tie points are only broadly defined, at best. Gastil [1993] correlated a

transition from shelf facies to slope and basin facies in Paleozoic and older metamor-

phosed sedimentary strata from eastern Sonora to the Sierra San Felipe (Fig. 5.2).

This correlation is complicated by a lack of age control on most outcrops from the

Sonoran coastline westward. Later margin-parallel basin formation in Permian or

Mesozoic time [Gastil et al., 1975, 1981; Radelli , 1989] may have deposited slope and

basin-type deposits in a manner spatially unrelated to the correlation proposed by

Gastil [1993]. Silver and Chappell [1988] show that the Cretaceous Peninsular Ranges

Batholith is broadly correlated from eastern Baja California to coastal Sonora. Com-

positional trends in the batholith are parallel to the Gulf of California, however,

making correlation of basement across the gulf necessarily imprecise [L.T. Silver,
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Figure 5.13. Correlative volcanic and sedimentary units in northeastern Baja California.
Matching features from stratigraphic groups 1–5 shown. Probable caldera wall features out-
line group 5 vent area. Shoreline shown for reference only. Areas of ignimbrite distribution
shown schematically, with some areas obscured by younger rocks.
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line of Isla Tiburón. Modern shoreline shown for reference only. Areas of ignimbrite distri-
bution shown schematically, with some flows obscured by younger rocks.
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personal communication, 1998]. Specific correlation of individual plutonic bodies, as

has been applied to southern California (e.g., the Mount Lowe intrusive complex of

Dillon and Ehlig [1993]) has not been attempted for the Gulf of California. Basement

outcrops of the Sierra San Fermı́n and northern Isla Tiburón may prove fruitful for

such work in the future.

5.5.2 Group 2: Tertiary basal sedimentary rocks

Tertiary sedimentary strata (group 2) described by Gastil et al. [1973] appear to

be a robust geologic tie point across the northern Gulf of California. Inspection of the

basement-cover transition over a large area of both northeastern Baja California and

coastal Sonora confirms that outcrops of the distinctive conglomerate are limited to

previously mapped areas [Gastil and Krummenacher , 1976; Bryant , 1986, distinctive

conglomerate on Figs. 5.13 and 5.14]. Outcrop patterns in the Sierra Seri of coastal

Sonora suggest a single southwest-directed channel (Figures 5.5 and 5.6). Outcrops

in Baja California appear to have been isolated as a terrace deposit by 12.6 Ma.

Correlation of these outcrops suggests ∼300 km of displacement across the Gulf of

California. The uncertainty of this displacement is difficult to estimate because only

remnant outcrops exist in Baja California and the transport distance between the

correlative outcrops is unknown. The age of these outcrops is known only to be

post-Mesozoic and pre-15 Ma [Bryant , 1986]. These strata therefore record the total

amount of dextral offset in the Gulf of California since at least Middle Miocene time.

5.5.3 Group 3: Miocene volcanic arc

Arc-related volcanic strata deposited during Early- to Mid-Miocene time (group

3) also form a consistent outcrop pattern across the northern Gulf of California, with

andesitic to dacitic eruptive centers in the northern Puertecitos Volcanic Province

and southern Isla Tiburón. The northern extent of volcaniclastic deposits probably

derived from these centers also matches across the Gulf of California (northern limit
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of group 3 stratovolcano facies on Figs. 5.13 and 5.14).

5.5.4 Group 4: The Tuff of San Felipe

The Tuff of San Felipe (group 4) provides a robust match across the northern

Gulf of California. It forms the largest volume pyroclastic flow in the study area,

comprising 160 km3 and covering over 4,000 km2 (Fig. 5.4). This ignimbrite is likely

to have erupted from near the present-day mainland Sonora coastline at Punta Chueca

(Figs. 5.15 and 5.14). The 12.6 Ma age and stratigraphic position of the Tuff of San

Felipe makes this ignimbrite ideal to measure the total dextral displacement across

the Gulf of California since the onset of rifting after 11 Ma [Stock et al., 1999].

Distribution of the Tuff of San Felipe west of coastal Sonora occurred through

west-trending paleocanyons on Isla Tiburón and in the northern Puertecitos Volcanic

Province. A single 3 km-wide paleocanyon in the northern Sierra Kunkaak is the only

known pathway for the Tuff of San Felipe between coastal Sonora and western Isla

Tiburón. Additional pathways may exist in unmapped areas of the Sierra Kunkaak

or beneath the waters of the northern Infernillo channel. On western Isla Tiburón,

the Tuff of San Felipe fills west-trending channels cut into volcanic and volcaniclastic

strata in the south and basement in the north. On the southern part of the con-

jugate margin in northeastern Baja California, the Tuff of San Felipe also occupies

paleocanyons cut into volcaniclastic strata (Fig. 5.15). Toward the northern Sierra

San Fermı́n and the adjacent Sierra San Felipe, the Tuff of San Felipe formed a sheet

ponded above sand dune and fluvial deposits. The thickest and highest-grade de-

posits of the Tuff of San Felipe occur in the northern Sierra San Fermı́n and adjacent

parts of the Sierra San Felipe, northern Isla Tiburón, and mainland coastal Sonora

(High-grade Tuff of San Felipe on Figs. 5.13 and 5.14). The southern limit of the Tuff

of San Felipe may also correlate across the Gulf of California but a cover of younger

volcanic rocks limits exposures (Figs. 5.13 and 5.14). The northern limit of the Tuff

of San Felipe on the Sonoran margin appears to have been controlled by paleotopog-

raphy. Outcrops north of Isla Tiburón may be flooded by the Gulf of California or
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removed by erosion.

Figure 5.15. (next page) Distribution of the Tuff of San Felipe in Baja California, coastal
Sonora and Isla Tiburón. stratigraphic thickness measurements in meters shown as num-
bers. Isopachs of tuff thickness shown as thin black lines. Dashed and dotted lines reflect
uncertainty in isopach positions used to calculate tuff volume. 30 m contour interval. Out-
crops of the Tuff of San Felipe fill west-trending paleocanyons on Isla Tiburón and the
southern quarter of of outcrop area in Baja California. Thicker outcrops of the Tuff of
San Felipe on coastal Sonora are related to a probable vent located east of Punta Chueca.
The eastern boundary of these isopachs in coastal Sonora was arbitrarily placed east of all
mapped outcrops of the Tuff of San Felipe on coastal Sonora. Additional deposits of the
Tuff of San Felipe probably exist east of the mapped area.
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Table 5.4. Summary of volume calculations of correlative tuffs.

Location Maximum Thickness Volume

Tuff of San Felipe
Baja California 180 m 118 km3

Isla Tiburón 85 m 17 km3

Coastal Sonora (west of 112◦W) 135 m 25.2 km3

Total (west of 112◦W) 160 km3

Tuffs of Mesa Cuadrada

Baja California 180 m 97 km3

Isla Tiburón 190 m 22 km3

Total 119 km3

Tuffs of Dead Battery Canyon

Baja California 74 m 2.8 km3

Isla Tiburón 38 m 1.0 km3

Total 3.8 km3

Tuffs of Arroyo El Canelo

Baja California 325 m 41 km3

Isla Tiburón 60 m 9 km3

Total 50 km3

Summary

Tuffs of the Northern Puertecitos Volcanic Province:1 173 km3

All correlative Tuffs (west of 112◦W): 333 km3

Note: See Tables 2.1 and 3.2 for details of these calculations. Volume
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.

1 The Tuffs of the Northern Puertecitos Volcanic Province include the Tuffs
of Mesa Cuadrada, the Tuffs of Dead Battery Canyon, and the Tuffs of
Arroyo El Canelo.

5.5.5 Group 5: Early syn-rift deposits

Early synrift volcanic and volcaniclastic deposits are variably useful for correlation

across the northern Gulf of California. The Tuffs of the Northern Puertecitos Volcanic
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Province each match in detail and are discussed separately in the following sections.

Synrift sedimentary strata are confined to north-trending basins aligned parallel to

the rift trend and thus are not useful for correlation. The southern termination of

these basins at the Matomı́ accommodation zone in Baja California (Arroyo Matomı́,

Fig. 5.5) and the La Cruz fault on Isla Tiburón (Fig. 5.6) may indicate that these

were once part of a connected transfer zone. Early synrift lava flows are concentrated

in two discrete areas, one on western Isla Tiburón and the other in southern Valle

Chico. Although these two outcrop areas could not have been juxtaposed originally,

sporadic volcanism of this age in the Arroyo Matomı́ area may have linked them.

These strata do not comprise a robust geologic tie point across the Gulf of California.

The Tuffs of Mesa Cuadrada

The distribution and facies of the Tuffs of Mesa Cuadrada correlate closely between

northeastern Baja California and Isla Tiburón. These ignimbrites comprise the largest

member of the Tuffs of the northern Puertecitos Volcanic Province in both volume and

areal extent, covering over 2,000 km2 with ∼120 km3 of pyroclastic deposits (Table

5.4). The northern extent of outcrops is well exposed in the northern Sierra San

Fermı́n and Sierra San Felipe of Baja California and the Sierra Alta of Isla Tiburón

(Figs. 5.13, 5.14, and 5.16). The southern extent of outcrops is well exposed in the

Sierra Menor of Isla Tiburón but obscured by younger volcanism in the Puertecitos

area of Baja California. Thick, higher-grade deposits of the Tuffs of Mesa Cuadrada

crop out adjacent to the eastern part of Arroyo Matomı́, in the southern Sierra San

Figure 5.16. (next page) Distribution of the Tuffs of Mesa Cuadrada in Baja California
and Isla Tiburón. Numbers denote combined stratigraphic thickness of Tmr3 and Tmr4
outcrops (in meters). Isopachs of tuff thickness labelled with 30 m contour interval. Three
areas of non-deposition of the Tuffs of Mesa Cuadrada correspond to paleotopographic
highs. Adjacent paleocanyons and basins are filled with up to 190 meters of the Tuffs of
Mesa Cuadrada. Tuff thickness changes abruptly near proposed caldera wall features. The
eastern edge of tuff distribution was probably controlled by fault-bounded relief east of the
Tecomate basin (Fig. 5.6). Isopachs of tuff thickness are inferred to terminate against this
boundary.
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Fermı́n, and in the Santa Isabel Wash area in Baja California and in the central Sierra

Menor of Isla Tiburón.

Facies changes within the Tuffs of Mesa Cuadrada associated with younger rhy-

olitic volcanism suggest a vent for this ignimbrite located within a 20–30 km-diameter

area centered at the eastern end of Arroyo Matomı́. In Baja California, abrupt

thickness changes in higher-grade Tmr4 occur southeast of Mesa Cuadrada, at Santa

Isabel Wash, and in the southern Sierra San Fermı́n (Fig. 2.7). These abrupt thick-

ness changes may reflect underlying topographic relief caused by subsidence due to a

prior eruption (e.g., Tmr3) and are inferred here to overlie caldera-collapse structures

(Figs. 5.13). This same region encloses an area of extensive rhyolite lava flows and

Late Miocene and younger andesite volcanos than probably filled in the collapsed

area (Fig. 5.5). The thickest deposits of the Tuffs of Mesa Cuadrada on Isla Tiburón

are inferred to restore adjacent to this vent area, near the outlet of Arroyo Matomı́.

Tuffs of Dead Battery Canyon

The Tuffs of Dead Battery Canyon cover a restricted area on both margins of the

northern Gulf of California (Figs. 5.13, 5.14, and 5.17). The maximum thickness

of these tuffs occurs where two cooling units (Tmr5 and Tmr6) are present in Baja

California. Thick deposits of the Tmr5 cooling unit are present in the Punta Reina

area of Isla Tiburón. The Tuffs of Dead Battery canyon are the lowest-volume member

of the Tuffs of the Northern Puertecitos Volcanic Province that has been found to

correlate across the northern Gulf of California. Known outcrops of the Tuffs of

Figure 5.17. (next page) Distribution of the Tuffs of Dead Battery Canyon in Baja Cali-
fornia and Isla Tiburón. Numbers denote outcrop stratigraphic thickness measurements (in
meters). Isopachs of tuff thickness labelled with 30 m contour interval. Paleotopography and
limited tuff volume probably restricted distribution of the Tuffs of Dead Battery Canyon.
Enclosed area of zero thickness indicates a paleotopographic high. A paleocanyon located
northeast of this high and a basin located southeast of this high each contain eastward-
thinning outcrops of the Tuffs of Dead Battery Canyon. Proposed caldera wall features
correspond to abrupt thinning of these ignimbrites from >30 m to <5 m thickness.
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Dead Battery Canyon cover 170 km2 with ∼4 km3 of pyroclastic deposits (Table

5.4). The northern limit of the Tuffs of Dead Battery Canyon is well exposed in the

central Sierra San Fermı́n of Baja California and the northern Sierra Menor of Isla

Tiburón. These ignimbrites thin southward to zero thickness in the Sierra Menor and

are buried by younger rhyolite lava flows south of the El Coloradito fault in the Sierra

San Fermı́n. The Tuffs of Dead Battery Canyon do not appear to extend south of

Arroyo Matomı́ in Baja California.

Tuffs of Arroyo El Canelo

The Tuffs of Arroyo El Canelo form the statigraphically highest and most complex

member of the Tuffs of the Northern Puertecitos Volcanic Province. The five (or

more?) cooling units of the Tuffs of Arroyo El Canelo cover 650 km2 with ∼50 km3

of pyroclastic deposits (Table 5.4). Outcrops of the Tuffs of Arroyo El Canelo occur

south of the Tuffs of Dead Battery Canyon and partly overlap but extend southeast

of the Tuffs of Mesa Cuadrada. This pattern is seen on both margins of the Gulf

of California (Figs. 5.13, 5.14, and 5.18). In Baja California, the Tuffs of Arroyo

El Canelo crop out primarily south of Arroyo Matomı́, except for isolated exposures

in the southern Sierra San Fermı́n. On Isla Tiburón, the Tuffs of Arroyo El Canelo

crop out south of Punta Reina and within the central and southern Sierra Menor. On

both margins, the northern outcrop limit of the Tuffs of Arroyo El Canelo lies south

of the northern outcrop limit of the Tuffs of Dead Battery Canyon. Also, the Tuffs

of Arroyo El Canelo crop out farther south than all other correlated ignimbrites. In

Figure 5.18. (next page) Distribution of the Tuffs of Arroyo El Canelo in Baja California
and Isla Tiburón. Numbers denote combined stratigraphic thickness measurements of all
cooling units (in meters). Isopachs of tuff thickness labelled with 30 m contour interval.
Enclosed area of non-deposition of the Tuffs of Arroyo El Canelo corresponds to a paleoto-
pographic high. Tuff thickness changes abruptly near proposed caldera wall features. The
eastern edge of tuff on Isla Tiburón was probably controlled by fault-bounded relief east of
the Tecomate basin (Fig. 5.6). Isopachs of tuff thickness are inferred to terminate against
this boundary.
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Baja California, the Tuffs of Arroyo El Canelo are mapped as far south as Arroyo

Los Heme, west of Volcán Prieto. On Isla Tiburón, the Tuffs of Arroyo El Canelo are

mapped as far south as the La Cruz fault.

Thicker, high-grade deposits of the Tuffs of Arroyo El Canelo form a more re-

stricted distribution centered on outcrops of intra-caldera deposits in the eastern

Arroyo Matomı́ area (Fig. 5.13). These deposits are buttressed against paleotopog-

raphy formed during eruption of the Tuffs of Mesa Cuadrada (caldera wall(?) on Fig.

5.13). These thick deposits occur at least as far south as Arroyo La Cantera, west of

Puertecitos. On Isla Tiburón, thick deposits of the Tuffs of Arroyo El Canelo crop

out in two areas adjacent to the western coastline. Thick high-grade deposits occur

near Bahiá Vaporeta, south of a paleotopographic barrier that was the southern limit

of the Tuffs of Mesa Cuadrada. The Tuffs of Arroyo El Canelo may have ponded here

on the south side of this barrier. Outcrops of thick, moderately to densely welded

Tuff of Arroyo El Canelo occur adjacent to the coastline of Isla Tiburón from the

northern part of Bahiá Vaporeta northwards to Punta Reina, where outcrops of this

ignimbrite abruptly terminate (Fig. 5.18). These thick deposits are separated by

normal faults and buttress unconformities from thinner sections to the east. The dif-

ference in stratigraphic thickness may indicate faulting after deposition of the Tuffs

of Mesa Cuadrada, possibly related to caldera collapse (caldera wall(?) on Fig. 5.14).

5.6 Discussion

In the following discussion, offset of geologic features across the northern Gulf

of California are used to restore Pacific–North America displacement. This analysis

builds on the initial study of Oskin et al. [2001] which proposed 255 ± 10 km of open-

ing of the Upper Delf́ın basin in the northern Gulf of California since the 6.3 Ma time

of emplacement of Tmr3. Alternative restorations of 245 and 265 km are presented

to illustrate the robustness of this reconstruction. Distributed dextral displacement

of ignimbrite distributions is shown to support 41±13 km of additional plate bound-
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ary motion between Baja California and mainland Sonora. By comparison of these

results to plate motion circuit data, Oskin et al. [2001] showed that the Pacific–North

America plate boundary localized in the Gulf of California during latest Miocene

time. A revised compilation of these data presented here that includes distributed

deformation of the continental margin further restricts the time of localization of the

plate boundary. The record of plate boundary displacement from the Gulf of Califor-

nia is shown to place significant boundary conditions on models of the San Andreas

fault system in southern California. Close restoration of conjugate rift margins is also

shown to restrict tectonic models for early crustal evolution of the northern Gulf of

California ocean basins.

5.6.1 Map-view restoration of conjugate rifted margins

Map-view restoration of conjugate rifted margins of the northern Gulf of Califor-

nia requires 255±10 km of opening of the Upper Delf́ın basin since eruption of the

Tuffs of the Northern Puertecitos Volcanic Province at 6.1 to 6.3 Ma [Oskin et al.,

2001, Fig. 5.19 and 5.20]. The azimuths of the Tiburón Fracture Zone and Ballenas

Transform faults (310◦ to 312◦, Fig. 5.3, Fenby and Gastil [1991]) define the path

of restoration. Sonora and Isla Tiburón are rotated 2.3◦ counterclockwise in map

view relative to true north to account for rotation of 4.0◦ about a modified NUVEL-

1A Pacific-North America Euler pole published by DeMets and Dixon [1999] (Lat.

50.5◦N, Lon. 75.8◦W). This restoration path is slightly counterclockwise of a 314◦

Pacific–North America plate motion vector at Puertecitos calculated with this same

Euler pole. Distributed deformation of the Baja California margin described in [Lewis

and Stock , 1998a] may account for this difference, as discussed later in the following

section.

The amount and uncertainty of the 255 km restoration (Fig. 5.19 was determined

by the limits of a reasonable fit between tie lines from the Tuffs of the Northern

Puertecitos Volcanic Province (Fig. 5.13 and 5.14). The best fit of these tie lines

is depicted on the map-view restoration (Fig. 5.19). Fits with 245 km and 265 km
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of displacement illustrate the limits of the restoration (Fig. 5.20). The division of

dextral displacement onto the Ballenas Transform and the Tiburón Fracture Zone

(Fig. 5.3) depends upon the restoration of Isla Angel de la Guarda to an uncertain

position south of Isla Tiburón [Lonsdale, 1989; Stock , 2000]. This uncertainty does

not affect the summed dextral displacement measured here.

The distribution of the Tuffs of the Northern Puertecitos Volcanic Province con-

strains the amount and uncertainty of dextral displacement across the northern Gulf

of California since Late Miocene time (Figs. 5.19 and 5.20). In particular, several

stratigraphic transitions in the Arroyo Matomı́ and southern Sierra San Fermı́n region

of Baja California correlate to the Punta Reina region of Isla Tiburón. Here, the Tuffs

of Dead Battery Canyon and the Tuffs of Arroyo El Canelo abruptly pinch out above

the Tuffs of Mesa Cuadrada. South of this line, thick, high-grade and intracaldera

facies of the Tuffs of Mesa Cuadrada and the Tuffs of Arroyo El Canelo surround

the inferred eruptive center at Arroyo Matomı́. Thick deposits of these units in the

central and southern Sierra Menor restore adjacent to the mouth of Arroyo Matomı́.

North of the southern Sierra San Fermı́n and Punta Reina, only the Tuffs of Mesa

Cuadrada are present. Both the thickness and welding grade of cooling unit Tmr3

decrease northward in the Sierra San Fermı́n of Baja California and the Sierra Alta

of Isla Tiburón.

The distribution of older volcaniclastic deposits preserved in the northern Puertecitos

Volcanic Province and Isla Tiburón also matches in the map-view restoration (Figs.

5.19 and 5.20). The Tuff of San Felipe fills west-trending paleocanyons that crop

out along the entire western coastline of Isla Tiburón. The Sierra San Fermı́n and

the northern Puertecitos Volcanic Province contain similar paleocanyons filled by the

Tuff of San Felipe. The precision of the map-view restoration is not enough to match

individual paleocanyons; however, high-grade deposits of the Tuff of San Felipe in

the northern Sierra Alta of Isla Tiburón and the northern Sierra San Fermı́n of Baja

California are restored into proximity. A once-continuous cover of the Tuff of San Fe-

lipe in the Sierra San Felipe has no known correlative on coastal Sonora. Beneath the
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Figure 5.19. Preferred map-view restoration of conjugate rifted margins of the upper
Delf́ın and Tiburón basins in the northern Gulf of California. 255 km of dextral displacement
restored along an azimuth of 312◦ relative to Puertecitos, Baja California. Baja California
held fixed. Coastal Sonora and Isla Tiburón shown rotated 2.3◦ clockwise to account for
finite rotation during opening of the Gulf of California. This preferred restoration best
matches features near opposite shorelines of the northern Gulf of California in an east-west
alignment.
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Tuff of San Felipe, volcaniclastic strata of the Early to Mid-Miocene arc also match in

distribution on the map-view restoration. These deposits pinch out in the central and

northern Sierra San Fermı́n of Baja California and the southern Sierra Alta of Isla

Tiburón. Altogether, restoration of the Tuffs of the Northern Puertecitos Volcanic

province also matches the distribution of older volcaniclastic deposits (Figs. 5.19 and

5.20). This result suggests no significant dextral motion between Isla Tiburón and

Baja California prior to Late Miocene time.

The detailed reconstruction permitted by matching the distributions of the Tuffs

of the northern Puertecitos Volcanic Province also limits the amount of upper conti-

nental crust that forms the seafloor of the northern Gulf of California. The width of

Miocene continental surface area not accounted for between Isla Tiburón and Baja

California is unlikely to exceed the 20–30 km radius of distribution of the Tuffs of

Mesa Cuadrada. This unit is the most widespread of the Tuffs of the Northern

Puertecitos Volcanic Province (Fig. 5.16). Preservation of the Tuffs of Dead Bat-

tery Canyon as a small-volume deposit on both rifted margins may require even less

unaccounted crustal area. The gap between opposing rifted margins shown in the

map-view restoration is approximately 20 to 25 km (Figs. 5.19 and 5.20), which is

consistent with the radius of distribution of the correlative ignimbrites.

Figure 5.20. (next page) Alternative map-view restorations of conjugate rifted margins of
the upper Delf́ın and Tiburón basins in the northern Gulf of California. 245 km and 265
km of dextral displacement restored along an azimuth of 312◦ relative to Puertecitos, Baja
California. Baja California held fixed. Coastal Sonora and Isla Tiburón shown rotated 2.3◦

clockwise to account for finite rotation during opening of the Gulf of California. The 265 km
restoration closely restores the edges of mapped outcrops but misaligns distributions of the
Tuffs of Dead Battery Canyon and the Tuffs of Arroyo El Canelo. The 245 km restoration
reasonably aligns the extent of correlative ignimbrites but requires a greater missing area
of thick high-grade deposits between conjugate rift margins. See Fig. 5.19 for explanation
of map symbols and patterns.
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Figure 5.20.
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5.6.2 Distributed dextral displacement

Map-view restoration of 255±10 km of opening of the Upper Delf́ın basin be-

tween Isla Tiburón and the coastline of northeastern Baja California provides only

a minimum estimate of the total dextral displacement across the Gulf of California

Extensional Province. Outside this region, distributed deformation either west of the

Baja California coastline or east of Isla Tiburón may have contributed to the total

displacement across the Pacific-North America plate boundary. This section will re-

view existing stratigraphic and paleomagnetic evidence to estimate the amount of

distributed dextral displacement on both margin study areas (Fig. 5.21).

Two zones of discrete dextral displacement are proposed for the northeastern Baja

California continental margin. The Valle de San Felipe fault [Gastil et al., 1975; Dokka

and Merriam, 1982, and Fig. 5.21] may carry dextral displacement from the Agua

Blanca fault (Fig. 5.2) to a zone of distributed deformation in the Puertecitos Volcanic

Province. Detailed studies of southern Valle Chico [Stock , 1993] correlate volcanic

strata on both sides of this proposed fault, limiting significant dextral displacement

here. Similarly, the west to northwest-trending Matomı́ accommodation zone [Dokka

and Merriam, 1982; Stock et al., 1991] appears to accommodate differential extension

and rotation between the Puertecitos Volcanic Province and the Sierra San Felipe

[Nagy , 2000] and does not carry significant dextral displacement.

Lewis and Stock [1998a] document distributed dextral displacement within the

Baja California margin (Fig. 5.21). Their paleomagnetic and structural study pro-

poses 23 ± 9 km of dextral displacement (along an azimuth of 340◦) manifested by

30 ± 15◦ of localized clockwise rotation since eruption of the Tuffs of Mesa Cuadrada

(cooling units Tmr3 and Tmr4) ca. 6.3 Ma. The western boundary of the rotating

domain is pinned to the Valle de San Felipe fault. The eastern boundary of the ro-

tating domain is proposed to lie just offshore of northeastern Baja California. This

rotation occurs within the continental margin of Baja California west of correlative

tuff outcrops on Isla Tiburón. When projected onto an azimuth of 314◦, parallel to
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Closure of the Lower Delf́ın basin shown by restoration of Isla Angel de La Guarda [Lonsdale,
1989; Stock , 2000]. The La Cruz block is shown restored southeast of Isla Tiburón, adjacent
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Paleomagnetic declination anomalies for the Tuff of San Felipe, relative to the MC reference
site, shown by circular plots. See Table 5.3 for paleomagnetic remanence values and site
names. Faulting on Baja California rift margin resulted in 30±15◦of clockwise rotation
of outcrops of the Tuff of San Felipe and the Tuffs of Mesa Cuadrada [Lewis and Stock ,
1998a], which corresponds to 23±9 km of dextral shear along a 340◦ azimuth. Displacement
of Tuff of San Felipe outcrops between Isla Tiburón and coastal Sonora resulted in 20±10
km of dextral displacement. Rotation of tuff outcrops in coastal Sonora is assumed to be a
result of this displacement. Additional right-lateral displacement on the Sacrificio fault is
unknown at present.
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plate motion for northeastern Baja California, this amounts to 21 ± 9 km of displace-

ment accommodated west of the Baja California coastline [Lewis and Stock , 1998a].

A vector sum of 23 ± 9 km of dextral displacement at an azimuth of 340◦ with 255 ±
10 km of opening of the Upper Delf́ın basin at an azimuth of 312◦ yields a combined

slip vector of 276 ± 13 km (errors summed as root mean squares) at an azimuth

of 314◦, parallel to the modified Nuvel-1A direction of DeMets and Dixon [1999] for

Puertecitos.

The La Cruz fault forms a zone of discrete dextral displacement mapped through

southern Isla Tiburón. Neither the timing of motion nor the amount of offset across

the La Cruz fault are well constrained. The only deposits to correlate across the

fault zone are local group six pyroclastic deposits (Fig. 5.6). Group three deposits on

either side of the La Cruz fault do not correlate and may indicate a larger amount

of dextral and/or normal displacement. The La Cruz fault is interpreted here as

an early strand of the Tiburón fracture zone that forms the southern margin of the

Upper Delf́ın segment of the Gulf of California (Fig. 5.3). The block south of the

La Cruz fault was probably transferred across the Tiburón Fracture Zone during the

earliest stages of opening of the Upper Delf́ın basin (Fig. 5.21). Slip along this fault

therefore should not be included as an additional component of the opening of the

Upper Delf́ın basin.

Two parallel northwest-trending zones of dextral displacement have been inferred

on the mainland Sonoran margin. One may underlie the Canal de Infernillo, between

the mainland and Isla Tiburón. Offset of high-grade Tuff of San Felipe between Punta

Chueca and the northern Sierra Kunkaak suggests 20±10 km of dextral displacement

and/or northwest-directed extension across this zone. Basalt flows exposed in both of

these areas may also correlate. Another zone of dextral displacement, the NW-striking

Sacrificio fault, separates the Bah́ıa Kino–Punta Chueca area on the southwest from

the Sierra Seri on the northeast (Figs. 5.6 and 5.21). The total displacement across

this structure is difficult to estimate, since none of the volcanic strata match across

the fault. However, outcrops of a distinctive conglomerate in the Sierra Seri preclude
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displacement on this structure that would sum with other offsets to exceed the ∼300

km estimated for the Gulf of California by Gastil et al. [1973]. Since 276±13 km and

20±10 km of displacement (296±17 km total) is already accounted for, strike-slip

displacement on the Sacrificio fault is unlikely to exceed a few tens of km. Addi-

tional mapping on mainland coastal Sonora and in the Sierra Kunkaak could further

constrain the amount of dextral displacement in this region.

Distributed dextral deformation may also be inferred from paleomagnetic decli-

nation data from Isla Tiburón and mainland coastal Sonora (Fig. 5.21). Localities

on Isla Tiburón show 5–15◦ clockwise vertical-axis rotation of outcrops of the Tuff of

San Felipe relative to reference localities in Baja California. One locality near Punta

Reina (PRS on Fig. 5.8) also shows ∼30◦ rotation of the Tuffs of Mesa Cuadrada

(Table 5.3). Overall, however, sample localities on Isla Tiburón show significantly

less clockwise vertical-axis rotation than sample localities in Baja California. There-

fore, no additional dextral displacement has been added from rotation of localities on

western Isla Tiburón. Localities on coastal Sonora show 25–40◦ clockwise vertical-

axis rotation of outcrops of the Tuff of San Felipe (Fig. 5.21). This rotation is here

attributed to right-lateral shear in the coastal zone between the Sacrificio fault and

Isla Tiburón. Dextral displacement accumulated by rotation of these localities is

tentatively equated with displacement of correlative outcrops between Punta Chueca

and the northern Sierra Kunkaak by 20±10 km.

In summary, the total distributed dextral displacement within the marginal con-

tinental areas of the Gulf of California rift adds 41±13 km of offset to the 255±10

km measured by map-view restoration of correlative ignimbrite strata (Fig. 5.21).

20±10 km is acquired from offset of the Tuff of San Felipe from Punta Chueca to

the northern Sierra Kunkaak along an inferred shear zone beneath the Canal de In-

fernillo. Vertical-axis rotations documented by paleomagnetic studies add 21±9 km

of dextral displacement from the Baja California margin [Lewis and Stock , 1998a,

Fig. 5.21]. Additional dextral displacement contributed by the Sacrificio fault, lo-

cated between the Sierra Seri and Punta Chueca, is unknown at present. However,
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outcrops of a distinctive conglomerate in the Sierra Seri that correlate to outcrops in

the Santa Rosa basin in Baja California [Gastil et al., 1973] preclude a large dextral

offset across the Sacrificio fault. Based upon the stratigraphic and paleomagnetic

arguments presented here, the total amount of opening of the Upper Delf́ın segment

of the northern Gulf of California is 296±17 km along an azimuth of ∼314◦.

5.6.3 Timing of dextral displacement

Well-established isotopic ages for the Tuff of San Felipe and the Tuffs of the

Northern Puertecitos Volcanic Province constrain timing of dextral displacement in

the Gulf of California. Restoration of the Tuffs of the Northern Puertecitos Volcanic

Province to Isla Tiburón indicates that this 255±10 km of offset accumulated after

emplacement of the Tuffs of Mesa Cuadrada at 6.3±0.3 Ma and the Tuffs of Arroyo El

Canelo at 6.1±0.5 Ma. Likewise, vertical axis rotations measured in the continental

margin of Baja California also post-date emplacement of these ignimbrites [Lewis and

Stock , 1998a]. Together, these displacements add up to 276±13 km since 6.1 to 6.3

Ma.

Dextral displacement from eastern Isla Tiburón to the Sacrificio fault accrued

after emplacement of the Tuff of San Felipe at ∼12.6 Ma. Calmus et al. [2000]

report apatite fission-track ages of 6 Ma and 10 Ma for basement exposures near

Bahia Kino and the northern Sierra Kunkaak, thereby dating exhumation in this

area. These dates may be relevant to the timing of dextral displacement. Other

age control on deformation is difficult to obtain because of the lack of rocks younger

than the Tuff of San Felipe in these areas. Close examination of synrift sedimentary

strata and additional thermochronologic and structural studies of basement exposures

are required to further define the post-Middle-Miocene record of deformation here.

Displacement on the Sacrificio fault and the distribution of dextral displacement with

time since 12.6 Ma are unconstrained.

Few areas of the northeastern Baja California or western Sonora study areas show

any definitive evidence for substantial dextral displacement between 12.6 Ma and 6.3
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Ma, despite widespread evidence for extension during this time period [Stock and

Hodges , 1990; Lee et al., 1996; Lewis and Stock , 1998b]. East- to northeast-directed

extension during this time accommodated a component of displacement parallel to

Pacific-North America plate motion [Stock and Hodges , 1989]. Locally, this effect was

also manifested by minor distributed dextral displacement on the Matomı́ accom-

modation zone prior to 6.3Ma [Nagy , 2000, and Fig. 5.21]. The onset of clockwise

rotation in the Sierra San Fermı́n [Lewis and Stock , 1998b] and opening of the Upper

Delf́ın basin [Oskin et al., 2001] both post-date 6.3 Ma. The consistent restoration of

the Tuffs of San Felipe and the Tuffs of the Northern Puertecitos Volcanic province

by the same 255±10 km reconstruction (Figs. 5.19 and 5.20) supports the onset of

significant dextral displacement in the Gulf of California extensional province after

6.1 to 6.3 Ma [Oskin et al., 2001].

In summary, timing information for dextral displacement between Baja California

and mainland coastal Sonora supports substantial dextral displacement of at least

276±13 km from 6.1–6.3 Ma to the present. An additional 20±10 km of displacement

occurred sometime between 12.6 Ma to the present in a region lacking dated rocks

younger than 12.6 Ma. No evidence firmly supports substantial dextral displacement

or opening of the Upper Delf́ın basin segment of the Gulf of California rift prior

to 6.3 Ma, except for a component accommodated by northeast-directed continental

extension from 12.6 Ma to 6.3 Ma.

5.6.4 Dextral Pacific–North America plate motion in the north-

ern Gulf of California

Restoration of conjugate rifted margins of Upper Delf́ın basin of the northern Gulf

of California defines the history of dextral plate motion in the Gulf of California (Fig.

5.22). Finite rotations derived from a plate circuit (Atwater and Stock, 1998) define

the full Pacific–North America plate motion of ∼760 km along an average azimuth of

304◦ from 15.1 Ma (chron 5b, time scale of Cande and Kent [1995]) to present. Prior
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to 12.5 Ma, the Magdelena microplate separated the Pacific plate from the North

America plate offshore of southern Baja California [Mammerickx and Klitgord , 1982].

Subduction was dextral-oblique during this time [Atwater , 1989] and some compo-

nent of dextral plate boundary motion may have been absorbed within the North

American continent. Deposition of the Tuff of San Felipe as a pre-extensional marker

indicates that plate-boundary motion probably did not occur within the northern Gulf

of California west of coastal Sonora prior to ∼12.6 Ma. After 12.5 Ma, coast-parallel

Pacific-North America plate displacement is divided into a component of dextral dis-

placement accommodated across the Gulf of California, primarily after 6 Ma, and

a second component of dextral displacement accommodated outside of the Gulf of

California, primarily prior to 6 Ma. The age and offset of correlative ignimbrites

across the northern Gulf of California and the record of seafloor spreading at the

Alarcón basin in the southern Gulf of California (Fig. 5.1) define these components.

Continental extension in the Gulf Extensional Province accommodated a significant

component of the total plate motion [Stock and Hodges , 1989] but contributed little

dextral displacement to the Gulf of California prior to 6 Ma.

Seafloor spreading at the Alarcón basin defines the slip history in the Gulf of

California from 3.6 Ma to present (Fig. 5.22). DeMets [1995] documented that the

rate of seafloor spreading here was 10%-15% less than the full Pacific-North America

displacement rate prior to 1 Ma. This is shown as a deviation of the rate of motion

across the Gulf of California from the Pacific-North America plate-circuit rate (Fig.

5.22). This discrepancy is significant relative to the error for these reconstructions

by 3.6 Ma. The rate of seafloor spreading in the Gulf of California in the past one

million years is indistinguishable from the full Pacific-North America rate within the

uncertainty of recent reconstructions [DeMets and Dixon, 1999, and Table 5.5].

Restoration of the correlative ignimbrites across the northern Gulf of California

(Figs. 5.19 and 5.21) requires that the Pacific-North America plate boundary and

most of its motion was localized in the Gulf of California during or soon after eruption

of the Tuffs of the Northern Puertecitos Volcanic Province. Opening of the Upper
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Figure 5.22. Dextral displacement in the Gulf of California relative to Pacific–North
America plate motion. Lines on graph indicate displacement with time. Light grey fields
indicate uncertainty. The majority of Pacific–North America plate motion since ∼6 Ma
occurred in the Gulf of California as constrained by seafloor spreading at the Alarcón Basin
[Lonsdale, 1989; DeMets and Dixon, 1999] and offset of the Tuffs of Northern Puertecitos
Volcanic Province. Restoration of the Tuff of San Felipe indicates that Pacific–North Amer-
ica plate motion from 12.5 Ma to ∼6 Ma occurred outside of the Gulf of California. This slip
discrepancy may be absorbed by dextral displacement west of the Baja California Peninsula
[Spencer and Normark , 1979] and/or additional displacement within the southern Basin and
Range Province [Gans, 1997].
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Table 5.5. Comparison of Pacific–North America
displacement rates applied to the northern Gulf of
California.1

Rate2 Time interval3 Time to 275±13 km4

(mm/yr) (Ma) (Ma)

Alarcon Rise [DeMets , 1995]5

47.9±2.1 0–1.03
41.0±1.9 1.03–3.166 6.6±0.6

Nuvel-1A [DeMets and Dixon, 1999]7

49.6±0.8 0–3.166 5.5±0.4

Plate Circuit [Atwater and Stock , 1998]7

∼54 0–5.105 5.1±0.3

1 Modified from Oskin et al. [2001].
2 Rates calculated for Puertecitos, Baja California,

30.3◦N, 114.6◦W.
3 Interval between magnetic anomalies used to calculate

rate.
4 Time required to accumulate 275±13 km between Isla

Tiburón and the Puertecitos Volcanic Province.
5 Motion of Baja California relative to North America

measured from magnetic anomalies at the Alarcon Rise
(Fig. 5.1).

6 Rate extrapolated to time required to attain displace-
ment of 275±13 km.

7 Full Pacific–North America displacement rate.
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Delf́ın basin since this time is at least 276±13 km (Fig. 5.22, Table 5.5). To accumu-

late this displacement measured from the offset ignimbrites requires extrapolation of

the rate of seafloor spreading at the Alarcón basin back to 6.6±0.6 Ma (Table 5.5).

This extrapolated age is indistinguishable from isotopic ages of the Tuffs of Mesa

Cuadrada (6.3±0.3 Ma, Lewis, 1996) and the Tuffs of Arroyo El Canelo (6.1±0.5

Ma, Nagy et al., 1999). If the full Pacific-North America rate of motion [DeMets and

Dixon, 1999] were accommodated in the Gulf of California, 276±13 km of displace-

ment would have accumulated in 5.5±0.4 m.y. (Table 5.5). Separation of outcrops

of the ∼12.6 Ma Tuff of San Felipe from Isla Tiburón to Baja California does not

require any additional dextral offset here prior to 6.3 Ma. These results indicate that

the Pacific-North America plate boundary localized in the Gulf of California during

a short interval (1 to 2 m.y.) during latest Miocene time. Additional plate boundary

slip measured within coastal Sonora and between coastal Sonora and Isla Tiburón

may reduce the interval of localization of the plate boundary or be attributed to pre-

6 Ma slip. However, the majority of Pacific-North America plate boundary motion

from 12.5 Ma to 6.3 Ma must have occurred outside of the Gulf of California (Fig.

5.22).

The slip history presented here (Fig. 5.22) provides a test of existing models for

opening of the Gulf of California. Lonsdale [1989] proposed that 50 km of seafloor

spreading between Baja California and North America occurred at the Maria Mag-

dalena Rise from 5 or 6 Ma until the onset of spreading at the Alarcón Rise at 3.6

Ma. The 276±13 km of offset measured across the northern Gulf of California re-

quires 120±10 km more displacement than is recorded in the Alarcón basin. Seafloor

spreading at the Maria Magdalena Rise, with additional displacement on the conti-

nental margins of the mouth Gulf of California during this time interval, would satisfy

the amount of opening measured across the northern Gulf of California. Umhoefer

et al. [1994] proposed acceleration of the Baja California-North America displace-

ment rate at 3.5 Ma. A detailed resolution of dextral displacement in the Gulf of

California prior to 3.5 Ma is not possible with the current geologic data. However,
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the total amount of slip recorded in the northern Gulf of California since 6.1±0.5 Ma

cannot accommodate significant acceleration of the displacement rate in the Upper

Delf́ın basin at 1 Ma and 3.5 Ma [Oskin et al., 2001]. In either case, the majority

of Pacific-North America plate motion must have been accommodated in the Gulf of

California since at least 5.5±0.4 Ma to 6.1±0.5 Ma.

5.6.5 Implications for dextral Pacific-North America plate

motion in southern California

Models for the development of the Pacific-North America plate boundary in south-

ern California imply a variety of displacement histories for the Gulf of California.

This complexity increases uncertainty from addition of displacement from multiple

transform faults and several zones of diffuse deformation [Dickinson, 1996, for exam-

ple]. The slip history presented here for the northern Gulf of California (Fig. 5.22)

provides a new constraint with which to evaluate these models, independent of the

tectonic complexity of southern California. Recent efforts to summarize the amount

of deformation in central California successfully reconcile Pacific-North America mo-

tion measured from continental deformation and plate circuit data [Dickinson and

Wernicke, 1997; Atwater and Stock , 1998]. Similarly, displacement and timing infor-

mation from the Gulf of California reconciles the majority of plate boundary motion

in northwestern Mexico since ∼6 Ma (Fig. 5.22). In southern California, these data

require that most of the dextral shear transmitted through the Transverse Ranges to

the Salton Trough (Fig. 5.2) occurred after ∼6 Ma.

Most models of the San Andreas fault system in southern California are compatible

with offsets and timing measured in the northern Gulf of California, despite a range

of slip estimates for the southern San Andreas fault from 150–180 km [Matti et al.,

1992] to 240 km [Ehlig et al., 1975]. When summed with additional displacement for

other structures away from the San Andreas fault trace, both slip estimates overlap

or exceed the 276±13 km of dextral displacement measured for the northern Gulf of
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California since 6.1 to 6.3 Ma. The most significant of these additional displacements

are 12±2 km of slip from the Elsinore fault [Hull and Nicholson, 1992], 45–75 km

of shear by rotation of the Eastern Transverse Ranges [Richard , 1993; Dickinson,

1996], and possibly up to 22 km of slip on the Agua Blanca fault [Allen et al., 1960].

Addition of slip from the Agua Blanca fault to the Gulf of California is problematic

because this fault appears to terminate before reaching the Gulf Extensional Province

[Allen et al., 1960]. 26±2 km of slip on the San Jacinto fault [Sharp, 1967] is included

with estimates for the San Andreas fault.

If only 150–180 km of slip has occurred on the southern San Andreas fault [Matti

et al., 1992], the total dextral displacement measured in the northern Gulf of Cali-

fornia requires a considerable amount of slip on the San Gabriel fault. Adding 60±5

km of slip measured for the western San Gabriel fault [Crowell , 1974] yields a total of

289±18 to 300±21 km dextral displacement from southern California that would have

been transferred into the Gulf of California [Dickinson, 1996]. These values overlap

the 296±17 km total displacement estimate for the northern Gulf of California. An

acceptable match is also obtained by adding only 22±1 km slip measured for the

north branch of the San Gabriel fault [Ehlig , 1981], yielding a total of 269±13 to

280±16 km dextral displacement transferred into the Gulf of California [Dickinson,

1996]. These estimates both support the conclusion that dextral displacement in the

Gulf of California from 12.5 Ma to 6.3 Ma probably does not exceed the 20±10 km

estimate for displacement and rotation of outcrops of the Tuff of San Felipe east of

Isla Tiburón.

Alternatively, higher estimates of displacement for the southern San Andreas Fault

[Ehlig et al., 1975; Powell , 1993] could require up to 390±20 km of dextral displace-

ment in northwest Mexico [Dickinson, 1996]. To accommodate this slip would require

∼100 km of dextral displacement east of the Gulf of California, most of which would

have had to occur prior to 6.3 Ma. Significant problems remain in reconciliation

of this higher slip value in southern California [Richard , 1993]. Existing data from

northwest Mexico cannot rule out substantial dextral displacement east of the Gulf
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of California during Miocene time. Ultimately, up to 350 km of dextral displacement

is required in northwest Mexico from 12.5 Ma to 6.3 Ma (slip discrepancy on Fig.

5.22). Most of this slip is usually assigned to the Tosco-Abreojos fault zone west of

Baja California [Spencer and Normark , 1979; Lyle and Ness , 1991]. However, ob-

servations from southern California, and evidence for strike-slip faulting east of Isla

Tiburón [Gastil and Krummenacher , 1977] and in southeastern Sonora [Gans , 1997],

indicate that additional fieldwork is necessary to address the distribution of dextral

shear during Mid- to Late-Miocene time.

5.6.6 Implications for crustal structure of the northern Gulf

of California

Foundered upper continental crust forms only a small component of the crust of

the Upper Delf́ın basin of the northern Gulf of California (Figs. 5.3 and 5.21). The

proximity of restored conjugate rifted margins of the Upper Delf́ın basin segment of

the rift indicates that the missing width of continental surface area is unlikely to

exceed 25 km. This result implies that if uniform crustal stretching had occurred,

a minimum of 1000% northwest-directed extension is required to form the present

width of this segment of the northern Gulf of California. Seismic refraction and

gravity studies of the northern Gulf of California indicate a crustal thickness of 13 to

21 km [Phillips , 1964; Couch et al., 1991; Gónzalez-Fernández et al., 2000; Lewis et al.,

2001]. To generate this thickness of new crust across the present width of the Gulf

of California required a significant addition of crustal material. None of this material

appears to be normal oceanic crust generated by seafloor spreading [Lonsdale, 1989].

Paradoxically, the crustal thickness of the northern Gulf of California is two to three

times that of normal oceanic crust. Also, seismic P-wave velocity (6.4–6.8 km/s) and

density estimates (2.75–2.85 g/cm3) for most of this crust are too low to be oceanic

lithosphere (Fig. 5.23). Some of the thickest crust in the northern Gulf of California

(20 to 21 km) underlies the southeastern portion of the Delf́ın basin segment [Phillips ,
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1964; Gónzalez-Fernández et al., 2000], which is proposed to be part of the earliest-

formed crust in the northern Gulf of California [Lonsdale, 1989; Stock , 2000].

Several possible origins for generating new, thick crust beneath the northern Gulf

of California have been proposed. Most models include significant areas of extended

continental crust [Curray et al., 1982; Fuis et al., 1984; Lonsdale, 1989]. However,

close correlation of conjugate rifted margins of the Upper Delf́ın basin of the northern

Gulf of California precludes significant pure-shear type extension of the continent.

Fuis et al. [1984] and Lonsdale [1989] also propose intercalation of sediments and

basaltic melts to produce a composite crust beneath the Gulf of California and the

Salton Trough. Similarly, Nicholas [1985] proposed that metasomatized upper mantle
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in direct contact with metamorphosed sediments may form the crust of the Salton

Trough.

Intercalation of sediments and basaltic melts to produce a composite crust is an

appealing mechanism for Mid-Pliocene and later crustal formation in the Gulf of

California. Large volumes of sediment necessary to at least double the thickness of

normal igneous oceanic crust (from 7 to >14 km) require substantial sedimentary

input from the Colorado River, which emptied into the Gulf of California by 4.3 Ma

[Winker and Kidwell , 1986]. The catchment area, sediment discharge, and extent

of recent sedimentary deposits from the Colorado River far exceeds those of other

rivers in the northern Gulf of California drainage basin [Van Andel , 1964]. A crude

estimate of the volume of sediment contained in the northern Gulf of California may

be obtained by assuming an average thickness of 10 km of decompacted sediment in

the Gulf basins from Isla Tiburón to the Salton Trough,

500km× 120km× 10km = 6.0× 105km3. (5.1)

This estimate requires an average sedimentation rate of at least 2 mm/yr, which

is consistent with measurements of Holocene sedimentation rate from a core in the

Lower Delf́ın basin [Van Andel , 1964, core R-190 of the ‘Sal Si Puedes basin’] and

Pliocene sedimentation rates from the Fish Creek basin of the Salton Trough [Johnson

et al., 1983].

To check whether a large fraction of crust in the Northern gulf of California could

have come from sediment carried by the Colorado River, the sedimentary input es-

timated above is compared to erosional denudation of the Colorado River drainage

basin. The largest area of this basin is comprised of the Colorado plateau, and the

sediment estimated to be contained in the northern Gulf of California is equivalent

to 750 m of denudation, on average, of the Colorado Plateau by the Colorado River

system,
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Figure 5.24. (next page) Crustal sections of the Upper Delf́ın basin rift segment at ∼5
Ma illustrating three possible modes of early crustal formation in the northern Gulf of
California. All solutions presented here are compatible with constraints from restoration
of the Upper-Delf́ın basin. Continental margin cross sections based on Stock [1993], Lewis
[1994], and Chapter 6 of this thesis. A, intercalation of sediments and basaltic intrusions
with basaltic underplating [Fuis et al., 1984]. Nicholas [1985] suggested a similar mechanism
with metasomatized mantle in place of basaltic underplating. B, Normal oceanic crustal
formation in a starved to moderately sedimented basin. This is similar to oceanic basins
in the southern Gulf of California. C, Exhumation of middle to lower continental crust to
form a metamorphic core complex.

800km× 1000km = 8.0× 105km2, (5.2)

6.0× 105km3

8.0× 105km2
= 0.75km. (5.3)

This is consistent with recent estimates of post-Eocene denudation of the Colorado

Plateau by an average of 1.2 km [Pederson, 2000]. However, the analysis presented

here assumes that most of the denudation of the Colorado Plateau has occurred

since 4.3–5.5 Ma, i.e. since the time when the Colorado River first emptied into the

northern Gulf of California [Winker and Kidwell , 1986, 1996]. Also unanswered from

this analysis is how crustal formation occurred during the earliest opening of the Gulf

of California, prior to arrival of the Colorado River.

Three alternative solutions are proposed here for formation of thick crust in the

northern Gulf of California during Late Miocene and early Pliocene time (Fig. 5.24).

The first alternative is that sediment supply from other river systems emptying into

the nascent northern Gulf of California basins may have provided enough material

to form transitional crust through the mechanisms proposed by Fuis et al. [1984] or

Nicholas [1985]. These river systems would principally be those that drained the

Sierra Madre Occidental (Fig. 5.1). Evidence suggests, however, that the sediment

flux from these rivers was unlikely to have been able to contribute enough material

to help generate ∼20 km-thick crust. Firstly, early sedimentary records from the

northern Gulf of California indicate deep-water conditions and lower sedimentation
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Figure 5.24.
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rate [Boehm, 1984; Johnson et al., 1983; Winker and Kidwell , 1996]. Secondly, in the

central and southern Gulf of California, where sediment input is only from rivers that

drain the Sierra Madre Occidental, the crust is only 7 to 9 km thick [Phillips , 1964].

The crust of the southern Gulf of California is structured similar to normal oceanic

crust, unlike the northern Gulf of California [Phillips , 1964].

A second alternative mechanism for crustal formation is that 7 to 9 km thick nor-

mal oceanic or transitional crust formed early in the history of the Gulf of California.

This crust was then later overwhelmed by sedimentation by the Colorado River after

∼5 Ma. Seismic and gravity studies in the northern Gulf of California [Phillips , 1964;

Couch et al., 1991; Gónzalez-Fernández et al., 2000] have yet to detect this crust,

which would presumably be of higher density and P-wave velocity.

A third alternative is that large-magnitude continental extension may have ex-

humed an area of middle to lower continental crust to form part of the seafloor of the

northern Gulf of California. This mechanism could produce new crustal area with

the appropriate seismic velocity and density structure without loss of pre-extension

crustal surface area. Mid-crustal rocks exposed in the Monte Blanco dome of north-

eastern Baja California [Axen et al., 2000, see Fig. 5.1] are an example of this pro-

cess. Predicted densities of mid-crustal rocks beneath the northern Gulf of California

[Couch et al., 1991] are similar to the density (2.8 to 2.9 g/cm3) of the mid-crustal

fluid layer proposed by Wernicke [1990]. However, P-wave velocities of the mid-

crustal layer in the Gulf of California (6.4–6.8 km/s, Phillips [1964]) are slightly

higher than for the middle crust beneath nearby continental metamorphic core com-

plexes of southeastern California (6.35–6.5 km/s, McCarthy et al. [1991]).

If lower crustal flow has formed a significant volume of new crust beneath the

northern Gulf of California then the consequences of this transfer of crustal material

may be subtle. Strain partitioning by lower crustal flow is not necessarily expressed

by equal amounts of upper and lower crustal extension and this extension may be

unevenly distributed [Wernicke, 1990]. Thus, the record of faulting on the rift flank

may not indicate transfer of a significant volume of lower- or mid-crustal material to
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form the crust of the Gulf of California. Regional subsidence of the rift flank will

result from removal of buoyant continental crust from below [Driscoll and Karner ,

1998, for example]. In the case of the Gulf of California, thermal buoyancy or thermal

subsidence from earlier basin and range extension may mask these effects. Only later

in the rift history would regional subsidence indicate thinning of the lower crust

beyond that accommodated by subaerially exposed fault systems.

One likely effect of exhumation of lower continental crust to form the crust beneath

the northern Gulf of California would be thinning of the continental crust approaching

the rift margin from outside the rift [Wernicke, 1985]. This would result because the

pressure gradient driving lower crustal flow would be highest adjacent to the rift flank,

thus drawing more material from regions closest to the Gulf of California. The length

scale over which this process would operate is poorly known at present [Wernicke,

1990]. However, crustal thickness estimates for the Basin and Range province of

southeastern California do indicate gradual thinning of the crust from 27 km to 22

km from the northeast side of the Chocolate Mountains to the Salton Trough [Parsons

and McCarthy , 1996, and Figs. 5.1 and 5.23]. Moho depths beneath the Peninsular

Ranges of southern California shallow from 37 km to 25 km approaching the Salton

Trough from the west [Ichinose et al., 1996; Lewis et al., 2000; Magistrale et al., 2000].

A similar step also exists beneath Peninsular Ranges of northeastern Baja California

[Couch et al., 1991; Lewis et al., 2001]. Existing data from the Sonoran margin are too

sparse to evaluate crustal thickness changes approaching the rift flank at this time.

If crustal thickness variations observed on the rift flanks are related to extension, as

suggested by Lewis et al. [2001], and these variations imply thinning of the crust in

excess of that observed from the upper crustal extension of the rift flank after 6 Ma,

then these features would require continental lower-crustal flow beneath the northern

Gulf of California to accommodate lower crustal thinning. This mechanism would

provide a viable continental origin for at least part of the crust of the northern Gulf

of California that would conserve crustal surface area on the rift flanks.

In summary, several modes of crustal formation may have operated in the north-
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ern Gulf of California. Together, all of these processes must conserve crustal surface

area of the rift margins. Crustal structure of the most active, western half of the

northern gulf of California [Couch et al., 1991] and recent volcanism in the Salton

Trough [Herzig and Jacobs , 1994] both support crustal formation in the absence of

older continental crust. Crustal formation since middle Pliocene time has involved

a substantial contribution of sediment from the Colorado River [Fuis et al., 1984].

Other areas of crust in the northern Gulf of California, especially areas formed prior

to ∼5 Ma, may be formed in part by exhumed middle to lower continental crust. Iso-

topic studies of volcanism within the northern Gulf of California basins may directly

determine the presence of continental crust here. Additional field study of tecton-

ism and subsidence of the rift margins and basins are required to comprehensively

evaluate the relative contribution of lower crustal extension versus formation of new

transitional oceanic crust in creating the northern Gulf of California.

5.7 Conclusions

Geologic investigations of northeastern Baja California, Isla Tiburón, and main-

land coastal Sonora match Miocene volcaniclastic strata of conjugate rifted margins of

the Upper Delf́ın basin. Stratigraphy comprised of four pyroclastic eruptive sequences,

with a total of nine cooling units, is correlated from the northern Puertecitos Volcanic

Province to Isla Tiburón and coastal Sonora. These eruptive sequences are the 12.6

Ma Tuff of San Felipe (1 cooling unit), the 6.3±0.3 Ma Tuffs of Mesa Cuadrada (2 cool-

ing units), the Tuffs of Dead Battery Canyon (1 to 2 cooling units) and the 6.1±0.5

Ma Tuffs of Arroyo El Canelo (4 cooling units). The latter three units together

comprise the Tuffs of the Northern Puertecitos Volcanic Province. Geochemistry,

geochronology, and paleomagnetism of the Tuff of San Felipe and the Tuffs of Mesa

Cuadrada confirm the proposed correlation. The Tuffs of the Northern Puertecitos

Volcanic Province erupted from a vent adjacent to Arroyo Matomı́ near the eastern

coastline of Baja California. The distribution of these ignimbrites is centered on this
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source area. The vent for the Tuff of San Felipe is most likely located at Punta

Chueca, on mainland coastal Sonora. The pyroclastic flow that deposited the Tuff

of San Felipe flowed westward across Isla Tiburón through a system of paleocanyons

before spreading out across northeastern Baja California.

The distribution of correlative ignimbrites permits restoration of dextral displace-

ment across the northern Gulf of California. Restoration of the Tuffs of the Northern

Puertecitos Volcanic Province indicates 255±10 km of dextral displacement, at an az-

imuth of 312◦, between the northern Puertecitos Volcanic Province and western Isla

Tiburón. This restoration also satisfies the distribution of the 12.6 Ma Tuff of San

Felipe and Early to Middle Miocene volcaniclastic deposits. Outside of this region,

offset pyroclastic flows and paleomagnetic declination anomalies indicate distributed

deformation within northwest-trending zones on both margins of Upper Delf́ın basin.

Measurements from these areas add 41±13 km of displacement, for a total 296±17

km of opening measured across the Upper Delf́ın basin segment of the northern Gulf

of California. At least 276±13 km of this opening took place after eruption of the ca.

6.1 Ma to 6.3 Ma Tuffs of the Northern Puertecitos Volcanic Province.

As discussed in Oskin et al. [2001], these new geologic tie points define the slip

history in the northern Gulf of California. Extension in this area from 12.6 Ma

to 6.3 Ma was not accompanied by enough dextral shear to significantly displace

outcrops of the Tuff of San Felipe, except possibly east of Isla Tiburón, where up

to 20±10 km of dextral displacement may have occurred during this time interval.

Eruption of the Tuffs of the Northern Puertecitos Volcanic Province marks the onset of

significant plate-boundary slip in the Gulf of California. To accumulate the measured

offset of these ignimbrites requires extrapolation of the rate of seafloor spreading

at the mouth of the Gulf of California back to 6.6±0.6 Ma. This extrapolated age

is indistinguishable from isotopic ages of the correlative ignimbrites. Even if the

full Pacific-North America rate of motion is applied, the plate boundary must have

localized in the Gulf of California by 5.5±0.4 Ma. These results indicate that the

Pacific-North America plate boundary localized in the Gulf of California over a short
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interval (1 to 2 m.y.) during latest Miocene time. Prior to 6.3 Ma, the majority of

dextral Pacific-North America plate boundary motion must have occurred outside of

the northern Gulf of California.

The slip history determined here for the northern Gulf of California requires that

most of the activity of the southern San Andreas fault system in southern California

occurred after ∼6 Ma. Reconciliation of a lower estimate of slip on the southern

San Andreas fault (150–180 km, Matti et al. [1992]) added to slip from other sources

(269±13 km to 300±21 km total, Dickinson [1996]) overlap the 275±13 km displace-

ment measured for the northern Gulf of California since 6.1 to 6.3 Ma. Reconciliation

of a higher estimate of displacement on the southern San Andreas fault (240 km,

Ehlig et al. [1975]), in order to be compatible with offset measured in the northern

Gulf of California, would require ∼100 km of additional dextral displacement east of

Isla Tiburón prior to 6.3 Ma. Additional fieldwork in the Sonoran Basin and Range

province is necessary to address this discrepancy.

Restoration of correlative distributions of the Tuffs of the Northern Puertecitos

Volcanic Province accounts for all but a 15 to 25 km width of continental surface

area between conjugate rifted margins of the Upper Delf́ın basin of the northern Gulf

of California. This result indicates that at least 1000% extension has occurred in

the this rift segment. Basically, the upper continental crust has ruptured near the

present-day coastlines. To account for the 13 km to 21 km-thick crustal thickness of

the northern Gulf of California requires a substantial input of new material beyond

a typical 7 km-thick oceanic crustal section. Mixtures of basaltic melt or metaso-

matized upper mantle with sediment probably account for recent crustal formation

here. These mechanisms of crustal formation may have been less likely to operate

prior to the arrival of the Colorado River into the northern Gulf of California at ∼5

Ma. An alternative mechanism for crustal formation in the northern Gulf of Califor-

nia is exhumation of middle and/or lower continental crust as a metamorphic core

complex. Thinning of the middle and lower continental crust beneath the rift margin

may indicate that this process has occurred during opening of the northern Gulf of
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California.
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Chapter 6

Continental extension of conjugate rifted

margins of the Delf́ın basin: Implications

for continental rupture processes in the

northern Gulf of California, Mexico



222

6.1 Abstract

Continental extension of the margins of the Delf́ın basin preceding and subse-

quent to localization of the Pacific–North America plate boundary here is assessed

using correlative pre-rift and syn-rift ignimbrites as regional structural markers. The

magnitude of extension of upper continental crust on the margins of the Upper and

Lower Delf́ın basins of the northern Gulf of California ranges from <5% to ∼40% in

most areas. More severe extension may have occurred in areas north of 30◦ 45′ in

Baja California and east of Isla Tiburón in Sonora. The magnitude of upper crustal

extension on the margins of the Delf́ın basin is much less than the factor of 2 to 2.5

thinning measured by Lewis et al. [2001] for the entire crustal column across the Main

Gulf Escarpment of Baja California, which suggests that thinning must have been ac-

commodated in part by lower crustal flow to areas elsewhere in the rift or outside of

the rift margin. Extensional strain on the margins of the Gulf of California remained

steady or increased after opening of the Upper Delf́ın basin, contrary to models of

continental rift evolution that predict that strain should become localized within the

ocean basin. Opening of the Upper Delf́ın basin may have been a response to a sig-

nificant increase in strain rate, brought on by a change in boundary forces, rather

than a response to weakening of the crust resulting from intracontinental extension.

6.2 Introduction

The transition from continental to oceanic crust on passive continental margins

forms a fundamental yet poorly understood type of discontinuity in the lithosphere.

Marine geophysical studies of passive margins reveal a variety of tectonic processes at

the continent–ocean boundary. The transition from thick continental to thin oceanic

lithosphere may be abrupt or gradual with or without a large volume of volcanism

[Cochran, 1983; Taylor and Hayes , 1983; Taylor et al., 1999; Louden and Chian, 1999].

Decoupled extension between the upper and lower continental crust [Wernicke and
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Tilke, 1989; Lister et al., 1991; Driscoll and Karner , 1998] or between the continental

crust and sub-continental mantle lithosphere [Nicholas , 1985; Beslier et al., 1990;

Whitmarsh et al., 2001] may control the kinematic evolution of rift development.

Origins for the variety of rifting geometries described for the continent-ocean

boundary are incompletely understood. Narrow rifted continental margins are gener-

ally characterized as a result of a runaway process, where thinned continental crust

localizes extensional strain and leads to continental break-up [England , 1983; Buck ,

1991]. Wide rifted continental margins probably involved localized strain-dependent

strengthening during continental extension, followed by a transition to narrow rifting

and continental break-up [Buck , 1991; Hopper and Buck , 1996]. Critical boundary

conditions for these processes are the rate of rifting and the pre-rift thickness and

thermal state of the lithosphere. Changes in tectonic stress, sedimentation and vol-

canism may modify these conditions during rifting. Pre-existing weaknesses are likely

to control the position of continental break-up [Hopper and Buck , 1996].

In most continental margins of the earth it is difficult to measure the simultaneous

evolution of extensional strain on the rift margins and within the rift basin during

continental break-up. Normally the continent-ocean boundary is obscured beneath

several kilometers of passive margin-basin sediments and/or subsided deep beneath

the ocean surface. Youthful ocean basins presently or recently undergoing continental

break-up provide rare opportunities to study the transition from diffuse continental

extension to focused oceanic rifting prior to deep burial and subsidence.

The Gulf of California, a youthful oceanic basin on the southwest margin of North

America (Fig. 1.1) provides an exceptional opportunity to observe the structure of a

continent-ocean boundary near sea level over a range of initial conditions. The con-

tinental margins of the Gulf of California were pre-conditioned by variable amounts

of extension [Stock and Hodges , 1989; Nagy and Stock , 2000] and arc-related volcan-

ism [Hausback , 1984; Sawlan, 1991]. The amount of sedimentation into the Gulf of

California varies from very little adjacent to the central Baja California Peninsula

to complete filling of the northern rift basins by the Colorado River delta [Lonsdale,
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1989]. Extension direction has varied through the development of the Gulf of Califor-

nia rift. Early continental extension was orthogonal to the rift trend [Angelier et al.,

1981; Stock and Hodges , 1989; Axen, 1995; Lewis and Stock , 1998b]. At ∼6 Ma, the

Pacific–North America plate boundary localized in the Gulf of California with at least

4 cm/yr of oblique rifting [Oskin et al., 2001].

This chapter presents an overview of continental extension on conjugate rift mar-

gins of the Upper and Lower Delf́ın basins of the northern Gulf of California (Fig.

1.4). Extensional faulting in this region began between 11 and 12.6 Ma [Stock and

Hodges , 1989; Lee et al., 1996] and culminated in continental break-up in the Upper

Delf́ın basin at ∼6 Ma and in the Lower Delf́ın basin by 2.6 Ma [Oskin et al., 2001, and

Chapters 5 and 7 of this thesis)]. Arc volcanism that preceded rifting here appears to

have controlled the position of later rift-related faulting and volcanism [Axen, 1995;

Stock , 2000]. Correlative pre-rift and syn-rift ignimbrite deposits present on both

margins of the Upper Delf́ın basin provide regional structural markers that constrain

the amount of extension preceding and subsequent to opening of this segment of the

Gulf of California [Oskin et al., 2001, and Chapter 5 of this thesis].

The record of extensional faulting is compiled here from new structural cross-

sections of coastal western Sonora and Isla Tiburón (Plates I and III) and from

previously published studies of northeastern Baja California. These records document

the distribution and magnitude of upper-crustal extension from Miocene through Late

Quaternary time. Variability in extension rate and Quaternary faulting is used to

evaluate the degree of localization of rifting into the Upper and Lower Delf́ın basins.

Comparison of upper crustal extension with geophysical estimates of crustal thinning

by Lewis et al. [2001] is shown to support that vertical strain partitioning was active

during continental rifting and break-up.



225

6.3 Regional stratigraphy and structural markers

Pre-rift and syn-rift volcanic and sedimentary strata are used to define the timing

of fault displacement of the conjugate rift margin study areas. These strata were

divided into five groups (groups 2 through 6) that overlie basement (group 1) in

Chapters 2 and 3 of this thesis. Correlative ignimbrites on both margin study areas

define region-wide stratigraphic markers. These ignimbrites are the ∼12.6 Ma Tuff

of San Felipe [Stock et al., 1999; Oskin et al., 2001] and the 6.1–6.3 Ma Tuffs of the

northern Puertecitos Volcanic Province (Figs. 6.1 and 6.2). The Tuff of San Felipe

(group 4) occupies a transitional stratigraphic position above pre-rift sedimentary

(group 2) and arc-related volcanic rocks (group 3) but below syn-rift volcanic and

sedimentary rocks (groups 5 and 6). The Tuffs of the Northern Puertecitos Volcanic

Province comprise a set of two to three principal ignimbrites, with several internal

cooling units, that define the uppermost group 5 syn-rift deposits. The ∼6.3 Ma

Tuffs of Mesa Cuadrada and the ∼6.1 Ma Tuffs of Arroyo El Canelo are the most

volumetrically significant and areally extensive of these ignimbrites (Chapters 2, 3,

and 5 of this thesis). A younger set of group 6 ignimbrites, the 2.6–3.3 Ma Tuffs of

Los Heme, define a third set of stratigraphic markers on the Baja California margin

[Mart́ın-Barajas et al., 1995, and Melbourne, unpublished data].

The Tuffs of the Northern Puertecitos Volcanic Province erupted at the temporal

transition between intracontinental extension and localization of the Pacific–North

America plate boundary in the northern Gulf of California. Correlation of these de-

posits across the northern Gulf of California indicates 255±10 km of displacement

between Isla Tiburón and the east coast of Baja California [Oskin et al., 2001]. Ex-

trapolation of seafloor spreading and plate circuit records for the Pacific–North Amer-

ica plate boundary in the Gulf of California indicates that transfer of Baja California

to the Pacific Plate occurred during latest Miocene time [Oskin et al., 2001, and

Chapter 5 of this thesis]. The emplacement of the Tuffs of the Northern Puertecitos

Volcanic Province thus divides the behavior of the continental margin fault systems
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Figure 6.1. (next page) Continental extension of the Baja California margin of the Upper
Delf́ın basin. See text for discussion of stratigraphic groups depicted here. 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. Percent extension depicted in
boxes adjacent to cross-section lines. Sources of extension measurements: A, Slyker [1970];
B, Bryant [1986]; C, Stock and Hodges [1990]; D, Stock et al. [1991]; E, Stock [1993]; F,
Nagy [1997]; G, Lewis and Stock [1998b]; H, field reconnaissance mapping; J, Chapter 7
of this thesis. Left-lateral fault offsets shown in boxes with arrows. Q’s indicate faults
with Quaternary scarps. Extensional accommodation zones abbreviated as follows: HAZ,
Huatamote; DAZ, Delicias; MAZ, Matomı́. Fault name abbreviations: S.R.N.F., Santa
Rosa Narrows fault; E.C.F., El Coloradito fault; C.N.F., Cuervo Negro fault; S.I.F., Santa
Isabel fault.

before (group 5) and after (group 6) initiation of opening of the Upper Delf́ın basin.

Late syn-rift volcanic and sedimentary rocks (group 6) may be used to constrain

the behavior of continental margin fault systems during continental break-up. The

Tuffs of Los Heme and its correlatives form the most widespread of these marker

horizons on the northwest margin of the Delf́ın basin [Stock et al., 1991; Lewis , 1994;

Mart́ın-Barajas and Stock , 1993; Mart́ın-Barajas et al., 1995, and Fig. 6.1]. This

stack of at least 29 densely welded cooling units erupted from 3.3 to 2.6 Ma from a

vent located to the east, offshore of the Puertecitos Volcanic Province of Baja Cali-

fornia [Mart́ın-Barajas and Stock , 1993; Mart́ın-Barajas et al., 1995, and Melbourne,

unpublished data]. These eruptions may also mark the onset of rifting in the Lower

Delf́ın basin [Stock , 2000]. Correlatives of the Tuffs of Los Heme are not known from

western Sonora and have not been investigated on the conjugate margin of the Lower

Delf́ın basin, Isla Angel de La Guarda. On the Sonoran continental margin study

area, late syn-rift volcanic rocks are exposed only on southwest Isla Tiburón [Gastil

et al., 1999, and Chapter 3 of this thesis]. Offset late Quaternary alluvial fan deposits

are used to define active fault systems on the continental margin study areas. While

the exact ages of these deposits are unknown at present, these observations indicate

where localization of plate boundary strain within the northern Gulf of California is

incomplete.
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Figure 6.1.
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6.4 Fault systems of the northeastern Baja Cali-

fornia margin of the Upper Delf́ın basin

Fault systems of the northeastern Baja California study area are divided into three

structural domains of extensional deformation [Dokka and Merriam, 1982]. Domain I

comprises the east-dipping San Pedro Mártir fault and related structures of the Main

Gulf Escarpment (Fig. 6.1). Down to the east displacement on the San Pedro Mártir

fault has opened the Valle de San Felipe–Valle Chico composite basin which separates

Domain I from Domain II. Domain II comprises exposures in the Sierra San Felipe

and Sierra San Fermı́n, within the hanging wall of the San Pedro Mártir fault, east

of Valle de San Felipe and Valle Chico (Fig. 6.1). Extension of domain II is complex

[Dokka and Merriam, 1982] and involves distributed clockwise rotation of crustal

blocks [Lewis and Stock , 1998a]. Domain III lies within the Puertecitos Volcanic

Province, located to south of domains I and II. Extension in Domain III occurred

on numerous closely-spaced normal faults without forming a significant basin and

range-type physiography [Dokka and Merriam, 1982; Stock and Hodges , 1990]. The

Matomı́ Accommodation Zone [Dokka and Merriam, 1982] separates Domain III from

Domain II. The Ultima Esperanza fault zone (Fig. 6.1) is the best-exposed segment

of the Accommodation zone [Stock et al., 1991]. Dextral oblique faulting northwest

of Puertecitos is interpreted here as the eastward continuation of the Matomı́ Accom-

modation Zone. Alternatively, this zone may instead strike southeasterly underneath

a cover of younger rocks in the Puertecitos Volcanic Province [Stock , 2000; Nagy ,

2000].

6.4.1 Domain I: San Pedro Mártir fault system

The San Pedro Mártir fault system (Domain I) forms part of the boundary between

the tectonically stable central Baja California Peninsula and the Gulf Extensional

Province [Gastil et al., 1975; Axen, 1995]. This 110 km-long, NNW-striking normal
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fault forms a prominent escarpment in granitic and metamorphic basement rocks

rising up to 2.5 km in elevation above the surface of the adjacent rift basins. Vertical

separation on the San Pedro Mártir fault system is estimated to reach a maximum

of ∼5 km at the northwestern corner of Fig. 6.1 [Slyker , 1970; Gastil et al., 1975]

and diminishes to less than 1 km in southern Valle Chico [Stock and Hodges , 1990].

Part of the slip on the San Pedro Mártir fault passes southward into the Puertecitos

Volcanic Province as two faults with at least 260 m of combined normal displacement

[Stock and Hodges , 1990; Stock , 1993]. Normal slip on fault systems of southern Valle

Chico was also transferred eastward to the Gulf of California by distributed right-

lateral shear within the Matomı́ accommodation zone [Dokka and Merriam, 1982;

Stock and Hodges , 1990; Nagy and Stock , 2000]. The dip of the San Pedro Mártir

and related faults is at high angle (>60◦) where mapped at the surface [Stock and

Hodges , 1990]. Curvature of the fault trace and folding of the hanging wall strata

indicate that the San Pedro Mártir fault is probably listric at depth [Hamilton, 1971;

Dokka and Merriam, 1982; Stock and Hodges , 1990].

The Valle de San Felipe fault was proposed by Gastil et al. [1975] to lie within the

Valle de San Felipe and Valle Chico with a strike parallel to the overall trend of the

San Pedro Mártir fault. Much of the length of this fault is inferred since it does not

cut the young valley fill of the Valle de San Felipe and Valle Chico [Gastil et al., 1975].

Stock and Hodges [1990] observed strike slip fault striations on the Valle de San Felipe

fault where it crops out in Arroyo Matomı́ (Fig. 6.1). Strike-slip displacements on

the Valle de San Felipe Fault and other NNW-striking faults in southern Valle Chico

are probably low because Late Miocene ignimbrite stratigraphy correlates well across

this area [Stock , 1989, and Chapter 5].

The timing and amount of extension on the San Pedro Mártir fault is best con-

strained from southern Valle Chico, where Stock [1993] estimated ∼10% extension.

At Mesa Cuadrada (Fig. 6.1) tilting of the Tuff of San Felipe (unit Mr1) is twice that

of the Tuffs of Mesa Cuadrada (units Mr3 and Mr4), suggesting that extension has

been evenly divided here both before and after ∼6.3 Ma [Stock and Hodges , 1990].
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Extension across Valle Chico probably increases to the north, commensurate with

increased displacement on the San Pedro Mártir fault. The magnitude of extension

across most of Valle Chico and Valle de San Felipe is poorly constrained. An ap-

proximation may be made by setting the amount of extension equal to the normal

separation on the San Pedro Mártir fault. This approximation yields ∼5 km, or 25%

extension across the Valle de San Felipe. This amount of extension is compatible with

moderate (30–40◦) westward dips of volcanic and sedimentary rocks on the west side

of the Sierra San Felipe [Gastil et al., 1975]. Quaternary fault scarps along most of

the length of the San Pedro Mártir fault indicate that this structure remains active

[Brown, 1978].

6.4.2 Domain II: The Sierra San Felipe and Sierra San Fermı́n

The Siera San Felipe and Sierra San Fermı́n (Domain II) are a tectonically complex

set of ranges located between the San Pedro Mártir fault and the Gulf of California.

Two overall patterns of faulting are present in this region. N to NNW-striking normal

faults are present throughout these ranges [Gastil et al., 1975; Lewis and Stock , 1998b].

Some of these normal faults underlie intermontane basins (Fig. 6.1) and may have up

to several kilometers of throw [Bryant , 1986]. These normal faults terminate at and/or

are cut by NE to E-striking left-lateral strike-slip faults [Gastil et al., 1975; Dokka and

Merriam, 1982; Lewis and Stock , 1998b, a]. These strike-slip faults transect the Sierra

San Fermı́n and Sierra San Felipe [Gastil et al., 1975; Dokka and Merriam, 1982] and

accommodate 30 ± 15 km of counterclockwise rotation of NE-striking fault-bounded

blocks [Lewis and Stock , 1998a].

Normal fault systems

Normal fault systems within the Sierra San Fermı́n and Sierra San Felipe are di-

vided here into three subdomains south of 31◦ latitude. All of these subdomains lie

in the hanging wall of the San Pedro Mártir segment of the Main Gulf Escarpment of
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Axen [1995]. The northern Santa Rosa subdomain and southern San Fermı́n subdo-

main comprise down-to-the-east normal faults. The El Parral subdomain separates

these areas as a zone of down-to-the-west normal faulting. The diffuse Delicias Acco-

modation Zone separates the San Fermı́n and El Parral subdomain [Lewis and Stock ,

1998b]. NE to ENE-striking strike slip faults in the Huatamote Accommodation Zone

separate the opposing vergence of normal faulting between the Santa Rosa and El

Parral subdomain.

The Santa Rosa and San Fermı́n subdomains both culminate in east-dipping mas-

ter normal faults that bound intermontane basins. The Sierra San Felipe fault in

the south bounds the Llanos de San Fermı́n basin. 800 m of normal separation has

occurred on this fault east of Mesa Cuadrada [Stock and Hodges , 1990]. Most of the

Sierra San Fermı́n lies within the hanging wall of the Sierra San Felipe fault and

strata in the range tilt westward toward the fault. The Santa Rosa normal fault

is a low-angle (18◦ to 20◦ eastward dip) normal fault that bounds the Santa Rosa

basin [Bryant , 1986]. Strata of the Santa Rosa basin also dip westward toward the

fault plane [Gastil et al., 1975; Bryant , 1986]. Offset of the Tuff of San Felipe may

indicate up to 5 km of normal separation on the Santa Rosa normal fault, similar to

the San Pedro Mártir fault located 25 km to the west [Bryant , 1986, see Fig. 6.1].

The Huatamote basin is located south of and partially overlies the Santa Rosa basin

(Chapter 2). Similar to the Santa Rosa basin, the Huatamote basin is bounded by a

normal fault to the east. The relationship between this normal fault and the Santa

Rosa normal fault is uncertain.

No single master normal fault is clearly evident for the El Parral subdomain of

the Sierra San Felipe and northern Sierra San Fermı́n. Sedimentary rocks of the

El Parral basin crop out within numerous north-trending fault blocks bounded by

west-dipping normal faults. These faults are shown in simplified form on Fig. 6.1.

Extension in this region is accommodated by distributed normal faulting [Lewis and

Stock , 1998b]. The Ironwood Canyon fault, a low-angle normal fault in the northern

Sierra San Fermı́n [Lewis and Stock , 1998b], is a possible fragment of a west-dipping
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master normal fault for the El Parral subdomain.

The timing and amount of extension are variable throughout Domain II. The

record is best constrained from the Sierra San Fermı́n, where Lewis and Stock [1998b]

document 6% to 24% extension. Most normal faulting in the Sierra San Fermı́n

appears to post-date the ∼6.3 Ma Tuffs of Mesa Cuadrada [Lewis and Stock , 1998b,

Mr3 and Mr4]. Northeast of the Sierra San Fermı́n where latest Miocene ignimbrites

are not present, extension is known only to post-date the ∼12.6 Ma Tuff of San Felipe

[Lewis and Stock , 1998b]. The Tuff of San Felipe near the eastern range front of the

El Parral subdomain of the Sierra San Felipe is locally extended by up to 100% and

steeply tilted on closely-spaced moderately to shallowly dipping normal faults. In the

Santa Rosa Basin, extension may also approach 100% [Bryant , 1986]. Late Miocene

volcanic rocks present within syn-rift strata of the Santa Rosa basin are not present

in the nearby Huatamote basin. These strata, and the observed overlap of Santa Rosa

basin fill by younger Huatamote basin fill (Fig. 2.4), may indicate that extension in

the Santa Rosa basin began and terminated earlier than in other areas of Domain

II. Quaternary fault scarps are not present on the normal fault systems of Domain

II except possibly for some of the scarps observed by Lewis and Stock [1998b] and

Dokka and Merriam [1982] within the Llanos de San Fermı́n. Most notably, however,

the master Sierra San Felipe normal fault that bounds the Llanos de San Fermı́n to

the east appears to be inactive at present [Stock and Hodges , 1990]. Other significant

normal faults of domain II also appear to be inactive.

Left-lateral strike-slip faults

E to NE striking left-lateral strike-slip faults transect the Sierra San Felipe and

Sierra San Fermı́n with a 10–15 km spacing between principal fault systems [Hamilton,

1971; Gastil et al., 1975; Dokka and Merriam, 1982; Lewis and Stock , 1998a]. These

fault systems probably accommodate 30 ± 15 ◦ of vertical-axis rotation of fault blocks

within the Sierra San Fermı́n and Sierra San Felipe [Lewis and Stock , 1998b, also Fig.

5.21]. Sinistral offset on the El Coloradito fault zone in the Sierra San Fermı́n may
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be as much as 6 km [Lewis and Stock , 1998b]. A similar sinistral offset of 6 km

occurs between outcrops of a pre-rift erosion surface and the Tuff of San Felipe at

the southwestern end of the Santa Rosa Narrows fault (Fig. 6.1). These offsets

are consistent with the amount of rotation documented by paleomagnetic declination

anomalies in the Tuff of San Felipe (Mr1) and the Tuffs of Mesa Cuadrada (Mr3 and

Mr4) [Lewis and Stock , 1998a]. Offsets on other left-lateral strike-slip faults in the

region are uncertain but should be of similar magnitude if these faults collectively

accommodate clockwise rotation [Lewis and Stock , 1998b].

Quaternary fault scarps are present on several NE-striking sinistral faults of Do-

main II. These scarps are especially well-documented on several strands of the El

Coloradito fault [Lewis , 1994; Lewis and Stock , 1998b] and its continuation to the

southwest [Stock , 1993]. The Delicias fault [Lewis and Stock , 1998b] and the Santa

Rosa Narrows fault also cut Late Quaternary deposits. Lewis and Stock [1998b] noted

that sinistral faults and clockwise rotation equally affect 6 Ma and 3 Ma strata in

the Sierra San Fermı́n and that these faults did not affect depositional patterns in

older basin deposits. From these relationships Lewis and Stock [1998b] conclude that

dextral shear increased on the Baja California continental margin after ∼3 Ma. Ob-

servations from further north in the Sierra San Felipe, where sinistral faults are active

but principal normal fault systems are inactive, support the conclusions of Lewis and

Stock [1998b].

6.4.3 Domain III: The Puertecitos Volcanic Province

The Puertecitos Volcanic Province (Domain III) comprises a zone of diffuse east-

west extension [Dokka and Merriam, 1982]. Principal fault systems of Domain III

are NNW to NW-striking down-to-the-east normal faults and NW to NNE-striking,

down-to-the-west normal faults [Dokka and Merriam, 1982, and Chapter 7 of this

thesis]. Kinematic relationships between E and W-dipping faults suggest that E-

dipping faults are the primary structures of domain III [Dokka and Merriam, 1982;

Nagy , 2000, and Chapter 7 of this thesis].
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Two principal E-dipping fault systems are exposed in the western half of Domain

III [Gastil et al., 1975; Dokka and Merriam, 1982; Stock and Hodges , 1990; Nagy ,

2000]. A southern continuation of the San Pedro Mártir fault separates Domain

III from the stable central Baja California Peninsula (Fig. 6.1). This fault system

is continuous with structures of the San Pedro Mártir fault system further north,

but with less normal displacement [Stock and Hodges , 1990]. The Cuervo Negro–

Santa Isabel Fault forms a second principal fault system located 10–15 km east of

the San Pedro Mártir fault [Nagy , 2000]. The Cuervo Negro–Santa Isabel Wash

fault accommodates 500 m of down-to-the-east normal displacement with a sinistral

component at Santa Isabel Wash [Nagy , 1997, 2000]. North of Domain III, the Cuervo

Negro–Santa Isabel fault appears to curve northeastward to become the El Coloradito

fault of the Sierra San Fermı́n [Gastil et al., 1975, and Fig. 6.1]. Significant extension

is required southeast of this fault trend to reconcile 6 km of principally sinistral

displacement on the El Coloradito fault with 500 m of principally normal displacement

on the Cuervo Negro–Santa Isabel Fault. The hypothesized link between these faults

may have excised collapse-faults related to eruption of the Tuffs of the Northern

Puertecitos Volcanic Province (Fig. 2.1 of Chapter 2). E-dipping fault systems of the

western part of Domain III turn and merge southeastwards with a zone of oblique

normal faults at the southeastern corner of the Puertecitos Volcanic Province with

1–2 km of dextral displacement (Chapter 7 of this thesis).

The timing of extension is relatively well constrained from the Puertecitos Vol-

canic Province. Conformable contacts between the Tuff of San Felipe and the Tuffs of

the Northern Puertecitos Volcanic Province at Santa Isabel Wash [Nagy , 2000] and at

Mesa El Avión [Stock, unpublished mapping ] indicate that the majority of extension

of Domain III occurred after 6.3 Ma. Scattered evidence exists for a small amounts

of earlier extension [Nagy , 2000]. Faulting between ∼ 12.6 and 6.3 Ma is also indi-

cated by thinning of the Tuffs of Mesa Cuadrada (Mr3 and Mr4) over fault-generated

topographic relief at the southern continuation of the San Pedro Mártir fault system

[Stock and Hodges , 1990]. Faulting at the southeastern end of the Puertecitos Volcanic
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Province occurred mostly prior to 2.6 Ma but this timing is otherwise unconstrained

(Chapter 7 of this thesis).

The amount of extension appears to be low throughout most of Domain III. Stock

and Hodges [1990] document 3.5% of ENE-directed extension on the Matomı́ Plateau.

Nagy [1997] documents a similar amount of extension (4%) from the Santa Isabel

Wash area. Extension at the southeastern corner of Domain III is also low (5–15%,

Chapter 7 of this thesis). Dextral displacement of 1–2 km on the faults at southwest-

ern boundary of Domain III is consistent with the transfer of extension within the

Puertecitos Volcanic Province to the Gulf of California (Chapter 7 of this thesis).

Exceptions to the low amounts of extension typical of Domain III occur at its

eastern boundary. At or adjacent to the eastern end of the Matomı́ accommodation

zone (Fig 6.1) Stock et al. [1991] document multiple generations of normal faulting

that tilt the Tuffs of Arroyo El Canelo 50–75◦ to the southwest. These steeply tilted

ignimbrites are overlain by flat-lying Tuffs of Los Heme and correlatives [Stock et al.,

1991; Mart́ın-Barajas et al., 1995]. Stock et al. [1991] and Mart́ın-Barajas and Stock

[1993] also document dextral-oblique normal faults along the range front here that

offset both tuffs. Additional mapping is required to determine the total amount

of extension from this area. High amounts of extension (∼100%) are likely needed

to explain the steep stratal tilts. This extension is constrained to have occurred

primarily between emplacement of the Tuffs of Arroyo El Canelo at 6.1 ± 0.5 Ma

[Nagy et al., 1999] and the Tuffs of Los Heme at 3.3 Ma [Mart́ın-Barajas et al., 1995].

A second zone of high extension probably lies offshore of the southeastern Puertecitos

Volcanic Province where the Isla Angel de la Guarda microplate separated from Baja

California [Stock , 2000].
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Figure 6.2. Continental extension of the Sonora margin of the Upper Delf́ın basin. Map-
ping generalized from plate I, plate II, Gastil and Krummenacher [1976], and Gastil et al.
[1999] with additional field reconnaissance. A georeferenced Landsat Thematic Mapper
image (path 36, row 40) was used as a base map. See text for discussion of the lithologic
groups presented here. Percent extension depicted in boxes adjacent to cross-section lines
from Plates I and III. Q’s indicate faults with Quaternary scarps.
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6.5 Fault systems of the western Sonora margin

adjacent to the Upper Delf́ın basin

Fault systems of the western Sonora margin, adjacent to the Upper Delf́ın basin,

are divided into five structural domains (Fig. 6.2). Each domain is characterized

by different amounts of W and NW-directed extension. Each domain also contains

unique pre-rift and syn-rift strata that have been juxtaposed by domain-boundary

fault systems (Chapter 3). The three central domains, from west to east, are the

Sierra Menor, Sierra Kunkaak, and Kino–Chueca domains. Outcrops of the Tuff of

San Felipe are common to each of these domains (Fig. 6.2). Outcrops of the Tuffs

of the Northern Puertecitos Volcanic Province are restricted to these domains on

Isla Tiburón (Fig. 6.2). Right-lateral strike slip faults separate the two remaining

domains from three central domains. On coastal mainland Sonora, the Sierra Seri

domain is juxtaposed against the Kino–Chueca domain by the Sacrificio fault (Fig.

6.2). On southern Isla Tiburón, the La Cruz Domain is separated from the Sierra

Menor and Sierra Kunkaak Domains by the La Cruz fault (Fig. 6.2).

6.5.1 The Sierra Menor Domain

The Sierra Menor Domain is comprised of two mountain ranges, the Sierra Menor

and Sierra Alta, that lie adjacent to the western shoreline of Isla Tiburón. Broadly,

the Sierra Menor domain and Sierra Alta are both tilted and slightly folded blocks in

the hanging wall of the Tecomate fault system (Plates II and III). The Tecomate fault

system is the westernmost of an array of structures that defines the western range

front of the Sierra Kunkaak, east of the Sierra Menor domain. Normal slip on the

Tecomate fault forms the Tecomate basin, a 5–10 km-wide N-striking alluvial valley

through the center of Isla Tiburón. Most strata of the Sierra Menor and all strata

of the Sierra Alta dip shallowly to the east, toward the Tecomate fault. Adjacent to

Bah́ıa Vaporeta, bedding dips to the west and forms a broad, faulted anticline (Plate
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Figure 6.3. (next page) Restoration of normal slip on the Tecomate and Kunkaak faults,
northern Isla Tiburón. Total normal offset on this fault system is 6.7 km, with 4.2 km of
east-west extension. 60% of the total offset (4.0 km) and extension (2.5 km) occurred after
6.3 Ma. A. Present-day configuration of faults and basin deposits, with normal slip shown
for time after deposition of the Tuffs of Mesa Cuadrada. Also refer to cross section A–A′

on Plates II and III. Deposition of Tmr3 eroded from the footwall of the Kunkaak fault
indicates a minimum 0.9 km of slip post-6.3 Ma on the Kunkaak fault. No Tmr3 outcrops
remain on the footwall block. B. Restoration of normal slip to the end of deposition of the
Tuffs of Mesa Cuadrada (cooling unit Tmr4) at ∼6.3 Ma. Normal slip shown for time after
deposition of the Tuff of San Felipe at 12.6 Ma but before 6.3 Ma. C. Restoration of normal
slip to the time of deposition of the Tuff of San Felipe at 12.6 Ma. This ignimbrite was
probably deposited before the onset of extension here.

II). This feature, as well as its curvilinear surface traces, indicates that Tecomate fault

is probably listric beneath the Sierra Menor Domain. Normal offset on the Tecomate

fault is 3.1 km east of the Sierra Alta (Plate III). Older strands of the Tecomate fault,

including the low-angle Kunkaak fault, record an additional 3.5 km of offset (Fig. 6.3).

Matching strata have not been identified between the footwall and hangingwall blocks

of the Tecomate fault east of the central Sierra Menor. Restoration of the top of the

Tuff of San Felipe to the surface along the fault trace restores 2.5 km of normal offset.

Secondary normal faults are common throughout the Sierra Menor Domain. NNW

to NNE-striking down-to-the-west normal faults, each with 100–500 m of throw and

set ∼2 km apart, are the dominant structural features within the central and southern

Sierra Menor. This pattern is interrupted in the northern Sierra Menor, where the

north-striking faults bend to the NE and may have an additional component of sinis-

tral slip indicated by offset stratigraphic pinch-outs within the Tuffs of the Northern

Puertecitos Volcanic Province. This oblique fault system culminates at the Campo

fault, which displays 800 m of normal separation and forms a 3-km-wide alluviated

valley between the Sierra Menor and Sierra Alta (Plate III). NNE-striking down-to-

the-west normal faults reappear to the north as the dominant structures in the Sierra

Alta. A sharp, NNE trending escarpment that forms the western coastline of the

Sierra Alta is likely to correspond to an additional NNE-striking down-to-the-west

normal fault just offshore. This hypothesized fault is labeled the Tiburón Escarpment



239

Figure 6.3.

Valle De Tecomate Sierra Kunkaak

Te
co

m
at

e

Fa

ul
t


(3
.0

 k
m

)

Kunkaak Fault (
0.9 km)

Te
co

m
at

e 
Fa

ul
t


(0
.1

 k
m

)
Ku

nk
aa

k


Fa
ul

t (
2.

6 
km

)

Te
co

m
at

e 
Fa

ul
t

Ku
nk

aa
k


Fa
ul

t

Erosion of the Tuffs of Mesa

Cuadrada from footwall

2.4 km

4.1 km

6.6 km

12.6–6.3 Ma

2.7 km normal offset


1.7 km extension

6.3–0 Ma

4.0 km normal offset


2.5 km extension

W E

Group 6 sedimentary

basin deposits

Group 5 Tuffs of

Mesa Cuadrada

Group 5 sedimentary

basin deposits

Group 4 Tuff of

San Felipe

(0.1 km)

A.

B.

C.

Erosion of the

Tuff of San Felipe


from footwall

Deposition of the Tuffs of 

Mesa Cuadrada on footwall

Deposition of basal Tuffs of 

Mesa Cuadrada clasts


in faulted basin fill



240

fault on Plate III.

The timing of extension in the Sierra Menor Domain is well constrained from

new geologic mapping of correlative ignimbrites [Oskin et al., 2001, and Plate II] and

structural cross sections (Plate III). No fault movement or tilting appears to pre-date

the Tuff of San Felipe in the Sierra Menor Domain. Angular unconformities between

the ∼12.6 Ma Tuff of San Felipe and the ∼6.3 Ma Tuffs of Mesa Cuadrada indicate

that about one-half to one-third of the tilting of the Sierra Menor Domain occurred

prior to 6.3 Ma. In the southern Sierra Menor, the Tuff of San Felipe dips 22◦ to the

east and is overlain by the Tuffs of Mesa Cuadrada dipping 15◦ to the east. On the

western side of the Sierra Alta, Tuff of San Felipe dips 25–38◦ to the east, whereas

on the eastern side of the Sierra Alta the Tuffs of Mesa Cuadrada dip only 14◦ to

the east. In several localities adjacent to the western shoreline of Isla Tiburón, the

Tuffs of the Puertecitos Volcanic Province directly overlie the Tuff of San Felipe with

angular unconformity. For example, in the central Sierra Alta and at Punta Reina,

the Tuffs of Mesa Cuadrada are deposited into paleocanyons cut into the Tuff of

San Felipe and older strata (354000,32 15000 and 357000,32 23000). Further east, within

the Sierra Menor and Sierra Alta, an eastward-thickening wedge of group 5 strata

separates these tuffs (Plate III).

Extension of the Sierra Menor domain increases from south to north. Normal

separation on the Tecomate fault and on secondary normal faults within the Sierra

Menor diminishes southward toward the La Cruz fault (Plate II). Extension across

the southern Sierra Menor is estimated at 8–29% total, with up to 15% extension

after 6.3 Ma (B–B′, C–C′, and D–D′, Plate III). These extension estimates across

the southern part of the Tecomate basin are uncertain, however, because matching

strata have not been mapped in the footwall of the Tecomate fault here. Extension

was calculated west of the surface trace of the Tecomate fault by assuming that the

appropriate matching horizons are located at or above the structural level of the

trace. Further north, 41% (4.4 km) of extension total, with 2.6 km of extension

after 6.3 Ma, is calculated by restoration of a cross section through the Sierra Alta
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and northern Sierra Kunkaak (A–A′, Plate III). Here, matching strata are identified

within the footwall of the Tecomate fault (plate II). Additional normal separation

on the low-angle Kunkaak detachment fault is included with these estimates. The

Tecomate and Kunkaak faults are interpreted to merge at depth.

Scarps in Quaternary deposits indicate that most of the fault systems of the Sierra

Menor Domain are active. These include prominent fault scarps mapped along both

the northern and southern segments of the Tecomate fault (Plate II). Quaternary

alluvium is also cut by the Campo fault [Gastil and Krummenacher , 1977] and by

other N-striking normal faults within the Sierra Menor (Plate II).

6.5.2 The Sierra Kunkaak Domain

The Sierra Kunkaak domain is comprised of the Sierra Kunkaak, a single chain of

mountains forming the eastern half of Isla Tiburón. As a whole, the Sierra Kunkaak

forms the footwall of the Tecomate and Sauzal basins (Plates II and III, Fig. 6.2).

The Tecomate fault and the Sauzal fault are high-angle west-dipping normal faults

that separate the Sierra Kunkaak from these basins. The eastern side of the Sierra

Kunkaak descends gradually to sea level at the Canal de Infernillo (Fig. 6.2). This

shallow channel, flooded by the Gulf of California, separates the Sierra Kunkaak

Domain from the Kino–Chueca and Sierra Seri domains of coastal Sonora.

Internally, the Sierra Kunkaak displays a transition between two contrasting struc-

tural styles in coastal Sonora and Isla Tiburón. The southern Sierra Kunkaak are

comprised of north-trending ridges of east-dipping volcanic strata bounded by smaller-

offset west-dipping normal faults [Gastil and Krummenacher , 1976, Fig. 6.2]. This

pattern is similar to the moderately-extended Sierra Menor Domain to the west. This

north-trending structural grain is interrupted through the central Sierra Kunkaak

where the strike of volcanic strata turns eastward [Gastil and Krummenacher , 1976].

North of this discontinuity, basement outcrops predominate and older fill of the Teco-

mate basin crops out at the crest of the Sierra Kunkaak in the footwall of the Kunkaak

low-angle normal fault (cross section A–A′ of Plate III). This pattern is similar to
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the highly-extended Kino–Chueca Domain to the east. The Kunkaak fault is inferred

to turn eastward at the structural discontinuity and possibly underlie the southern

Sierra Kunkaak (Fig. 6.2). Alternatively, the dip of the Kunkaak fault may steepen

southward and continue as the Sauzal fault (cross section D–D′, Plate III). The abrupt

transition from a thick volcanic cover in the southern Sierra Kunkaak to basement

outcrops in the northern Sierra Kunkaak is probably a combined result of erosion and

tectonic removal by the Kunkaak fault.

The timing and amount of extension over most of the Sierra Kunkaak Domain

is poorly constrained, with the exception of the northern Sierra Kunkaak. Here,

the Tuff of San Felipe has been displaced 6.7 km on the combined Kunkaak and

Tecomate normal faults since ∼12.6 Ma (cross section A–A′ on Plate III, Fig. 6.3).

Of this slip, at least 4.0 km occurred after deposition of the Tmr3 member of the

Tuffs of Mesa Cuadrada at ∼6.3 Ma. Slip on the high-angle Tecomate strand and an

intermediate splay east of the Tecomate fault occurred primarily after deposition of

Tmr3 (3.1 of 3.2 km). At least 0.9 km of slip on the Kunkaak fault has also occurred

after deposition of Tmr3, indicated by boulders of Tmr3 probably eroded from the

footwall and deposited in unit Tmpal adjacent at the fault contact (Plate II). Some

of these boulders show striated surfaces from shearing within the Kunkaak fault zone.

Rotation of Tmr3 to dips of 45◦ in the hanging wall of the Kunkaak fault indicates

that the shallow dip of this normal fault probably also post-dates 6.3 Ma (Plate II).

Altogether, these structural and stratigraphic relationships indicate that 60% of the

total extension (2.5 of 4.2 km) in the northern Sierra Kunkaak post-dates 6.3 Ma (Fig.

6.3). Percent extension is locally high within the Sierra Kunkaak (> 100%) across

the Kunkaak low-angle normal fault. A sample from the northern Sierra Kunkaak

that gave an apatite fission-track age of 10 Ma [Calmus et al., 2000] probably was

located in the footwall of the Kunkaak fault. Scarps in Quaternary deposits indicate

that the high-angle Tecomate normal fault system is active (Plate II).
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6.5.3 La Cruz Domain

The La Cruz domain occupies a 1–4 km wide strip along the southern coast of

Isla Tiburón (Fig. 6.2). The right-lateral La Cruz fault forms the northern boundary

of the La Cruz domain. Early to Middle Miocene volcanic strata of the La Cruz

domain are distinctive from coeval strata of the adjacent Sierra Menor and Sierra

Kunkaak domains, supporting significant displacement on this structure (Chapter 3

of this thesis). Late syn-rift strata of southwestern Isla Tiburón correlate across the

La Cruz fault and indicate that slip on the fault occurred primarily before deposition

of the lowest member of the Tuffs of Arroyo Sauzal (Tmprsz1) at ∼6 Ma (Chapter 3,

also cross section D–D′, Plate III). Most likely, the La Cruz domain was transferred

across the Tiburón fracture zone during the earliest stage of opening of the Upper

Delf́ın basin (Chapter 3).

Extension within the La Cruz domain is poorly constrained, but probably mod-

erate. Strata of the La Cruz domain are repeated across a series of southeast-dipping

normal faults that crop out on the southern coastline of Isla Tiburón. Shallow dips of

10–25◦ measured by Gastil et al. [1999] on 11–21 Ma volcanic strata of the La Cruz

domain further support low amounts of extension.

Right-lateral strike-slip displacement on the La Cruz fault may be 26 km or more,

the length of the fault zone exposed on Isla Tiburón. No pre-rift nor early syn-rift

strata are correlated across the La Cruz fault, based on reconnaissance observations

along its trace. Thus, strata of the La Cruz domain probably originated southeast

of Isla Tiburón and were juxtaposed across the La Cruz fault. Alternatively, the

La Cruz fault may be a down-to-the-northeast normal fault that exposes strata on

its footwall that lie burred beneath the hanging wall. This is less likely, however,

because ignimbrites of the La Cruz domain as young as 11–12 Ma do not correlate

with coeval strata north of the La Cruz fault. Quaternary activity of the La Cruz

fault may be indicated by a subtle scarp and vegetation lineament on an alluvial fan

on southeastern Isla Tiburón (Fig. 6.2).
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6.5.4 Kino–Chueca Domain

The Kino–Chueca Domain is comprised of a series of narrow north-trending ridges

of volcanic strata interspersed with more extensive areas of basement (Fig. 6.2). This

domain is bounded on the west and south by the Gulf of California and on the east

by the broad alluvial plain of the Rio Sonora. The Sierra Seri Domain abuts the

northeastern boundary of the Kino–Chueca Domain along the Sacrificio fault, one

of a family of right-lateral strike-slip faults within the Sonoran coastal zone [Gastil

and Krummenacher , 1977]. The predominant structures within the Kino–Chueca

domain are probably low-angle normal faults that underlie steeply dipping strata

that is characteristic of this area. The positions of these faults are poorly constrained

at present (Plate I). Fluvial conglomerates (unit Tmpal) unconformably overlying

faulted volcanic rocks and basement may be remnants of a half-graben basin that

existed here at one time during rifting.

Secondary structures within the Kino–Chueca domain are northwest-striking right-

lateral strike-slip faults and high-angle, low-offset (10’s of meters) north-striking nor-

mal faults. Both of these fault systems appear to be truncated by lower-angle(?)

normal faults with greater amounts of offset (100’s of meters, Plate I). Volcanic rocks

of the southern and eastern parts of the Kino–Chueca domain dip steeply to verti-

cal (65–89◦) and form strike-parallel ridges. Dips become more moderate to shallow

in the northwestern part of the domain near Punta Chueca. Some faulting in this

northwestern area is closely associated with very densely welded Tuff of San Felipe

and syn-tectonic infill by the Tuffs of Punta Chueca (Chapter 3 of this thesis). Two

of these faults shown in cross section P–P′ on plate I are interpreted to be related to

the vent for the Tuff of San Felipe.

Extension within the Kino–Chueca domain is probably moderate to high. Al-

though measurement of the exact amount of extension is limited by a lack of detailed

mapping here, steeply-dipping strata repeated at 2–10 km intervals require substan-

tial amounts of extension (plate I). Outcrops of the Tuff of San Felipe, when restored
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in cross section Q–Q′, suggest ∼100% extension. Structural control is very sparse in

cross section P–P′. A preliminary estimate indicates at least 36% extension for this

cross section. Clockwise vertical axis rotation of the Tuff of San Felipe by 25◦ and

40◦ was measured near Bah́ıa Kino and Punta Chueca, respectively. These rotations

are attributed to large-magnitude extension within a right-lateral shear zone. No

Quaternary faulting is mapped in the Kino–Chueca domain.

Apparent right-lateral offset of 20±10 km between Punta Chueca and the north-

ern Sierra Kunkaak is estimated from matching densely-welded near-vent facies of

the Tuff of San Felipe and similar capping basalt flows (Chapter 3 of this thesis).

Large-magnitude extension common to both of these areas suggests that this offset

may result from northwest-directed extension. Lengthening of the region from Punta

Chueca to the northern Sierra Kunkaak by 100% would have resulted in ∼10 km of

northwest displacement. Lengthening of a larger region from Bah́ıa Kino to the Sierra

Kunkaak by 100% would have resulted in ∼20 km of northwest displacement. These

displacements are within the range estimated in Chapter 3 from correlative volcanic

strata.

6.5.5 Sierra Seri Domain

The Sierra Seri Domain consists of the Sierra Seri, a northwest-trending, northeast-

tilted set of ranges that lie parallel to the Sonoran coastline north of Punta Chueca.

Northwest-striking, southwest-dipping dextral oblique normal faults define the south-

western range front of the Sierra Seri (Fig. 6.2). None of these faults appears to cut

Quaternary strata. The amount of extension within the Sierra Seri has not been mea-

sured, but is probably significant, based upon the moderate stratal dips (20◦ to 47◦)

within the range [Gastil and Krummenacher , 1977, and Plate I]. Extension between

the Sierra Seri and adjacent ranges to the northeast or between the Sierra Seri and

northern Isla Tiburón is unconstrained.

Right-lateral strike slip displacement on the Sacrificio fault, which lies between

the Sierra Seri Domain and the Kino Chueca Domain, is also poorly constrained. A
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distinctive conglomerate that crops out at the crest of the Sierra Seri and within the

Sierra San Felipe of Baja California limits the amount of slip on the Sacrifico fault to

a few tens of km (Chapter 5 of this thesis).

6.6 Discussion

The following discussion presents an overview of extension on the margins of

the Delf́ın basin prior to and after opening of the upper and lower sub-basins (Fig.

6.4 and Table 6.1). This model is similar to ones presented by Lonsdale [1989],

Stock [2000], and Nagy and Stock [2000] but with additional geologic constraints on

the opening of the Upper and Lower Delf́ın basins from Chapters 5 and 7 of this

thesis. The most important aspect of the Upper Delf́ın basin not accounted for by

these previously published tectonic models is the surprisingly close restoration of the

conjugate rift margins exposed in Baja California and Sonora. This close correlation

of ignimbrite strata, presented by Oskin et al. [2001] and in Chapter 5, suggests

that most of the upper crust on the conjugate margins of the Upper Delf́ın basin is

accounted for by presently mapped outcrops. This information, combined with the

record of continental extension from the margins, provides powerful constraints on

the budget of continental crust and rift evolution in Upper Delf́ın segment of the

Gulf of California. Similar constraints for the Lower Delf́ın basin require testing

for the presence of correlative strata on northwestern Isla Angel de La Guarda. This

uncertainty does not greatly affect the implications of the extensional record discussed

here.
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Table 6.1. Kinematic model for the tectonic evolution of the Upper and Lower Delf́ın basin.

A. Pre-Extensional Markers (<12 Ma)

• Arc Volcanism concentrated at the Puertecitos Volcanic Province and surrounding
areas from 21–16 Ma (Chapter 2 of this thesis). Distribution of these rocks on Isla
Angel de la Guarda is unconstrained.

• Distinctive conglomerate deposits in the Sierra San Felipe of Baja California and the
Sierra Seri of coastal Sonora [Gastil et al., 1973].

• Emplacement of the Tuff of San Felipe at ∼12.6 Ma; erupted from a vent located in
coastal Sonora [Stock et al., 1999; Oskin et al., 2001].

B. Early Continental Extension (12–6.3 Ma)

• Beginning of extension on N-striking San Pedro Mártir [Stock and Hodges, 1990], San
Felipe [Stock et al., 1991], Santa Rosa [Bryant , 1986], and Tecomate normal faults.

• Probable beginning of extension on Ironwood Canyon fault [Lewis and Stock , 1998b],
Campo fault, and in coastal Sonora.

• Beginning of distributed extension and shear on Matomı́ accommodation zone [Stock
and Hodges, 1990], the La Cruz fault, and possibly the Sacrificio fault.

• Extensional roll-over fold forms in the Sierra Menor between opposite-polarity normal
faulting on Isla Tiburón and Baja California.

C. Ignimbrite Volcanism in the northern Puertecitos Volcanic Province (6.3–6.1 Ma)

• Eruption of the Tuffs of Mesa Cuadrada and Tuffs of Dead Battery Canyon ca. 6.3 Ma
from a vent located within the Matomı́ accommodation zone. Formation of caldera
collapse features in the southern Sierra San Fermı́n and Santa Isabel Wash areas
(Chapter 2 of this thesis).

• Eruption of the Tuffs of Arroyo El Canelo ca. 6.1 Ma from same vent area as the
Tuffs of Mesa Cuadrada (Chapter 2 of this thesis).
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Table. 6.1, continued

D. Opening of the Upper Delf́ın basin (∼6 Ma)

• Separation of Baja California from Isla Tiburón and coastal Sonora, forming Upper
Delf́ın basin [Oskin et al., 2001]. Large-magnitude oblique extension at the Puertecitos
High Extension zone [Stock et al., 1991] may be a fragment of a breakaway zone. Other
breakaway zones probably exist offshore of Baja California and Isla Tiburón.

• Initiation of the Tiburón Fracture Zone at the junction of the Matomı́ accommodation
zone and the La Cruz fault. Initial slip on the Tiburón Fracture Zone included
significant (>26 km?) strike-slip displacement on the La Cruz fault. Slip rate on the
La Cruz fault decreased by ∼4 Ma, leaving the La Cruz block as part of southern Isla
Tiburón.

E. Ignimbrite Volcanism in the eastern Puertecitos Volcanic Province (3.3–2.6 Ma)

• Eruption of the Tuffs of Los Heme from 3.3 Ma to 2.6 Ma from a vent offshore east
of the Puertecitos Volcanic Province [Mart́ın-Barajas et al., 1995]. The distribution
of these ignimbrites on Isla Angel de la Guarda and in the Upper Delf́ın basin is
unconstrained.

• Extension within the southern Puertecitos Volcanic Province and dextral-oblique ex-
tension on the Ballenas Tranform fault (Chapter 7 of this thesis).

F. Opening of the Lower Delf́ın basin (∼2.6 Ma)

• Northwestward jump in the locus of spreading in the Upper Delf́ın basin, abandoning
spreading center adjacent to Isla Tiburón [Lonsdale, 1989].

• Separation of Isla Angel de la Guarda from Baja California, forming Lower Delf́ın
basin [Lonsdale, 1989; Stock , 2000]. Breakaway zone may lie adjacent to northwest
Isla Angel de la Guarda.

• Slowing and eventual stalling(?) of motion on the Tiburón Fracture Zone in favor of
dextral displacement on the Ballenas Transform fault [Stock , 2000].

• Inception of left lateral faulting and clockwise vertical-axis rotation in Baja California
[Lewis and Stock , 1998a].

6.6.1 Early continental extension

Early continental extension, prior to opening of the Upper Delf́ın basin, is generally

of low magnitude where its record is well constrained by overlapping younger strata.
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Figure 6.4. (next page) Kinematic model for opening of the Upper and Lower Delf́ın
basins, Gulf of California. Based upon a model linking volcanism of the Puertecitos Volcanic
Province and rift initiation proposed by Stock [2000] with additional geology from Isla
Tiburón, coastal Sonora, and the southern Puertecitos Volcanic Province (Chapter 7 of this
thesis). Eastern coastline of Baja California and the coasts of Isla Tiburón, Isla Angel de
La Guarda, and Sonora shown as thin dashed lines. Active faults shown as solid thick
lines. Faults that are about to become active shown as dashed thick lines. See Table 6.1
for summary of tectonic and volcanic events depicted here.

Several north-striking normal fault systems accommodated east-west extension during

this time (Fig. 6.4b). Differential tilting between the ∼12.6 Ma Tuff of San Felipe

and the 6.1–6.3 Ma Tuffs of the Northern Puertecitos Volcanic province is no more

than 15◦ in most areas. Differential tilt may be as high as 24◦ in the Sierra Alta of

northwestern Isla Tiburón, but cross sections across western Isla Tiburón indicate that

the degree of differential tilting is lower overall (Plate III). Areas of the Puertecitos

Volcanic Province south of the Matomı́ accommodation zone in Baja California were

only slightly extended prior to 6 Ma [Stock and Hodges , 1990; Nagy , 2000].

Beyond the outcrop area of the Tuffs of the Northern Puertecitos Volcanic Province,

areas of large-magnitude continental extension may pre-date opening of the Upper

Delf́ın basin. The most-well constrained of these fault systems is the Santa Rosa nor-

mal fault, which underlies a nonmarine basin containing 8.9 Ma and older volcanic

rocks [Bryant , 1986]. Extension as high as 100% across the El Parral subdomain may

also pre-date 6.3 Ma. However, where the Tuffs of the Northern Puertecitos Volcanic

Province are present in the southern half of this subdomain, extension occurred later

than 6.3 Ma [Lewis and Stock , 1998b]. Extension and strike-slip faulting in coastal

western Sonora may also pre-date opening of the Upper Delf́ın basin (Chapter 5 of this

thesis), though apatite fission-track ages as young as 6 Ma from this region support

a younger extensional history [Calmus et al., 2000].

Minimal upper crustal extension, probably 10–20% overall, occurred on the mar-

gins of the Upper Delf́ın basin prior to ∼6.3 Ma. This appears to be a consistent

result on both margins of the Upper Delf́ın basin (Figs. 6.1 and 6.2). More severe

extension may have occurred prior to ∼6.3 Ma in areas north of 30◦ 45′ in Baja Cal-
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Figure 6.4.
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ifornia and in areas east of Isla Tiburón in Sonora. Low amounts of extension in the

region surveyed here may be partially explained by proximity to an accommodation

zone in the continental rift system [Faulds and Varga, 1998]. Extension across the

San Pedro Mártir fault segment diminishes southward and is presumably transferred

to the southeast, through the Matomı́ accommodation zone, to an area of extension

east of Isla Angel de la Guarda [Stock and Hodges , 1990; Stock , 2000, and Fig. 6.4b].

The La Cruz fault on Isla Tiburón may have originated as a continuation of this ac-

commodation zone. Normal displacement on the San Felipe fault and the Tecomate

fault also diminish southward towards the Matomı́ accommodation zone and the La

Cruz fault, respectively.

6.6.2 Opening of the Upper Delf́ın basin

The opening of the Upper Delf́ın basin (Fig. 6.4c) is well constrained from multiple

matching cooling units of the Tuffs of the Northern Puertecitos Volcanic Province

[Oskin et al., 2001, and Chapter 5]. Closely matched features of these deposits support

that conjugate margins of the Upper Delf́ın basin were in close proximity prior to

rupture near the present-day coastlines (Chapter 5 and Fig. 6.4c and 6.4d). North-

striking normal fault systems established during prior continental extension continued

to accommodate extension of the rift margin in Baja California [Dokka and Merriam,

1982; Stock and Hodges , 1990; Lewis and Stock , 1998b] and Sonora (Plates II and

III).

The amount of extension that has occurred over most of the rift margin of the

upper Delf́ın basin after ∼6.3 Ma is similar to the extension that occurred from 12.6

Ma to 6.3 Ma, probably also 10–30% on average. Where normal faults began to

move prior to 6.3 Ma, the long-term rate of extension has either remained constant,

as in southern Valle Chico [Stock and Hodges , 1990] or increased, as in the Sierra

San Fermı́n [Lewis and Stock , 1998b] and on Isla Tiburón (Plate III and Fig. 6.3).

Locally high amounts of extension occurred after 6.3 Ma in the northern Sierra San

Fermı́n [Lewis and Stock , 1998b], adjacent to Puertecitos [Stock et al., 1991], and in
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the northern Sierra Kunkaak (Plates II and III). At least part of the large-magnitude

extension of the Sonoran coastal area probably also post-dates 6 Ma [Calmus et al.,

2000].

Although the timing of opening of the Upper Delf́ın basin is well constrained,

high-precision records of faulting during the initial stages of continental break-up

are scarce on its continental margins. Locally high amounts of extension occurred

between 6 and 3 Ma northwest of Puertecitos, Baja California (Puertecitos High

Extension Zone of Fig. 6.4d, Stock et al. [1991]). This northwest-trending zone may

have acted as an early strand of the Tiburón Fracture zone, which accommodated

opening of the Upper Delf́ın basin. Other parts of the basin margin fault system

have been modified by later faulting and vertical axis rotation in Baja California and

may mostly lie offshore (Fig. 6.4f). The conjugate basin margin for the Upper Delf́ın

basin west of Isla Tiburón probably also lies just offshore (Tiburón Escarpment fault

of Plate III). Syntectonic sedimentation on the margins of Upper Delf́ın basin may

provide additional high-precision records of extension rate during the initial stages

of continental break-up. One location of such a sedimentary record of is the ‘proto-

gulf’ marine basin on southwestern Isla Tiburón, which was deposited adjacent the

La Cruz fault from ∼6 to 4 Ma (Chapter 8 of this thesis). Nearby, in the interior of

Isla Tiburón, a correlative record of post-6 Ma rocks in the Sauzal basin may record

motion of a continental margin fault system during initial opening of the Upper Delf́ın

basin (Plate II and cross section D–D′ of Plate III).

It is uncertain which side of the Upper Delf́ın basin may have acted as the upper

plate during continental break-up. Segmentation established during early continental

rifting [Axen, 1995] appears to have been continuous across the Upper Delf́ın basin

and probably influenced the position of the Tiburón Fracture Zone [Stock , 2000].

However, the polarity of rifting changes from east-directed to west-directed across

the Upper Delf́ın basin, such that each side looks like a lower plate margin. This

polarity reversal was established prior to opening of the basin (Plate III).
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6.6.3 Opening of the Lower Delf́ın basin

The Tuffs of Los Heme record a change in tectonism on the Baja California margin

of the Upper Delf́ın basin and possibly the beginning of opening of the Lower Delf́ın

basin (Fig. 6.4e and Chapter 7 of this thesis). Paleomagnetic evidence from the

Sierra San Fermı́n suggests that clockwise rotation of crustal blocks in northeastern

Baja California post-dates the eruption of these ∼3 Ma tuffs [Lewis and Stock , 1998a,

and Fig. 6.4f]. Left-lateral strike-slip faults that accommodate clockwise rotation of

crustal blocks also post-date adjacent extensional basins that were active after 6.3

Ma [Lewis and Stock , 1998b]. This shift in tectonic activity may have culminated

in opening of the Lower Delf́ın basin and separation of the Isla Angel de La Guarda

Microplate from Baja California by 2.6 Ma [Lonsdale, 1989; Stock , 2000, and Chapter

7]. Further studies on Isla Angel de La Guarda are required to completely characterize

the history of the Lower Delf́ın basin. The record of extension compiled here suggests

that opening of the Lower Delf́ın basin may be as abrupt as that of the Upper Delf́ın

basin.

Overall, extension in the Puertecitos Volcanic Province, which forms the northwest

margin of the Lower Delf́ın basin, is very low (∼5%). Higher amounts of extension

(15–29%) are observed locally where the rift margin narrows and at the intersection

of east-dipping and west-dipping normal faults (Plate IV and Chapter 7). Extension

began in the northern Puertecitos Volcanic Province prior to 6 Ma [Stock and Hodges ,

1990; Nagy , 2000] and in the southeastern corner of the province before 2.6 Ma

(Chapter 7 and Fig. 6.4d). These studies indicate that diffuse continental rifting

preceded opening of the Lower Delf́ın basin. A zone of higher extension probably

lies just offshore of the Puertecitos Volcanic Province where the Lower Delf́ın basin

opened. Although the initial position of the southeast margin of the Lower Delf́ın

basin (Isla Angel de la Guarda) is uncertain, the pattern of low amounts of continental

extensional right up to the coastline is very similar in character to the margins of the

Upper Delf́ın Basin. This similarity suggests, but does not prove, that the zone of
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continental rupture may be as narrow in the Lower Delf́ın basin as observed in the

Upper Delf́ın basin.

Reconnaissance geologic investigations of the southern Puertecitos Volcanic Province

and Isla Angel de La Guarda suggest that the Puertecitos area acted as the upper

plate during opening of the Lower Delf́ın basin [Gastil et al., 1975]. The overall

structure of the Puertecitos Volcanic Province is interpreted here as an extensional

hanging wall rollover. This broad structural feature is evident from the elevation of

the top of the Tuffs of Los Heme, which gradually drops from 700 m on the vol-

canic plateau of the central Puertecitos Volcanic Province to sea level at the Gulf of

California. This elevation trend persists despite numerous small-offset west-dipping

normal faults that elevate footwall blocks on the Gulf of California side. Although

these normal faults sole into down-to-the-east dextral-oblique faults at the western

and southwestern margin of the province, the normal offset on these fault systems is

small [Stock and Hodges , 1990; Nagy , 2000, Chapter 7]. Basement exposures at the

northeastern end of Isla Angel de La Guarda [Gastil et al., 1975] indicate that the

southeastern margin of the Lower Delf́ın basin may have been uplifted relative to the

Puertecitos Volcanic Province. This conjugate margin is interpreted here as the lower

plate of the Lower Delf́ın basin rift segment.

6.6.4 Summary of the kinematic evolution of the Upper and

Lower Delf́ın basins

The tectonic history of opening of the Upper and Lower Delf́ın basins presented

here (Fig. 6.4) confirms many aspects of the existing models for these basins [Lons-

dale, 1989; Stock , 2000; Nagy and Stock , 2000]. Pulses of syn-rift ignimbrite volcan-

ism in the Puertecitos Volcanic Province from 6.3–6.1 Ma and 3.3–2.6 Ma coincide

with the opening of the Upper and Lower Delf́ın basins, respectively, as suggested

by [Stock , 2000] and [Nagy and Stock , 2000]. Opening of the Upper Delf́ın basin

commenced with localization of the Pacific–North America plate boundary at ∼6 Ma
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[Oskin et al., 2001], presaged by a period of diffuse continental extension that began

by 11–12 Ma [Stock and Hodges , 1989; Lee et al., 1996]. Significant plate boundary

motion occurred initially only in the upper Delf́ın basin and on the Tiburón Frac-

ture zone, bypassing the site of the Lower Delf́ın basin [Lonsdale, 1989; Stock , 2000].

Opening of the Lower Delf́ın basin was probably underway by 2.6 Ma (Chapter 7 of

this thesis) and is likely to have coincided with a northwestward jump in the locus

of spreading in the Upper Delf́ın basin [Lonsdale, 1989; Stock , 2000; Nagy and Stock ,

2000]. The initial rate of spreading in the Lower Delf́ın basin was probably less than

in the Upper Delf́ın basin, such that Isla Angel de la Guarda moved as an indepen-

dent microplate, surrounded by transform faults and simultaneously active spreading

centers (Chapter 7 of this thesis). Eventually, the spreading rate in the Lower Delf́ın

equalled that of the Upper Delf́ın basin, shifting the plate boundary entirely to the

west of Isla Angel de La Guarda [Lonsdale, 1989].

Existing models for the tectonic evolution of the Upper Delf́ın basin do not ac-

count for the close restoration of the conjugate rift margins presented by Oskin et al.

[2001] and in Chapter 5 of this thesis. Lonsdale [1989], Stock [2000] and Nagy and

Stock [2000] all conservatively restore ∼200 km of opening in the Upper Delf́ın basin,

reserving a ∼100 km width of crustal area to account for subsided upper continental

crust within the basin. These models account for this remaining ∼100 km displace-

ment by a combination of east-west extension and dextral displacement in coastal

Sonora. More regional tectonic restorations often closely align the shorelines of the

northern Gulf of California in order to approximate the full ∼300 km offset estimated

by Gastil et al. [1973] [Gastil et al., 1979, for example]. It turns out that this approx-

imation is somewhat closer to what has occurred in the northern Gulf of California,

and that the Upper Delf́ın basin probably opened along a narrow north-striking break-

away zone (Chapter 5 of this thesis). Only minor changes to the models of Lonsdale

[1989] and Stock [2000] are required to place a greater amount of divergence into the

Upper Delf́ın basin. The Wagner Transition Zone model of Nagy and Stock [2000]

must involve diffuse deformation of a substantial area of new transitional crust in the
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northern Gulf of California, rather than submerged upper continental crust.

6.6.5 Implication for vertical strain partitioning

Crustal thickness estimates from passive seismic experiments across the Penin-

sular Ranges–Gulf of California transition zone indicate thinning by a factor of 2

to 2.5 across the rift flank [Ichinose et al., 1996; Lewis et al., 2000, 2001]. Moho

depth reaches a maximum of ∼37 to 40 km beneath western Peninsular Ranges and

shallows to ∼15 to 21 km beneath the northern Gulf of California and the Salton

Trough. The steepest gradient in Moho depth underlies the high topography of the

eastern Peninsular Ranges, directly adjacent to the extended continental margin of

the northern Gulf of California. These observations led Lewis et al. [2000] to suggest

that rifting has been accompanied by significant extension of the lower crust of the

eastern Peninsular Ranges. If the continental crust on the margins of the Delf́ın basin

has been extended on average in excess of 100%, as suggested above, then the modest

amount of upper crustal extension measured here (Figs. 6.1 and 6.2) also requires

that thinning has been decoupled between the upper and lower crust.

Overall, the amount of extension of the upper and lower continental crust must

be balanced, so that an area of greater upper-crustal extension is required to offset

decoupled large-magnitude lower crustal extension. There are two possible locations

of compensatory extension of the upper continental crust in the vicinity of the Upper

Delf́ın basin. One of these locations is the basin itself, where close correlation of the

conjugate rift margins indicates that upper crustal extension has been localized and

of large magnitude [Oskin et al., 2001; Lewis et al., 2001, and Chapter 5 of this thesis].

Lower crustal flow from the rift flanks towards the Upper Delf́ın basin would also help

to explain formation of anomalously thick transitional crust in this area (Chapter 5

of this thesis). A second possible location of large-magnitude upper-crustal extension

is the Sonoran continental margin east of Isla Tiburón. This region may contain

a large proportion of the extension partitioned into the southern Basin and Range

province during slip on the Tosco-Abreojos fault west of Baja California Sur [Stock
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and Hodges , 1989]. Large magnitude extension measured here for the Sonoran coastal

zone may be a small sample of the tectonism of this realm.

Alternatively, crustal thickness variations beneath the western margin of the Up-

per Delf́ın basin may be unrelated to extension after 12.6 Ma. One possibility is that

the step in Moho depth beneath the eastern Peninsular Ranges is related to Late Cre-

taceous through Eocene compression that led to uplift and unroofing of the eastern

Peninsular Ranges Batholith [Ortega-Rivera et al., 1997; Rothstein, 1997; Schmidt ,

2000]. This solution is unlikely, however, without a later extensional or delamina-

tion event, since an increase in Moho depth would be a more appropriate response

to crustal thickening during compression. A second possibility is that pre-12 Ma

extension induced lower-crustal thinning beneath the region. Although some early

subsidence may be supported by shallow closed-basins preserved in pre-extensional

continental sedimentary rocks (group 2, Chapter 2.1), subsidence of the Gulf Ex-

tensional Province appears to be mostly a more recent event. Pre-extensional fluvial

systems drained west, across the peninsular ranges, as recently as the ∼12.6 Ma erup-

tion of the Tuff of San Felipe [Dorsey and Burns , 1994; Stock et al., 1999]. The modern

elevations of the Gulf Extensional Province (0–0.5 km) and the western Peninsular

Ranges (1.5–2 km) are consistent with isostatic compensation of the crustal thickness

variations (10–15 km) described by Lewis et al. [2001]. Flexural rigidity [Lewis et al.,

2001] and/or lateral mantle density variations [Wernicke et al., 1996; Lewis et al.,

2000] are only necessary to support the higher topography of the eastern Peninsular

Ranges.

6.6.6 Rift localization in the Upper Delf́ın basin

Although the geometry of continental rifting appears to have affected the kine-

matic evolution of the Upper Delf́ın basin [Stock , 2000], the rate of upper crustal

extension on the basin margins does not show a strong response to localization of

strain in the rift basin. Mechanical models of continental rifting describe a runaway

effect where rifting creates a zone of weakness that localizes strain [England , 1983;
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Buck , 1991]. Field examples from East Africa and the Red Sea support this mecha-

nism [Cochran, 1983; Ebinger and Casey , 2001]. The long term evolution of the Basin

and Range Province in northwestern Mexico is also cited by Buck [1991] as an exam-

ple of rift localization, where thinning of the crust eventually favored localization of

rifting into the Gulf of California. The rifting history presented here for the margins

of the Upper Delf́ın basin indicates that strain rate remained constant or increased

at the onset of crustal rupture, rather than decreasing as the models would suggest.

Overall, the strain rate increased dramatically in the Gulf of California with local-

ization of the Pacific–North America plate boundary here [Oskin et al., 2001]. Pro-

portionally, within the study area, the majority of this strain localized into the Upper

Delf́ın basin and the fraction of the strain budget accommodated by the continental

margin fault systems decreased dramatically. However, the long-term extension rate

on individual continental normal fault systems changed little with the opening of the

Upper Delf́ın basin. Quaternary faulting on most of the major continental normal

fault systems on both margins of the Upper Delf́ın basin indicates that forces driving

intracontinental extension persist to the present. This evidence suggests that rift

localization into the Upper Delf́ın basin may have been a response to outside bound-

ary forces resulting in a significant increase in strain rate, rather than a response to

weakening of the crust resulting from intracontinental extension.

6.7 Conclusions

The magnitude of extension of upper continental crust on the margins of the

Upper and Lower Delf́ın basins of the northern Gulf of California ranges from <5%

to ∼40% in most areas. More severe extension may have occurred in areas north

of 30◦ 45′ in Baja California and east of Isla Tiburón in Sonora. Higher percent

extension is probably also associated with breakaway zones where the Upper and

Lower Delf́ın basins opened. Overall, the magnitude of upper crustal extension on

the margins of the Delf́ın basin is much less than the factor of 2 to 2.5 thinning of
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the entire crustal column estimated from changes in Moho depth [Lewis et al., 2001].

This result suggests that thinning was accommodated in part by lower crustal flow to

areas elsewhere in the rift or outside of the rift margin. Localized, large-magnitude

upper crustal extension in the Upper Delf́ın basin and/or in western Sonora may have

accommodated this flow by exhumation of lower crust.

Evidence for the timing of opening of the Upper and Lower Delf́ın basins confirms,

in general, the timing predicted by existing models [Lonsdale, 1989; Stock , 2000; Nagy

and Stock , 2000]. Pulses of syn-rift ignimbrite volcanism in the Puertecitos Volcanic

Province from 6.3–6.1 Ma and 3.3–2.6 Ma coincide with the opening of the Upper

and Lower Delf́ın basins. However, a greater amount of divergence is required within

the Upper Delf́ın basin than previously suggested to account for close restoration of

its conjugate rifted margins.

Extensional strain on the margins of the Gulf of California remained steady or

increased after opening of the Upper Delf́ın basin, contrary to models of continental

rift evolution, which predict that strain should become localized within the ocean

basin. Quaternary faulting on most of the major continental normal fault systems on

both margins of the Upper Delf́ın basin indicates that forces driving intracontinental

extension remain active. Rift localization into the Upper Delf́ın basin may have been

a response to a significant increase in strain rate, brought on by a change in boundary

forces, rather than a response to weakening of the crust resulting from intracontinental

extension.
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Chapter 7

Structural development of the Main Gulf

Escarpment in the southern Puertecitos

Volcanic Province, Baja California,

Mexico
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7.1 Abstract

The structural development of the Main Gulf Escarpment in the southern Puertecitos

Volcanic Province is investigated here to determine the history of faulting leading to

opening of the Lower Delf́ın basin of the Gulf of California. The Cinco Islas study

area encompasses an unusually narrow reach of the Baja California continental mar-

gin where the Main Gulf Escarpment passes within 5 km of the coastline. Three

families of normal faults are recognized at Cinco Islas. 1–2 km of dextral separa-

tion on northwest-striking dextral-oblique faults forms the Main Gulf Escarpment.

This fault system appears to have accommodated extension within the interior of the

Puertecitos Volcanic Province. North-striking, east-dipping and west-dipping normal

faults originate at this dextral oblique fault zone. The majority of faulting at Cinco

Islas pre-dates emplacement of the upper part of the Tuffs of Los Heme at ∼2.6 Ma.

Fault activity may have migrated away from the Main Gulf Escarpment and localized

within the Lower Delf́ın basin by this time. Opening of the Lower Delf́ın basin by

2.6 Ma would require that Isla Angel de La Guarda has acted as an independent

microplate within the Gulf of California during part of its history, surrounded by

simultaneously active spreading centers.

7.2 Introduction

Narrow continental rifts are thought to form by a runaway process, where crustal

weaknesses localize extensional strain [England , 1983; Buck , 1991]. In contrast, in-

tracontinental extension probably involves strain-dependant strengthening through

crustal compensation of localized extension and/or buoyancy-driven restoring forces

[Buck , 1991; Hopper and Buck , 1996]. These processes may represent a continuum

of crustal rifting mechanisms with a tendency towards localization and continental

rupture with time [Buck , 1991]. Once a continental rupture has been established, no

mechanism has been proposed whereby seafloor spreading would be arrested in favor
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of further continental rifting.

The midriff islands region of the northern and central Gulf of California presents

an anomalous tectonic history of rift localization and abandonment. Rifting southeast

of Isla Angel de La Guarda that formed the Tiburón basin later jumped north of this

island, forming the lower Delf́ın basin [Lonsdale, 1989; Stock , 2000, Fig. 7.1]. This

process appears to have produced two regions of continental rupture on the same rift

segment, separated by a continental microplate, Isla Angel de la Guarda. Present-

day Pacific–North America plate motion appears to be largely confined to the Lower

Delf́ın basin and Ballenas Transform segments of the northern Gulf of California,

bypassing the Tiburón fracture zone and Tiburón basin [Henyey and Bischoff , 1973;

Bischoff and Henyey , 1974; Ortlieb et al., 1989; Lonsdale, 1989; Persaud et al., 1999].

Stock [2000] proposed that large-volume rhyolitic pyroclastic eruptions in the

Puertecitos Volcanic Province correspond to the opening of the upper and lower

Delf́ın rift segments in the northern Gulf of California. This hypothesis has been

strengthened by restoration of displaced deposits of the ∼6.1 to 6.3 Ma Tuffs of the

Northern Puertecitos Volcanic Province just prior to opening of the northern Delf́ın

basin [Oskin et al., 2001, and Chapter 5 of this thesis]. According to Stock [2000],

eruption of the Tuffs of Los Heme between 3.3 Ma and 2.6 Ma [Mart́ın-Barajas et al.,

1995, and Melbourne, unpublished data] would reflect the onset of opening in the

Lower Delf́ın basin.

This study is designed to examine the record of opening of the Lower Delf́ın basin

by documenting the faulting history on its continental margin in Baja California.

The Cinco Islas study area (Fig. 7.1) is located along the northwestern projection

of the Ballenas Transform fault (also called the Guaymas Transform fault) of the

Gulf of California rift. This transform fault accommodates opening of the Lower

Delf́ın basin. The southeast edge of the study area encloses a portion of the Main

Gulf Escarpment, which separates the extended continental margin of the Gulf of

California from the tectonically stable interior of Baja California. The Cinco Islas

study area is unusual because the Main Gulf Escarpment passes within 5 km of the
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Figure 7.1. Location map of study area. Inset shows part of Pacific-North America plate
boundary. AR, Alarcon Rise; JDF, Juan de Fuca plate; MTJ, Mendocino triple junction;
RP, Rivera plate; RTJ, Rivera triple junction; SAF, San Andreas fault. Tuffs of the northern
Puertecitos Volcanic Province in gray [Oskin et al., 2001, and Chapter 5]. Tuffs of Los Heme
shown with pattern [Mart́ın-Barajas et al., 1995; Stock , 2000, and Chapter 2]. Marine faults
(thin lines) and axes of pull-apart basins (thick lines) are from Fenby and Gastil [1991]. ‘Old
Spreading Center’ is an inferred former location of the axis of the Upper Delf́ın basin [Fenby
and Gastil , 1991; Lonsdale, 1989; Stock , 2000]. MAZ, Matomı́ Accommodation Zone; PVP,
Puertecitos Volcanic Province; SPMF, San Pedro Mártir Fault.
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coastline here. Therefore, the history of faulting at Cinco Islas integrates the onshore

record of rifting that has accompanied opening of the Lower Delf́ın basin into a narrow

region. The Cinco Islas study area also corresponds to the southernmost outcrop area

of the Tuffs of Los Heme. The relationship of these tuffs to fault movement at Cinco

Islas thus provides a direct test of the chronology of rifting and volcanism proposed

by Stock [2000]. The geology of this region also provides a potential geologic tie

point to Isla Angel de la Guarda. The Cinco Islas study area was mapped previously

in reconnaissance by Gastil et al. [1975]. Gastil and Miller [1993] describes several

detailed studies of metasedimentary basement rocks along 30◦N latitude and west of

the area studied here. The northeast corner of mapping by Phillips [1993] overlaps

the western corner of the area studied here by ∼0.5 km.

7.3 Stratigraphy

The strata exposed at Cinco Islas are divided here into four groups. These groups

are the same as groups one, two, three, and six described in previous chapters of this

thesis. This group numbering is maintained in the descriptions presented here. Group

one forms the pre-Tertiary basement, which is almost entirely metasedimentary rocks

in the study area. Group two comprises thin and discontinuous sedimentary deposits

overlying the basement unconformity. Group three, Miocene arc-related volcanic and

sedimentary rocks, forms the majority of outcrops in the Cinco Islas area. Group

six comprises Pliocene age and younger rift-related volcanic and sedimentary rocks.

The Tuffs of Los Heme [Mart́ın-Barajas et al., 1995] form the largest volume of group

six rocks in Cinco Islas. The stratigraphic relationship of most interest here is the

relationship of these tuffs to faulting and topographic relief formed in older strata.

7.3.1 Group 1: Pre-Tertiary basement

Pre-Tertiary basement of the Cinco Islas study area is almost entirely comprised

of metasedimentary rocks of the Olvidada Formation [Phillips , 1993]. Within the
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study area, these strata are mostly thinly-bedded pelitic schist with lesser amounts

of marble, calc-silicate rock, and metachert. Quartzose lithologies are rare. These

strata have been metamorphosed to amphibolite grade (andalusite-staurolite) and

isoclinally folded [Phillips , 1993; Rothstein, 1997]. Foliation is consistently northwest-

striking and dipping 50–70◦ to the northeast throughout the study area. Albian-

Aptian fossils, including rudists, have been recovered from the Olvidada Formation

[Phillips , 1993]. Gastil [1993] and Phillips [1993] interpret the Olvidada Formation

as part of a back-arc basin, age-equivalent to the Alisitos Formation of western Baja

California, that was closed during Late Cretaceous time. Southwest of Cinco Islas,

the Olvidada Formation unconformably overlies Permian El Mármol, Zamora, and

Cerro El Volcán Formations and Triassic De Indio Formation. These older strata are

interpreted by Buch and Delattre [1993] as eugeoclinal (distal) strata derived from

North America. Alternative interpretations of Baja California as an exotic terrane

accreted in Cretaceous time [Sedlock et al., 1993; Dickinson and Lawton, 2001] require

an alternative origin for these formations.

Outcrops of pre-Tertiary basement are most common in the western and southern

boundaries of the study area (unit Mzm, Plate IV). Volcanic and sedimentary rocks

of groups two, three, and six cover an uneven pre-Miocene erosion surface. The

paleoelevation of this surface may have been higher in the southwest, where group

three volcanic rocks pinch out. Isolated, irregular basement outcrop patterns occur

in some localities from exhumation of this uneven erosion surface. Isolated basement

exposures also occur in a horst block in ‘Dry Fall Canyon’ (727200E; 3325700N, all

locations are Universal Transverse Mercator, zone 11, NAD27 datum).

Outcrops of felsic intrusive rocks within the basement are rare and of small volume

in the study area. These outcrops are not mapped on plate IV. These intrusions are

assumed here to be part of the Cretaceous Peninsular Ranges batholith. Heat from

this batholith was probably responsible for metamorphism of the metasedimentary

rocks here [Rothstein, 1997]. A tonalite pluton of this batholith mapped by Gastil

et al. [1975] crops out less than 1 km south of the study area.
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7.3.2 Group 2: Tertiary Sedimentary Rocks

Group two sedimentary deposits unconformably overlie the Olvidada formation

in ‘Dry Fall Canyon.’ These deposits are a 5–10 m thick, clast-supported, fluvial

conglomerate mapped as unit Tcg on Plate IV. Clasts range in size from sand grains

through small boulders, with cobbles most common. Clast lithologies are a mixture of

volcanic lithologies with metamorphic and igneous basement. No distinctive litholo-

gies were identified that might be exotic to the field area and surrounding region.

Volcanic lithologies increase in abundance up-section, forming a gradational contact

with overlying volcanic conglomeratic sandstone (unit Tmvcs). Unit Tcg is most

likely Oligocene through Early Miocene age. Similar outcrops of basal sedimentary

strata, located south and east of the study area, were assigned to the Mesa Formation

by Dorsey and Burns [1994]. Dorsey and Burns [1994] recognized that these deposits

underlie volcaniclastic rocks of the middle Miocene volcanic arc, and estimated an

Oligocene to early Miocene age for the Mesa Formation. Similar basal sedimentary

strata that crop out north of the Puertecitos Volcanic Province are described in Chap-

ter 2.

7.3.3 Group 3: Miocene volcanic arc

Andesitic lava flows, tuffs, and volcaniclastic debris flows comprise the most volu-

minous lithologic group within the Cinco Islas study area. These deposits are corre-

lated by lithologic similarity to Early to Middle Miocene age calc-alkaline arc volcanic

rocks found throughout the Baja California peninsula [Gastil et al., 1979; Sawlan and

Smith, 1984]. Proximal facies of the Early to Middle Miocene volcanic arc, similar to

the rocks exposed at Cinco Islas, are common in the Puertecitos Volcanic Province

(Chapter 2 of this thesis). In Baja California Sur, equivalent arc-related volcanic

rocks are known as the Comondú Formation [Hausback , 1984; Sawlan, 1991]. Within

the study area, group three deposits of Cinco Islas are described as four separate

packages and divided into 18 separate mappable units and subunits (Plate IV). Prox-
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imal facies derived from two andesitic volcanic centers make up the majority of group

three deposits. Two of these packages comprise an upper and lower vent complex with

andesite lava flows, vent plugs, and cinders beds. Pyroclastic deposits, flow breccia,

and debris flows form a middle package that crops out between lava flows from these

two centers. Slightly more distal facies, represented by volcaniclastic sandstone, con-

glomerate, and a small-volume lava flow, crop out below and interfinger with the

proximal deposits. Each of these four packages is described in greater detail in the

following sections.

Volcaniclastic sandstone and conglomerate

Buff-colored, fine-grained ash and volcanic lithic sandstone and conglomerate form

the base of Miocene age volcanic arc strata at Cinco Islas. Conglomeratic sandstone,

mapped as unit Tmvcs, is the lowermost and most widespread of these rocks. Tmvcs

forms a gradational contact with underlying group two conglomerate in ‘Dry Fall

Canyon.’ Elsewhere, Tmvcs unconformably overlies group one basement. Tmvcs is

overlain by lower andesite lava flows and related pyroclastic deposits. An at least 2

m thick andesite lava flow, with plagioclase and oxidized hornblende(?) phenocrysts

crops out within Tmvcs, 1 km northwest of Arroyo Miramar (unit Tmva, 727500E,

3324100N). In the northwestern part of the study area, conglomerate content within

Tmvcs increases up-section, and a gradational contact is mapped between Tmvcs and

an upper volcaniclastic conglomerate unit, Tmvcg. This conglomerate appears to

be equivalent in composition and stratigraphic level to conglomerates mapped above

the lower andesite and intermediate volcaniclastic deposits further to the west. From

these relationships, it appears that medial to distal volcaniclastic rocks were deposited

continuously adjacent to the proximal volcaniclastic rocks common to the rest of the

Cinco Islas study area.
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Lower andesite volcano and lava flows

Andesite flows and related small-volume pyroclastic deposits mark the onset of

proximal volcanic deposition within the Cinco Islas study area. These deposits cul-

minate in a ∼1 km diameter cinder cone with a 40 m diameter central andesite plug

(unit Tmlav, 727400E, 3325000N). An offset continuation of this volcano lies ∼2 km

to the east (729650E, 3324500N). Three eruptive phases are recognized from this vent

system. Each of these phases was initiated by pyroclastic deposition, followed by

emplacement of andesite lava. Outside of the vent region, pyroclastic deposits typ-

ically comprise a 2 m or thinner layer of red scoria and andesitic lithic lapilli in a

matrix of red to yellow coarse ash. These are overlain by massive dark-gray to dark

purple andesite lava flows with plagioclase phenocrysts. Where these deposits cannot

be subdivided into separate eruptive units, pyroclastic deposits are mapped as unit

Tmlavr and the andesite lava is mapped as unit Tmla.

The lowermost eruption began by building a cinder cone and culminated in effusion

of andesite lava flows. Proximal, cinder-cone-building pyroclastic deposits of yellow,

red, and black andesitic scoria and lithic lapilli are mapped as unit Tmlavv. These

deposits preserve primary dips at radiating away from the cinder cone and contain

2% elongate andesite bombs that flowed downhill after impact onto the cone surface

(also known as cow-dung bombs). Tmlavv grades laterally into red to yellow ash,

scoria and lithic lapilli mapped as unit Tmlavr1. Andesite lava flows, mapped as unit

Tmla or Tmla1, erupted from a vent on the flank of the cinder cone preserved at the

offset fragment (729650E, 3324500N). These pyroclastic deposits and associated Tmla1

lava flows occur together as far east as ‘Travertine Wash’ (733800E, 3321800N). These

flows thin abruptly southwest of the cinder cone deposit (726900E, 3324400N), which

suggests that this volcano may have been built on a northeast-facing paleo-slope.

A second eruption continued to build the lower andesite cinder cone and deposited

a mantle of pyroclastic debris mapped as unit Tmlavr2. In most localities, these

pyroclastic deposits are similar to unit Tmlavr1. A thicker section of Tmlavr2, with
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a greater amount of ash beds and reworked deposits, occurs in ‘Travertine Wash.’

These deposits overlie a relatively thin lava flow of Tmla1, and may have ponded

here against thicker lava flows to the northeast. A second andesite lava flow, mapped

as unit Tmla2, erupted from a second vent on the flank of the cinder cone, located 1

km northwest of the first vent (729050E, 3325400N). This vent is very well exposed in

the west canyon wall of Arroyo Miramar.

A third and final eruption of the lower andesite is confined to the area of the

cinder cone. This eruption may have commenced by forming an explosion crater (or

sector collapse?) that removed part of the Tmla1 and Tmla2 lava flows (727700E,

3325000N). The near-vertical walls of this crater are recognized by a mantle of bright

red agglutinated spatter and scoria, mapped as unit Tmlavvr. These deposits are

also present above lower andesite lava flows in the vicinity of the vent. The andesite

lava plug in the center of the cinder cone (unit Tmlav) may have been emplaced into

the bottom of the crater during this final eruption.

Middle volcaniclastic rocks

Andesitic tuffs, lahar deposits, and volcaniclastic breccias mark the second stage

of proximal arc volcanism within the Cinco Islas study area. The thickness and

proportion of primary deposits increases towards the southeastern part of the study

area at ‘Travertine Wash.’ Most likely, these deposits were erupted from the same vent

as the upper andesite lava flows which are also thickest in this area. A massive (0.4

km by 1 km) andesite plug, mapped as unit Tmuav, marks the location of this vent

(730300E, 3323200N). This plug is offset about 1–2 km northwest of the thickest section

of pyroclastic deposits and lava flows (732300E, 3322000N). The middle volcaniclastic

rocks are subdivided into five members based upon significant changes in texture

and bedding thickness. All five of these members are mapped in the most proximal

position at ‘Travertine Wash.’ Two members are mapped in ‘Camp Wash.’ An

undifferentiated member, Tmvbr, is mapped where the other members cannot be

discerned because of talus cover. Unit Tmvbr is also mapped in the northwestern
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part of the study area where reworked volcaniclastic debris flows and conglomerate

predominate and the association to the other members is unclear. Conglomerate

outcrops at the top of the volcaniclastic section in this area are correlated to unit

Tmvcg, which is described above under the volcaniclastic sandstone and conglomerate

heading.

Two members, each comprised predominantly of volcanic ash, form the lower

part of the intermediate volcaniclastic rocks. A 2–5 m thick reworked volcaniclas-

tic sandstone forms the lowermost member in ‘Travertine Wash.’ This sandstone is

mapped as unit Tmvss and is made up of mostly coarse-grained, white volcanic ash

and small pumice and lithic lapilli. Individual beds are 1–5 cm thick. The lower mas-

sive member, unit Tmvlm, forms the thickest and most extensive proximal member

of the intermediate volcaniclastic rocks. Tmvlm is mapped from Arroyo Las Palmitas

(734100E, 3320600N) to Arroyo Mirimar (728800E, 3325600N). Massive andesitic tuffs,

each 10–30 m thick, are the dominant lithology of the lower massive member. These

tuffs are 60–70% buff-colored ash, 20–30% andesitic lithic fragments, and 5–10% white

pumice with plagioclase and hornblende phenocrysts. An andesite breccia is mapped

between these tuffs at ‘Travertine Wash’ (732550E, 3321300N). Similar andesite breccias

occur within lower massive member exposures in ‘Camp Wash.’ These small-volume

breccia deposits are not mapped on plate IV.

Three members comprise the upper part of the intermediate volcaniclastic rocks.

Two of these members, Tmvgb and Tmvug, are comprised of stacked 1–5 m thick

beds of poorly sorted volcaniclastic breccia. These beds exhibit normal and reverse

grading and are interpreted as both primary and reworked debris flows. Subrounded

to angular clasts of plagioclase-phyric andesite are distinctive to these units. The

phenocryst size (up to 1 cm) and content (up to 35%) of these clasts is much higher

than in the associated upper andesite lava flows. This may indicate that a more

viscous magma was involved during emplacement of the intermediate volcaniclastic

rocks. The Upper Massive member (unit Tmvum) crops out between units Tmvgb

and Tmvug at ‘Travertine Wash’ and north of Arroyo Las Palmitas. Unit Tmvum is



271

similar in texture and composition to the Lower Massive member, but with a greater

proportion (25%) and larger-sized pumice. Outcrops of Tmvum are not mapped in

‘Camp Wash.’ A single, thicker section of graded beds mapped here as unit Tmvgb

may contain laterally equivalent deposits to Tmvgb, Tmvum, and Tmvug mapped at

‘Travertine Wash.’

Upper andesite volcano and lava flows

Andesite lava flows (unit Tmua) and a related andesite plug (unit Tmuav) form

the uppermost group 3 deposits within the Cinco Islas study area (Plate IV). Both

of these deposits are fine-grained, glassy, light to medium gray, orange-weathering

andesite with 5% macroscopic plagioclase phenocrysts. Individual flow units within

the upper andesite are marked by breccia concentration zones in outcrops at the

head of ‘Travertine Wash’ (732300E, 3322000N) but are not prominent elsewhere. The

presence of interflow breccia deposits and associated proximal pyroclastic deposits

in the underlying intermediate volcaniclastic rocks indicates that a vent existed for

these flows in the vicinity of ‘Travertine Wash’ and Arroyo Las Palmitas. Unit Tmuav

marks the likely location of this vent offset 1–2 km dextrally on the Miramar fault.

A fragment of this plug also crops out between two strands of the Miramar fault

(731300E, 3323000N).

The upper andesite is a thick deposit but of local extent. Upper andesite flows ex-

ceed 100 m thickness between ‘Camp Wash’ and ‘Travertine Wash.’ Thinner deposits

of upper andesite occur west of ‘Camp Wash.’ The upper andesite does not crop out

north of ‘Dry Fall Canyon.’ The uppermost surfaces of the andesite lava flows are

recognized from their subdued topography and by rare preservation of pahoehoe flow

surfaces. These surfaces are mapped in localities where they are displaced by faults

(e.g., 734000E, 3322500N). Two outcrops of andesite directly overlying basement in the

southern part of the study area are tentatively assigned to the upper andesite flow

unit. These lava flows may also be part of the lower andesite or from a source outside

of the study area.
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7.3.4 Group 6: Syn-rift volcanic and sedimentary rocks

Syn-rift volcanic and sedimentary rocks of Cinco Islas are divided into three se-

quences separated by erosional unconformities. Two members of the Tuffs of Los

Heme occur within the first and second of these sequences. Correlation of these four

members to the ∼30 members present at Arroyo Los Heme [Mart́ın-Barajas et al.,

1995] is discussed separately. At Cinco Islas, the canyons at ‘Travertine Wash,’ ‘Camp

Wash,’ and Arroyo Miramar were all formed at the lowest unconformity beneath group

six deposits. The lower group six sequence comprises the lower two cooling units of

the Tuffs of Los Heme (Tprho and Tprhp) and an underlying Miocene(?) to Pliocene

conglomerate (Tmpal). After emplacement of the Tprhp member of the Tuffs of Los

Heme, a period of erosion partially removed these deposits from the canyons. The

middle group six sequence, which partially refilled these canyons, is comprised of a

basaltic cinder cone (unit Tpbc), overlain by the upper two cooling units of the Tuffs

of Los Heme (units Tprhu and Tprhy), and capped by a small-volume basalt flow (unit

Tpb). Erosion again removed these deposits from the canyons and downcutting has

continued into the Quaternary period. The upper group six sequence comprises two

generations of fluvial terraces of probable Quaternary age (units Qoal1 and Qoal2),

as well as undifferentiated fluvial terraces (Qoal), active alluvium (Qal), talus (Qt

and Qtv) and landslide deposits (Qls). An extensive travertine deposit (unit Qtr)

mantles topography in the southern part of the study area at ‘Travertine Wash’ and

Arroyo Las Palmitas. Each of these three sequences is described in greater detail in

the following sections.

Lower sequence

Two cooling units of the Tuffs of Los Heme form the lower sequence of group six

deposits. The lower cooling units of the Tuffs of Los Heme, units Tprho and Tprhp,

form a distinctive pair throughout the interior of the southern Puertecitos Volcanic

Province. The lowest of these units, Tprho, is a pink to orange partially welded to
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non-welded ash-flow tuff with 15% pumice fiamme, 5% volcanic lithic fragments, and

1% plagioclase phenocrysts. The thickness of Tprho varies from 0 to 70 m in the

Cinco Islas study area. This unit filled in paleotopography near the outlet of ‘Camp

Wash,’ at Arroyo Miramar, and at ‘Dry Fall Canyon.’ At the northwest edge of the

study area, Tprho covered fluvial conglomerates (Tmpal) and formed the base of

a volcanic plateau in the southern Puertecitos Volcanic Province. Overlying Tprho,

Tprhp is a densely welded ash-flow tuff with 5% pumice, 5% volcanic lithic fragments,

and 2–4% plagioclase phenocrysts. Tprhp varies from 0–60 m thick in the study area.

In deposits of Tprhp greater than 10 m thickness, the densest welding zone occurs at

about one-third of the way up from the base of the flow. Tprhp appears to have been

deposited from a higher-energy pyroclastic flow than Tprho, and deposits of Tprhp

are plastered onto canyon walls in ‘Camp Wash’ and Arroyo Miramar. Densely welded

Tprhp deposits also form a 1–2 m thick veneer of densely welded tuff on high mesas

of upper andesite west of ‘Camp Wash’ and between Arroyo Miramar and ‘Dry Fall’

canyon. Tprhp also forms the southernmost mapped outcrop of the Tuffs of Los

Heme, located within ‘Travertine Wash’ (734000E, 3216000N). Both the Tprho and

Tprhp members of the Tuffs of Los Heme preserve a normal paleomagnetic polarity

(Fig. 7.2 and Table 7.1).

Table 7.1. Paleomagnetic results from the Tuffs of Los Heme from Cinco Islas.

Unit UTM E UTM N n/n0 Dec. Inc. κa α95
a κ1

b α95
b κ2

b α95
b

Tprho 732100 3325750 7/7 356.0 52.1 1177 1.6 -955 1.2 -691 1.4
Tprhp 732250 3325850 5/6 15.2 36.9 266 4.2 -544 1.9 -128 3.9
Tprhu 732250 3325900 7/7 172.9 -45.4 414 2.8 -595 1.5 -184.7 2.8

a Fisher statistics.

b Bingham statistics.

Miocene(?) to Pliocene age fluvial conglomerate crops out below, between, and

above units Tprho and Tprhp of the Tuffs of Los Heme. These conglomerate outcrops,

mapped as unit Tmpal, are confined to the northwestern corner of the study area,

adjacent to ‘Dry Fall Canyon.’ In this same region, extending to the northwest, the
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Figure 7.2. Inclination–declination plots from the Tuffs of Los Heme at Cinco Islas. Equal
area projection. Cooling units Tprho and Tprhp from the lower part of the Tuffs of Los
Heme at Cinco Islas are normal polarity. Cooling unit Tprhu from the upper part of the
Tuffs of Los Heme at Cinco Islas is reversed polarity. Ellipses are α95; Sample points for
Tprho obscure small confidence ellipse for this unit. Fisher confidence cones centered on
the means. See Appendix D for data acquisition and measurement techniques.
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Tuffs of Los Heme formed a plateau that has been subsequently dissected by numerous

east-flowing drainages. The association of conglomerate outcrops with the area of this

plateau suggests that this area may have been a low-lying alluvial plain at the time of

emplacement of the lower members of the Tuffs of Los Heme. This plain is present at

the same unconformity as the northeast-draining canyons of Arroyo Miramar, ‘Camp

Wash,’ and ‘Travertine Wash.’ The direction of topographic gradient on this plain

would have most likely been down towards the northeast, similar to these canyons.

Middle sequence

The middle sequence of group six comprises basaltic andesite volcanic rocks in-

tercalated with the upper two members of the Tuffs of Los Heme. A mafic py-

roclastic deposit unconformably overlies unit Tprhp near the present-day coastline

(732900E,33 26300N). Solid lava bombs as large as 50 cm diameter and the limited

distribution of this deposit indicate that these outcrops are probably part of a local

cinder cone. The composition of these rocks is probably basaltic andesite, similar to

other syn-rift mafic rocks of the Puertecitos Volcanic Province [Mart́ın-Barajas et al.,

1995].

Overlying the cinder deposit are the upper members of the Tuffs of Los Heme

(units Tprhu and Tprhy). The lower of these units, Tprhu, is a pink to purple par-

tially to densely welded ash-flow tuff with 1% pumice, 10% volcanic lithic fragments,

and 2% plagioclase phenocrysts. Tprhu fills in a paleocanyon exposed in the west wall

of ‘Camp Wash’ with 20 m of vapor-phase altered welded tuff. Outside of the pale-

ocanyon, Tprhu forms a 1–3 m thick veneer of densely welded tuff. The uppermost

unit of the Tuffs of Los Heme, unit Tprhpy, forms a 1–2 m thick veneer of densely

welded tuff overlying unit Tprhu. Tprhy contains 10% pumice, 5–10% volcanic lithic

fragments, and 10% plagioclase phenocrysts. Outcrops of Tprhu and Tprhy become

thicker and more widespread adjacent to the coastal plain at Arroyo Miramar and

further north. Both of these tuffs thin and pinch out ∼2 km inland of the coastal

plain. The Tprhu member of the Tuffs of Los Heme preserves a reversed paleomag-
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netic polarity (Fig. 7.2 and Table 7.1). Paleomagnetic measurements of the Tprhy

did not produce a stable remanence direction. A thin basaltic andesite(?) flow out-

crops above the Tuffs of Los Heme adjacent to the coastal plain (unit Tpb, 732000E,

3327150N to 732700E, 3326800N).

Upper sequence

The upper sequence of group six comprises Quaternary age alluvium, talus, land-

slides, and travertine. Travertine deposits at ‘Travertine Wash’ and Arroyo Las Palmi-

tas are probably the oldest rocks of the upper sequence, since these are the only rocks

of the upper sequence that are faulted. Travertine deposits, apparently precipitated

from numerous springs in the area, mantle paleotopography formed in basement and

group three volcanic rocks. Travertine deposits also form an elevated bench at the

southern end of ‘Travertine Wash.’ Small cold springs present in this area today are

probably a vestige of a once more vigorous hydrothermal system here.

The oldest fluvial deposits of the upper sequence are a pair of extensive terraces

mapped as Qoal1. One of these terraces defines a 2 km wide paleovalley that followed

the course of Arroyo Miramar. The other terrace forms a 20 m-high bench of deposits

adjacent to the outlets of Arroyo Las Palmitas and Arroyo de Sagredo. Travertine

deposits adjacent to Arroyo Las Palmitas are intercalated with the lower part of

Qoal1. Younger fluvial terraces, smaller volume than Qoal1, are mapped as Qoal2 or

Qoal. All of these older alluvium deposits are similar to active alluvium (unit Qal)

mapped within presently active drainages.

Talus deposits mantle many of the steep canyon walls in the Cinco Islas study area.

Where possible, contacts were mapped from scattered outcrops of rocks beneath talus.

Where it completely obscures the underlying rocks, it is mapped as Qt on plate IV.

A special talus unit, unit Qtv, is mapped where volcanic clasts are present in talus

without an adjacent source of volcanic detritus. For example, Qtv deposits in the

southeastern corner of the map overlie the original flow surface of the Tmua andesite

(735000E, 3319000N). In this setting, this talus could not have been derived from the
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underlying lava flow. The source rocks for this talus must have been completely

eroded or transported away by strike-slip faulting.

A pair of 200 m diameter rotational landslides are recognized in the southern part

of the Cinco Islas study area (732000E, 3321600N). These landslides transport a semi-

intact stratigraphic section of group three volcanic rocks. Closed depressions have

formed adjacent to the headwall of these landslides as the slide masses have moved

to the southwest.

7.4 Structure

The Cinco Islas study area was chosen in order to understand interaction be-

tween northwest-striking faults of the Main Gulf Escarpment and north-striking faults

within the Puertecitos Volcanic Province, and to relate this faulting history to opening

of the Lower Delf́ın basin. The structures mapped in the Cinco Islas study area reflect

the intersection of three groups of faults. The most significant of these fault groups

is a set of northwest-striking, northeast-dipping, dextral-oblique normal faults that

form the Main Gulf Escarpment in the southwest part of the study area. Subsidiary

east-dipping and west-dipping groups of north-striking normal faults both terminate

at the northwest-striking faults. Each of these fault groups is described separately

below.

7.4.1 Northwest-striking dextral-oblique normal faults

Three northwest-striking, northeast-dipping dextral oblique normal faults tran-

sect the southwestern half of the Cinco Islas study area and form the Main Gulf

Escarpment at this latitude. These structures are named the Sagredo fault, Palmitas

fault, and Miramar fault on Plate IV. These faults strike parallel to foliation of the

metasedimentary basement rocks, which may indicate that this segment of the Main

Gulf Escarpment is controlled by a pre-existing structural discontinuity related to

folding of the Olvidada Formation in Late Cretaceous time [Phillips , 1993]. Dextral
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slip on the northwest-striking fault system is at least 1–2 km, measured from offset

group three volcanic rocks across the Miramar fault. Vents of the lower andesite

volcano are offset from Arroyo Miramar to ‘Dry Fall Canyon’ (727400E, 3325000N to

729650E, 3324500N). The vent plug marking the probable source of the intermediate

volcaniclastic rocks and the upper andesite is also dextrally offset 1–2 km from the

most proximal facies of these rocks (730300E, 3323200N to 732300E, 3322000N). Dextral

displacement on the Palmitas and Sagredo faults is probably much less, since the

lower andesite vent facies are not significantly offset across this fault trend. Apparent

normal separation on the northwest-striking fault system increases from 250–300 m in

the Arroyo Miramar drainage to at least 750 m in ‘Travertine Wash.’ The increase in

normal offset is probably due to the addition of slip from north-striking, east-dipping

faults (Plate IV). Slip on the northwest-striking dextral oblique faults has cut all

pre-Quaternary rocks in the study area. Normal separation of the Tuffs of Los Heme

in the western part of the study area is only 40 m on the Miramar fault and < 10 m

on other northwest-striking faults, which is much less than the offset of older strata

by these same fault strands.

7.4.2 North-striking, east-dipping normal faults

A family of north-striking, east-dipping normal faults control the structure of the

eastern half of the Cinco Islas study area. The principal normal faults of this system

underlie ‘Camp Wash’ and ‘Travertine Wash,’ each with 250–300 m of normal offset

of group three volcanic rocks (Plate IV). Both of these normal faults are covered by

unit Tprhp of the Tuffs of Los Heme (731500E,33 24400N and 734000E,32 21600N). The

north-striking, east-dipping normal faults terminate at the northwest-striking dextral

oblique fault system at ‘Travertine Wash’ and Arroyo Las Palmitas. The region of

intersection is a complex of intersecting faults that accommodate a transition from

east-directed extension to southeast-directed oblique extension. A zone of collapse

adjacent to the Palmitas fault (732400E,33 21000N) may be explained by fragmentation

of the block between northwest-striking and north-striking faults at this transition
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zone (Fig. 7.3).

7.4.3 North-striking, west-dipping normal faults

North-striking, west-dipping normal faults control much of the structure of the

eastern Puertecitos Volcanic Province [Mart́ın-Barajas and Stock , 1993; Mart́ın-Barajas

et al., 1995, and Chapter 2 of this thesis]. Within the northwestern part of the

Cinco Islas study area, part of this west-dipping normal fault system terminates

against northwest-striking dextral oblique normal faults of the Main Gulf Escarpment

(Plate IV). Extension on the west-dipping normal faults began prior to deposition of

the Tuffs of Los Heme and continued through emplacement of these units. Syn-

depositional faulting is evident from thickening of the Tuffs of Los Heme across fault

scarps (728400E,33 27250N and 729100E,33 27700N). No evidence for strike-slip separa-

tion was observed on these structures. The amount of normal offset on individual

west-dipping normal faults mapped on Plate IV does not exceed 100 m in groups 1, 2

and 3 rocks and is less than 5–10 m in the Tuffs of Los Heme (Plate IV). The percent

extension across the west-dipping normal faults is low, except at their intersections

with east-dipping faults (cross section X-X′, plate IV). Faulting in the region of in-

tersections involves multiple converging fault splays. At Arroyo Miramar, slip on a

west-dipping normal fault in a zone of intersection has been inverted, resulting in a

small amount of reverse faulting and folding of volcanic strata (729200E,33 24800N).

This small fault block was probably isolated in the accommodation zone in a manner

kinematically similar to the intersection of north-striking and northwest-striking east-

dipping faults (Fig. 7.3). Reactivation of the west-dipping normal fault as a reverse

fault probably occurred due to dextral slip on the irregular trace of the Miramar fault.
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Figure 7.3. Kinematic model of the intersections of northwest-striking and north-striking
normal faults. Diagrams A and B are kinematically similar fault configurations, featuring
an east-dipping (A) and west-dipping (B) north-striking normal fault. Projection of fault in-
tersection at depth shown as a thin dashed line. Modelled from locations 732500E,33 21000N
and 728100E,33 25200N on Plate IV. Block X is a detached block at the triple junction be-
tween blocks P, Q, and R. Diagram C shows the relative motion of blocks in vector form.
P′ and P′′ are projections of point P along the northwest-striking fault trace that separate
the strike-slip and normal components of motion relative to P. Motion of block X represents
an intermediate rate of normal displacement between blocks P and R, but with a similar
amount of dextral displacement as Block R relative to Block P. Block X may be thought of
as ‘sticking’ between blocks P and R and detaching from block Q.
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7.5 Discussion

7.5.1 Correlation of the Tuffs of Los Heme

Correlation of the Tuffs of Los Heme from the Puertecitos area to Cinco Islas pro-

vides a critical age constraint on the timing of deformation in the southern Puertecitos

Volcanic Province. Four cooling units of the Tuffs of Los Heme comprise the majority

of group six syn-rift rocks within the Cinco Islas study area. Reconnaissance map-

ping by Stock [2000] and similar mapping described in Chapter 2 correlate the Tuffs

of Los Heme at Cinco Islas to tuffs described by Mart́ın-Barajas et al. [1995] at Ar-

royo Los Heme (Fig. 7.1). However, correlation of the four individual cooling units

at Cinco Islas to the 29 cooling units described by Mart́ın-Barajas et al. [1995] is in-

complete. Inspection of the area between Cinco Islas and Arroyo Los Heme by aerial

photography and Landsat Imagery suggests that the Tprhu member of the Tuffs of

Los Heme may be continuous with the uppermost ash-flow tuff (Tph29) described by

Mart́ın-Barajas et al. [1995]. Stratigraphic and paleomagnetic data, described below,

support correlation of the unconformity beneath Tprhu at Cinco Islas to a similar

unconformity beneath Tph29 at Volcán Prieto and Arroyo Los Heme.

The erosional unconformity between the second (Tprhp) and third (Tprhu) mem-

ber of the Tuffs of Los Heme at Cinco Islas is correlated here to a depositional hiatus

and angular unconformity beneath member Tph29 of the Tuffs of Los Heme described

by Mart́ın-Barajas et al. [1995] at Arroyo Los Heme. Basaltic andesite volcanism oc-

curs at this unconformity at Volcán Prieto [Mart́ın-Barajas et al., 1995] and at Cinco

Islas (unit Tpbc). Paleomagnetic measurements at Arroyo Los Heme [Melbourne

and Stock , 1994, and Melbourne, unpublished data] found a change from normal to

reversed polarity at this same stratigraphic level. Paleomagnetic measurements at

Cinco Islas also document a reversal from normal to reversed polarity at the erosional

unconformity between Tprhp and Tprhu (Fig. 7.2 and Table 7.1). At Arroyo Los

Heme, this reversal occurs directly above a tuff dated at 2.65±0.02 Ma by Mart́ın-

Barajas et al. [1995] and is correlated to the C2An.1n to C2An.1r reversal at 2.58 Ma
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[Cande and Kent , 1995, Melbourne, unpublished data]. The unconformity between

the Tprhp and Tprhu members of the Tuffs of Los Heme at Cinco Islas probably also

spans this polarity reversal at 2.58 Ma.

7.5.2 Timing and local tectonic setting of fault displacement

Stratigraphic and structural relationships in the Cinco Islas study area indicate

that the majority of fault displacement here took place before emplacement of the

Tuffs of Los Heme. Overlap of the north-striking, east-dipping normal faults by the

Tuffs of Los Heme indicates that slip on this system must entirely pre-date 2.58

Ma. Exposures of northwest-striking dextral oblique normal faults and north-striking

west-dipping normal faults that disrupt the Tuffs of Los Heme and older rocks cut

the younger tuffs with only 15–20% of the total fault displacement (Plate IV). Strike-

slip displacement of the Tuffs of Los Heme by the northwest-striking dextral oblique

normal faults is less certain. However, the similar thickness of Tprho outcrops north

and south of this fault system does not support substantial dextral displacement after

emplacement of the Tuffs of Los Heme.

The onset and termination of faulting within the study is poorly constrained.

None of the group three deposits within the study area show evidence for syndeposi-

tional faulting. Regional constraints on faulting in the Puertecitos Volcanic Province

indicate that a small amount of extension took place as early as the period between

12.6 Ma and 6.7 Ma [Stock and Hodges , 1990; Nagy , 2000, and Chapter 6 of this

thesis]. Faulting in the Cinco Islas area may have begun during this time. The latest

faulting in the study area is indicated by displacement of the upper members of the

Tuffs of Los Heme and by displacement of travertine deposits in the southeastern part

of the study area. Quaternary fluvial terrace deposits (Qoal1, Qoal2, and Qoal) are

not cut by faulting within the Cinco Islas study area.

The overall low amount of displacement on faults within the Cinco Islas study area

indicates that this section of the Main Gulf Escarpment accommodates no more than

the limited amount of extension documented within other areas of the Puertecitos
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Volcanic Province. Stock and Hodges [1990] and Nagy [2000] estimate 3.5% and 4%

of east-west extension, respectively, across parts of the northern Puertecitos Volcanic

Province south of the Matomı́ Accommodation Zone. Extrapolating this percentage

of extension across the ∼50 km-wide volcanic province would produce 1.8–2 km of net

east-west separation. 1–2 km of strike-slip on the northwest-striking faults at Cinco

Islas could accommodate 0.7–1.4 km of this east-west extension. These similar, low

values of displacement allow for the possibility that the northwest-striking dextral

oblique faults at Cinco Islas transfer extension from within the Puertecitos Volcanic

Province onto the Ballenas Transform fault without any additional component of

plate boundary displacement (Fig. 7.1).

7.5.3 Relationship of faulting at Cinco Islas to opening of the

Lower Delf́ın basin

Opening of the Lower Delf́ın basin has been proposed as one of the youngest plate

reorganization events within the Gulf of California [Lonsdale, 1989; Stock , 2000].

Lonsdale [1989] associated opening of the Lower Delf́ın basin with a change in trans-

form fault geometries within the central and southern Gulf of California basins at ∼2

Ma. Stock [2000] noted that opening of the Lower Delf́ın basin could have started

as late as 600 ka, which is the time required to produce the 30 km width of new

crust generated at this basin [Lonsdale, 1989] at the full Pacific North–America rate

of plate motion (48 mm/yr). Prior to the onset of rifting that led to opening of the

Lower Delf́ın basin, the continental margin of the basin was probably outside of the

area of Gulf extension [Stock , 2000]. The faulting history at Cinco Islas, which lies

on the continental margin of the Lower Delf́ın basin, thus should reflect the timing

of opening of this basin.

This history of faulting at Cinco Islas implies that rifting localized into the Lower

Delf́ın basin before 2.58 Ma, since very little fault activity post-dates this time on

the continental margin. A tectonic history compatible with opening the Lower Delf́ın
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basin after 2 Ma would require faulting in the southern Puertecitos Volcanic Province

to have been largely complete at least 600 ka earlier. While this possibility cannot be

excluded without additional geological mapping of Isla Angel de La Guarda, opening

of the Lower Delf́ın basin prior to 2.58 Ma is most compatible with the faulting history

in the southern Puertecitos Volcanic Province.

The history of faulting at Cinco Islas thus suggests that there may have been

simultaneous spreading within the Lower Delf́ın basin and the Tiburón basin for at

least part of the past 2.6 Myr. In effect, Isla Angel de La Guarda must have acted as

an independent microplate during part of its history, surrounded by transform faults

and simultaneously active spreading centers. This is necessary because opening of

the Lower Delf́ın basin cannot have occurred at the full Pacific–North America rate

of motion during its entire history. Even if the shoreline of Isla Angel de Guarda

is restored adjacent to Cinco Islas, closing the Lower Delf́ın basin by ∼100 km, this

amount of opening would require only 2–2.3 Myr at the full rate of plate motion in

the northern Gulf of California [DeMets , 1995; Oskin et al., 2001].

The association of opening of the Lower Delf́ın basin with eruption of the Tuffs of

Los Heme appears to closely match the timing proposed by Stock [2000]. The section

of the Tuffs of Los Heme preserved at Cinco Islas correlates to the middle, normal

polarity, and upper, reversed polarity sections of the Tuffs of Los Heme described by

Mart́ın-Barajas et al. [1995] and Melbourne and Stock [1994] at Arroyo Los Heme.

A lower section of these tuffs is magnetically reversed [Melbourne and Stock , 1994,

and unpublished data]. It is possible that this lower section of tuffs, which are as

old as 3.3 Ma [Mart́ın-Barajas et al., 1995], may have erupted during the time when

the majority of faulting was taking place at Cinco Islas. If this hypothesis is correct,

then the entire sequence of the Tuffs of Los Heme, which range in age from 3.3 Ma

to younger than 2.6 Ma, may record the start of opening of the Lower Delf́ın basin

in great detail on its conjugate rifted margins.
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7.6 Conclusions

Structural relationships recorded at Cinco Islas, Baja California, constrain the

tectonic evolution of the Main Gulf Escarpment and part of the northwest margin

of the Lower Delf́ın basin of the northern Gulf of California. Faulting at Cinco Islas

accommodated extension within the interior of the Puertecitos Volcanic Province

by 1–2 km of northwest-striking dextral oblique strike-slip faulting. North-striking

normal faults originate at this dextral oblique fault zone. The majority of faulting

at Cinco Islas pre-dates emplacement of the upper part of the Tuffs of Los Heme. A

paleomagnetic polarity reversal within these tuffs at Cinco Islas and at Arroyo Los

Heme [Melbourne and Stock , 1994] is correlated to the C2An.1n to C2An.1r reversal

at 2.58 Ma [Cande and Kent , 1995]. These relationships indicate that the most of

the faulting at Cinco Islas was complete by 2.58 Ma and, presumably, that faulting

had localized within the Lower Delf́ın basin by this time. Opening of the Lower

Delf́ın basin by 2.58 Ma would require that Isla Angel de La Guarda has acted as

an independent microplate within the Gulf of California during part of its history,

surrounded by simultaneously active spreading centers.
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Chapter 8

Latest Miocene–Early Pliocene marine

strata from southwest Isla Tiburón,

Sonora, Mexico, and implications for the

proto-Gulf of California marine incursion
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8.1 Abstract

Emplacement mechanisms of volcanic strata on southwest Isla Tiburón are evalu-

ated here to investigate the age of interstratified marine rocks. A non-welded rhyolitic

ash-flow tuff, interpreted by previous workers as a sill and lava flow, was emplaced

at the base of the marine rocks. This ash-flow tuff is dated at 5.7±0.2 Ma, 6.6±0.8

Ma, and 6.4±1.6 Ma. A Rhyodacite dike and its related lava flow, interpreted by

previous workers as an ash-flow tuff and a separate dike, intrudes and overlies, re-

spectively, the marine rocks. This dike and flow has been dated by previous workers

as 11.2±1.3Ma, 3.7±0.9 Ma, and 4.2±1.8 Ma. The 11.2 Ma age, which was the core

constraint for a Middle Miocene proto-Gulf of California origin for the underlying

rocks, is discordant with all other isotopic dates and with the age of microfossils de-

scribed by Gastil et al. [1999]. An alternative interpretation, utilizing all available

geologic and geochronologic data except this discordant age, is shown to support that

the proto-Gulf marine strata on southwestern Isla Tiburón are Latest Miocene to

Early Pliocene age. Reinterpretation of the Isla Tiburón strata supports a simplified

history of marine incursion into the Gulf of California. Marine rocks as old as 8.2

Ma in the southern Gulf of Califoria may indicate an early marine incursion over a

region of more intense continental extension. Flooding of the entire Gulf of California

basin by 6.3–6.5 Ma correlates to the onset of significant Pacific–North America plate

boundary motion within the Gulf of California.

8.2 Introduction

The proto-Gulf of California is an enigmatic seaway proposed to have occupied

the Gulf of California Extensional Province during the earliest stages of rifting from

12 Ma to ∼6 Ma. Marine incursion during this interval pre-dates localization of plate

boundary motion in the Gulf of California and is associated with a proto-Gulf phase of

east-west directed, basin and range-style extension [Gastil and Krummenacher , 1977;



288

Gastil et al., 1979; Stock and Hodges , 1989; Smith, 1991]. Evidence for extension

during this early time period is abundant throughout the marginal basins of the Gulf

of California [Stock and Hodges , 1989; Lee et al., 1996; Nagy and Stock , 2000, and

Chapter 6 of this thesis]. However, evidence for marine incursion into the Gulf of

California during this period is sparse [Helenes and Carreño, 1999]. Faunal evidence

supports that the Gulf of California has always connected to the Pacific Ocean at its

southern end [Smith, 1991]. Paradoxically, the oldest evidence for proto-Gulf marine

sedimentation is from Isla Tiburón, in the northern Gulf of California (Fig. 8.1). A 10

km2 fossiliferous marine basin bounded by middle Miocene volcanic deposits located

on the southwest corner of Isla Tiburon has been cited as evidence for marine incursion

into the northern Gulf of California prior to 11 Ma [Gastil and Krummenacher , 1977;

Gastil et al., 1999].

The presence of marine strata provides an important constraint on the geody-

namic setting of rifting in the Gulf of California. Continental extension elsewhere in

the Basin and Range province of western North America has maintained elevations

above sea level, with only isolated basins below sea level in the Death Valley region.

Large-magnitude upper crustal extension in the Basin and Range province has been

compensated by lower crustal flow, preserving crustal thicknesses of at least 24–30

km [Wernicke et al., 1996, for example] and promoting diffuse extension [Buck , 1991].

If the crust of the Gulf of California was thinned such that the proto-Gulf marine

incursion managed to infiltrate over a distance of 800–1200 km, then this may be ev-

idence that lower crustal compensation in this region was significantly less effective.

Localized, narrow rifting during the proto-Gulf stage may have been key to later rup-

ture of the continent, allowing the Pacific–North America plate boundary to localize

within the Gulf of California. A well-constrained record of early marine incursion is

thus critical for understanding the mechanisms of continental rifting in the Gulf of

California.

Middle Miocene marine sediments present on Isla Tiburón are the single most im-

portant evidence for the age and extent of the proto-Gulf of California [Smith, 1991].
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Independent, well-constrained evidence for early marine sedimentation elsewhere in

the Gulf of California is no older than 6.8 Ma north of Isla Tiburón, and no older than

8.2 Ma south of this island (Fig. 8.1 and Table 8.2, located at the end of this chap-

ter). Attempts to duplicate the middle Miocene age constraint of the Isla Tiburón

strata were unsuccessful [Neuhaus , 1989; Gastil et al., 1999], calling into question the

validity of the published ages of the proto-Gulf in the northern Gulf of California.

The purpose of this study is to reevaluate the age of the marine deposits of south-

west Isla Tiburón. New geologic mapping of southwest Isla Tiburón and adjacent

areas places this proto-Gulf basin within a tectonic context relative to other volcanic

strata and sedimentary basins on the island. The emplacement mechanisms of vol-

canic rocks that directly underlie and overlie the proto-Gulf strata are reviewed and

updated. Existing and new geochronology of each of these bounding deposits is pre-

sented, and the relative ages of these deposits are compared to their emplacement

history. All of this data is shown to strongly support that one of these ages, an

11.2±1.3 Ma K–Ar age of a rhyodacite tuff and lava flow described by Gastil and

Krummenacher [1977], is discordant. This age was the core constraint for a Mid-

dle Miocene proto-Gulf of California [Smith, 1991]. An alternative interpretation, in

agreement with all available geologic and geochronologic data except this discordant

age, is that the proto-Gulf marine strata on southwestern Isla Tiburón are Latest

Miocene to Early Pliocene age. This reinterpretation of the Isla Tiburón strata also

supports a simplified history of marine incursion in the Gulf of California that corre-

lates well with other aspects of its tectonic history.

8.3 Geology of southwest Isla Tiburón

8.3.1 Previous studies

The geology of Isla Tiburón was first comprehensively described by Gastil and

Krummenacher [1976] and Gastil and Krummenacher [1977]. These authors mapped
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marine rocks on southwestern Isla Tiburón overlain by a 11.2±1.3 Ma rhyodacite

ignimbrite (Table 8.1). Later studies documented a 12.9±0.4 Ma volcanic breccia

(Table 8.1) intercalated with the marine rocks [Smith et al., 1985; Smith, 1991; Gastil

et al., 1999]. Studies of the marine strata by Cassidy [1988] documented a ∼1.5 km

thick section of fossiliferous conglomerate, with lesser amounts of sandstone. Mapping

of volcanic rocks in this area by Neuhaus [1989] documented 21–15 Ma volcanic units

beneath the marine rocks, as well as several 9 Ma and younger rhyolite tuffs, lava

flows, breccia, and dikes that intrude and/or overlie the marine rocks. Gastil et al.

[1999] summarizes all of this previous work, and includes descriptions and correlations

of megafossils and microfossils from southwest Isla Tiburón. Megafossil assemblages

at Isla Tiburón are similar to other pre-Pliocene marine fossils from the Gulf of

California. Microfossil data support an age of deposition of the marine sandstone at

southwestern Isla Tiburón between 6.4 and 4.0 Ma, which is discordant with the ages

of bracketing volcanic rocks. This discordancy is not explained by Gastil et al. [1999].

Reevaluation of the marine rocks of southwest Isla Tiburón presented here was

a result of detailed studies of the conjugate rifted margins the Upper Delf́ın basin

of the Gulf of California [Oskin et al., 2001, and Chapters 3 and 5 of this thesis].

These studies document 12.6 to 6.1 Ma welded ignimbrites on western Isla Tiburón

that correlate to the Puertecitos Volcanic Province of Baja California. No marine

rocks have been documented beneath these ignimbrites on either margin of the Upper

Delf́ın basin [Lewis , 1994; Stock et al., 1991, 1996; Mart́ın-Barajas et al., 1997, and

Chapter 3 of this thesis]. Tilting and faulting of these rocks on Isla Tiburón started

after 12.6 Ma and has continued through 6 Ma to Quaternary time (Chapter 6 of

this thesis). These observations are contrary to the pre–11 Ma history of faulting

and marine incursion on Isla Tiburón documented by Gastil and Krummenacher

[1977] and Gastil et al. [1999]. Since the southern outcrop limit of the correlative

ignimbrites lies adjacent to the proto-Gulf marine basin of southwest Isla Tiburón,

the stratigraphic and structural relationships of these ignimbrites to the marine strata

were investigated in detail to try to resolve these discrepancies in age and faulting.
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Figure 8.2. (next page) Geologic map of southwest Isla Tiburón. See text for discussion
of lithologies. Stratigraphic relationships of these groups are shown in Fig. 8.4. Geology
based on Neuhaus [1989] and new field mapping. See Table 8.1 for ages corresponding
to sample localities shown here. Tprcs dike outcrop northeast of Cerro Starship underlies
sample locality marker for sample S2G-13.

Chapters 3.1 and 6 of this thesis provide a comprehensive description of the geology

and structure of Isla Tiburón and coastal Sonora. The following sections describe

the stratigraphy and structure in the vicinity of southwestern Isla Tiburón. The

interpretations presented here often differ from previous workers. These differences

are described in detail so as to make the reinterpretation of this important locality

unambiguous.

8.3.2 Regional pre-basin stratigraphy

Basement rocks of southwest Isla Tiburón are granodiorite and tonalite plutons

of the Cretaceous Peninsular Ranges batholith that intruded Paleozoic and Mesozoic

metasedimentary rocks [Gastil and Krummenacher , 1976; Silver and Chappell , 1988;

Gastil et al., 1991]. Basement crops out south of the La Cruz fault, unconformably

overlain by Miocene volcanic and sedimentary rocks (Fig. 8.2). North of the La Cruz

fault, basement rocks do not crop out from beneath Miocene volcanic rocks in the

study area.

Two distinctive domains of pre-rift, Early to Middle Miocene arc-related volcanic

strata underlie the marine rocks on southwest Isla Tiburón. These domains are sep-

arated by the La Cruz fault, a northwest-striking, right-lateral strike-slip fault that

transects the southernmost coastal area of Isla Tiburón [Gastil and Krummenacher ,

1976]. This fault was recognized by Gastil and Krummenacher [1976] and Neuhaus

[1989] to have cut the marine rocks and older volcanic rocks on southwest Isla Tiburón,

but the magnitude of earlier strike-slip on this structure was not recognized by these

authors. Detailed and reconnaissance studies have not located rocks older than ∼6

Ma that correlate across the fault trace (Chapter 3 of this thesis), suggesting that the
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Figure 8.2.
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La Cruz fault may have at least 26 km of earlier right-lateral displacement (Chapter

6 of this thesis).

Arc-related volcanic rocks of the Sierra Menor domain

Arc-related volcanic rocks north of the La Cruz fault comprise the southernmost

part of the Sierra Menor Domain described in Chapter 3 of this thesis. These rocks are

predominantly andesite lava and proximal andesitic debris-flow deposits (Fig. 8.2).

Northeast of the outcrops of marine rocks, massive, orange-weathering andesite lava

flows crop out in steep-sided ridges and are mapped as unit Tma1. These lava flows

comprise part of a probable arc-related volcanic center in the southern Sierra Menor

(Chapter 3.1). An isolated paleotopographic high of this andesite also crops out

beneath the marine rocks ∼600 m northeast of the La Cruz fault. Surrounding this

andesite outcrop, other outcrops beneath the marine basin strata are predominantly

bedded volcaniclastic debris-flow deposits mapped as unit Tmvs. These are comprised

of a mixed assemblage of subangular to subrounded, cobble-size grey, orange, and red

plagioclase and hornblende phyric andesite lithic fragments supported by a matrix of

pink to grey volcanic ash. Emplacement of these deposits was probably related to

the adjacent andesitic volcanic center and/or other arc volcanic centers in the Sierra

Menor and southern Sierra Kunkaak.

Two younger rhyolitic ignimbrites, the pre-rift ∼12.6 Ma tuff of San Felipe and

the syn-rift 6.1±0.5 Ma Tuff of Arroyo El Canelo, also crop out adjacent to marine

strata north of the La Cruz fault. Outcrops of the Tuff of El Canelo are shown on Fig.

8.2. Outcrops of the Tuff of San Felipe occur just north and east of the area mapped

here. These ignimbrites are the oldest and youngest pyroclastic flows correlated to

Baja California by Oskin et al. [2001] and in Chapter 5 of this thesis. Outcrops

of these ignimbrites in the southern Sierra Menor are thin and discontinuous over

paleotopography formed by Tma1 andesite lava flows (Chapter 3). Outcrops of the

Tuffs of Arroyo El Canelo approach the La Cruz fault southeast of the marine rocks.

One of these outcrops may have been dated by Neuhaus [1989] as 6.1±1.8 Ma (Table
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8.1). These ignimbrites have not been mapped south of the La Cruz fault (Chapter

3 of this thesis).

Most of the earlier mapping of the region surrounding southwest Isla Tiburón

did not differentiate volcanic rocks north and south of the La Cruz fault. Andesite

lava flows north of the La Cruz fault are mapped as units T2 and T3 by Gastil and

Krummenacher [1976]. Most of these lava flows crop out east of the area of detailed

mapping by Neuhaus [1989] and Gastil et al. [1999]. The isolated paleotopographic

high of andesite that crops out beneath marine strata is mapped as part of unit M5

by Gastil et al. [1999] and as unit Mand by Neuhaus [1989]. Gastil et al. [1999]

report a 17.68±15 Ma age for this outcrop (Table 8.1). Neuhaus [1989] recognized

this andesite as a separate unit, whereas Gastil et al. [1999] grouped it together with

outcrops of basaltic andesite south of the La Cruz fault.

Volcaniclastic deposits mapped here as unit Tmvs were not recognized as a sep-

arate unit by Neuhaus [1989] or Gastil et al. [1999]. These authors grouped these

deposits together with a dacitic andesite breccia (units M7 and Mbt, respectively)

and a basal marine sedimentary breccia (unit M8a and Mbr, respectively). However,

Tmvs outcrops are distinct from these other units. The dacitic andesite breccia, also

described as a breccia tuff by Neuhaus [1989], is a younger deposit with abundant

welded rhyolite ignimbrite clasts that was probably emplaced as a landslide. This

breccia forms the base of marine basin deposits described below (unit Tmbr on Fig.

8.2). The basal marine sedimentary breccia is a clast-supported, occasionally fos-

siliferous conglomerate, unlike the ash-matrix-supported unfossiliferous debris flow

deposits mapped as Tmvs on Fig. 8.2. Gastil et al. [1999] reported a 11.44±2.61

Ma age on feldspar separated from a clast within an andesite breccia within rocks

mapped here as Tmvs (Table 8.1).

Arc-related volcanic rocks of the La Cruz domain

Pre-rifting volcanic rocks south of the La Cruz fault are dissimilar from coeval

volcanic rocks on the rest of Isla Tiburón (Chapter 3 of this thesis). These strata
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form a generally conformable sequence [Gastil et al., 1999] that are grouped together

here as the Volcanic Rocks of the La Cruz Block and mapped as unit Tmvlc. Based

upon detailed mapping by Neuhaus [1989], Gastil et al. [1999] divided these strata into

units M1-M6. The base of this section consists of thinly bedded lacustrine chert and

carbonate rocks interbedded with fluvial arkose and conglomerate overlying basement

(unit M1a of Gastil et al. [1999]). Basaltic to andesitic flows and breccias with red

volcanic sandstone and tephra overlie these basal sedimentary rocks (units M1b-M5 of

Gastil et al. [1999]). A dacite lava (unit M6 of Gastil et al. [1999]) caps the pre-marine

basin section here. Several isotopic ages, ranging from 20.5±0.5 Ma to 15.2±0.5 Ma,

are reported by Neuhaus [1989] and Gastil et al. [1999] for lava flows that underlie

marine deposits south of the La Cruz fault.

Reconnaissance studies south of the La Cruz fault and east of the marine sedi-

mentary outcrops reveal younger volcanic rocks that are also unique to the La Cruz

Block (Chapter 3 of this thesis). These younger rocks are rhyolite lava flows, pumice

flows, ash, and welded ash-flow tuffs. A sample of welded ash-flow tuff from Pico

Colorado, 3 km southeast of the study area, yielded a 9.6±2.7 Ma age [Stock and

Oskin, in prep.]. A second sample of welded ash-flow tuff from Ensenada de la Cruz,

20 km southeast of the study area, yielded a 11.3±2.0 Ma age [Stock and Oskin, in

prep.].

8.3.3 Local basin stratigraphy

A diverse assemblage of volcanic, marine, and nonmarine rock units comprises a

basin-filling sequence on southwest Isla Tiburón. Most of the units described in this

section are unique to this region of the island. Unlike the volcanic rocks described

above, most of the basin-filling sequence crops out both north and south of the La Cruz

fault; thus, this section post-dates most of the displacement on this fault (Chapter

6 of this thesis). Rock units are described in the order of their emplacement as

observed during this study. Earlier studies by Neuhaus [1989] and Gastil et al. [1999]

interpreted that most of the younger volcanic rocks on southwest Isla Tiburón were
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emplaced as dikes and sills. Thus the order of deposition and emplacement inferred

by these authors differs from that described here.

Landslide breccia

The base of the southwest Isla Tiburón basin is comprised of one or more land-

slide breccia deposits. These breccias were emplaced unconformably on older volcanic

rocks. Emplacement was probably subaerial, as there is is no evidence for marine

strata beneath or involved with the landslide breccia. The landslide breccia, mapped

as Tmbr on Fig. 8.2, ranges in thickness from 2 to >15 m, with the thickest deposits

underlying Cerro Starship. Breccia lithologies are an irregular mixture of monolitho-

logic, clast-supported zones of angular, densely welded tuff clasts intercalated with

polylithologic zones of andesitic clast-supported and matrix-supported volcaniclastic

breccia. Monolithologic zones of fragmented densely welded rhyolitic ignimbrite are

the most common facies of Tmbr. The matrix of unit Tmbr is composed of pulverized

angular fragments of breccia lithologies. Volcanic ash and pumice form part of the

matrix of the polylithologic breccia. Outcrops of the base of the breccia display a

cm-thick blackened zone of fragmental material with a sheared basal contact. Non-

marine volcaniclastic sediments underlying the breccia have not been altered except

within the basal zone of sliding, which suggests that breccia lithologies were cooled

before emplacement as a landslide.

The landslide breccia deposit at the base of the southwest Isla Tiburón marine

basin was also mapped by Neuhaus [1989] and Gastil and Krummenacher [1976] as

units M7 and Mbt, respectively, south of the La Cruz fault. North of the La Cruz

fault, Neuhaus [1989] and Gastil et al. [1999] correlated these breccias to volcaniclastic

debris flows mapped in this study as unit Tmvs. Although andesite clasts are common

to both Tmvs and the landslide breccia, Tmvs has more rounded clasts, a greater

proportion of ash matrix, and little or no pumice. Also, monolithologic zones of

fragmented welded rhyolitic ignimbrite, which are the dominant facies of the landslide

breccia, are absent from unit Tmvs. For this study, an alternative correlation of the
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landslide breccia is mapped across the La Cruz fault to a 2 m thick breccia deposit

previously mapped as unit Mr by Neuhaus [1989] and unit M10 by Gastil et al. [1999].

This breccia is comprised of fragments of welded rhyolite tuff that are organized into

a recognizable welding zonation. These intriguing outcrops resemble a welded tuff

that was fragmented in place. However, a sheared contact exposed at the base of

these strata supports emplacement as a landslide. Since there is no evidence for in

place coherent welded tuff outcrops, nor evidence for phreatic fragmentation of a

partially cooled welded tuff, these outcrops are interpreted to have been emplaced by

a landslide with the original stratigraphy of its source preserved by laminar flow.

Neuhaus [1989] and Gastil et al. [1999] interpreted a primary volcanic emplace-

ment mechanism for units Mbt and M7, respectively, as an ash-flow breccia or breccia-

tuff. Although the clasts within the breccia are entirely volcanic, emplacement of the

breccia resulted in extensive brittle fragmentation that has cross-cut lava flow textures

and eutaxitic foliation. Thus, emplacement of the breccia deposits into the southwest

Isla Tiburón basin post-dates the volcanism that originally formed its clasts. Since

there is no evidence for welding or flow of the breccia lithologies after emplacement,

nor evidence for thermal alteration of underlying sedimentary strata, the clasts of

this breccia deposit must have been cooled prior to emplacement. Correlative breccia

north of the La Cruz fault, mapped as unit Mr by Neuhaus [1989] and unit M10 of

Gastil et al. [1999], were interpreted by these authors as rhyolite flows and dikes. As

described above, however, these rocks are actually comprised of fragments of densely

welded tuff with a eutaxitic texture that was noted by both Neuhaus [1989] and Gastil

et al. [1999]. This texture, formed from flattened pumice fragments, is indicative of an

originally subaerial, pyroclastic emplacement mechanism for these rocks. After this

primary volcanic emplacement, brittle fracture and probably transport as a landslide

accompanied secondary emplacement of these rocks into the southwest Isla Tiburón

basin.

Two clasts appear to have been dated from the landslide breccia. Both of these

samples are from units mapped as Mr [Neuhaus , 1989] and M10 [Gastil et al., 1999]
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north of the La Cruz fault. Gastil et al. [1999] reported a 9.0±1.2 Ma age on plagio-

clase separated from unit M10. Since Gastil et al. [1999]’s unit M10 is interpreted by

these authors to have intruded the marine sedimentary rocks, this age is cited as a

second Middle Miocene age constraint on these proto-Gulf rocks. Reevaluation of the

outcrops sampled by Gastil et al. [1999] reveals that this unit was in place prior to

deposition of the marine strata and that clasts within this unit may have been trans-

ported from their original site of deposition. Smith et al. [1985]’s 12.9±0.4 Ma age for

the marine strata may have also have sampled a clast from the landslide breccia. The

outcrop from which their sample was obtained is mapped by Neuhaus [1989] as the

same unit Mr as other nearby breccia deposits. This outcrop is interpreted here as

an erosional window into the landslide breccia beneath the marine rocks (Fig. 8.2).

Member one of the Tuffs of Arroyo Sauzal

Member one of the Tuffs of Arroyo Sauzal is a non-welded to slightly welded

ash-flow tuff that crops out at the base of Cerro Starship over an irregular pale-

otopographic surface formed by the Tmbr landslide breccia. This unit, mapped as

Tmprsz1, contains 20% phenocrysts (alkali-feldspar À clinopyroxene ≈ hornblende

À biotite ≈ plagioclase ≈ zircon) with <1% andesite and crystalline (basement?)

lithic fragments. This unit is correlated in Chapter 3 to the lowest member of a sec-

tion of four pyroclastic flows that crop out with fluvial sandstone and conglomerate

in the Sauzal basin, located 10 km east of the study area and north of the La Cruz

fault (Chapter 3.1). Tmprsz1 outcrops east of Cerro Starship are indurate and ho-

mogeneous in texture and appear to have been emplaced into a non-marine setting.

Tmprsz1 outcrops west of Cerro Starship consist of an irregular zone of non-welded

yellow pumice surrounding a discontinuous core of slightly welded red tuff. These

textures suggest quenching of the ignimbrite and may indicate that this outcrop was

emplaced in a shoreline setting. The outcrop of Tmprsz1 west of Cerro Starship is the

earliest evidence for marine conditions in the southwest Isla Tiburón basin. Reworked

pumice beds crop out within marine rocks adjacent to this outcrop.
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Figure 8.3. Scanning electron microscope image sample TIB-98-11 of member one of the
Tuffs of Arroyo Sauzal showing pyroclastic texture. Field of view is 7 by 5 mm. Intersect-
ing linear features are volcanic glass fragments formed by rupture of gas bubbles during
explosive volcanism. White dashed lines outline some of these glass shards. Microscopic
crystal growth has partially devitrified the glass, forming symmetric axiolitic texture of a
devitrified light colored rim and dark glass core. Member one of the Tuffs of Arroyo Sauzal
typically preserves delicate, partially intact spherical glass shards, as shown here.

Three isotopic ages of ∼6 Ma have been measured for samples of member one of

the Tuffs of Arroyo Sauzal from southwest Isla Tiburón. A K–Ar date from alkali-

feldspar separated from a sample from the outcrop east of Cerro Starship was reported

by Neuhaus [1989] and Gastil et al. [1999] as 5.7±0.2 Ma (sample 51A, Table 8.1). A

second date on feldspar separated from a sample from this outcrop yielded an age of

6.7±0.8 Ma (sample SWT-99-28, Table 8.1). Alkali feldspar separated from a sample

from the slightly welded core zone of the outcrop west of Cerro Starship yielded an

age of 6.4±1.6 Ma (sample TIB-98-11, Table 8.1).

Member one of the Tuffs of Arroyo Sauzal was mapped by previous workers as unit

Mr [Neuhaus , 1989] and unit M10 [Gastil et al., 1999]. Neuhaus [1989] interpreted this
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unit as a rhyolite sill emplaced beneath the marine rocks. Petrographic examination if

this unit reveals a delicate pyroclastic texture formed by fragmentation of a viscous,

gaseous magma (Fig. 8.3). This texture, which is indicative of an ash-flow tuff,

is unlikely to have been formed through intrusive processes. Gastil et al. [1999]

reinterpreted the outcrops east of Cerro Starship as a rhyolite lava coulee emplaced

onto the flank of this mountain. Neither the geologic map, which shows this unit as

conformable beneath the marine rocks (Fig. 8.2), nor the pyroclastic texture of this

unit (Fig. 8.3) support emplacement as a lava flow.

Marine and related non-marine conglomerate and sandstone

Fossiliferous marine conglomerate and sandstone that crop out over a 10 km2 area

of southwestern Isla Tiburón are grouped together here as unit Tmpm. These ma-

rine strata conformably overlie outcrops of landslide breccia and the member one of

the Tuffs of Arroyo Sauzal (Fig. 8.2). The marine rocks of southwest Isla Tiburón

consist primarily of clast-supported moderately well-sorted conglomerate [Cassidy ,

1988]. Marine mollusk fossils are rare to abundant within the conglomerate [Cassidy ,

1988; Smith, 1991; Gastil et al., 1999]. These fossils appear to be mostly reworked,

disarticulated shells in outcrops near the present-day coastline. Abundant oyster

shells are observed near the base of the conglomerate north of the La Cruz fault.

Sandstone is interbedded with the conglomerate beds adjacent to and beneath the

Rhyodacite of Cerro Starship [Cassidy , 1988; Neuhaus , 1989; Gastil et al., 1999]. Ma-

rine conglomerate outcrops north of the La Cruz fault are tilted 15–20◦ to the north

[Neuhaus , 1989; Gastil et al., 1999]. These outcrops are capped by discontinuous flat-

lying, poorly-sorted to moderately-sorted marine or nonmarine conglomerate. The

flat-lying beds both truncate and grade laterally into the tilted marine conglomer-

ate. Thicker deposits of this nonmarine conglomerate are mapped as unit Tmpal

(Fig. 8.2). These conglomerates are 1–10 m thick and also flat-lying. Outcrops of

Tmpal occur inland (southeast) of the marine strata and as a series of high terraces

unconformably overlying andesite.
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Clasts within the marine conglomerate are predominantly andesite that are prob-

ably derived from local outcrops of lava flows and volcaniclastic debris flows [Gastil

et al., 1999]. A few distinctive clasts are also recognized within the marine conglomer-

ate. Some of these distinctive clasts are derived from the Tuff of the Sierra Kunkaak, a

welded tuff with a red glassy matrix and 50% angular aphanitic orange volcanic lithic

fragments. This unit is distinctive to the Sierra Kunkaak, located 15 km east of the

study area (Chapter 3). Clasts of the ∼12.6 Ma Tuff of San Felipe, a densely welded

crystal-rich ignimbrite [Stock et al., 1999; Oskin et al., 2001], are also present within

the marine conglomerate. Outcrops of the Tuff of San Felipe occur nearby in the

Sierra Menor. Clasts of partially welded unit Tmr3 of the Tuffs of Mesa Cuadrada, a

∼6.3 Ma crystal-rich ash-flow tuff with abundant volcanic lithic fragments, are rare

within the marine conglomerate. Most outcrops of Tmr3 on Isla Tiburón occur north

of the paleotopographic high formed of Tma1 andesite lava flows north of the La

Cruz fault. However, the distal partially welded facies of Tmr3, identical to the clasts

present in the marine conglomerate, crops out 6 km east of the marine basin in the

southern Sierra Menor (Chapter 3 of this thesis).

The marine rocks of southwest Isla Tiburón were mapped earlier as unit T3m by

Gastil and Krummenacher [1976] and later subdivided into three subunits [Cassidy ,

1988; Neuhaus , 1989; Gastil et al., 1999]. These three subunits are a lower conglom-

erate member (Mbr and M8a), a middle sandstone member (Mss and M8c), and an

upper conglomerate member (Mcgl and M8d). An additional member of rhyolite

and andesite flows is mapped as unit M8b between the lower conglomerate and mid-

dle sandstone by Gastil et al. [1999]. This outcrop, which was first described as a

breccia rather than a flow and dated at 12.9±0.4 Ma by Smith et al. [1985], is in-

terpreted here as an erosional window into the landslide breccia beneath the marine

rocks. Even if this outcrop is intercalated with the marine strata, it is not possible

to lithologically differentiate this breccia from the landslide breccias underlying the

marine rocks. Age-diagnostic microfossils are reported by Gastil et al. [1999] from

sandstones interbedded within the marine conglomerate. Foraminifera fossils repre-
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sent Late Miocene to Early Pliocene faunal zones N17B to N19, corresponding to an

age of 6.4 to 4.0 Ma [Gastil et al., 1999]. Calcareous nannoplankton microfossils also

indicate a Late Miocene-early Pliocene age, with an early Pliocene age favored [Gastil

et al., 1999].

The depositional setting of the marine conglomerate is interpreted here as a shal-

low marine to littoral northwest-facing delta-fan built from arroyos draining southern

Isla Tiburón. Cassidy [1988] first proposed a delta-fan origin for these rocks, based

upon their coarse clastic composition and upward coarsening beds. Southeast-facing

clast imbrications are cited by Gastil et al. [1999] to support a source for this fan from

the northwest. However, the depositional architecture of the marine conglomerate and

related non-marine capping conglomerates strongly resembles a northwest-facing set

of delta-fan foreset beds capped by non-marine to marine transitional topset beds.

Clasts derived from the Sierra Kunkaak, 15 km east of the southwest Isla Tiburón

marine basin, further support an easterly source for these deposits. The 15–23◦ dip

of these strata north of the La Cruz fault is interpreted as a primary depositional

angle, and up-dip clast imbrications are interpreted to be the result of wave action in

a nearshore to littoral setting.

Sandy facies of the marine strata probably represent offshore facies of the delta

fan [Gastil et al., 1999]. A lateral transition from nearshore marine conglomerate to

offshore sandstone and sandy conglomerate is exposed in outcrops on the shoreline

west of Cerro Starship. Well-sorted, rounded conglomerate overlying landslide brec-

cia deposits is interpreted here as a littoral facies, similar to rocky shorelines present

elsewhere on Isla Tiburón. The % sand matrix within the conglomerate increases

northward, and sandstone interbeds appear. Sandstone is the dominant lithology

in shoreline exposures north of Cerro Starship. Foraminifera from sandstone from

southwest Isla Tiburón indicate an inner to outer neritic (50 to 150 m) water depth,

[Gastil et al., 1999], consistent with the stratigraphic association described here. Ex-

posure of sand beds was probably enhanced by folding and tilting of these strata by

deformation associated with the La Cruz fault.
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Rhyodacite of Cerro Starship

The Rhyodacite of Cerro Starship, mapped as unit Tprcs on Fig. 8.2, caps marine

rocks on southwestern Isla Tiburón [Gastil and Krummenacher , 1977; Neuhaus , 1989;

Gastil et al., 1999]. This flow contains 35% phenocrysts (plagioclase > hornblende

> alkali-feldspar > opaques > biotite) and displays macroscopic flow foliation and

trachytic alignment of plagioclase microphenocrysts in a glass matrix. The Rhyo-

dacite of Cerro Starship was emplaced primarily as a 10 to 40 m thick lava flow that

was emplaced subaerially over tilted marine rocks. This lava flow erupted from a

north-striking dike that crops out intermittently on the eastern side of Cerro Star-

ship. Components indicative of pyroclastic emplacement, such as eutaxitic foliation,

pumice fragments, glass spicules or lithic fragments, are absent from the main body

of the lava flow. A one- to two-meter–thick block-and-ash deposit underlies the main

body of rhyodacite lava with a sharp contact. Locally, adjacent to the dike, these ash

deposits have been compressed and welded by emplacement of the lava. The source

dike for the Rhyodacite of Cerro Starship also crops out north of the flow in the base

of the arroyo east of Cerro Starship (Fig. 8.2). The phenocrysts and texture of this

dike are identical to the main body of the Rhyodacite of Cerro Starship.

The Rhyodacite of Cerro Starship was mapped as unit T4x by Gastil and Krum-

menacher [1976], units Mrt (flow) and Mgd (dike) by Neuhaus [1989] and units M9

(flow) and M10 (dike) by Gastil et al. [1999]. The flow was originally identified as an

ash-flow tuff by Gastil and Krummenacher [1977]. Neuhaus [1989] recognized that

the upper parts of this flow contained a highly variable foliation and were probably

emplaced as ‘an effusive phase’ (lava flow?). Neuhaus [1989] and Gastil et al. [1999]

interpreted the lower half of the flow as an ignimbrite. Although the flow foliation

in the lower half of the Rhyodacite of Cerro Starship is usually parallel to its base,

similar in appearance to an outcrop of eutaxiticaly foliated ignimbrite, all of this unit

except the basal 1–2 m lacks evidence for pyroclastic emplacement.

Three samples of the Rhyodacite of Cerro Starship have been dated by K–Ar on
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plagioclase. Gastil and Krummenacher [1977] report an age of 11.2±1.3 Ma (sam-

ple S2B-27, Table 8.1). This date has formed the basis of interpretation of marine

strata on southwestern Isla Tiburón as evidence for a middle Miocene proto-Gulf of

California [Smith, 1991]. Gastil and Krummenacher [1977] also dated an outcrop of

the rhyodacite dike in the arroyo northeast of Cerro Starship at 3.7±0.9 Ma (sample

S2G-13, Table 8.1). Gastil and Krummenacher [1977], Neuhaus [1989], and Gastil

et al. [1999] interpreted this dike as a separate, younger unit. An attempt by Neuhaus

[1989] to re-date the main body of the Rhyodacite of Cerro Starship from a sample

from the top of the flow yielded a young age of 4.2±1.8 Ma (sample 10, Table 8.1).

Neuhaus [1989] and Gastil et al. [1999] interpreted this sample as derived from a con-

tinuation of the of the younger rhyodacite dike through the center of Cerro Starship.

New field mapping of this area did not reveal the dike mapped by Neuhaus [1989]

and Gastil et al. [1999] through the crest of Cerro Starship. Instead, a dike was dis-

covered on the eastern side of Cerro Starship in continuous exposure with the main

body of the flow and on trend with the dike exposure to the north. As described

above, these dikes are identical to the main body of the flow and clearly related to its

emplacement. An attempt to re-date the Rhyodacite of Cerro Starship by 40Ar/39Ar

was unsuccessful.

Nonmarine conglomerate

Younger nonmarine conglomerates, mapped as unit QTpal, post-date marine de-

position on southwest Isla Tiburón. Unit QTpal forms a 2–4 m thick terrace deposit

inset into the marine rocks and beneath the Tmpal terraces. Except for their ge-

omorphic position, these conglomerates are identical to older conglomerates of unit

Tmpal on southwest Isla Tiburón. This unit is locally overlain by the Tuffs of Bah́ıa

Vaporeta, a welded to non-welded lithic-rich rhyolitic tuff.



307

The Tuffs of Bah́ıa Vaporeta

The youngest volcanic rocks exposed in the southwest Isla Tiburón basin are a

series of 1 to 3 lithic-rich rhyolite tuffs mapped as unit QTprbv. These ignimbrites,

designated the Tuffs of Bah́ıa Vaporeta in Chapter 3 of this thesis, are small-volume

non-welded to moderately welded pyroclastic flows exposed along the southwestern

shoreline of Isla Tiburón. At least three five-meter-thick cooling units are exposed in

a coastal mesa north of the marine conglomerate outcrops. A one- to two-meter-thick

densely welded carapace of tuff overlies nonmarine conglomerate on southwestern

Isla Tiburón. The Tuffs of Bah́ıa Vaporeta may be recognized from their distinctive

and abundant light- and dark-colored pumice and uncommon (1%) anorthoclase phe-

nocrysts. Outcrops of the Tuffs of Bah́ıa Vaporeta were mapped as Qm by Gastil and

Krummenacher [1976], unit Mry by Neuhaus [1989] and M10 by Gastil et al. [1999].

These authors interpreted some of these outcrops as rhyolite dikes. No rhyolite dikes

were observed in southwest Isla Tiburón during this study, except the rhyodacite

dikes associated with the Rhyodacite of Cerro Starship, described above. The Tuffs

of Bah́ıa Vaporeta have not been dated.

Quaternary Deposits

Several types of Quaternary deposits are mapped on southwest Isla Tiburón (Fig.

8.2). These deposits include several alluvium-filled northwest-draining arroyos (unit

Qal) separated by low-lying terraces (unit Qoal). A thick cover of colluvial deposits

(Qco) mantles the steep slopes of Cerro Starship. Adjacent to the coastline of Bah́ıa

Vaporeta, sand dunes (Qae), marine terraces (Qmt), and littoral deposits (Qli) are

mapped. The Quaternary fluvial deposits and their offshore equivalents probably

comprise a depositional system very similar to that which emplaced the marine con-

glomerate and sandstone on southwest Isla Tiburón.
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8.3.4 Faulting and tilting

Faulting has affected most of the volcanic and marine strata exposed on southwest

Isla Tiburón. The principal structure through this area is the La Cruz fault. This

right-lateral strike-slip fault transects the southern edge of Isla Tiburón [Gastil and

Krummenacher , 1976, and Chapter 6 of this thesis]. Neuhaus [1989] and Gastil et al.

[1999] both recognized that the La Cruz fault has dextrally displaced the marine

strata by about 200 m. Earlier slip on the La Cruz fault may exceed 26 km (Chapter

6) because Early to Middle Miocene volcanic strata do not correlate across its trace

(Chapter 3). North-striking normal fault systems of the Sierra Menor, north of the

La Cruz fault, offset rocks as young as 6.1 Ma by >100 m (Chapter 6 of this thesis).

These faults cannot be traced through the marine conglomerates (Fig. 8.2). This may

be because there are few clear markers within the marine strata with which to trace

offsets from these faults. A northeast-striking normal fault cuts across the northern

end of Cerro Starship, dropping outcrops of the Rhyodacite of Cerro Starship on its

north side by ∼20 m.

Tilting of the marine strata of southwest Isla Tiburón is interpreted here as a

combination of primary tilt from deposition on a sloping delta-fan surface and tectonic

tilt from deformation adjacent to the La Cruz fault. Stratal tilts north of the La Cruz

fault remain under 25◦, but the strike of bedding changes from northeast to northwest

[Neuhaus , 1989; Gastil et al., 1999, and Fig. 8.2]. Stratal tiles increase south of the

La Cruz fault, locally approaching 45◦ along the coastline west of Cerro Starship. The

15–23◦ dips north of the La Cruz fault are interpreted here as depositional delta-fan

or beach-face foreset beds that are associated with flat-lying transitional marine–

nonmarine topset beds. The change in strike and steeper dip of bedding adjacent to

and south of the La Cruz appear to be related to folding adjacent to the fault trace.
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Figure 8.4. (next page) Schematic stratigraphic columns of southwest Isla Tiburón. Strati-
graphic relationships of volcanic rocks and marine sediments according to Gastil et al. [1999]
in upper frame and revised according to this study in the lower frame. See Table 8.1 for
sources of isotopic ages and Gastil et al. [1999] for microfossil age. All volcanic rocks younger
than 11.2 Ma are interpreted by Gastil et al. [1999] as intrusions and lava flows overlying
older marine rocks. These relationships are simplified here into four distinctive units. A
landslide breccia (Tmbr) and latest Miocene non-welded ash-flow tuff (Tmprsz1) underlie
marine strata. Pliocene age dike and flow of the Rhyodacite of Cerro Starship (unit Tprcs)
and the Plio-Quaternary(?) Tuffs of Bah́ıa Vaporeta (unit QTprbv) overlie the marine
rocks. See text for additional discussion of lithologies and relationships depicted here.

8.4 Discussion

8.4.1 Age of marine deposits of southwest Isla Tiburón

Existing microfossil evidence, together with geochronology for volcanic rocks both

underlying and overlying marine strata on southwest Isla Tiburón, strongly support

that marine deposition here occurred between 6 Ma and 4 Ma (Fig. 8.4). Arc-

related volcanic strata beneath the southwest Isla Tiburón basin are 21–15 Ma south

of the La Cruz fault and 17.7–11.4 Ma north of the La Cruz fault [Gastil et al.,

1999]. The lowermost basin-filling strata is a landslide breccia, containing clasts

dated as 12.9 Ma and 9.2 Ma [Smith et al., 1985; Neuhaus , 1989], and probably

emplaced in a nonmarine setting. The first evidence for the presence of shallow marine

conditions is from outcrops of partially-welded to non-welded member one of the Tuffs

of Arroyo Sauzal. This tuff is isotopically dated at 5.7±0.2 Ma by Neuhaus [1989] and

6.7±0.8 Ma and 6.4±1.6 Ma during this study. Marine conglomerates depositionally

overlie member one of the Tuffs of Arroyo Sauzal. Sandstone interbedded with the

marine conglomerate contains microfossils from foraminiferal zones N17B to N19,

corresponding to a 6.4–4.0 Ma age range [Gastil et al., 1999].

The Rhyodacite of Cerro Starship overlies the marine rocks of southwest Isla

Tiburón. This unit is predominantly a 10–40 m thick lava flow emplaced subaerially

over tilted marine rocks. The dike that extruded the Rhyodacite of Cerro Starship

crops out on the east side of the flow and within an arroyo northeast of the flow. A
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Figure. 8.4
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1–2 m thick block and ash deposit at the base of the Rhyodacite of Cerro Starship has

been partially welded by emplacement of the overlying lava flow. Of the three ages

reported for the Rhyodacite of Cerro Starship and its associated dike, two of these ages

have yielded consistent dates of ∼4 Ma. The 3.7 Ma date of the dike exposure north

of Cerro Starship and the date of 4.2 Ma from the crest of the lava flow both agree

with the stratigraphic position of the Rhyodacite of Cerro Starship above outcrops

of the ∼6 Ma member one of the Tuffs of Arroyo Sauzal and marine sandstones

containing 6.4–4.0 Ma microfossils. Only one age of 11.2±1.3 Ma determined by

Gastil and Krummenacher [1977] for the Rhyodacite of Cerro Starship cannot be

reconciled with these constraints.

Prior interpretations of southwest Isla Tiburón by Neuhaus [1989] and Gastil

et al. [1999] explained the Latest Miocene and Pliocene volcanic rocks here as a

series of dikes and lava flows that were emplaced into and above the marine rocks.

Observations of the emplacement mechanisms of most of these rocks do not support

their interpretations (Fig. 8.4). The only latest Miocene or younger volcanic unit of

the southwest Isla Tiburón basin that was emplaced as a dike and lava flow is the

Rhyodacite of Cerro Starship. The discordant 11.2±1.3 Ma age for this flow, originally

reported by Gastil and Krummenacher [1977], has been maintained by Neuhaus [1989]

and Gastil et al. [1999] even though microfossils from underlying marine strata and an

additional dating attempt on this flow supported a younger age. Based upon new and

existing stratigraphic and geochronologic evidence presented here, I conclude that the

11.2±1.3 Ma age originally reported by Gastil and Krummenacher [1977] cannot be

correct. This 11.2±1.3 Ma age should be abandoned as a constraint on the proto-Gulf

marine incursion. Likewise, the 12.9±0.4 age first reported by Smith et al. [1985] for

a volcanic breccia intercalated with the marine strata appears to have been obtained

from a sample from an underlying unit and is thus only a maximum constraint on

the age of the marine rocks of southwest Isla Tiburón.
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8.4.2 Depositional and tectonic setting of the southwest Isla

Tiburón basin

The depositional and tectonic setting of marine sedimentary rocks of southwest

Isla Tiburón is interpreted here as a shallow marine, fault controlled basin. The basin

formed as a triangular-shaped embayment by a combination of opening of the Upper

Delf́ın basin, west of Isla Tiburón, and dextral displacement on the La Cruz fault

and the Tiburón fracture zone (Fig. 8.5). This embayment is present today as Bah́ıa

Vaporeta, just offshore of the study area. The southwest Isla Tiburón basin initially

received landslide breccia emplaced into a nonmarine setting. The source for this

breccia may be nearby outcrops of welded tuff at Cerro Colorado (3 km southeast of

study area) or from outcrops that have been since displaced by the Tiburón fracture

zone. Marine incursion into the southwest Isla Tiburón basin probably had occurred

by the time of emplacement of member one of the Tuffs of Arroyo Sauzal above

the landslide breccias. After emplacement of this ash-flow tuff, the basin began to be

filled by streams draining southern Isla Tiburón. These streams built a delta-fan that

prograded northwestward, filling the corner of the basin exposed today and spreading

out into the more open waters of Bah́ıa Vaporeta. Waning dextral displacement on

the La Cruz fault cut and tilted these beds, exposing the lower, sandier facies of the

delta-fan deposit. Eruption of the Rhyodacite of Cerro Starship covered some of these

tilted beds south of the La Cruz fault. Moderate downcutting and northwestward

progradation has continued to the present in the region north of the La Cruz fault,

depositing sediment into Bah́ıa Vaporeta.

The interpretation of the southwest Isla Tiburón basin as a shallow fault-controlled

embayment differs considerably from previous workers. Neuhaus [1989] and Gastil

et al. [1999] interpreted the southwest Tiburón basin as filling a collapse feature re-

lated to volcanism. These workers did not identify the structures or volcanic products

associated with this collapse. The model presented here explains the wedge shape of

the basin, northwest-facing foresets, and distinctive clasts contained within the ma-
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Figure 8.5. Tectonic origin of the southwest Isla Tiburón embayment. Opening of the
Upper Delf́ın basin between Baja California and Isla Tiburón starts after ∼6 Ma [Oskin
et al., 2001]. Divergence across the Upper Delf́ın basin is transferred to the southeast by
strike-slip on the La Cruz fault and the Tiburón Fracture zone. Southwest Isla Tiburón
embayment formed north of the shear zone on southernmost Isla Tiburón on the partially
subsided eastern continental margin of the Upper Delf́ın basin. Large-scale structural fea-
tures of Isla Tiburón and coastal Baja California shown according to Chapter 6 of this
thesis. Isla Angel de la Guarda, shown fixed to Baja California during initial opening of
the Upper Delf́ın basin cf. [Stock , 2000].
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rine sediments. The 4–6 Ma age of these marine deposits fits very well with the

timing of opening of the Upper Delf́ın basin [Oskin et al., 2001], normal faulting on

Isla Tiburón, and significant displacement on the Tiburón Fracture Zone and La Cruz

fault (Chapter 6).

The thickness of the marine deposit on southwest Isla Tiburón is probably much

less than estimated by Cassidy [1988] and reported by Smith [1991] and Gastil et al.

[1999]. Cassidy [1988] estimated up to 1.5 km of marine conglomerate in the northern

part of the basin by interpreting a flat original dip for these beds. Evidence presented

here indicates that these beds are delta-fan foresets deposited in a shallow marine

to littoral setting, and that the dip of these beds is probably primary in exposures

north of the La Cruz fault. The actual thickness of the basin-filling sequence on

southwestern Isla Tiburón may be as little as 50 m, which is approximately the

maximum height observed for individual foreset beds. Overall, the thickness of marine

strata exposed in the onshore portion of the southwest Isla Tiburón basin probably

does not exceed 300 m.

8.4.3 Implications for the proto-Gulf marine incursion

The presence of latest Miocene to Early Pliocene age rather than Middle Miocene

age marine rocks on southwest Isla Tiburón significantly changes interpretation of the

proto-Gulf of California marine incursion (Fig. 8.1). This new younger age, when

combined with other well-constrained ages established through clear cross-cutting re-

lationships and/or microfossil assemblages, supports marine incursion into the north-

ern Gulf of California no earlier than 6.5 Ma (Table 8.2). South of Isla Angel de

La Guarda and Isla Tiburón, well-constrained ages of marine rocks as old as 7.5–8.2

Ma indicate an earlier marine incursion here (Fig. 8.1 and Table 8.2). Rocks this

old occur as far south as the San Jose Del Cabo basin and the Tres Marias Islands,

adjacent to the mouth of the Gulf of California [McCloy et al., 1988; Molina-Cruz ,

1994]. This evidence suggests that the Gulf of California has always been connected

to the Pacific Ocean near its present-day mouth. A hypothetical seaway across the
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San Ignacio area of Baja Califronia Sur [Helenes and Carreño, 1999] is unnecessary

to explain the distribution of well-constrained Miocene-age marine rocks in the Gulf

of California.

Other Middle Miocene age (pre-11 Ma) proto-Gulf marine rocks have been pro-

posed for the Boleo Formation of Baja California Sur [Smith, 1991], the Bah́ıa de Los

Angeles area of Baja California Norte [Delgado-Argote et al., 2000b], and Isla Angel

de La Guarda [Delgado-Argote et al., 2000a]. In each of these cases, marine strata

overlie isotopically dated Middle-Miocene or older volcanic rocks (Table 8.1). No sed-

imentary or volcanic textures associated with eruption underwater are reported from

these rocks. Thus, the ages of these volcanic rocks only represent maximum ages

of the overlying marine rocks. Further investigations of these marine rocks where

intruded by or clearly overlain by isotopically dated volcanic rocks is necessary to

definitively establish the presence of a Middle Miocene proto-Gulf of California.

Reworked Middle Miocene microfossils have been reported from otherwise Pliocene-

age marine rocks in the northern Gulf of California [Helenes and Carreño, 1999, and

references therein]. No source rocks have been identified for these fossils. After remov-

ing the constraint from Isla Tiburón, no other definitive evidence exists for Middle

Miocene age marine rocks deposited by the proto-Gulf of California that could have

been a source for these reworked fossils. The explanation for reworked Middle Miocene

microfossils in Pliocene age rocks is presently unresolved.

Mollusk fossils from Isla Tiburón are correlated to the basal Imperial Formation of

the Salton Trough [Smith, 1991]. Based upon this correlation, Smith [1991] suggests

that parts of the basal Imperial formation may also be Middle Miocene age. Subse-

quent studies of microfossil assemblages of the basal Imperial Formation indicate a

latest Miocene to Early Pliocene age for these sections [McDougall et al., 1999; Dean,

1996]. These ages are the same as the revised age presented here for marine rocks on

Isla Tiburón. Both the basal Imperial Formation and the marine rocks of southwest

Isla Tiburón pre-date an increase in sedimentation rate into the Gulf of California

that accompanied arrival of the Colorado River [Johnson et al., 1983]. An alterna-
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tive interpretation of the correlative macrofauna described by Smith [1991] and Gastil

et al. [1999] for the basal Imperial formation and Isla Tiburón is that these fossils may

be characteristic of the paleoenvironment of the Gulf of California prior to arrival of

the Colorado River.

8.4.4 Tectonic implications of the proto-Gulf marine incur-

sion

The extent of Miocene marine deposition in northwest Mexico provides an impor-

tant constraint on crustal rheology preceding localization of the Pacific–North Amer-

ica plate boundary in the Gulf Extensional Province (southern Basin and Range

province cf. Henry and Aranda Gomez [1992]). In most of the Basin and Range

Province of southwest North America, large-magnitude intracontinental extension has

been balanced by lower crustal flow, evening out crustal thickness over the province

[Wernicke, 1990, for example] and preventing localization of a narrow zone of litho-

spheric necking [Buck , 1991]. This process has maintained most of the Basin and

Range province at elevations above sea level. If marine deposition has occurred within

the 1000 km-long Gulf Extensional Province since the onset of extension here ca. 12

Ma [Stock and Hodges , 1989; Lee et al., 1996], then this would suggest that litho-

spheric necking was more localized and less compensated by lower crustal flow in

the Gulf Extensional Province than elsewhere in the Basin and Range. The revised

latest Miocene to Early Pliocene age of marine deposition on southwest Isla Tiburón

removes the need to explain an early proto-Gulf marine incursion into the northern

Gulf of California over a region of localized lithospheric necking. Instead, the history

of marine incursion is consistent with the tectonic history of the Upper Delf́ın basin

of the northern Gulf of California, which opened abruptly during latest Miocene time

[Oskin et al., 2001], probably in response to a change in boundary forces rather than

by crustal weakening by intracontinental extension (Chapter 6 of this thesis).

Overall, the revised chronology presented here for initial marine incursion into the
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Gulf of California is consistent with its extensional tectonic history. Regional plate

tectonic reconstructions suggest that crustal attenuation from 12.5–6 Ma was more

intense in the southern Gulf of California than in the northern Gulf of California

[Stock and Hodges , 1989]. Marine incursion into the southern and central Gulf of

California during Late Miocene time probably covered this region of more intense

continental extension. Marine incursion into the northern Gulf of California and

the Salton Trough after 6.5 Ma correlates closely with localization of Pacific–North

America plate boundary motion here [Oskin et al., 2001, and Chapter 5 of this thesis].

Although diffuse Basin and Range type extension of the continental margins of the

northern Gulf of California was underway by 7.5–8.2 Ma [Lee et al., 1996], the basins

produced by this extension were either above sea level or isolated from the marine

incursion to the south. Localization of the Pacific–North America plate boundary into

the northern Gulf of California probably facilitated marine incursion here by creating

a central region of intense continental rifting and by linking together isolated rift

basins.

8.5 Conclusions

Reevaluation of volcanic rocks bounding marine strata exposed on southwest Isla

Tiburón reveals that these marine deposits are latest Miocene to Early Pliocene age.

The southwest Isla Tiburón marine basin overlies Early to Middle Miocene volcanic

rocks juxtaposed by the La Cruz strike-slip fault. Landslide breccias containing clasts

as young as 9 Ma mark the inception of basin sedimentation. Three separate con-

straints support a latest Miocene age for marine rocks that overlie these breccias.

The first constraint is emplacement of member one of the Tuffs of Arroyo Sauzal

above the landslide breccia at ∼6 Ma, coeval with the base of marine deposits. The

second constraint on the age of the marine strata is the presence of latest Miocene to

Early Pliocene age microfossils reported by Gastil et al. [1999]. The third constraint

on the age of the marine strata is emplacement of the Rhyodacite of Cerro Starship
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onto tilted marine rocks by a dike intrusion and subaerial lava flow. Two ages deter-

mined by Gastil and Krummenacher [1977] and Neuhaus [1989] for the Rhyodacite

of Cerro Starship are ∼4 Ma. A third age of 11.2±1.3 Ma, first reported by Gastil

and Krummenacher [1977], is discordant with other age constraints.

The southwest Isla Tiburón marine basin formed as a northwest-facing embayment

controlled by opening of the Upper Delf́ın basin segment of the Gulf of California and

by right-lateral strike slip on the La Cruz fault and Tiburón Fracture zones. Streams

draining southern Isla Tiburón have partially filled the embayment with conglomerate

and sandstone, forming a northwest-facing delta-fan. Bah́ıa Vaporeta, located west

of Isla Tiburón, is the offshore continuation of this northwest-facing embayment.

The thickness of the marine deposits of southwest Isla Tiburón is much less the

1.5 km estimated by previous workers because much of the tilt of the marine strata

represents primary deposition on a delta-fan slope and/or beach face. Waning dextral

displacement on the La Cruz fault has offset and tectonically tilted the marine strata,

which were then unconformably overlain by the ∼4 Ma Rhyodacite of Cerro Starship.

Since marine rocks as old as 7.5–8.2 Ma crop out adjacent to the mouth of the

Gulf of California [McCloy et al., 1988; Molina-Cruz , 1994], the Gulf has probably

always been connected to the Pacific Ocean at its southern end. A hypothetical

seaway across the San Ignacio area of Baja California Sur proposed is not required

to explain the distribution of well-constrained Miocene-age marine rocks in the Gulf

of California. Other proposed proto-Gulf marine rocks have been constrained only to

overlie isotopically dated Middle-Miocene or older volcanic rocks and thus only have

maximum ages. Investigations of these marine rocks where intruded by or clearly

overlain by isotopically dated volcanic rocks are necessary to firmly establish their

age.

The presence of latest Miocene to Early Pliocene age rather than Middle Miocene

age marine rocks on southwest Isla Tiburón allows for new model of the proto-Gulf

of California marine incursion. Early marine incursion into the southern and central

Gulf of California as early as 8.2 Ma probably filled an area of more intense crustal
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attenuation. Marine incursion over the entire length of the Gulf of California after 6.5

Ma corresponds to when the Pacific–North America plate boundary localized here.

Localization of the plate boundary into the northern Gulf of California probably

facilitated marine incursion by creating a central region of intense continental rifting

and by linking together isolated rift basins. Latest Miocene marine incursion into

the northern Gulf of California is consistent with the tectonic history of the Upper

Delf́ın basin, which opened abruptly during latest Miocene, probably in response to

a change in boundary forces rather than by crustal weakening by intracontinental

extension.
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9.1 Abstract

We characterize the seismic hazard of the Elysian Park fault, a blind reverse

fault beneath central Los Angeles, by analysis of the Elysian Park anticline, which

overlies it. New shallow-subsurface geotechnical data, combined with other surficial

stratigraphy and geomorphology, reveal that the Elysian Park anticline is an active,

20-km-long structure. From the style and rates of deformation of parasitic folds on

the southern limb of the anticline, we estimate a contraction rate of 0.6 to 1.1 mm/yr.

This rate provides a basis for estimating a rate of contraction of the entire Elysian

Park anticline, which, in turn allows us to estimate a 0.8 to 2.2 mm/yr time-averaged

rate of slip on the underlying fault. At this rate of slip, rupture of the Elysian Park

fault could produce a nominal MW 6.2 to 6.7 earthquake every 500 to 1300 years, on

average. Although this Elysian Park earthquake would recur infrequently, its size and

recurrence interval may be similar to those estimated for the sources of the destructive

1971 San Fernando and 1994 Northridge earthquakes.

9.2 Introduction

Three destructive earthquakes in modern times have shown that reverse faults are

significant contributors to seismic hazard in the Los Angeles region (Figure 1). The

San Fernando earthquake of 1971 (MW 6.6), which produced significant damage on

the northern outskirts of the metropolitan region, was generated by slip on a north-

dipping reverse fault that ruptured to the surface [Barrows , 1975]. An adjacent,

south-dipping blind thrust fault produced the 1994 Northridge earthquake (Mw 6.7)

[Hauksson et al., 1995]. The Mw 6.0 Whittier Narrows earthquake of 1987 also resulted

from slip on a blind thrust fault [Hauksson et al., 1988].

These destructive earthquakes have stimulated numerous attempts to assess the

seismic potential of active structures within the metropolitan region [Davis et al.,

1989; Hummon et al., 1994; Shaw and Suppe, 1996; Schneider et al., 1996; McNeilan
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et al., 1996; Dolan et al., 1997; Walls et al., 1998; Rubin et al., 1998; Shaw and

Shearer , 1999]. Nonetheless, characterization of seismic sources within the region is

far from complete.

We investigate the Elysian Park anticline, a 20-km-long, 10-km-wide fold on the

northern margin of the Los Angeles basin. Our goal is to assess the seismic hazard

of the blind, Elysian Park fault that is producing this fold. The anticline is a modest

feature, relative to the size of other folds and related reverse faults of the Transverse

Ranges, or relative to the larger strike-slip faults of Southern California [Davis et al.,

1989; Dolan et al., 1995], (Fig. 9.1). However, the blind Elysian Park fault may

be large enough to produce an extraordinarily destructive earthquake in the densely

populated metropolitan region. Because of the central location of this fault, losses

from such an event would likely exceed the $40 billion [Eguchi , 1998] suffered from

the Northridge earthquake, which struck the northern margin of the metropolitan

region. A seismic source under the downtown area might result in collapse of some

mid-level high-rise buildings [Heaton et al., 1995].

The Elysian Park anticline has been a subject of two recently published studies

regarding seismic hazards of blind thrust earthquakes. Publication of these studies

followed the Whittier Narrows earthquake, which was produced by a blind thrust

beneath the eastern terminus of the anticline. Davis et al. [1989] used the extensive

surface and subsurface geologic record in the Los Angeles basin to predict thrust

fault geometry and total convergence rate. In a separate study of the Elysian Park

anticline, Bullard and Lettis [1993] develop and test several geomorphic criteria for

characterizing active folds. Their study documents late Quaternary uplift, at 0.1 to

0.25 mm/yr, of a pair of smaller anticlines on the southern limb of the Elysian Park

anticline. They conclude that these folds overlie southward-propagating segments of

the Elysian Park fault.

We present a revised and expanded geomorphic interpretation of late Quaternary

growth of the Elysian Park anticline. Similar to Bullard and Lettis [1993], we utilize

the extent and deformation of multiple generations of fluvial terrace deposits to ex-
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Park anticline (EPA) is at the northern margin of the Los Angeles basin, at the juncture of
northwest-trending, right-lateral strike-slip faults of the Peninsular Ranges and east-west
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amine parasitic folding. We complement this surficial data with a series of borehole

transects across critical geomorphic features. These transects allow a more robust

interpretation of the formation, correlation, and deformation of terrace surfaces. Our

findings indicate higher rates of uplift, from 0.3 to 0.9 mm/yr for individual, parasitic

folds. We also find that active parasitic folding is common to the entire, 20-kilometer

length of the forelimb of the Elysian Park anticline. We propose that these para-

sitic folds manifest the majority of contraction from steepening of the forelimb of the

active, primary (Elysian Park) anticline. To measure the contraction rate of the pri-

mary anticline, we sum the contractile components of deformation of these parasitic

folds. Finally, we use this measure, in combination with the a spectrum of possible

structural cross sections through the Elysian Park anticline, to estimate the seismic

hazard posed by the blind Elysian Park fault.

9.3 Geologic setting

9.3.1 Regional framework

The Elysian Park anticline forms a segment of the southern boundary of the Trans-

verse Ranges (Fig. 9.1). This boundary is contractional, due to transpressive motion

of the Peninsular Ranges block against a wide restraining-bend in the San Andreas

fault. The Los Angeles basin lies at the northwestern margin of the Peninsular Ranges

block, and is overridden on the north and northeast by a set of contractile structures

[Wright , 1991; Schneider et al., 1996; Shaw and Suppe, 1996]. Within this convergent

boundary, the Elysian Park anticline is a transitional structure that forms a kinematic

link between the left-lateral-oblique uplift and extrusion of the Santa Monica Moun-

tains [Hoots , 1930; Dolan et al., 1997; Walls et al., 1998] and the right-lateral-oblique

uplift of the Puente Hills [Yerkes et al., 1965]. The Elysian Park anticline lacks a

surficially exposed frontal fault system. Rather, contraction is evident at the surface

as fold growth.
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9.3.2 Structure and physiography

The Elysian Park anticline forms a distinct structural and physiographic domain,

within which there is a close association of topographic relief and fold structure (Fig.

9.2). Folded strata of the Elysian Park anticline are exposed in the Elysian and

Repetto Hills, directly north and east of downtown Los Angeles. These hills are

characterized by low elevations, (100–300 m) and low relief, (100–200 m) and are

cut by a series of channels that trend across the anticlinal axis. The interfluves

are generally steep-sloped parallel ridges between narrow canyons. This morphology

contrasts with the southwest flank of the Elysian-Repetto Hills, where interfluves

form an extensive set of low-relief fluvial terraces. Youthful, parasitic fold growth

deforms these terraces into a series of east-trending topographic swells.

The Elysian Park anticline is structurally and physiographically separate from

adjacent structural and geomorphic domains (Fig. 9.2). The axis terminates at

both ends against surficially expressed, strike-slip and oblique-slip faults that cut

Quaternary alluvium (Fig. 9.3). The Alhambra Wash fault separates the southeastern

end of the Repetto Hills from the Whittier Narrows, a topographic and structural

low point, where drainage from the north is constricted [Davis et al., 1989]. The

Hollywood fault separates the northern end of the Elysian Hills from the Santa Monica

Mountains [Hoots , 1930; Dibblee, 1991]. The exposed Mesozoic basement rocks of the

eastern Santa Monica Mountains form a higher-elevation (200 to 600 m), higher-relief

domain that is physiographically distinct from the Elysian Hills. The northern limb

of the Elysian Park anticline terminates against the Raymond fault, an active left-

lateral structure [Lamar , 1970; Jones et al., 1990]. The trace of the Raymond fault

forms a distinct escarpment northeast of the Elysian Park anticline (Fig. 9.2). A

series of east-west trending valleys connect the Raymond fault trend with the active

trace of the Hollywood fault (Figs. 9.2 and 9.3). However, geomorphic indicators

of Holocene faulting are absent along this trend [Dolan et al., 1997]. The broad arc

of the southern limb of the Elysian Park anticline terminates at a syncline, which
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separates the Elysian Park anticline from the northern shelf of the Los Angeles basin

[Dibblee, 1989; Wright , 1991]. The synclinal axis and the northern shelf are covered

by alluvium, except at the extreme eastern end of the Elysian Park anticline. There,

the syncline is more tightly constricted by the folding of the Montebello anticline,

a northward-vergent fold formed within the northern shelf that is distinct from the

Elysian Park anticline [Quarles , 1941; Davis et al., 1989].

The structure of the Elysian-Repetto Hills is a double-plunging, south-vergent an-

ticline, with numerous second-order parasitic folds and flexures (Fig. 9.3). Southward

vergence is indicated by higher structural relief north of the fold axis and northward

concavity of the axial trace. Structural relief of the Elysian Park anticline attains

a maximum of 2.8 km at the center of the anticline, near the confluence of the Los

Angeles River and the Arroyo Seco, and diminishes to less than 0.5 km near the Al-

hambra Wash fault [Davis et al., 1989]. The southern limb, or forelimb, of the Elysian

Park anticline is made up of several parasitic, south-vergent folds. These structures

trend parallel to bedding planes, so the secondary fold axes converge eastward toward

the plunging primary hinge.

9.3.3 Stratigraphic and structural history

The Neogene histories of the Elysian Park anticline and the Los Angeles basin

are closely related. Marine strata exposed within the Elysian-Repetto Hills correlate

with a thicker section within the Los Angeles basin [Blake, 1991]. Preceding con-

traction, the area of the Los Angeles central trough and the area later to become

the Elysian Park anticline both formed as adjacent depocenters in a transtensional

setting [Wright , 1991]. Strata of the Puente Formation, which antedate folding,

thicken northward, toward the Elysian Park anticlinal axis (Fig. 9.4). Beginning

in the earliest Pliocene Epoch, syn-tectonic thickening of Fernando Formation and

younger strata record the rapid subsidence and filling of the Los Angeles central

trough [Schneider et al., 1996]. At the same time, structural inversion of the Elysian

Park depocenter and formation of the Elysian Park anticline is recorded as a series
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of angular unconformities within Fernando Formation and younger strata [Soper and

Grant , 1932].

Recent uplift of the Elysian Park anticline is recorded by a series of fluvial de-

posits mantling the southeastern Elysian-Repetto Hills [Bullard and Lettis , 1993].

These deposits are formed of coarse, crystalline detritus, derived primarily from base-

ment exposures within the San Gabriel Mountains (Fig. 9.1). We recognize three

mappable allostratigraphic fluvial units in the Elysian-Repetto Hills: Qp, Qg, and

Qa (Fig. 9.3). These units are differentiated on the basis of bounding unconformi-

ties that are recognizable throughout the study area. The oldest generation, Qp,

forms isolated remnants of alluvium and, more commonly, basal strath surfaces that

mantle the crest of the Elysian-Repetto Hills. The intermediate generation, Qg, con-

sists of an extensive alluvial fill inset into the larger drainages of the Elysian-Repetto

Hills and forming a pair of broad platforms east and west of downtown Los Angeles.

The youngest generation, Qa, consists of youthful, low-relief terrace treads, and pre-

urbanization stream beds and flood plains. Units Qp, Qg, and Qa correspond to the

units Qp, Qg/Q1-Q2-Q3, and Q4-Q5, respectively, as mapped by Bullard and Lettis

[1993].

9.3.4 Parasitic folding of the forelimb

Our study explores, in detail, parasitic folding of the forelimb of the Elysian

Park anticline through downtown and east Los Angeles. In this area, a series of

four, parallel, east-west trending parasitic anticlines deform both the Tertiary marine

section and an extensive cover of Qp and Qg material. For clarity, we refer to these

anticlines simply as Structures 1 through 4. However, most of these folds were given

other names by previous workers: Structure 2, Boston Heights anticline [Thomas

et al., 1961]; Structure 3 (forelimb only), Coyote Pass escarpment [Thomas et al.,

1961]; Structure 4, Boyle Heights anticline [Wissler , 1943].

The degree of development of parasitic folds within the Tertiary marine units

decreases systematically southwards from the Elysian Park anticline axis (Figs. 9.3
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and 9.4). Structures 1 and 2, which lie closest to the axis of the Elysian Park anticline,

appear as asymmetric folds in Tertiary sediments. Bedding attitudes of Tertiary

marine strata underlying Structures 3 and 4 are shallower and deviate only slightly

from the southward dips of the south limb of the Elysian Park anticline.

In contrast to the southward-diminishing expression of parasitic folding in the

bedrock, topographic expression of late Quaternary parasitic fold growth increases

southward, away from the Elysian Park anticline axis (Fig. 9.2). Structure 1 is not

covered by Quaternary deposits and has no clear topographic expression. Structures

2, 3, and 4 each correspond with the topographically expressed highs of uplifted Qp

and Qg deposits. Isolated and dissected remains of Qp deposits form the crests of

Structures 2 and 3. A continuous extent of Qg deposits, capped by smooth, original

depositional surfaces, form a set of fluvial terraces that are folded by Structures 3

and 4.

9.4 Methods of investigation

9.4.1 Mapping of geomorphic surfaces

To study the late Quaternary record of folding in downtown and east Los Angeles,

we constructed a geomorphic map of Qp, Qg, and Qa fluvial deposits. Much of the

geomorphic record is interpreted from a detailed topographic map, with 1.5- and 7.6-m

(5- and 25-ft) contours. This contour map was digitized from archival, U.S.G.S. 6-

minute, 1:24,000-scale, topographic quadrangles surveyed in the 1920’s and published

in the early 1930’s (Fig. 9.5). Care was taken to investigate and remove anthropogenic

features, such as roadcuts, from the geomorphic interpretation.

Using topographic and elevational continuity, we mapped the extent of preserved

geomorphic surfaces of Qg and Qa. Breaks in slope, indicative of incision or deposition

of a younger unit constrain the extent of surfaces. Due to greater relief and age, the

Qp depositional surface is generally not preserved. Therefore, we mapped the strath
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surface or contact at the base of Qp. Our mapping of Qp differs only slightly from

Bullard and Lettis [1993], but our interpretation of the Qg and Qa terraces differs

significantly from these previous workers.

The surface of Qg is divided into two members. The primary member, Qg1,

forms the culmination of aggradation of the Qg deposit. Qg1 terraces are preserved

throughout the study area. Bullard and Lettis [1993] mapped Qg1 as two separate

surfaces, Qg/Q1 and Q2. Shallow subsurface investigations, detailed below, show

that these form a single, deformed terrace. A second member, Qg2, forms a series of

slightly younger terraces that closely follow the elevation of Qg1. The position of Qg2

relative to Qg1 varies locally, and Qg2 terraces can be traced locally from inset (Qg2i)

cut-and-fill deposits to superposed (Qg2f ) alluvial fans. Qg2 is roughly equivalent to

Q3 of Bullard and Lettis [1993].

Similar to the surface of Qg, the surface of Qa is also divided into two members.

Qa1 terraces formed where the culminating level of aggradation of unit Qa has been

slightly incised. Where preserved, these terraces form low-relief risers that parallel

the modern alluvial gradient. Qa1 is equivalent to Q4 and Q5 of Bullard and Lettis

[1993]. The modern (pre-urbanization) stream beds form the youngest Qa surface.

We have not mapped these surfaces in detail. However, we do map the thalwegs of

significant stream channels.

9.4.2 Field investigation

To verify the topographic interpretation, shallow-subsurface field investigations

were undertaken to evaluate critical geomorphic features. These investigations, which

supplement the limited available outcrops, were crucial to our geomorphic interpre-

tation. A total of nine continuous-core borehole transects, totaling over 130 separate

cores, were undertaken as part of the seismic hazard study for the eastside extension of

the Los Angeles subway [GeoTransit Consultants , 1994, 1996; Law/Crandall , 1997].

A selection of these transects, as well as a trench investigation, are republished in

this paper to illustrate several important relationships between fluvial sedimentation,
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folding, and our geomorphic interpretation (Figs 9.5 through 9.10).

Soil characteristics were not employed in our study to differentiate geomorphic

surfaces. Bullard and Lettis [1993] used the maximum reddening of the soil horizon

to help differentiate the various terrace members. Their published soil characteristics

vary significantly between the major allostratigraphic units, Qa, Qg, and Qp. These

units, however, are also recognizable from their topographic position and bounding

unconformities. In contrast, Bullard and Lettis’ total profile descriptions of the indi-

vidual terrace members of Qg (Qg/Q1, Q2, Q3), including the color, thickness, and

soil structure, are nearly equivalent. Thus, soil characteristics are not useful in dif-

ferentiating these surfaces. We find that geomorphic interpretation, with the aid of

shallow-subsurface field investigation, provides a more robust method to differentiate

between the various allostratigraphic units and geomorphic surfaces.

9.5 Results

9.5.1 A geomorphically expressed active fold: Structure 3 in

City Terrace

The City Terrace area of east Los Angeles illustrates our use of topography and

shallow subsurface cross sections to constrain the distribution of Qg terrace rem-

nants, and thus to interpret the timing of formation, abandonment, and folding of

Qg deposits (Fig. 9.6). City Terrace is a topographic high that straddles the crest

of Structure 3. The crest of City Terrace is capped by a Qp strath surface which

cuts across moderately south-dipping Fernando Formation (Fig. 9.3). Cut into this

high is a paleo-channel of Qg age. Currently, this abandoned channel forms a wind

gap, and drainage from the north is diverted westward, between Structures 2 and 3

(Figs, 9.2, 9.5 and 9.6). A series of Qg1 terraces cap Qg deposits that fill the paleo-

channel. These terraces are concordant with a Qg1 alluvial surface nested against

the south flank of the hills. South of City Terrace, the Qg1 surface is deformed into a
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monocline along the south limb of Structure 3, forming the Coyote Pass escarpment.

Three shallow cross sections illustrate the depositional and deformational history of

Qg deposits, and support our topographic correlation of the Qg1 remnants on either

side of the escarpment.

The Rowan Street cross section (Fig. 9.7) depicts an abrupt, lateral lithologic

change, between Qg deposits and adjacent strata of the Fernando Fm. This dis-

continuity, at the north end of the borehole transect, corresponds to south flank of

the City Terrace topographic high (Fig. 9.6). The Qg section consists of a clean,

coarse-grained, crystalline-source fluvial gravel deposit, capped by a 15 m-thick col-
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luvial wedge of angular siltstone fragments. Based upon its extent and homogeneity,

we interpret the colluvial deposit to represent rapid collapse of a steep paleo-channel

wall, rather than an episodically eroded fault scarp.

From the geomorphic map (Fig. 9.6) and the Rowan Street borehole transect, we

construct a history of Qg deposition for the City Terrace area. The paleo-channel wall

beneath Rowan Street connects with the adjacent wind gap by a chain of nested Qg1

terrace remnants (Fig. 9.6). These remnants suggest that a southwest-flowing channel

once emerged from the wind gap. This channel cut the paleo-cliff, and delivered the

Qg gravel deposit at the base of the Rowan transect. Aggradation of up to 17 m of

Qg deposits has partially filled this paleo-channel. The remaining, uncovered channel

walls form the steeper topography surrounding the southern flank of City Terrace.

Incision of Qg deposits has since renewed downcutting of the paleo-channel, leaving

a paired string of topographically prominent Qg1 terraces.

A trench at Indiana Avenue (Fig. 9.8) illustrates the continuity of Qg deposits and

the Qg1 surface across the Coyote Pass escarpment. The lowest level of the trench

exposes alternating, discontinuous lenses of fine- and coarse-grained Qg alluvium.
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Bedding dips in Qg are less than 3◦ at the base and crest of the fold limb, but

steepen to as much as 26◦ mid-slope. Above the alluvium, a massive section of poorly

sorted, fine-grained soil material with scattered gravel thickens towards the base of

the escarpment. We interpret this wedge as a slope-wash colluvial deposit derived

from higher up the escarpment. This wedge of colluvium, and a 5-10◦ discordance

between the surface slope and steeper dipping strata in Qg, indicate a minor amount

of erosion of the crest of the fold scarp, and redeposition at the base.

The Evergreen Avenue borehole transect depicts a series of fining-upward se-

quences of Qg alluvium draped across the Coyote Pass monocline. The laterally

continuous graded beds, each capped by thin clay deposits, indicate an ephemeral,

fluvial/lacustrine depositional environment. We define five beds, each consisting of

a fining-upward set of strata. These beds are closely correlated between boreholes,

based upon detailed characteristics of each fluvial/lacustrine sequence. Each are di-

vided into a lower, fluvial package (white areas, Fig. 9.9), and grade up-section into

a lacustrine package (gray areas, Fig. 9.9). The top of each package is defined by a

correlated horizon, labeled C1, C2, etc., for lacustrine clay deposits and F1, F2, etc.,

for fluvial deposits. Generally, the abrupt transitions from lacustrine clay to coarser

deposits form the most distinct and laterally continuous horizons, whereas the fluvial

to lacustrine transitions are often gradational and sometimes discontinuous.

The Evergreen Avenue transect also demonstrates the continuity of Qg deposits

across the Coyote Pass escarpment. No fault zones, nor fault repetition of stratigra-

phy, appear in any of the continuous cores. Uniform dip of these sequences between

several very closely spaced boreholes precludes the existence of faults with significant

offset hidden in the section. Thus, at least in the shallow subsurface, the Coyote Pass

escarpment is formed by a tight, southward-vergent monocline, and the geomorphic

surfaces on either side of the monocline are correlative.

As at Indiana Avenue, a wedge of massive, poorly-sorted material occupies the

base of the monocline at Evergreen Avenue. We again interpret this material as

colluvium that has eroded from the crest of the escarpment and been redeposited as
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a colluvial wedge at the base. In both cross sections, the pronounced fold depicted

at depth corresponds to a subdued topographic rise. Also, due to redistribution

of sediment by erosion, the topographic expression of the south-facing fold limb is

wider than the actual structure. However, we find that the topographic escarpment

sufficiently represents the location and amplitude of the folded Qg1 surface.

9.5.2 A buried active fold: Structure 3 beneath the Los An-

geles River

Beneath the broad floodplain of the Los Angeles River (Figs. 9.2 and 9.5) is an

unconformable contact between alluvium and underlying marine strata [Sieh, 1997;

Law/Crandall , 1997]. The Santa Fe Avenue borehole transect (Fig. 9.10) shows that

this contact, and the overlying fluvial stratigraphy, form an asymmetric fold, with a

shallow-dipping (0–2.5◦) north limb and a moderate-dipping (up to 22◦) south limb.

The trend of this buried feature is perpendicular to the channel of the Los Angeles

River, and aligned with Structure 3. At the crest of the fold, a 20 m-thick section of

Qa is present above the unconformity cut on to marine strata. South of the crest, the

unconformity steepens, and an older, Qg deposit may be preserved within the fluvial

section. A cobble-rich horizon, dipping 1 to 3◦ southward from the crest of Structure

3, probably represents the base of the Qa deposit. Since the top of the Qa deposit

is the historic floodplain of the Los Angeles River, surficial evidence of recent folding

has probably been completely removed or buried.

9.5.3 Geomorphic surface map of downtown and east Los

Angeles

The geomorphic map of downtown and east Los Angeles (Fig. 9.11) reflects many

of the features visible in the shaded relief image (Fig. 9.2). The distribution of Qg,

as depicted through geomorphic surfaces Qg1, and Qg2, corresponds to the areas of

smooth, uplifted, flat topography, whereas the older Qp deposits are restricted to
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remnants that cap areas of higher elevation and relief. The pair of linear topographic

inflections on the south limb of Structure 3 correspond to the escarpment formed

by the Coyote Pass monocline. A discontinuity in the escarpment 1.5 km east of

the Los Angeles River accommodates a change in near-surface structural style of the

monocline, evident as a change in slope on Figure 9.5 [Sieh, 1998]. East of this

discontinuity, the monocline forms a narrow flexure. To the west, the escarpment

reflects a broader monocline that continues beneath Qa alluvial fill of the Los Angeles

River (Fig. 9.10)[Sieh, 1997]. West of the river, this monocline reappears at the

surface as the MacArthur Park escarpment.

Originally, both the Coyote Pass and MacArthur Park escarpments were inter-

preted to be faults, due to the abrupt topographic step and apparent stream de-

flections [Thomas et al., 1961; Dolan and Sieh, 1994]. However, later investigations

for the Los Angeles subway revealed that the Coyote Pass escarpment is actually

a monocline [GeoTransit Consultants , 1996], which, in east Los Angeles, also forms

the forelimb of Structure 3. Based upon the comparable surficial expression of the

escarpments (Fig. 9.2), as well as the continuity of the folds beneath the floodplain

of the Los Angeles River, we conclude that the combined MacArthur Park-Coyote

Pass escarpment forms a 20-km-long fold that traverses most of the south limb of the

Elysian Park anticline (Figs. 9.2 and 9.3).

9.5.4 Age of the Qg1 terrace

The age of the Qg1 terrace is constrained through radiometric and pedologic anal-

yses. Bullard and Lettis [1993] published a U-Th age determination of 72±2 ka on a

fossil bone collected at the Davidson Brick Quarry (from locality ’Q’ in Figure 9.11),

which they assigned to their geomorphic surface Q2. The U-Th age agrees with a

second age determination of the Qg1 surface, which we obtained from analysis of soil

development atop Qg deposits along Rowan Avenue (at locality ’R’ in Figure 9.11).

Two soil development indices were compared to other dated soil chronosequences in

central and southern California [Harden, 1982; Rockwell et al., 1985; McFadden and
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provide age estimates of the Qg1 surface: R., Rowan Street borehole transect; Q., Davidson
Brick Quarry.
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Weldon, 1987; Rockwell et al., 1990, and Rockwell, unpublished data]. From compar-

ison of the soil beneath Rowan Avenue with these chronosequences, we estimate soil

development relative ages of 50–80 kyr and 50–70 kyr (See Tables E.1 and E.2 for

soil description, index calculation and comparison). Based upon the soil development

atop Qg, and the radiometric determination published by Bullard and Lettis [1993],

we assign an abandonment age range of 50 to 74 ka to the Qg1 terrace.

9.5.5 Deformation rate of Qg terraces

To measure the spatial distribution and variability of uplift, and to calculate uplift

rate, we use the geomorphic and topographic maps (Figs. 9.6 and 9.11) to construct

five topographic cross sections of the folded Qg terraces and we subtract these profiles

from a hypothetical undeformed alluvial gradient (Fig. 9.12). The cross sections

depict several structural characteristics of Structures 3 and 4. Structure 4 is 2 to 2.5

km wide, approximately cylindrical, and exhibits uplift of the Qg1 surface in excess

of 23 m, at an average rate of 0.3 to 0.5 mm/yr. Structure 3 is 1 to 1.5 km wide,

asymmetric, and displays uplift of the Qg1 surface from 14 m near the Los Angeles

River (cross section C) to 47 m at the Laguna Channel (cross section G). Uplift rate

of Structure 3 must vary accordingly, from 0.2 to 0.3 mm/yr on the west, to 0.9

mm/yr on the east. The change in style of the Coyote Pass escarpment, described

earlier, occurs between sections C and D, and is reflected in the narrower width of

the southern flank of Structure 3 in sections D, E and G. Another change in the

style of Structure 3 is expressed by the shape of the northern limbs between section

F and G. This transition, from a nearly symmetric profile to a strongly asymmetric

profile, corresponds to the eastward termination of the axis of Structure 2 between

the converging axes of Structure 3 and the Elysian Park anticline (Figs. 9.2 and 9.3).

We speculate that the eastward increase in uplift of Structure 3 near Laguna Channel

may reflect the termination of Structure 2 and transfer of contraction onto Structure

3.
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9.5.6 Large-magnitude cyclicity of base level of the Los An-

geles River

Allostratigraphic units preserved in the Elysian-Repetto Hills indicate major changes

in base level of the Los Angeles River system. The magnitude of aggradation over

the crest of active folds requires a cyclic forcing of the fluvial system with the ability

to far exceed tectonic base level uplift. For example, Structure 3 formed a posi-

tive topographic feature during aggradation of both Qg and Qa, as indicated by the

preservation of uplifted Qg, and Qp deposits, respectively. Therefore, the uplift rate

of Structure 3 exceeds the mean deposition rate of the Los Angeles River. Yet, up

to 17 meters of Qg alluvium (Fig. 9.7) and 20 meters of Qa alluvium (Fig. 9.10)

rest atop the crest of Structure 3. Clearly, short-term, periodic changes in the rate of

aggradation, and similarly, rate of degradation of the river channel exceed the under-

lying tectonic uplift rate. Climate-induced changes in runoff and sediment load can

greatly influence base level over short time scales [Bull , 1991]. The two most recent

large-scale aggradation events preserved in east Los Angeles, Qa and Qg, probably

represent climate-related base-level changes.

We speculate that these late Quaternary cycles may be regionally correlative.

We tentatively correlate Qa and Qg with large-magnitude, climate-driven episodes

of aggradation and terrace formation in the nearby Mojave Desert and Transverse

Ranges, including the headwaters of the Los Angeles River. Inception of Qa deposi-

tion is probably contemporaneous with a period of regional aggradation and terrace

formation that occurred approximately 7–14 ka, during the transition from late Pleis-

tocene to Holocene climatic conditions [Bull , 1991]. We do not present any new

numerical age data from Qa deposits. However, ages from deposits within the basal

Gaspur aquifer beneath the Los Angeles Harbor range from 10 to 14 ka [McNeilan

et al., 1996]. This aquifer is restricted within a back-filled, incised channel of the

Los Angeles River that correlates with Qa deposits in our study area [Thomas et al.,

1961]. The penultimate large aggradation event culminated with formation of thick,
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extensive terrace deposits in the Transverse Ranges and the Mojave Desert of south-

ern California about 50–60 ka [Bull , 1991; Weldon, 1986]. Qg aggradation in east

Los Angeles appears to correlate with this regional event.

9.6 Discussion

9.6.1 Relationship of parasitic folding to the Elysian Park

anticline

Based on the distribution and age of deformed late Quaternary fluvial deposits,

we interpret that secondary folds on the southern limb of the Elysian Park anticline

have been active over the past several tens of thousands of years. But how does their

deformation relate to deformation of the Elysian Park anticline and slip on underlying

Elysian Park Fault? In map view, Structures 1, 2, 3 and 4 are approximately parallel

to the Elysian Park anticline, limited to its southern limb, and concave northeastward

in map view. The growth of each parasitic fold contributes to the overall steepening

and contraction of the larger forelimb. Thus, it appears that the folds we have mapped

are secondary or parasitic folds, and that growth of these folds is directly associated

to growth of the parent Elysian Park anticline.

The concentration of secondary contractile structures within the southern limb of

the Elysian Park anticline may indicate whether the anticline is a fault-propagation

fold or a fault-bend fold. Fault-bend anticlines occur where material is transported

over a ramp-like step in a fault plane. These folds are characterized by structural

relief that reflects the underlying ramp geometry [Suppe, 1983]. Fault-bend anticlines

overlying thrust fault ramps consume only a small component of contraction, since

fault slip is transferred, for the most part, from the lower flat through the fault

ramp and onto the upper flat. Fault propagation folds, in contrast, consume the full

component of fault slip by fold growth. The forelimb of a fold atop a blind thrust

accommodates most of the horizontal component of shortening above the fault tip.
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Contraction may be accommodated through a combination of asymmetric folding and

penetrative shortening [Suppe and Medwedeff , 1990]. In east Los Angeles the steeply-

dipping forelimbs of parasitic structures indicate that these are southward-vergent,

fault-propagation folds (Figs. 9.3 and 9.9). The paralellism of the secondary fold axes

with bedding strike on the southern limb of the Elysian Park anticline suggests that

these parasitic folds are a mechanism to accommodate penetrative-style shortening,

and therefore the Elysian Park anticline is also a southward-vergent, fault-propagation

fold.

9.6.2 Relationship of folds to underlying blind thrust faults

Although most workers agree that active blind reverse faults exist beneath the Los

Angeles urban region, opinions regarding the geometry of these faults vary widely.

All interpretations are based principally on oil-well and seismic-reflection data. Davis

et al. [1989] first proposed that slip on a stacked set of shallowly dipping thrust faults

created fault-propagation folds (Fig. 9.4b). They ascribed the 1987 Whittier Narrows

earthquake to rupture of a small section of the deepest of these structures (the Las

Cienegas fault in Fig. 9.4b). Shaw and Suppe [1996] also endorsed shallowly dipping

faults beneath the region, but concluded that the southernmost and deepest must

extend southward across the basin as a flat thrust rather than terminate beneath the

northern shelf. In their interpretation, the northern slope of the Central Trough is

the limb of a fault-bend fold rather than a fault-propagation fold. Schneider et al.

[1996] interpret the folded northern margin of the Central Trough to be a monoclinal

flexure above a steeply dipping, southward-propagating reverse fault, which they have

termed the “Los Angeles” fault.

Our data do not allow us to discriminate between these models of the major ac-

tive faults, nor do they allow us to create a wholly new model. However, we are

able to place additional constraints on the nature of at least one of these structures.

The active folds that we have characterized lie above the tip of the Elysian Park

fault, a blind thrust (originally named fault ‘D’) that Davis et al. [1989] proposed
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to exist above the source of the Whittier Narrows earthquake (Fig. 9.4b). It is rea-

sonable, then, to conclude that these secondary folds are being produced in response

to reverse slip on the Elysian Park fault. In the following sections, we calculate the

rate of folding across the secondary folds and attempt to extrapolate this rate to the

Elysian Park fault. These calculations are necessarily speculative, but do allow for

meaningful comparison of the seismic hazard of the Elysian Park fault with respect to

analogous structures, and incorporation of the Elysian Park fault into regional hazard

assessments [Walls et al., 1998, for example].

9.6.3 Rigid-body rotation versus parasitic folding

To demonstrate that parasitic folds absorb the majority of the contraction of the

forelimb of the Elysian Park anticline, we calculate the contractile component that

would result if the entire forelimb tilted as a rigid body. Although as much as 53 m of

uplift of the Qg1 surface is inferred from Figure 9.12, only 21 m of uplift is observed

at the Elysian Park axis. To remove any higher-frequency effects from parasitic folds,

we use the maximum uplift value. Only 0.6◦ of rotation of the 5km-length forelimb

is necessary to produce 53 m of uplift. This same rotation value produces negligible

(less than 1 m) north-south contraction. Hence, rigid-body rotation of the Qg1 surface

contributes a negligible shortening, and therefore the contractile component of folding

is reflected almost entirely by parasitic deformation.

9.6.4 Kinematic analysis of the Evergreen Avenue borehole

transect

In this section, we focus our analysis on the Evergreen borehole transect across the

Coyote Pass monocline, where we directly measure both the horizontal and vertical

components of deformation of the forelimb of parasitic Structure 3. By generalizing

the insights gained from this analysis, we use the deformed Qg1 terrace to estimate

the summed contraction rate across the active parasitic folds on the forelimb of the
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Elysian Park anticline.

The fluvial/lacustrine section beneath Evergreen Avenue (Fig. 9.9) provides a

detailed set of correlations that traverse the Coyote Pass monocline. We carefully

analyzed the thickness and length of the upper three fluvial/lacustrine beds in the

Evergreen borehole transect to constrain the vector of deformation (Fig. 9.13). This

vector represents the motion of the upper limb relative to the lower limb of the

monocline, which is equivalent to motion of the crest of Structure 3 relative to the

syncline between Structures 3 and 4. We present a summary of the results below

and a complete description of the measurement technique in the accompanying data

depository (Tables E.3 through E.11). For these analyses, we assume that the beds

were originally horizontal and that deposition rate exceeded the uplift rate, such that

folding was completely covered by concurrent deposition, and little or no fold-scarp-

derived colluvium formed. Since each fluvial/lacustrine bed traverses the crest of the

fold, these assumptions are reasonable. Also, since the geotechnical samples of these

beds did not detect a systematic lateral change in porosity, we assume that differential

compaction and shear-induced expansion are negligible.

To compute syndepositional uplift for bedding below the C1 level, we compare

the differential thickness of bedding at the crest and base of the monocline between

two pin lines (DV, Figure 9.13a). Continuously sampled boreholes provide a robust

measure of bedding thickness to within a few (± ∼3) centimeters. By comparing

the bedding thicknesses outside the zone of deformation, at borehole FL-4, with the

bedding thicknesses at the crest of the monocline, at borehole FL-6, we measure 3 m

of uplift during deposition of Beds 1 through 3.

To measure syndepositional horizontal contraction across the monocline, we com-

pare the bed length of the top and base of individual stratal packages (∆H, Figure

9.13a). We again use boreholes FL-4 and FL-6 as our pin lines. Comparison of the

length of horizon C1 and horizon C4 yields 2 m of contraction during deposition of

Beds 1 through 3. This measure of sydepositional contraction is not as robust as

the measurement of syndepositional uplift, since bedding planes are only sampled
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Figure 9.13. Illustration of methods used to derive the vector of deformation for the
Coyote Pass monocline, using the stratigraphy documented in Fig. 9.9. A. Differential
relief and line length between the C1 and C4 horizons are used to estimate a 55◦ vector
for syndepositional folding. B. Determination of the contractional component of post-
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of clay C1 and adding the additional thickening component yields a 50◦ vector for post-
depositional folding.
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at boreholes several meters apart. Because we use the shortest, straight-line dis-

tance between borehole correlations for our analysis, this is a minimum contraction

estimate.

To characterize the vector of deformation, we resolve a ratio from the contraction

and uplift measurements across the Coyote Pass monocline. The arccotangent of

this ratio (shown in parentheses) is equivelant to the angle from horizontal of the

displacement of the upper limb relative to the lower limb. Individual beds yield ratios

from 0.4 (70◦) to 1.2 (40◦). This variation probably reflects the limitations of both

our data and our assumptions about the original horizontally of the clay horizons.

However, by grouping the beds together, we effectively ‘stack’ the syntectonic signal

against the natural and measured ‘error,’ or variability, in bed thickness. Analyzed

as a group, Beds 1 through 3 yield a ratio of 0.7 (55◦) (Figure 9.13a).

A significant discrepancy arises when we compare Beds 1 through 3 with younger

deformation (Figure 9.13b). The difference between line length and structural relief of

the deformed C1 horizon and the length and structural relief of an idealized, horizontal

line reveals 2 m of contraction and 11 m of uplift. These values yield a significantly

lower ratio of 0.2 (80◦). We interpret this discrepancy to be the result of penetrative

contraction, which has altered the original length of bedding. We assume, and confirm

below, that this penetrative component would yield little measurable effect during the

deposition of Beds 1 through 3, since the magnitude of uplift between clay horizons is

relatively small. However, the addition of 11 meters of uplift since deposition of the

C1 horizon has allowed this penetrative component to absorb a considerable amount

of the total contraction.

We propose that the majority of this penetrative contraction is absorbed through

thickening in the syncline area, within and adjacent to the Coyote Pass monocline.

Careful inspection of the Evergreen transect reveals evidence of this penetrative con-

traction component. There are two components to the syncline between Structures

3 and 4. Strata between boreholes FL-5 and FL-4 dip 1◦ northward. We interpret

this as the northern limb of Structure 4. This limb forms a broad syncline between
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Structures 3 and 4 which has partially filled with colluvial material. Strata between

boreholes FL-4 and FL-7, however, are noticeably more steeply dipping, forming an

additional, tighter, 30 meter-wide syncline at the foot of the monocline. Comparison

of the deformed C1 and C4 horizons reveals that bedding within the tighter syncline

is non-uniform. The C1 horizon is depressed by 0.3 meters at FL-7, whereas the C4

horizon is depressed by an additional 1.0 meters. If we assume that this thickening

is due to entirely to syntectonic sedimentation over a growing fold, then the syncline

must have grown significantly during deposition, and then nearly ceased to grow af-

terward. Alternatively, if the thickening is due to depositional processes alone, then

fluvial/lacustrine sedimentation must have, at first, enhanced the shape of the depres-

sion at the syncline location, rather than filling it in. We propose that neither of these

processes is principally responsible for the tight syncline at the base of the monocline.

Rather, it is more plausible that the tighter syncline reflects penetrative contraction

to accommodate rotation of the adjacent limb of the Coyote Pass monocline. This

is a mechanically reasonable response of unlithified sediment to contraction within a

developing fold hinge.

To measure the penetrative component of contraction, we use an area-balancing

technique to restore thickened strata across the Coyote Pass monocline (Figure 9.13c).

When both the line-length and penetrative components of contraction are accounted

for, a consistent vector of deformation results. By restoring an additional 7 m (11%)

of penetrative deformation, we estimate a total of 11 m of uplift and 9 m of con-

traction since deposition of C1, a ratio of 0.8 (∼50◦). This is nearly equivalent to

the values measured above for syndepositional deformation. However, are the syn-

depositional values measured from differential line length accurate, in light of the

significant contribution of penetrative contraction? To check this, we remove 11% of

penetrative contraction and then recalculate the horizontal component. As a result,

the syndepositional ratio for Beds 1 through 3 adjusts slightly, from 0.7 to 0.8. The

convergence of these estimates leads us to conclude that a 0.7 to 0.8 ratio (∼50 to

55◦) is a reasonable representation of the vector of deformation for the Coyote Pass



356

monocline.

9.6.5 Summation of parasitic folding

To estimate the contraction rate of the forelimb of the entire Elysian Park anticline,

we sum the contraction rates of active parasitic folds. We begin by summing the

combined uplift of the Qg1 surface by these folds, estimated from the Laguna Channel

topographic cross section (’G,’ Fig. 9.12). Since this cross section passes eastward

of the termination of Structures 1 and 2, we need only account for the uplift of

Structure 3 (47 m) and Structure 4 (21 m). To estimate contraction, we assume

that the contraction/uplift ratio determined at Evergreen Avenue can be applied in

general to both structures. This approach is justified by the systematic geometry of

parasitic folding in East Los Angeles displayed at the surface and in cross section

(Figs 9.2, 9.3, and 9.4a). Using the ratio of 0.7 to 0.8, we estimate contraction of the

Qg1 surface by 33 to 38 m from Structure 3, and 15 to 17 m from Structure 4. These

estimates yield an overall contraction of 48 to 55 m, at a rate of 0.6 to 1.1 mm/yr,

for the forelimb of the Elysian Park anticline in east Los Angeles.

9.6.6 Seismic hazard of the Elysian Park fault

The seismic hazard posed by a fault is a function of 1) the size of the fault, 2)

its rate of slip, 3) the variability of recurrence intervals about the mean, 4) the time

since the last major failure, 5) the range of earthquake sizes generated by a fault,

and 6) the degree to which a fault fails in conjunction with neighboring structures.

We place constraints on the first two parameters: The size of the source fault and its

rate of slip. From these, we use the calculation methods employed by Dolan et al.

[1995] to estimate the ranges of plausible earthquake magnitude and nominal recur-

rence interval. Because the Dolan et al. [1995] earthquake parameters and statistical

regressions are well constrained, correlated, and fit specifically to Southern Califor-

nia, we maintain that these present a more accurate basis for estimating the hazard
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Table 9.1. Elysian Park fault: Model earthquake magnitude.

Fault plane Dolan et al. [1995] Wells and Coppersmith [1994]

areaa Mw
b M0

c Mw
d M0

c

(km2) (±0.1) (1026 ergs) (±0.3) (1026 ergs)

45◦–30◦ model
90 6.2 0.29 6.1 0.17
150 6.4 0.56 6.3 0.34

50◦ model
150 6.4 0.56 6.3 0.34
210 6.6 0.86 6.4 0.54

60◦ model
240 6.6 1.02 6.5 0.64
290 6.7 1.31 6.5 0.83

a Calculated fault plane area extending from 5 km depth, and 3 km depth,
down to as much as 17km depth. Fault plane models are depicted on Fig.
9.14.

b Nominal magnitude calculated from the model fault plane area, using a re-
gression for Southern California earthquakes, Mw = 4.56 + 0.86 ∗Log(Area)
from Dolan et al. [1995].

c Seismic moment calculated from the relation: Mw = 2/3 ∗ Log(M0) − 10.7
from Hanks and Kanamori [1979].

d Nominal magnitude calculated from the model fault plane area, using a re-
gression for world-wide reverse-motion earthquakes, Mw = 4.33 + 0.90 ∗
Log(Area) from Wells and Coppersmith [1994].

of the Elysian Park fault than do global databases. For comparison, however, we

also list results using the regression of global databases by [Wells and Coppersmith,

1994](Tables 9.1, 9.2, and 9.3).

Characteristic earthquake magnitude

We consider two classes of faults: Shallow-dipping thin-skinned faults and steeply

dipping trans-crustal faults. If we adopt the geometry of the Davis et al. [1989]

Elysian Park fault as a representative of thin-skinned geometries, we can use their

cross section to calculate the area of the fault. In their model, the Elysian Park

fault consists of an upper portion, with a dip of 45◦ and a down-dip length of 6
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km, and a lower portion with a dip of 30◦ and down-dip length of 5 km (Figure 9.4,

B-B’). We assume that the strike of these two planes is parallel to the trend of the

MacArthur Park–Coyote Pass monocline, and that the Elysian Park fault (like the

Elysian Park anticline) is bounded by the Hollywood, Alhambra Wash, and Raymond

faults (Figure 9.14a). As alternatives, we also present steeper, 50◦ and 60◦ dipping

reverse fault models (Figures 9.14b and 9.14c).

For each model, we also consider two classes of fault area: Rupture planes re-

stricted to depths greater than 5 km, and rupture planes restricted to depths greater

than 3 km. Due to the roughly conical model geometry of the Elysian Park fault,

inclusion of the model fault plane from 3–5 km depth significantly increases the rup-

ture area. The 45◦ to 30◦ fault plane restricted below 5 km has an area of 90 km2,

but has an area of 150 km2 if the portion from 3 to 5 km depth is included. Similarly,

the 50◦ model yields values of 150 km2 and 210 km2, and the 60◦ model yields even

larger values of 240 km2 and 290 km2.

Now, we estimate a range of sizes for an earthquake generated by the Elysian

Park fault (Table 9.1). Using the Dolan et al. [1995] regression of rupture area versus

moment magnitude for southern California earthquakes, we estimate a Mw of 6.2 to

6.7 (6.1 to 6.7, including 1σ error in the regression) for failure of the Elysian Park

fault. Using a similar regression by Wells and Coppersmith [1994], we derive a Mw

range of 6.1 to 6.5 (5.9 to 6.7, with 1σ error).

To estimate average fault displacement per earthquake, we first translate the mo-

ment magnitude into seismic moment, using the relation Mw = 3/2 ∗Log(M0)− 10.7

[Hanks and Kanamori , 1979]. Then, we solve the relation, M0 = µAD, to estimate

average displacement, D, from M0, µ (crustal rigidity), and A (rupture area). Aver-

age displacement estimates vary over a small range, from 0.9 to 1.1 m for the 45◦ to

30◦ fault model, up to 1.2 to 1.4 m for the 60◦ model (Table 9.2).
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a shaded structure-contour image of the fault plane. A. Interpretation of the Davis et al.
[1989] model, with a change in dip from 45◦ to 30◦ at 7.5 km depth. B., C. Steeper-dipping
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Table 9.2. Elysian Park fault: Model earthquake displacement.

Fault plane Rupture plane Average Displacementc

areaa depthb Dolan et al. [1995]d Wells and Coppersmith [1994]e

(km2) (km) (m) (m)

45◦–30◦ model
90 10 to 5 0.9 0.6
150 10 to 3 1.1 0.8

50◦ model
150 15 to 5 1 0.8
210 15 to 3 1.2 0.9

60◦ model
240 17 to 5 1.2 0.9
290 17 to 3 1.4 1

a Calculated fault plane area extending from 5 km depth, and 3 km depth, down to as much as
17km depth. Fault plane models are depicted on Fig. 9.14.

b Vertical extent of rupture plane. See Fig. 9.14.
c Calculated from the relation, M0 = µAD [Hanks and Kanamori , 1979] where µ = crustal

rigidity in dyne/cm2, A = fault plane area, and D = average displacement.
d µ = 3.6 dyne/cm2 for rupture up to 5 km depth, and µ = 3.3 dyne/cm2 for rupture up to 3

km depth. [Dolan et al., 1995].
e µ = 3.0 dyne/cm2 for all rupture models. [Wells and Coppersmith, 1994].
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Table 9.3. Elysain Park fault: Model earthquake recurrence interval.

Fault Plane Slip Rateb Recurrence Interval Recurrence Interval
Areaa Dolan et al. [1995]d Wells and Coppersmith [1994]c

Low High Low High Low High
(km2) (mm/yr) (mm/yr) (years) (years) (years) (years)

45◦–30◦ model
90 0.8 1.6 1100 600 700 400
150 0.8 1.6 1300 700 900 500

50◦ model
150 0.9 1.7 1100 600 800 400
210 0.9 1.7 1300 700 900 500

60◦ model
240 1.2 2.2 1000 500 700 400
290 1.2 2.2 1100 600 800 400

a Calculated fault plane area extending from 5 km depth, and 3 km depth, down to as much as 17km
depth. Fault plane models are depicted on Fig. 9.14.

b Calculated from the horizontal component contraction on the forelimb of the Elysian Park anticline, as
determined from the summed contraction rate of parasitic folds in east Los Angeles.

c Calculated by dividing the average displacement by the slip rate. Average displacement estimates are
listed in Table 9.2, as calculated using the parameters outlined in Dolan et al. [1995].

d Calculated by dividing the average displacement by the slip rate. Average displacement estimates are
listed in Table 9.2, as calculated using the parameters outlined in Wells and Coppersmith [1994].

Recurrence interval of earthquakes

We use the average displacement estimates and the summed contraction estimate

to speculate an average return period for rupture of the Elysian Park fault, indepen-

dent of adjacent structures. We assume that the horizontal component of the slip rate

on the Elysian Park fault matches the horizontal component measured from short-

ening of the forelimb of the overlying Elysian Park anticline. From the contractile

component of 0.6 to 1.1 mm/yr estimated above, we calculate a slip rate of 0.8 to 1.6

mm/yr for the 45◦ segment of the 45◦ to 30◦ dipping fault model. For steeper-dipping

reverse fault models, in order to match the observed contraction rate at the surface,

we calculate higher slip rates of 0.9 to 1.7 mm/yr (50◦ model) and 1.2 to 2.2 mm/yr

(60◦ model).
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Dividing the coseismic slip values by the slip rate yields an estimate of average

recurrence interval for an assumed rupture area (Table 9.3). For the 45◦ to 30◦

model, a nominal rupture of the entire area of the Elysian Park fault with Mw 6.2 to

6.4 should occur every 600 to 1300 years, on average. Similarly, a nominal rupture of

the 50◦ fault plane model yields a Mw 6.4 to 6.6, also every 600 to 1300 years, and a

nominal rupture of the 60◦ fault plane model yields a Mw 6.6 to 6.7, and an average

recurrence interval 500 to 1100 years. Because the size of the model fault plane and

the estimated slip rate both increase with fault dip, the range of calculated recurrence

intervals do not vary greatly over a broad range of earthquake size.

9.6.7 Evaluation

The results of the above analysis present a wide array of seismic hazard estimates

for the Elysian Park fault. At the low end, a restricted rupture beneath the core of

the anticline could produce a relatively small Mw 6.2 earthquake. An event similar

to the destructive, Mw 6.7 1994 Northridge Earthquake, however, is also plausible.

A balanced model of the Elysian Park anticline and fault would restrict the range

of these analyses by providing better constraints on the potential rupture area, as

well as a more precise translation of the observable contraction rate at the surface

into fault slip at depth. Such work is, unfortunately, beyond the scope of our current

efforts.

Heaton et al. [1995] used a rectangular, shallow-dipping blind thrust fault be-

neath the Elysian Park anticline to estimate ground motions from a hypothetical

earthquake. They assumed an area of 630 km2, an average slip of 2.2 meters, and a

magnitude of Mw 7.0. They were attempting to model an event on the Las Cienegas

fault, which in Figure 9.4 B-B’ resides below the Elysian Park fault. Our analysis

suggests that the Elysian Park fault, by itself, is not capable of producing an earth-

quake as large as this. But, of course, even if our estimation of fault geometry is

correct, the Elysian Park fault could fail in conjunction with neighboring structures,

such as the Las Cienegas fault, the Whittier fault or the Hollywood fault, to generate
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a significantly larger and more damaging earthquake.

Though we have documented surficial deformation, and related this surface record

to the subsurface, we have not necessarily proven that the Elysian Park fault is seis-

mogenic. Proving seismic behavior would be a difficult task, since a paleoseismic

record of the fault may not be directly observable at the surface. However, growth of

the parasitic folds on the forelimb of the Elysian Park anticline may preserve a record

of seismicity. For example, if we multiply the post-Qg1 uplift rate of 0.2 mm/yr ob-

tained for the Coyote Pass monocline at Evergreen Avenue by our recurrence interval

estimate, we obtain a coseismic uplift estimate of 0.2 to 0.4 meters. These values

approach the scale of structural relief resolved within individual lacustrine cycles at

this site, which suggests that the Evergreen Avenue cross section may contain a strati-

graphic record of seismically triggered folding. Other such records may exist within

younger, Qa strata. Future investigation of these might further our understanding of

the seismic potential of the Elysian Park anticline.

Finally, the parasitic folds on the forelimb of the Elysian Park anticline also present

potential individual hazards. [Hitchcock and Kelson, 1999] note that surface defor-

mation and zones of concentrated damage from the 1989 Loma Prieta earthquake

correspond to zones of potentially fault-related secondary folds. The relationship of

active folds on the forelimb of the Elysian Park anticline to the underlying thrust

fault may lead to concentrated deformation and damage during an earthquake. The

structure that is of most concern is the Coyote Pass monocline, which exhibits a

narrow zone of uplift and tilting (Fig. 9.9) and passes directly beneath downtown

Los Angeles (Figs. 9.3 and 9.11). The character of deformation across the Coyote

Pass monocline is very similar to the concentrated zone of deformation surrounding

an active fault zone, and it might be wise to take steps to mitigate this hazard.
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9.7 Conclusions

This study represents an integrated application of geology and geomorphology to

translate surficial fold deformation into a seismic hazard analysis of a blind thrust

fault. We characterize youthful fold deformation of the Elysian Park anticline, a

fault-related fold on the northern margin of the Los Angeles basin. To characterize

the Elysian Park fault, we proceeded through several steps. First, we measured the

youngest expression of fold deformation deduced from a series of parasitic anticlines

located upon the forelimb of the Elysian Park anticline. This information was ac-

quired through an integration of topographic analysis and shallow subsurface field

investigations. By using the age and deformation of these deposits, we summarized

the contraction rate of parasitic folding to obtain an estimate of contraction across

the parent anticline. With the aid of a set of fault models, we then translated the

surficially derived contraction estimate into a slip rate on the proposed blind reverse

fault. Finally, we applied the slip rate and three-dimensional fault geometry to esti-

mate the magnitude and recurrence interval of a nominal rupture of the Elysian Park

fault.

Fault models of variable geometry give an array of seismic hazard estimates. Using

a thin-skinned thrust fault model, based upon a regional cross section by Davis et al.

[1989] we estimate that the Elysian Park fault slips at 0.8 to 1.6 mm/yr, and a

nominal rupture of the entire length of this fault is capable of producing a Mw 6.2

to 6.4 earthquake. Steeper-dipping reverse fault models yield higher slip rates and

magnitudes of 0.9 to 1.7 mm/yr, Mw 6.4 to 6.6, and 1.2 to 2.2 mm/yr, Mw 6.6 to 6.7.

Estimates of an average recurrence interval for an event on the Elysian Park fault

range from 500 to 1300 years. The range of these estimates would not be so broad if

an updated, structurally balanced fault model existed. Also, larger earthquakes with

longer return periods are possible, should the Elysian Park fault fail in conjunction

with neighboring structures. Seismically triggered folding of individual parasitic folds,

especially the Coyote Pass monocline, may locally increase the overall hazard.
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Appendix A

Measured stratigraphic sections of Isla

Tiburón and coastal Sonora



367

Table A.1. Measured section, Sierra Menor South (SMS), Isla Tiburón.

Measured section of Tmal, Tmr3, Tmr4, Tmrec, southern Sierra Menor, Isla
Tiburón. Base of section located at 358910E, 3199840N. Measured using compass
and jacob staff on March 29, 1999.

Thickness Description

Underlain by Tma1 andesite.
Tmal Basin-fill alluvium and air-fall deposits
10 m Small paleochannel, airfall fill of white pumice lappili. Beds 2 cm

to 1 m thick. Rare blocks. Pinches out within 50 m along strike in
either direction.

3 m Boulder conglomerate, crudely bedded, clast up to 1 m across.
4 m Orange ash and pumice flows. 10 cm beds, with one 2 m thick bed.
5 m Boulder conglomerate, crudely-bedded.
22 m Total (Tmal)

Tmr3 member of the Tuffs of Mesa Cuadrada
0.2 m Unwelded pumice lapilli and ash. 15% pumice and 5% volcanic lithic

fragments.
1.3 m Sintered/poorly welded massive ignimbrite with feldspar phenocrysts

up to 2 mm size. Occasional black glass lenses up to 3 cm length.
Grades from light orange to dark orange glass matrix.

1 m More indurate, grading to moderately welded.
0.5 m Black glass fragments/fiamme appear. Color trends upward from

orange to brown. Perlitic fractures.
4 m Black densely welded vitrophyre. Brown grading up to black in first

meter. Upper part grades back to dark orange within 0.5 m, occa-
sional brown intervals in upper part.

5 m Orange welded tuff, 10% red and black volcanic lithic fragments.
46 m Orange to red welded tuff. Indurate, with black fiamme grades up-

ward gradually into white poorly welded tuff.
5 m Slightly welded white ash-flow tuff. Non welded top of flow.
63 m Total (Tmr3)

Tmr3t member of the Tuffs of Mesa Cuadrada
∼3 m Andesite cobbles in float. Deposit poorly exposed but must be from

a thin congolomerate or colluvial lense between ash-flow tuffs.
0.5 m Pumice lapilli, volcanic lithics, buff-colored basal airfall of Tmr4.
3.5 m Total (Tmr3t)
Tmr4 member of the Tuffs of Mesa Cuadrada
0.7 m Greenish-brown pumice-rich moderately indurate poorly welded to

non-welded basal glass. 5% Pumice, 1–2 cm, to 5 cm, ∼10% volcanic
lithic fragments.
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Measured section, Sierra Menor South (SMS), Isla Tiburón.

Thickness Description

0.5 m Incipiently welded brown glass, grading upward to welded at top.
Orange pumice: 10%. Flattened glass fragments and volcanic lithic
fragments: 5% Some large brown glass blobs (1 by 5 cm near top).
Transitions over 10 cm to overlying densely welded vitrophyre.

12 m Tan vitreous welded tuff grades to bright red densely welded tuff
within 30 cm. Welding grade decreases gradually up-section.

7 m White, non-welded to slightly welded tuff.
20.2 m Total (Tmr4)
Tmal Basin-fill alluvium and air-fall deposits
2 m Poorly exposed andesite boulders and cobbles.
4.5 m Poorly exposed pumice lapilli and ash airfall. Indurate red and black

volcanic lithic bed at top.
0.5 m Thin conglomerate bed.
7 m (Tmal, too thin too map)
Tmrec Tuffs of Arroyo El Canelo
1 m Poorly exposed orange pumice lapilli ash-flow with black glassy vol-

canic lithic fragments.
7 m Brown, moderately welded ash-flow tuff with 5% pumice fiamme and

10% lithic lapilli. Weathers to a rough pattern. Grades upward into
a recessive ashy horizon with large pumice. Upper part welded by
overlying ash-flow tuff with 5 cm thick orange vitrophyre overlain by
a 25 cm thick layer rich in black fiamme.

0.3 m Pink to red welded tuff with fiamme. Phenocrysts are concentrated
into cm-scale concentration zones.

0.7 m Purple vitreous welded tuff. Black fiamme up to 4 cm. Rich in
feldspar phenocrysts. Welding decreases up-section.

2.5 m Purple welded tuff with giant white vapor-phase altered pumice fi-
amme. Smaller black fiamme also present.

10 m Vapor-phase altered welded tuff with large and small black pumice
fiamme. Top eroded.

21.5 m Total (Tmrec)
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Table A.2. Measured section, Bah́ıa Vaporeta South (BVS), Isla Tiburón.

Measured section of Tmrec, 5 km east of Bah́ıa Vaporeta, Isla Tiburón. Base of
section located at 356210E, 3200290N. Measured using compass and hand levelling on
March 31, 1999.

Thickness Description

underlain by Tmal Basin-fill alluvium and air-fall deposits.
Tmrec Tuffs of Mesa Cuadrada
1 m Purple densely welded vitrophyre. 25% phenocrysts with 10 cm-scale

variations in concentration. 10% fiamme, 5% lithic fragments.
4 m Purple welded tuff, rich in phenocrysts. Distinctive large white

vapor-phase altered pumice. Becomes lighter purple and more vapor-
phase altered up-section.

4 m Scoriaceous red and black lithic horizon. Ash matrix disappears.
10 m Upper welded tuff unit. Basal brown glassy ash with orange pumice

lenses. Fragments only exposed, 10 cm max thickness. Overlain
by purple welded tuff with vapor-phase altered pumice up to 20 cm
length. Scoriaceous lithic inclusions common.

19 m Total (Tmrec)

Table A.3. Measured section, Bah́ıa Kino (BK), Sonora.

Measured section of Tmrsf, 3 km north of Bah́ıa Kino, Sonora. Base of section
located at 402100E, 3195110N. Measured using tape and compass on April 2, 1999.

Thickness Description

Overlies Tmvs volcaniclastic deposits. Andesitic debris flow in red
volcanic lithic sand matrix.

Tmrsf Tuff of San Felipe
0.8 m Ash and blocks (airfall?) Very pale orange colored matrix. Andesite

and green altered ash blocks.
1 m Black densely welded crystal-rich vitrophyre. Sharp basal contact.

10% feldspar phenocrysts. Orange alteration along fractures. Upper
contact also sharp but often obscured by alteration along perlitic
fractures.

1 m Densely welded tuff with large lithophysal cavities (to 10 cm across).
Moderate reddish orange matrix. Lithophysae decrease in size up-
section.

0.5 m Lithophysae flatten, begin to define platy cleavage. Vapor-phase al-
teration and resulting cavernous weathering begin.
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Measured section, Bah́ıa Kino (BK), Sonora.

Thickness Description

5 m Rare volcanic lithics with rolled foliation in surrounding tuff. Platy
cleavage formed of eutaxitic foliation. Some large lenses up to 50
cm length may have been pumice. If so, then pumice may comprise
more than 20% of rock.

5 m Spherulites rare, lithophysae 10–40 cm range. Some 1 m long streaks
may be pumice? Rheomorphic flow around rare cm-sized volcanic
lithic fragments.

10 m Foliation even more well-developed by extremely flattened pumice
lenses. Pumice decreasing to 10% of rock.

17 m Pumice up to 15%. Large and small lithophysae present. Large cal-
cite crystals in lithophysae cavities. Rare distinctive black inclusions
present, but difficult to locate.

8 m Spherulites increasing rapidly in concentration, obliterating 10–15%
of pyroclastic texture.

15 m Spherulites increase to over 50%, coalescing to form bright white,
crumbly, completely vapor-phase altered ash-flow tuff. Distinctive
black rhyolite lithic fragments become more common, up to 20 cm
in size.

63 m Spherulitically devitrified welded ash-flow tuff. Locally up to 2%
distinctive black inclusions. Inclusions easier to locate against white
altered tuff.

5 m Spherulites concentration drops to zero over 2 m distance. Up to
10% volcanic lithic fragments, orange to red as well as black. Up to
20% phenocrysts in bright red-orange matrix. Upper welded zone or
just less-altered?

3.5m non-welded to incipiently welded tuff. Buff-gray color. Small dark
brown pumice up to 1 cm. 5% feldspar phenocrysts. Overlain by
Tmrf2 rhyolite lava flow and basal block and ash deposits.

135 m Total (Tmrsf)
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Table A.4. Measured section, Punta Reina Footwall (PRF), Isla Tiburón.

Measured section of Tmrsf, 3 km southeast of Punta Reina, Isla Tiburón. Base of
section located at 355430E, 3212680N. Measured using compass and jacob staff on
April 20, 1999.

Thickness Description

Tmrsf Tuff of San Felipe
0.7 m Vitrophyre. Black to dark brown. 10–15% phenocrysts. Upper con-

tact is a 3 cm gradation.
3.7 m Spherulitic red densely welded tuff. Lithophysae up to 20 cm diam-

eter. Large strung-out pumice to 30 cm length.
4 m 20–30% large strung-out pumice. Some exceeding 1 m length. First

distinctive black inclusion encountered.
1.6 m Transitional zone, 5% large pumice to 50 cm length, 5–10%

spherulites.
11 m Spherulitically devitrified welded tuff.
29 m Spherulitically devitrified partially welded tuff. Pockets of distinctive

lithic inclusions, each up to 4 cm long, forming up to 30% of rock
locally. Capped by ∼5 m reworked ash and volcanic lithic fragments.

50 m Total (Tmrsf)

Table A.5. Measured section, Sierra Menor (SM), Isla Tiburón.

Measured section of Tmrsf, Tmb2, Tmal, Tmr3, Tmr4, Tmrec, central Sierra Menor,
Isla Tiburón. Base of section located at 357710E, 3205710N. Measured using compass
and jacob staff on April 16, 1999.

Thickness Description

Overlies Tmvs volcaniclastic conglomerate and debris-flow deposits.
Tmrsf Tuff of San Felipe
0.8 m Black densely welded vitrophyre with 15% feldspar phenocrysts.
0.3 m Orange altered vitrophyre with small, 2–4 mm spherulitic crystal

growths.
0.4 m Spherulites increase to 10% of rock. Lithophysae present up to 4 cm

diameter.
1 m Orange to red densely welded tuff, lithophysae to 5 cm.
5 m Pumice become increasingly flat up-section, approaching 1:20 aspect

ratio. First distinctive black lithic inclusion.
19 m Red densely welded tuff with prominent eutaxitic foliation and <10%

spherulitic crystals.
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Measured section, Sierra Menor (SM), Isla Tiburón.

Thickness Description

8 m Spherulites increase to 25% of rock. Foliation becomes difficult to
resolve.

43 m Spherulitically devitrified ash-flow tuff.
8 m Upper, densely-welded and less altered zone. Up to 10% spherulites.
85.5 m (Tmrsf)

Tmb2 Basalt
3.5 m Conglomerate of andesite clasts, gravel and sand.
7 m Basalt lava flow, resistant base and recessive up-section.
5 m Basaltic tephra, poorly exposed.
8 m Resistant basalt flow, becoming more foliated up-section.
13 m Basalt flow with thin basal tephra or autobreccia. Weathered and

more foliated up-section.
6 m Basaltic tephra, scoria, occasional bombs. Red, black and orange.
9 m Basalt lava flow. Blocky base, then foliated and more weathered

up-section.
3 m Lithic lappili and block-sized scoria bed. May be a basal autobreccia

to above flow.
2 m Thin vesicular blocky basalt flow.
2 m Scoria blocks.
10 m Blocky, then foliated basalt lava flow.
9 m Scoria and basaltic tephra, overlain by thin blocky basalt flow.
2 m Basaltic tephra and scoria bed.
5 m Foliated basalt with resistant blocky central interval.
7 m Conglomerate, poorly exposed. Contains granitic basement cobbles.
7 m Blocky basalt flow.
90.5 m Total (Tmb2)

Tmal Basin-fill alluvium and air-fall deposits
22 m Unexposed beneath talus.
7 m Poorly exposed sand-sized pumice and ash.
13 m Bedded ash and pumice up to 1 cm size. 10–20 cm beds.
1 m Poorly-sorted ash and pumice flow.
21 m Bedded ash and pumice. Yellow to white, mostly reworked. Rare to

uncommon volcanic lithic fragments.
42 m Total (Tmal)
Tmr3 member of the Tuffs of Mesa Cuadrada
3 m Base of brown to orange slightly welded glass with orange pumice,

cm-sized volcanic lithic fragments. Weldeing grade increases up-
section. Fiamme to 5 cm. Grades into brown densely welded vit-
rophyre.

2 m Black densely welded vitrophyre. 10–15% volcanic lithic lapilli.
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Measured section, Sierra Menor (SM), Isla Tiburón.

Thickness Description

3 m Bright red welded ash-flow tuff. 5% black fiamme and 10% volcanic
lithic fragments.

20 m Bright red to orange welded crystal-rich ash-flow tuff, 10% volcanic
lithic fragments. Pumice becoming less welded.

24 m Gradational transition to light purple vapor-phase altered welded
tuff. Weathers orange. 15% angular volcanic lithic fragments.

17 m Central, resistant zone. Either more welded or less vapor-phase al-
teration. Bright red color returns. Lithophysae present.

27 m Gradational transition back to light purple vapor-phase altered
welded tuff.

9 m Slightly welded, white ashy tuff. Recessive.
16 m Non-welded pumice, lithic, and crystal-rich ash-flow tuff. Unwelded

top of Tmr3.
118 m (Tmr3)
Tmr4 member of the Tuffs of Mesa Cuadrada
0.4 m Brown glass, grading to light-dark brown.
0.2 m Dark-brown to black glass with perlitic fractures.
0.5 m Black glass. 5–10% sperulites, brown, 1–2 cm size.
0.5 m Black glass, 10–50% spherulites to 1 cm.
0.5 m Trending from brown to red. Rare spherulites to 10 cm.
9 m Black to red matrix, spherulites increase in abundance, cavernous

weathering.
15 m Matrix becoming altered to white and purple in patches. Spherulites

decrease to 5–10% of rock.
18 m Purple densely welded tuff with up to 5% lithophysae.
9 m Light purple less welded tuff.
18 m Non-welded upper Tmr4. Recessive. Occasional large loose pumice

in float. Poorly exposed overall.
71.1 m Total (Tmr4)
Tmrec Tuffs of Mesa Cuadrada
0.5 m Dark purple basal vitrophyre.
1.5 m Gradational dark purple to lighter purple welded crystal-rich tuff.
9 m Light purple vapor-phase altered tuff with white altered pumice up

to 30 cm across.
8 m Matrix disappears. Dark to bright red scoria-like lithic fragments

5–20 cm length. Upper part of deposit welded by next welded tuff
member.

0.7 m Densely-welded and stretched pumice.
1.5 m Densely welded glassy purple to reddish-brown tuff, 5% crystals, 5%

lithic inclusions. Top of flow eroded.
21.3 m Total (Tmrec)
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Table A.6. Measured section, Punta Reina South (PRS), Isla Tiburón.

Measured section of Tmr3, Tmr4, Tmr5, Tmrec, 1 km south of Punta Reina, Isla
Tiburón. Base of section located at 354080E, 3214530N. Measured using compass and
jacob staff on April 3, 2000.

Thickness Description

Section overlies Tmb2 basalt.
Tmr3 member of the Tuffs of Mesa Cuadrada
3.5 m Basalt breccia with ash matrix. Appears that base of Tmr3 has

incorporated local basalt float. Steep paleotopography at contact
apparent from adjacent outcrop relationships.

54.5 m Non-welded at base. White ash matrix, 10% pumice lapilli, 10% vol-
canic lithic lapilli. Some cobble-size lithic fragments. Slightly welded
to non-welded crystal and lithic-rich ash-flow tuff. Much of the lower
exposure is covered by talus but well exposed on adjacent sea cliff.
Phenocryst-rich zone present at 19 m and 28 m, 20% feldspar up to
3 mm size.

57 m Total (Tmr3)
Tmr4 member of the Tuffs of Mesa Cuadrada
0.3 m Orange indurate ash.
0.3 m Orange to black transitional non-welded to welded.
0.9 m Welded black vitrophyre. Note that typical base of Tmr4 not well

developed here, though present nearby. Rare feldspar phenocrysts.
10 m Spherulitic densely welded red glassy crystal-poor tuff.
9 m Densely-welded orange-red tuff, up to 10% vapor-phase recrystallized

pumice. Up to 5% angular volcanic lithic fragments.
13 m Slightly less welded. Pumice fiamme to 4 cm length. Lithic fragments

up to 3 cm length.
19 m More recessive, less welded ash-flow tuff. Light purple glassy to de-

vitrified glassy matrix with 2–3% volcanic lithic fragments. Crystal
poor.

22 m Slightly welded to non welded upper part of Tmr4. Purple to white
ash matrix, weathering to yellow.

74.5 m Total (Tmr4)
Tmr5 member of the Tuffs of Dead Battery Canyon
12 m Basal densely welded purple glassy tuff. 10% plagioclase phenocrysts,

5% welded pumice.
20 m Light purple devitrified crystal-rich welded tuff.
8 m White vapor-phase altered welded tuff. Fiamme present.
40 m Total (Tmr5)
Tmrec1 member of the Tuffs of Mesa Cuadrada
1 m Dark yellow to orange pumice flow. 15% lithic fragments, 2 mm

common, up to 1 cm size.
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Measured section, Punta Reina South (PRS), Isla Tiburón.

Thickness Description

2 m Dark red purple densely welded crystal-rich ash-flow tuff. Up to 20%
feldspar phenocrysts and pumice to 1 cm altered to white. 5% lithic
fragments.

1 m Matrix becoming more purple, pumice increase in size to 10 cm,
altered to white by vapor-phase recrystallization.

12 m Purple-grey ash matrix. Welded vapor-phase recrystallized pumice
up to 25%.

16 m Total (Tmrec1)
Tmrec2 member of the Tuffs of Mesa Cuadrada
1 m Basal partially welded vitrophyre without spherulites, 15 cm thick,

poorly exposed, black to dark brown with 20% phenocrysts to 2 mm,
5% volcanic lithic fragments. Overlain by dark brown weathered
densely welded vitrophyre. Upper 50 cm with swiss-cheese texture
from weathered cm-size spherulites.

15 m Dark to light purple welded tuff, vapor-phase alteration increasing
up-section. White altered pumice to 30 cm comprise up to 25% of
rock. Upper part pumice weather as black fiamme in lighter purple
matrix.

16 m Total (Tmrec2)
Tmrfp member of the Tuffs of Mesa Cuadrada
7 m Transition to densely welded glassy red to purple ash-flow tuff (flag-

pole member). Transition very poorly exposed here. Basal 20 cm
light partially welded glass zone seen in float.

7 m Total (Tmrfp)
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Table A.7. Measured section, Sierra Alta (SA), Isla Tiburón.

Measured section of Tmrsf, northern Sierra Alta, Isla Tiburón. Base of section
located at 357360E, 3228060N. Measured using compass and jacob staff on April 13,
2000.

Thickness Description

Section overlies 2–3 m of Tcg conglomerate on basement metasedi-
mentary rocks.

Tmrsf Tuff of San Felipe
1 m Black densely welded vitrophyre. Orange altered zones surrounding

perlitic fractures. Oxidized distinctive lithic fragments present.
0.3 m Red to orange with lithophysae and spherulites.
0.4 m Pink-purple densely welded zone with large flattened pumice.
68 m Intensively spherulitically devitrified welded tuff. Distinctive lithics

up to 60 cm length observed, comprising up to 30% of rock locally.
Concentrations of these lithics at 5 m and 8–11 m. Lithics comprise
∼1% of rock overall for remainder of section.

69.7 m Total (Tmrsf)
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Appendix B

Microprobe analyses

Microprobe analyses were obtained with the California Institute of Technology,

Division of Geological and Planetary Sciences JOEL-JXA-733 electron microprobe.

Operating conditions were set at 15 kV accelerating potential and 25 nA probe current

for all samples. Ten elements (Si, Al, Ca, Na, K, Fe, Mg, Ti, Mn, and Ba) were

measured for all samples to within 0.1% concentration. K and Ba concentrations

are below the detection limit for pyroxenes, as are Mg, Mn, and Ti concentration

for feldspars. Samples measured for correlation were polished thin sections. Samples

measured for geochronology were polished grain mounts.

The following pages are tables of microprobe measurements. Feldspar and pyrox-

ene measurements are reprinted here from the Data Repository of Oskin et al. [2001]

with permission of Geology. The last two tables, containing measurements of olivine

in Tmr3 and of geochronology samples, have not been previously published.
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Table B.1. Microprobe analyses of feldspar, Tuff of San Felipe, Baja California.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality MAb

66.8 0.2 1.5 7.9 20.1 4.4 0.1 101
67.3 0.2 1.3 7.9 20.1 4.6 0 101.5
65.9 0.2 3 8.8 21.8 1.8 0 101.6

67.7 0.1 0.5 6.2 19.4 7.7 0.1 101.6
67 0.1 0.6 6.3 19.3 7.4 0.1 100.8
67.8 0.2 0.5 6.2 19.3 7.6 0.1 101.7

67.2 0.2 1.2 7.6 20 4.9 0 101.2
67.3 0.2 1 7.4 19.6 5.3 0.1 100.9
67.1 0.2 0.6 6.4 19 7.2 0.1 100.5

67 0.2 1.5 8 20.2 4.3 0 101.1
67.2 0.2 1.2 7.6 20 5 0.1 101.3
67.5 0.2 1.3 7.5 20.1 5.1 0 101.7

66.7 0.2 1.6 8 20.4 4.1 0 100.9
66.7 0.1 1.7 7.8 20.5 4.1 0 101
67 0.2 1.7 8 20.4 4.2 0 101.5

67.1 0.1 0.6 6.5 19.3 7 0 100.7
67.4 0.2 0.5 6.1 19.1 7.7 0 101.1
66.6 0.2 0.5 6.2 19.1 7.9 0 100.5

57.6 0.1 9.3 6.2 27.3 0.3 0 100.9
58.7 0.1 8.4 6.6 26.6 0.3 0 100.7
59.6 0.1 7.9 7 26.1 0.4 0 101.1

67.1 0.1 0.8 7 19.7 6.4 0 101.1
67.2 0.2 0.9 7.2 19.7 5.9 0 101.1
67.9 0.1 0.6 6.2 19.3 7.4 0 101.6

66.5 0.2 1.1 7.6 19.7 5.2 0.1 100.4

67.8 0.2 0.5 6.2 19.1 7.7 0 101.4
67.2 0.1 0.8 6.9 19.5 6.5 0 101.1
67.6 0.1 0.6 6.4 19.2 7.3 0 101.2

67.2 0.1 1.2 7.6 19.8 5.1 0 101.1
66.9 0.1 1.2 7.6 20 5 0.1 100.8
66.9 0.1 1.6 7.9 20.1 4.2 0 100.9

67 0.1 1.2 7.7 19.8 5.1 0.1 101
66.9 0.1 1.5 7.8 20 4.6 0 100.9
67.1 0.1 1 7.5 19.7 5.4 0.1 101
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Table B.1, continued.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

67.2 0.1 1.2 8.2 19.9 4.2 0.1 100.9
67.2 0.1 0.9 6.9 19.5 6.2 0 100.9
67.3 0.1 1 7.6 19.6 5.2 0 100.9

67.2 0.1 1.4 7.7 20 4.8 0.1 101.2
67.3 0.1 1.4 7.8 20.1 4.5 0.2 101.4
66.9 0.1 1.5 8 20.2 4.2 0 101

66.5 0.1 1.5 8 20 4.3 0.1 100.6
66.9 0.1 1.3 7.7 19.9 4.8 0 100.7
67.1 0.1 1.4 7.6 19.9 4.5 0 100.7
Sample locality SRBc

66.9 0.2 0.9 7.3 19.4 5.8 0 100.5
67 0.1 0.5 6.1 19 7.8 0 100.5
67.1 0.1 0.5 6.3 19.1 7.5 0.1 100.7

66.8 0.2 0.9 7.3 19.5 5.7 0 100.4
66.3 0.2 1.4 7.8 19.9 4.4 0 100
66.4 0.2 1.3 7.8 19.7 4.5 0.1 100

66.5 0.2 0.9 7.2 19.4 6.1 0 100.2
66.4 0.2 1.3 7.8 19.9 4.7 0 100.3
66.5 0.2 1.2 7.7 19.7 5 0 100.3

66.7 0.2 0.6 6.3 19 7.3 0 100.1
66.8 0.2 0.6 6.4 19 7.2 0.1 100.2
67 0.1 0.5 6.3 19 7.3 0 100.3

66.5 0.2 1.2 7.5 19.6 5.2 0 100.2
66.4 0.2 1.3 7.7 19.7 4.7 0 100
66.6 0.1 1.1 7.5 19.5 5.3 0 100.2

Sample Locality SFDd

66.8 0.1 0.5 6.3 19 7.5 0 100.4
66.5 0.2 1 7.3 19.5 5.7 0 100.2
66.9 0.2 0.6 6.4 19.1 7.3 0.1 100.6

66.5 0.2 1.2 7.8 19.9 4.9 0 100.6
66.4 0.2 1.2 7.8 19.8 4.9 0 100.4
66.4 0.2 1.5 8 20.2 4.2 0 100.6

66.4 0.1 0.5 6.2 18.8 7.4 0 99.5
66.4 0.2 0.7 6.5 18.9 6.8 0 99.5
66.5 0.2 0.5 6.1 18.7 7.7 0.1 99.7

66.9 0.2 0.5 6.1 19 7.9 0.1 100.8
67.1 0.2 0.6 6.5 19.2 7.1 0.1 100.8
66.5 0.2 1.3 7.5 19.8 5.1 0 100.5
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Table B.1, continued.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

66.9 0.2 0.6 6.4 19.1 7.3 0 100.7
66.9 0.2 0.5 6.2 18.9 7.7 0 100.5
66.7 0.1 0.7 6.6 19.1 7.1 0.1 100.4
Sample locality SIWe

66.7 0.2 0.7 6.3 19.1 7.2 0 100.2
67 0.1 0.6 6.3 19.1 7.3 0 100.5
67.1 0.2 0.6 6.4 19.1 7.3 0.1 100.6

66.5 0.1 1.4 7.7 19.9 4.4 0 100.2
66.4 0.1 1.5 8 20.1 4.4 0 100.6
67.1 0.2 0.6 6.3 19.1 7.3 0 100.5

66.7 0.1 0.5 6.1 18.9 7.8 0.1 100.2
66.9 0.1 0.5 6.2 19 7.6 0 100.4
66.9 0.2 0.5 6.2 19 7.7 0.1 100.7

66.7 0.2 1 7.3 19.6 5.6 0.1 100.5
66.4 0.2 1.1 7.3 19.6 5.6 0 100.4
66.4 0.2 1.4 7.9 20 4.6 0 100.5

66.9 0.2 1.3 7.7 19.8 4.8 0.1 100.9
66.4 0.1 1 7.4 19.5 5.4 0 100
66.9 0.1 0.5 6.2 18.9 7.5 0 100.3

Sample locality MCf

65 0.2 1.5 8.1 19.7 3.9 0 98.4
65.2 0.2 1.2 7.7 19.3 4.7 0 98.3
64.8 0.1 1.4 7.9 19.5 4.2 0 98

65.6 0.1 0.6 6.4 18.7 7 0.1 98.5
65.5 0.2 0.6 6.5 18.8 6.9 0.1 98.6

65.1 0.1 1.2 7.4 19.2 4.9 0.1 98.1
65.3 0.1 0.7 6.6 18.8 6.6 0 98.2

64.9 0.2 1.4 8 19.6 4.1 0 98.2
65.1 0.1 1.3 7.8 19.5 4.4 0.1 98.3

Note: Each grouping of 1 to 3 analyses is from a single crystal. Additional mi-
croprobe analyses of feldspar from the Tuff of San Felipe published in Stock et al.
[1999].

a Total of measured weight percent. Measurements with totals less than 98% or
greater than 102% were discarded.

b First 24 analyses: Sample MT-92-14, 30.347◦ N 115.017◦ W. Second 19 analyses:
Sample MT-92-20, 30.348◦N 114.956◦ W.

c Sample number SRB-B316A, 30.849◦ N 114.963◦ W.
d Sample number SFD-4C, 30.708◦ N 114.840◦ W.
e Sample number PVPQ-306A, 30.410◦ N 114.806◦ W.
f Sample number MC-2, 30.529◦ N 114.968◦ W.
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Table B.2. Microprobe analyses of feldspar, Tuff of San Felipe, Sonora.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality BKb

66.2 0.2 1.3 8 20.1 4.4 0.1 100.2
66.5 0.2 1.1 7.4 19.8 5.4 0 100.5
66.3 0.2 1.3 7.7 20.1 4.6 0 100.2

66.5 0.1 1.2 7.5 19.9 5 0 100.4
67.4 0.2 1 7.5 19.8 5.2 0 101.1
67 0.2 1.2 7.7 20 4.7 0 100.8

66.8 0.2 0.9 7 19.7 6.1 0.1 100.7
66.9 0.1 1.4 7.7 20.2 4.5 0 100.9
67.3 0.1 1.1 7.1 19.8 5.7 0 101.2

67.1 0.1 1.4 7.9 20.3 4.5 0 101.3
66.9 0.1 1.2 7.5 19.9 5.1 0 100.8
67 0.2 1.4 7.6 20.2 4.6 0 101

66.9 0.1 1.3 7.5 20.1 5.1 0 101
67.6 0.2 0.8 6.8 19.7 6.5 0.2 101.7
67.6 0.1 0.6 6.4 19.3 7 0 101.2

66.5 0.2 1.1 7.5 19.8 5.3 0 100.3
66.8 0.1 1.4 7.6 20.1 4.7 0 100.6
66.7 0.1 0.7 5.9 19.3 7.7 0.1 100.5
66.4 0.1 1.4 8.2 20.1 3.9 0.1 100.3

66.1 0.1 1.2 7.9 20 4.6 0.2 100.1
66.8 0.1 0.9 7 19.8 6.1 0 100.8
65.4 0.1 1.4 7.7 20.1 4.5 0 99.3

67 0 0.5 6.1 19.3 7.8 0 100.7
66.5 0 1.2 7.4 19.9 5.2 0 100.2

Sample locality PCc

66.5 0.2 1.3 7.7 19.9 4.8 0.1 100.5
66.3 0.2 1.2 7.7 19.7 4.9 0.1 100.1
66.7 0.2 1.4 8.1 19.9 4.5 0 100.7
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Table B.2, continued.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality SMd

67.2 0.1 0.6 6.5 19.3 7.3 0 101.2
66.9 0.2 1.2 7.8 19.9 4.9 0.1 101
67 0.2 0.9 7.4 19.6 5.8 0 100.8

67 0.1 1.2 7.5 19.9 5.1 0 100.9
66.9 0.2 1.4 7.8 20 4.7 0 101
66.8 0.2 1.1 7.6 19.8 5.3 0 100.8

66.5 0.2 1.6 8.1 20.3 4.1 0 100.9
66.5 0.2 1.8 8.4 20.5 3.6 0.1 101

66.8 0.2 1.1 7.4 19.6 5.4 0 100.5
66.4 0.1 0.9 7.1 19.5 6.2 0.1 100.4
66.6 0.2 1.4 7.9 20.1 4.5 0 100.7

65 0.2 1.5 8 20.1 4.2 0.1 99.2
64.4 0.1 1.4 7.9 20 4.6 0.1 98.6
66.6 0.2 1.2 7.7 19.9 5.1 0.1 100.7

66.7 0.1 1.6 8 20.2 3.9 0 100.6
67 0.2 1.2 7.8 19.9 5 0 101.2
67.1 0.1 1 7.4 19.7 5.6 0 100.9

66.7 0.2 1.5 8.1 20.2 4.3 0.1 100.9
66.7 0.1 1.3 8 20 4.6 0.1 100.9
66.8 0.2 0.9 7.1 19.4 6.3 0 100.6

67.5 0.2 0.8 7.2 19.3 6 0.1 101.2
67.2 0.1 0.6 6.7 19.3 7 0 101.1
67.1 0.2 1.2 7.8 19.8 4.8 0 100.9

Note: Each grouping of 2 to 4 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or

greater than 102% were discarded.
b Sample number BK-98-13, 28.992◦ N 112.037◦ W.
c Sample number PC-98-18, 29.003◦ N 112.083◦ W.
d Sample number TIB-98-23, 28.974◦ N 112.460◦ W.
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Table B.3. Microprobe analyses of pyroxene, Tuff of San Felipe, Baja California.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality MAb

49.6 2.6 27.1 19.9 0.3 0.2 0.4 0.9 101.2
49 2.7 27.1 19.7 0.3 0.2 0.4 1 100.4
49.7 2.8 26.4 19.9 0.3 0.2 0.4 1 100.8

49.3 2.8 27.2 19.6 0.3 0.1 0.4 1 100.9
49.3 2.8 27 19.8 0.3 0.2 0.4 1 100.8
49.5 2.8 27.4 19.4 0.4 0.2 0.4 1 101.1
49.6 3 26.4 19.9 0.3 0.1 0.4 1 100.9

49.4 2.8 26.9 19.8 0.3 0.2 0.4 0.9 100.7
49.6 2.7 26.7 19.6 0.3 0.1 0.4 1 100.5
49.6 2.9 26.7 19.8 0.4 0.2 0.4 0.9 101

49.3 2.9 26.7 19.3 0.4 0.1 0.5 1 100.3
49.3 2.7 27.5 19 0.3 0.2 0.5 1.1 100.5
49.5 2.8 26.9 19.5 0.4 0.2 0.4 1 100.8

49.4 2.9 27.2 19.6 0.3 0.2 0.5 1 101.2
49.2 2.7 27.8 19 0.4 0.2 0.5 1 100.7
49.5 3 26.5 19.8 0.3 0.2 0.4 0.9 100.7

49.5 2.9 26.9 19.7 0.3 0.2 0.4 0.9 100.9
49.6 2.8 26.9 19.6 0.3 0.1 0.4 1 100.8
49.8 2.9 26.5 19.9 0.3 0.1 0.4 1 101

49.4 2.7 27.3 19.5 0.4 0.2 0.4 1 100.9
49.5 2.7 26.9 19.5 0.3 0.2 0.4 1 100.6
49.5 2.9 26.9 19.6 0.4 0.1 0.4 1 100.9

49.3 7.4 39.4 1.7 0.1 0.1 0.6 1.6 100.2
50.1 5.3 22.8 19.4 0.4 0.2 0.6 0.9 99.9
49.7 2.6 27.5 19.8 0.3 0.2 0.4 1 101.5

48.9 2.3 27.8 19.5 0.3 0.2 0.5 0.9 100.6
49.5 2.7 26.8 19.9 0.3 0.2 0.4 0.9 100.8
49.3 2.7 27.1 19.5 0.4 0.2 0.4 0.9 100.5

49.2 2.6 27.2 19.8 0.3 0.1 0.4 0.9 100.6
48.9 2.1 27 19.8 0.3 0.1 0.4 0.8 99.6
49.2 2.8 24.8 19.7 0.3 0.2 0.4 0.7 98.1

49.4 3 24.3 19.8 0.3 0.2 0.4 0.7 98.1
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Table B.3, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

48.5 1.6 26.4 19.2 0.4 0.3 0.6 0.9 98.1
48.4 1.5 28.6 18.9 0.4 0.4 0.7 1.2 100.3
49.3 2.7 26.4 19.5 0.4 0.2 0.4 0.9 99.9

49.3 2.9 26.3 19.4 0.3 0.2 0.5 0.9 100
49.5 2.9 24.5 19.2 0.3 0.2 0.6 1 98.3
49.3 2.9 23.1 19.7 0.3 0.2 0.4 1 97

Sample locality SRBc

49.3 2.7 27.4 19.8 0.3 0.2 0.4 1 101.2
49.5 2.9 27.3 18.7 0.4 0.2 0.5 0.9 100.4
49 2.8 27.6 19.1 0.4 0.2 0.4 0.9 100.4

48.8 2.3 27.8 17.1 0.8 0.2 0.5 0.9 98.6
49 2.4 28.3 18.5 0.5 0.2 0.4 0.9 100.4

50.4 7.6 19.8 19.8 0.4 0.3 0.9 1 100.3
50.7 7.6 20.1 19.6 0.4 0.4 0.8 1.1 100.7
50.4 7.5 19.8 19.7 0.4 0.4 0.8 1 100

51.2 9.4 17.6 19.5 0.4 0.4 1 0.9 100.4
51.3 9.5 18.2 19.5 0.4 0.4 0.9 0.9 101.2
51.4 9.6 17.2 19.4 0.4 0.5 1 0.9 100.5

49.2 2.4 29 16.8 0.7 0.2 0.7 0.8 100.1

Sample Locality SFDd

49.1 2.7 27.4 19.9 0.3 0.2 0.5 1 101.1
49.2 2.7 27.6 20 0.3 0.2 0.4 1 101.5
49.3 2.8 27.5 19.8 0.3 0.2 0.4 0.9 101.4

49.2 2.9 27.8 19.8 0.3 0.2 0.5 0.9 101.6
49.3 2.7 27.6 19.8 0.3 0.2 0.4 0.9 101.2
49.3 3 28 19.6 0.4 0.2 0.4 0.9 101.8

49 2.6 27.8 18.7 0.4 0.2 1 1 100.7
49.2 2.8 27.3 19.8 0.3 0.2 0.4 1 101.1
49.4 2.8 27.2 19.6 0.3 0.2 0.4 1 101.1

49.4 3 27.3 19.8 0.3 0.2 0.4 1 101.4
49.3 2.9 27.5 19.4 0.4 0.1 0.6 1 101.2
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Table B.3, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality SIWe

49.4 2.7 27.4 20 0.3 0.2 0.4 1 101.4
49.1 2.9 26.9 19.8 0.4 0.2 0.5 1 100.7
49.3 2.9 27.8 19.7 0.3 0.2 0.4 0.9 101.7

49.5 2.7 27.7 19.6 0.3 0.2 0.5 1 101.5
49.3 2.7 28 19.5 0.3 0.1 0.5 1 101.5
49.5 2.7 28.1 19.6 0.3 0.2 0.4 1 101.9

52.5 19.4 27.7 0.8 0 0.1 0.4 0.6 101.7
52.1 19.1 26.5 1.5 0 0.2 0.8 0.6 100.9
53.4 16.7 25.8 0.8 0.1 0.1 0.8 0.6 98.4

48.5 2.6 27.4 19.8 0.3 0.2 0.5 1 100.4
48.7 2.8 26.7 19.9 0.3 0.1 0.4 0.9 99.8
48.8 2.8 26.2 20 0.3 0.2 0.4 0.9 99.8

Sample locality MCf

48.1 3 26.6 18.7 0.3 0.1 0.4 1 98.3

48.3 3.1 25.8 19.2 0.3 0.2 0.4 0.9 98.3
47.9 3.1 26.3 19.2 0.4 0.1 0.4 1 98.4

Note: Each grouping of 1 to 4 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or greater than

102% were discarded.
b First 22 analyses: Sample MT-92-14, 30.347◦ N 115.017◦ W. Second 16 analyses: Sample

MT-92-20, 30.348◦N 114.956◦ W.
c Sample number SRB-B316A, 30.849◦ N 114.963◦ W.
d Sample number SFD-4C, 30.708◦ N 114.840◦ W.
e Sample number PVPQ-306A, 30.410◦ N 114.806◦ W.
f Sample number MC-2, 30.529◦ N 114.968◦ W.
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Table B.4. Microprobe analyses of pyroxene, Tuff of San Felipe, Sonora.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality BKb

48.4 2.7 26.9 19.4 0.3 0.2 0.4 0.9 99.2
48.4 2.6 27.4 19.4 0.4 0.2 0.5 0.9 99.8
48.6 2.7 26.9 19.1 0.3 0.2 0.4 1 99.2

48.7 2.8 26.7 19.7 0.4 0.2 0.4 1 99.9
48.7 2.7 26.4 19.4 0.3 0.2 0.4 0.9 99.2

49.9 3.6 24.9 19.1 0.3 0.2 1 1 100.2
49.2 2.7 26.6 19.3 0.3 0.1 0.5 1.1 100
49.3 3 25.5 19.9 0.3 0.2 0.4 1 99.8

49.4 2.6 26.8 20.1 0.3 0.1 0.4 0.9 100.8
49.2 2.6 27.1 19.8 0.3 0.2 0.5 1 101
49.1 2.6 26.6 20.1 0.3 0.2 0.4 1 100.3

50.5 6 21.6 20.1 0.4 0.2 0.7 1 100.5
49.3 3.1 25.7 19.9 0.3 0.2 0.4 1 100.1
48.5 2.8 25.9 19.8 0.3 0.2 0.4 1.1 99.1

48.4 2.7 26.8 20 0.3 0.2 0.4 1.1 99.9
49 2.7 26.4 20 0.3 0.2 0.4 1.1 100
49.1 2.8 26.4 19.9 0.3 0.2 0.4 1.1 100.3

49.3 2.6 27.1 20 0.3 0.2 0.5 1.1 101
49.4 2.6 27.5 19.6 0.4 0.2 0.5 1.1 101.4
49.6 2.9 26.2 20 0.3 0.2 0.4 1.1 100.8

49 2.7 26.7 20 0.3 0.1 0.4 1.1 100.4
49 2.7 26.5 19.9 0.4 0.2 0.4 1 100.1
49.1 2.7 26.4 20 0.3 0.2 0.4 1 100.3
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Table B.4, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality PCc

48.7 2.3 27.9 19.2 0.4 0.2 0.5 1 100.2
48.6 2.6 27.5 19.6 0.3 0.2 0.4 1 100.1
48.6 2.5 27.5 19.5 0.4 0.3 0.5 0.9 100.3
Sample locality SMd

49.4 2.7 27.1 19.6 0.4 0.2 0.5 1 100.8
49.4 2.7 27.3 19.5 0.3 0.2 0.4 1 100.8
49.8 2.7 27.2 19 0.4 0.2 0.5 1 100.9

49.4 2.9 27.2 19.4 0.3 0.2 0.4 1 100.8
49.4 2.9 26.9 19.6 0.3 0.2 0.4 0.9 100.7
49.2 2.8 27 19.3 0.4 0.2 0.4 1.1 100.4

49.3 2.6 27.8 19.3 0.3 0.2 0.5 1 100.9
49.1 2.8 27 19.6 0.3 0.2 0.4 1 100.5
49 2.8 27.1 19.5 0.4 0.2 0.4 1 100.3

48.7 3 26.4 19.2 0.3 0.1 0.6 1 99.4
49 2.9 27.1 19.2 0.3 0.2 0.4 1 100.2
49.1 2.8 27 19.4 0.3 0.2 0.5 1 100.4

49.1 3.1 27.1 19.1 0.4 0.2 0.4 1 100.3
49 2.6 27.4 19.4 0.3 0.2 0.4 1 100.3

49.3 2.7 27.6 19.2 0.4 0.2 0.4 1 100.8
49.1 2.7 27.5 19.3 0.4 0.1 0.4 0.9 100.6
49.2 3 27 19.5 0.3 0.2 0.4 0.9 100.5

Note: Each grouping of 2 to 3 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or greater than

102% were discarded.
b First group (3 analyses): Sample BK-98-03, 28.883◦ N 112.008◦ W. Second group (20 analyses):

Sample BK-98-13, 28.992◦N 112.037◦W.
c Sample number PC-98-18, 29.003◦ N 112.083◦ W.
d Sample number TIB-98-23, 28.974◦ N 112.460◦ W.
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Table B.5. Microprobe analyses of feldspar, Tmr3 ignimbrite, Baja California.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality VCb

67.8 0.2 0.4 7.7 19.5 5.9 0.3 101.9
68 0.2 0.4 7.6 19.3 5.9 0.3 101.7
68 0.2 0.5 8 19.5 5.4 0.5 102

68.1 0.2 0.5 7.8 19.5 5.6 0.2 101.8
68 0.2 0.4 7.6 19.4 5.9 0.4 101.8

68.1 0.2 0.3 7.5 19.4 6.1 0.2 101.9
67.3 0.2 0.4 7.6 19.4 5.6 0.4 100.9

66.7 0.2 0.5 7.8 19.2 5.5 0.3 100.1
66.8 0.2 0.5 7.5 19.4 5.5 0.4 100.4
67.2 0.2 0.5 7.6 19.3 5.6 0.4 100.7

63.1 0.1 4.9 8.7 23.6 0.8 0.3 101.4
60.3 0.2 6.4 8 24.7 0.6 0.2 100.3
67.4 0.2 0.5 8 19.2 5.1 0.5 100.8

66.7 0.2 0.9 8.4 19.7 4.2 0.3 100.4
62.1 0.2 5 8.5 23.4 0.8 0.3 100.2
62.2 0.2 4.9 8.5 23.4 0.7 0.4 100.4
Sample locality SFEc

64.2 0.1 1.6 8.8 20.7 3.1 0.7 99.3
63.9 0.1 1 7.6 20.1 4.9 1.4 99.1
64.4 0.1 1.3 8.7 20.5 3.5 1.3 99.7

66.2 0.1 0.3 7.6 19 5.9 0.3 99.4
65.7 0.1 0.4 7.6 19.2 5.9 0.3 99.3
65.7 0.2 0.3 7.6 19.1 6 0.3 99.1

65.2 0.1 0.6 8.3 19.5 4.6 0.3 98.8
65.7 0.2 0.3 7.7 19.2 5.8 0.3 99.2
65.8 0.2 0.4 8.1 19.3 5.2 0.4 99.3
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Table B.5, continued.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample Locality SIWd

66.8 0.2 0.3 7.5 19.5 6.1 0.4 100.9
66.2 0.2 0.4 7.7 19.5 5.8 0.3 100.1

66.6 0.1 0.4 7.8 19.5 6 0.2 100.6
66.8 0.2 0.3 7.6 19.4 6.3 0.2 100.9
66.8 0.2 0.3 7.6 19.4 6.2 0.3 100.7

66.6 0.2 0.3 7.3 19.3 6.5 0.2 100.5
65.9 0.2 0.3 7.3 19.1 6.3 0.3 99.5
65.8 0.2 0.3 7.2 19.2 6.4 0.2 99.2

Note: Each grouping of 1 to 3 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or

greater than 102% were discarded.
b Sample number VC-86-148, 30.523◦ N 115.102◦ W.
c Sample number SF-00-11, 30.649◦ N 114.856◦ W.
d Sample number PVPL-231A, 30.384◦N, 114.917◦ W.
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Table B.6. Microprobe analyses of feldspar, Tmr3 ignimbrite, Sonora.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality SMb

67.7 0.2 0.3 7.5 19.1 6.4 0.3 101.5

67.9 0.2 0.3 7.5 18.8 6.5 0.2 101.3
68 0.2 0.3 7.4 19.1 6.5 0.2 101.6
67 0.2 0.3 7.4 18.9 6.2 0.4 100.5

66.6 0.2 0.8 8.1 19.6 4.9 0.7 100.9
66.4 0.2 0.5 7.9 19.2 5.3 0.5 100.1
66.7 0.2 0.6 8.2 19.5 4.8 0.4 100.5

66.9 0.2 0.3 7.4 18.9 6.6 0.3 100.4
66.8 0.2 0.3 7.3 18.9 6.4 0.2 100.1
67.1 0.2 0.3 7.5 18.9 6.2 0.3 100.5

66.8 0.2 0.3 7.2 18.6 6.4 0.2 99.7
66.8 0.2 0.3 7.3 18.7 6.5 0.2 100
66.8 0.1 0.3 7.4 18.9 6.3 0.2 100

66.4 0.2 0.3 7.4 18.9 6.3 0.3 99.8
67.3 0.2 0.3 7.5 18.9 6.2 0.3 100.7
66.5 0.1 0.7 8.3 19.3 4.9 0.4 100.2

64.9 0.2 0.4 7.4 19 5.9 0.3 98.1
65.1 0.1 0.3 7.3 18.8 6 0.3 98

65 0.2 0.5 7.6 19.1 5.5 0.4 98.4
65.3 0.2 0.4 7.5 18.9 5.7 0.3 98.2
65.4 0.2 0.4 7.6 19 5.7 0.2 98.4

65.2 0.2 0.3 7.2 18.9 6.3 0.3 98.5
65.4 0.2 0.3 7.3 18.9 6.2 0.3 98.6
65.5 0.2 0.3 7.4 19 6.2 0.3 98.8

66.1 0.2 0.3 7.6 19 6 0.2 99.3
66 0.2 0.3 7.5 19.1 5.9 0.3 99.3
65.9 0.2 0.3 7.5 19.2 6 0.3 99.4
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Table B.6, continued.

SiO2 FeO CaO Na2O Al2O3 K2O BaO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality PRc

67 0.2 0.3 7.3 19.3 6.5 0.4 100.9
66.9 0.2 0.4 7.6 19.5 6 0.3 100.8
67 0.1 0.4 7.7 19.6 5.7 0.2 100.9

66.5 0.2 0.3 7.4 19.3 6.2 0.3 100.1
66.3 0.2 0.4 7.8 19.6 5.4 0.3 100.1
66.2 0.2 0.4 7.8 19.4 5.6 0.4 99.9

65.9 0.1 0.4 7.6 19.2 5.6 0.3 99.2
65.7 0.2 0.5 7.7 19.5 5.2 0.4 99.3
66 0.1 0.4 7.7 19.2 5.4 0.3 99.1
Sample Locality SKd

66.5 0.2 0.3 7.3 19.2 6.4 0.4 100.3
66.6 0.2 0.3 7.4 19.4 6.2 0.2 100.5
66.6 0.2 0.4 7.9 19.6 5.4 0.4 100.6

67.3 0.2 0.3 7.5 19 5.6 0.4 100.3
66.6 0.2 0.4 7.8 19.6 5.5 0.3 100.4
66.7 0.2 0.3 7.4 19.4 6.3 0.3 100.6

66.6 0.2 0.3 7.6 19.4 5.8 0.2 100
66.5 0.2 0.4 8.2 19.6 5 0.3 100.2
66.4 0.2 0.5 8.2 19.8 4.8 0.4 100.3

65.9 0.2 0.3 7.4 18.9 5.8 0.3 98.9
65.7 0.2 0.3 7.3 19 5.8 0.2 98.5
65.7 0.2 0.3 7.5 19.1 5.7 0.2 98.7

65.7 0.2 0.4 7.5 19 5.7 0.4 98.9
65.5 0.2 0.4 7.9 19 5.1 0.3 98.4
65.7 0.2 0.3 7.5 18.8 5.8 0.3 98.7

Note: Each grouping of 1 to 3 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or

greater than 102% were discarded.
b First 16 analyses: Sample TIB-98-12, 28.979◦ N 112.458◦ W. Second 11 analyses:

Sample BV-99-08: 28.924◦N, 112.446◦ W.
c Sample number PRS-309, 29.052◦ N 112.500◦ W.
d Sample number BA-99-13, 29.171◦ N 112.358◦ W.
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Table B.7. Microprobe analyses of pyroxene, Tmr3 ignimbrite, Baja California.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality VCb

49.6 3.5 26.8 19.4 0.5 0.2 0.3 0.7 101
49.2 2.5 28.4 19.3 0.6 0.3 0.3 0.7 101.3
49.4 2.6 28.3 19.3 0.5 0.1 0.2 0.8 101.3

52.7 18.5 26.9 1.6 0 0.2 0.7 0.7 101.4
52.9 19.4 25 1.5 0 0.2 1 0.7 100.9
51.1 15.2 31.4 1.5 0 0.3 0.8 0.9 101.4
49 7.4 41.7 1.6 0 0.1 0.2 1.3 101.5
50.3 4.1 26.3 19.4 0.5 0.2 0.4 0.7 101.9
50.6 6.9 22.8 18.4 0.5 0.4 1.1 0.8 101.5

50.2 6.3 23.1 19 0.4 0.2 0.5 0.7 100.6
50.3 6.7 23.5 18.4 0.3 0.2 0.5 0.7 100.6
50.6 6.7 22.6 19.2 0.4 0.1 0.5 0.7 100.9
50.8 7.6 21.8 18.7 0.4 0.2 0.7 0.7 100.9
50.6 6.5 22.9 19.3 0.4 0.1 0.5 0.7 101.2
50.6 7.8 22.8 18 0.4 0.3 0.7 0.7 101.3
50.4 6.7 23.8 18.5 0.4 0.2 0.6 0.7 101.5

49.8 3 27.3 19.6 0.5 0.2 0.3 0.7 101.5
50.1 3.2 26.8 19.3 0.5 0.1 0.5 0.6 101.2

48.5 7.3 41.4 1.4 0 0.2 0.2 1.3 100.3
48.8 7.6 40.3 1.8 0 0.1 0.1 1.3 100.2
50.3 5.7 24.1 19.2 0.5 0.2 0.4 0.8 101.2
49.5 3.9 26.4 19.4 0.5 0.1 0.3 0.7 100.8
49.7 3.8 26.2 19.6 0.5 0.1 0.3 0.7 100.9

49.5 10.8 37.1 1.3 0 0.1 0.4 1 100.3
49.2 9.5 39.1 1.2 0 0.1 0.4 1.1 100.6
49.6 3.4 27.1 19.6 0.5 0.1 0.3 0.7 101.3
49.9 3.4 27.2 19.6 0.5 0.2 0.3 0.8 101.8
49.7 3.2 27.4 19.6 0.5 0.2 0.3 0.7 101.6
49.7 3.2 27.5 19.7 0.5 0.1 0.3 0.7 101.8
49.7 4.1 26.5 19.4 0.5 0.1 0.4 0.7 101.5
49.4 9.2 39.3 1.3 0.1 0.1 0.4 1.2 101.2
49.1 8.1 41.1 1.3 0 0.1 0.2 1.3 101.3
49.8 7.7 36.2 5.8 0.2 0.1 0.3 1.1 101.1

49.9 2.9 27.7 19.9 0.5 0.2 0.3 0.7 102
49.4 3.3 26.7 19.3 0.5 0.1 0.3 0.7 100.4
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Table B.7, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

49.1 2.8 27.6 19.2 0.5 0.2 0.3 0.7 100.5
49.5 3.4 26.5 19.7 0.5 0.2 0.3 0.7 100.7
49.3 2.9 27.4 20 0.5 0.2 0.3 0.7 101.2
48.5 3.3 27 19.3 0.5 0.1 0.4 0.7 100

49.8 2.7 27.4 19.9 0.5 0.1 0.2 0.8 101.6
49.9 2.9 27.3 19.6 0.5 0.1 0.3 0.7 101.4
49.6 3 27.4 18.7 0.5 0.1 0.4 0.7 100.5

50.7 7.5 21.5 19.1 0.3 0.2 0.6 0.6 100.6
49.8 6.4 22.8 19.1 0.4 0.1 0.6 0.6 99.9
49 3.8 25.9 19 0.4 0.2 0.4 0.7 99.4
49.9 5 23.9 19.2 0.5 0.2 0.6 0.7 100
48.7 5.9 23.9 18.5 0.5 0.2 0.6 0.6 99.1
Sample locality SFc

49.5 4.3 26.4 19.8 0.5 0.2 0.4 0.7 101.8
49.1 3.6 27.1 19.7 0.5 0.2 0.3 0.8 101.4
49.2 3.8 26.5 19.6 0.5 0.1 0.3 0.7 100.8

48.8 9.6 40.1 1.4 0 0.2 0.2 1.5 101.8
48.6 9 40 1.5 0 0.2 0.2 1.4 101
48.6 8.5 40.5 1.5 0 0.1 0.2 1.3 100.8
49 3.9 27.4 19.6 0.5 0.1 0.3 0.7 101.5
48.4 3.7 26.6 19.5 0.5 0.2 0.3 0.8 99.9

47.9 2.7 27.6 19.6 0.5 0.2 0.2 0.7 99.7
48.6 2.7 27.8 20 0.5 0.2 0.2 0.7 100.7
48.6 3.2 27 19.6 0.5 0.1 0.3 0.8 100.2

48.6 3.5 27.3 19.1 0.5 0.1 0.3 0.7 100.2
48.3 3.7 26.9 19.2 0.5 0.2 0.3 0.7 99.9
48.5 4 26.3 19.3 0.5 0.2 0.3 0.7 99.8

48.6 3.9 26.6 19.3 0.5 0.1 0.3 0.7 100
48.4 3.3 27.1 19.3 0.5 0.1 0.3 0.7 99.8
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Table B.7, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality SIWd

48.7 3.6 27 19.4 0.5 0.1 0.3 0.7 100.4
48.7 3.7 27 19.4 0.4 0.2 0.3 0.7 100.5
48.7 3.9 26.5 19.3 0.5 0.1 0.3 0.7 100

48.8 10.8 37 1.4 0 0.1 0.2 1.1 99.7
47.6 7.6 41.3 1.9 0 0.2 0.4 1.3 100.1
48.8 3.9 26.1 19.3 0.5 0.2 0.3 0.8 99.8
48.9 4 26.3 19.1 0.5 0.1 0.3 0.7 100

49.7 12.6 35.4 1.3 0 0.1 0.4 1.1 100.7
49.9 6.7 24.2 18.4 0.4 0.2 0.5 0.8 101.1
49.6 5 25.9 19.3 0.5 0.2 0.4 0.8 101.6
49.6 3.9 26.6 19.7 0.5 0.1 0.3 0.8 101.4

49.2 9.5 40 1.4 0 0.1 0.2 1.3 101.9
49 9.2 40.3 1.5 0 0.1 0.2 1.4 101.9
48.3 7.9 41.9 1.4 0 0.1 0.2 1.3 101.3
49.6 4.6 26.6 19.2 0.5 0.1 0.3 0.8 101.8
49.4 3.9 26.8 19.7 0.5 0.1 0.3 0.7 101.5
49.4 3.6 27 19.9 0.4 0.2 0.3 0.8 101.8

Note: Each grouping of 2 to 10 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or greater than

102% were discarded.
b Sample number VC-86-148, 30.523◦ N 115.102◦ W.
c Sample number SF-00-11, 30.649◦ N 114.856◦ W.
d Sample number PVPL-231A, Tmr3-type II, 30.384◦N, 114.917◦ W.
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Table B.8. Microprobe analyses of pyroxene, Tmr3 ignimbrite, Sonora.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality SMb

48.9 3.3 26.4 19.7 0.5 0.2 0.3 0.7 99.8

49.8 4.1 25.8 20 0.4 0.2 0.3 0.7 101.4
49.6 2.2 27.1 19 0.5 0.2 0.6 0.7 100
49.8 3.9 26.2 19.6 0.5 0.1 0.3 0.8 101.3

49.3 3.1 27 19.6 0.5 0.2 0.3 0.7 100.9
49.7 3.8 26.5 19.6 0.5 0.1 0.3 0.7 101.3
49.5 3.8 26 19.6 0.5 0.1 0.3 0.7 100.6

49.5 4.6 26.4 19.6 0.5 0.1 0.3 0.7 101.7
49.8 3.9 27 19.6 0.5 0.2 0.3 0.7 101.9
49.4 3.7 26.4 19.5 0.5 0.2 0.3 0.7 100.9

48.8 12.2 36.3 1 0 0.2 0.9 1 100.4
47.4 7.3 42.7 1.3 0 0.2 0.3 1.4 100.6
48.8 3.8 27.3 19.6 0.5 0.2 0.3 0.7 101.2
48.9 3.3 27.5 19.7 0.5 0.1 0.3 0.7 101.1
47.8 3.9 26.8 19.3 0.5 0.1 0.3 0.7 99.5

48.8 9.2 40.5 1.3 0 0.1 0.2 1.3 101.6
49.2 9.7 39.7 1.4 0 0.1 0.2 1.4 101.9
48.7 8.6 41.3 1.4 0 0.1 0.2 1.4 101.8
49.5 4.4 27.2 18.8 0.5 0.1 0.3 0.8 101.6
49.3 3.9 26.9 19.6 0.5 0.2 0.3 0.7 101.4

48.7 10.3 39.3 1 0 0.1 0.7 1.1 101.4
49.3 12.1 36.8 1 0 0.2 0.8 1 101.3

49 3.3 26.4 19.2 0.5 0.2 0.3 0.8 99.8
48.6 2.4 27.8 19.5 0.5 0.2 0.2 0.7 100
48.5 2.5 27.8 19.4 0.5 0.2 0.2 0.8 99.8

48.2 3.8 25.9 18.9 0.5 0.1 0.3 0.7 98.6
48.3 3.6 25.9 18.8 0.4 0.1 0.3 0.7 98.2
48.5 3.9 25.6 19.1 0.4 0.2 0.3 0.7 98.8
48.4 3.8 25.1 19.2 0.5 0.1 0.3 0.7 98.2

47.8 2.6 27 19.2 0.5 0.2 0.2 0.7 98.3
47.9 2.7 26.7 19 0.6 0.2 0.3 0.7 98.1

48.8 3.2 26.6 19.1 0.5 0.2 0.3 0.6 99.3
48.8 2.8 27 19.5 0.5 0.2 0.3 0.7 99.7
48.8 3.5 26.2 19.5 0.5 0.1 0.3 0.6 99.5
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Table B.8, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample locality PRc

48.8 3.9 26.4 19 0.5 0.2 0.3 0.7 99.9
48.5 3.2 27 19.4 0.5 0.1 0.3 0.7 99.8

49.9 6.1 24.1 18.9 0.4 0.2 0.4 0.8 100.9
50 6 24.4 18.8 0.4 0.1 0.4 0.8 101
49.8 5 25.2 19.3 0.4 0.1 0.4 0.7 101

48.9 3.1 27.5 19.5 0.6 0.2 0.3 0.7 100.8
48.6 2.6 28.1 19.8 0.5 0.2 0.2 0.8 100.8
48.5 3.3 27.4 19.9 0.5 0.2 0.3 0.7 100.7

48.9 1.9 29.3 19.5 0.6 0.2 0.2 0.9 101.6
49 2.6 28.1 19.6 0.6 0.2 0.2 0.8 101.1
48.7 3 27.5 19.4 0.5 0.1 0.3 0.8 100.4

48.5 4.1 26 19.1 0.4 0.2 0.4 0.7 99.4

48.4 2.4 27.9 19.6 0.5 0.2 0.2 0.7 100
48.3 2.2 28.4 19.8 0.6 0.2 0.2 0.8 100.5
48.1 3.2 26.3 19.1 0.5 0.2 0.3 0.7 98.6

48.8 3.9 26.6 19 0.5 0.1 0.3 0.8 100.1
48.6 3.9 26.4 19 0.5 0.2 0.3 0.8 99.7

48.9 4.7 25.6 18.9 0.5 0.2 0.4 0.8 99.9
49 4.2 26.1 19.4 0.4 0.1 0.3 0.7 100.3
49.2 4.6 25.7 19.1 0.5 0.2 0.4 0.8 100.6
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Table B.8, continued.

SiO2 MgO FeO CaO Na2O TiO2 Al2O3 MnO Totala

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample Locality SKd

47.9 2.3 28.9 18.5 0.5 0.2 0.3 0.8 99.4
48.6 2.7 27.6 19.3 0.5 0.1 0.3 0.8 99.8

48.7 3.9 26 19.1 0.5 0.2 0.3 0.7 99.4
48.2 4 25.4 19.2 0.4 0.2 0.3 0.7 98.5

49.2 4.6 25.4 18.9 0.4 0.1 0.5 0.7 99.8
48.9 4 26 19.1 0.4 0.1 0.4 0.7 99.9

49.3 3.7 26.1 19.3 0.5 0.1 0.3 0.7 100

49.2 3.4 26.8 19.1 0.5 0.1 0.3 0.7 100.3
49 3.3 26.5 19.6 0.5 0.1 0.3 0.7 100

49 2.9 27.4 19.5 0.5 0.1 0.3 0.8 100.5
48.8 2.6 27.6 19.2 0.6 0.2 0.3 0.7 99.9

48.3 2.8 27.2 19.1 0.5 0.1 0.3 0.8 99
48.4 3 27.2 19.1 0.5 0.2 0.3 0.7 99.3

47.1 6.5 41.7 1.6 0 0.1 0.2 1.4 98.5
48.2 3.1 26.8 19.4 0.4 0.1 0.2 0.7 99

48.3 3.5 26.7 19.3 0.5 0.2 0.3 0.7 99.4
48.5 3.4 26.7 19.3 0.5 0.2 0.3 0.7 99.6
48.3 3.2 26.5 19.7 0.5 0.1 0.3 0.8 99.4

Note: Each grouping of 1 to 5 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or greater than

102% were discarded.
b First 22 analyses: Sample TIB-98-12, 28.979◦ N 112.457◦ W. Second 13 analyses: Sample

BV-99-08: 28.924◦N, 112.446◦ W.
c Sample number PRS-309, 29.052◦ N 112.500◦ W.
d Sample number BA-99-13, 29.171◦ N 112.358◦ W.
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Table B.9. Microprobe analyses of olivine, Tmr3 ignimbrite, Baja California and
Sonora.

MgO SiO2 CaO TiO2 MnO FeO Totala Fob Fab

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample Locality SFc

2.7 28.6 0.2 0.0 3.0 64.3 99.1 0.07 0.90

2.6 30.0 0.2 0.0 1.9 66.9 101.6 0.06 0.93
2.7 29.9 0.2 0.1 2.1 67.0 102.0 0.07 0.93
Sample Locality SMd

2.3 30.3 0.2 0.0 1.9 66.9 101.7 0.06 0.93
2.3 29.6 0.2 0.0 1.9 66.9 101.0 0.06 0.93

2.4 29.8 0.2 0.0 1.9 65.7 100.0 0.06 0.91
2.4 29.8 0.2 0.0 1.9 65.8 100.1 0.06 0.92
2.4 30.0 0.2 0.0 1.8 65.6 99.9 0.06 0.91

2.6 29.7 0.2 0.0 1.7 64.9 99.2 0.06 0.90
2.8 29.8 0.3 0.0 2.0 63.8 98.7 0.07 0.89

2.5 30.0 0.2 0.0 1.8 65.4 99.9 0.06 0.91
2.5 29.9 0.2 0.0 1.8 65.2 99.6 0.06 0.91
2.4 30.0 0.2 0.0 1.9 65.7 100.2 0.06 0.91

Sample Locality SKe

2.3 29.6 0.2 0.0 1.8 65.3 99.2 0.06 0.91
2.3 29.7 0.2 0.0 1.9 65.6 99.7 0.06 0.91
2.4 29.6 0.2 0.0 2.0 65.0 99.4 0.06 0.91

2.3 29.7 0.2 0.1 1.9 66.3 100.6 0.06 0.92
2.4 29.7 0.2 0.0 1.9 65.2 99.4 0.06 0.91
2.4 29.7 0.2 0.0 1.9 65.3 99.5 0.06 0.91

2.4 29.9 0.2 0.0 1.8 65.2 99.5 0.06 0.91
2.4 29.9 0.2 0.0 1.9 65.5 99.9 0.06 0.91
2.3 29.8 0.2 0.0 1.8 64.9 99.1 0.06 0.90

Note: Each grouping of 1 to 3 analyses is from a single crystal.
a Total of measured weight percent. Measurements with totals less than 98% or greater

than 102% were discarded.
b Fraction of Forserite (Fo) and Fayalite (Fa) olivine end members.
c First 2 analyses: Sample TIB-98-12, 28.979◦ N 112.457◦ W. Second 8 analyses: Sample

BV-99-08: 28.924◦N, 112.446◦ W.
d Sample number PRS-309, 29.052◦ N 112.500◦ W.
e Sample number BA-99-13, 29.171◦ N 112.358◦ W.
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Table B.10. Microprobe analyses of crystal separates for geochronology.

Al2O3 SiO2 CaO K2O Na2O Total Mineral
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample SWT-99-25 Tmpm clast 28.904◦N, 112.533◦W
19.4 67.4 0.7 7.2 6.9 101.8 anorthoclase
19.6 68.2 0.6 7.4 6.7 102.6 anorthoclase

20.3 66.8 1.5 4.5 8.5 101.7 anorthoclase
19.6 67.6 0.8 6.3 7.5 102.1 anorthoclase

20.4 67.1 1.4 4.5 8.4 102.1 anorthoclase
20.1 66.9 1.4 4.8 8.2 101.6 anorthoclase

20.1 66.9 1.4 4.6 8.4 101.6 anorthoclase
20.2 66.5 1.4 4.6 8.2 101.2 anorthoclase

0.0 100.3 0.0 0.0 0.0 100.4 quartz
0.0 101.1 0.0 0.0 0.0 101.2 quartz

20.2 67.0 1.4 4.6 8.4 101.7 anorthoclase
20.3 66.8 1.5 4.6 8.4 101.7 anorthoclase

20.0 65.9 1.2 7.6 6.3 101.2 anorthoclase
20.5 66.2 1.5 6.9 6.7 101.9 anorthoclase

Sample BV-99-08 Tmr3 28.917◦N, 112.447◦W
19.5 66.6 0.7 4.4 8.9 100.8 anorthoclase
21.2 65.1 2.4 1.5 10.2 100.8 anorthoclase

19.5 66.9 0.7 4.6 8.8 101.2 anorthoclase
19.4 67.0 0.7 4.6 8.8 101.2 anorthoclase

18.9 67.6 0.3 5.9 7.9 101.1 anorthoclase
19.0 67.4 0.3 5.9 8.0 101.1 anorthoclase

18.8 67.0 0.3 6.3 7.6 100.5 anorthoclase
19.0 66.9 0.3 6.3 7.7 100.7 anorthoclase

18.8 67.5 0.2 6.4 7.6 100.9 anorthoclase
19.0 66.9 0.4 6.0 7.9 100.7 anorthoclase
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Table B.10, continued.

Al2O3 SiO2 CaO K2O Na2O Total Mineral
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample SWT-99-11a Tprcs 28.924◦N, 112.446◦W
24.1 60.6 6.5 0.5 8.1 100.2 plagioclase
24.2 61.0 6.5 0.6 8.2 100.8 plagioclase

24.0 61.1 6.0 0.6 8.2 100.3 plagioclase
24.0 60.7 6.1 0.6 8.3 100.1 plagioclase

25.4 59.1 7.7 0.4 7.5 100.4 plagioclase
25.2 59.4 7.6 0.5 7.4 100.5 plagioclase

24.5 61.0 6.5 0.6 8.1 100.9 plagioclase

25.8 58.4 8.3 0.4 7.2 100.8 plagioclase
26.0 58.4 8.3 0.4 7.1 100.6 plagioclase

Sample BV-99-30 Tmrsf 28.956◦N, 112.470◦W
19.4 68.0 0.5 7.9 6.3 102.3 anorthoclase
19.6 67.6 0.6 7.4 6.5 101.9 anorthoclase

20.3 67.5 1.4 4.9 7.9 102.2 anorthoclase
19.9 67.7 1.2 5.4 7.8 102.2 anorthoclase

20.3 68.0 1.2 5.4 7.5 102.5 anorthoclase
20.2 68.0 1.2 5.4 7.6 102.7 anorthoclase

19.6 68.1 0.7 6.9 6.8 102.5 anorthoclase
19.8 68.0 0.9 6.3 7.3 102.4 anorthoclase

20.2 67.3 1.3 4.7 8.2 101.9 anorthoclase
20.4 68.0 1.2 5.1 7.9 102.7 anorthoclase

Sample BV-99-20a Tma2 28.991◦N, 112.476◦W
0.0 103.4 0.0 0.0 0.0 103.4 quartz
0.0 103.3 0.0 0.0 0.0 103.4 quartz

0.0 103.3 0.0 0.0 0.0 103.4 quartz
0.0 103.0 0.0 0.0 0.0 103.1 quartz

0.0 102.8 0.0 0.0 0.0 103.0 quartz
0.0 102.1 0.0 0.0 0.0 102.1 quartz

24.5 62.5 6.1 0.6 8.1 101.9 plagioclase
25.1 61.5 6.4 0.6 7.8 101.5 plagioclase

0.0 102.4 0.0 0.0 0.0 102.5 quartz
0.0 101.9 0.0 0.0 0.0 102.0 quartz
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Table B.10, continued.

Al2O3 SiO2 CaO K2O Na2O Total Mineral
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample TIB-98-02 Tmvlc 28.766◦N, 112.351◦W
20.1 67.1 1.3 4.8 8.3 101.8 anorthoclase
19.8 67.3 1.3 4.7 8.3 101.8 anorthoclase

20.1 67.1 1.4 4.7 8.3 101.9 anorthoclase
20.3 67.7 1.5 4.6 8.1 102.2 anorthoclase

19.6 67.7 0.7 6.9 7.0 102.2 anorthoclase
19.6 67.5 0.7 7.0 6.9 101.9 anorthoclase

19.4 67.1 0.5 7.6 6.5 101.3 anorthoclase
19.4 67.1 0.5 7.5 6.7 101.5 anorthoclase

19.8 67.2 1.0 6.0 7.5 101.8 anorthoclase
19.3 67.9 0.4 8.0 6.1 101.9 anorthoclase

Sample TIB-98-25 Tmrcc 28.840◦N, 112.488◦W
20.1 67.3 1.2 5.2 8.1 102.1 anorthoclase
19.8 67.7 1.0 5.2 8.1 101.8 anorthoclase

20.6 66.9 1.6 4.0 8.7 102.0 anorthoclase
20.3 67.1 1.4 4.4 8.4 101.8 anorthoclase

20.8 66.4 1.9 3.5 8.8 101.6 anorthoclase
20.2 67.1 1.3 4.8 8.2 101.9 anorthoclase

20.3 66.9 1.6 4.4 8.4 101.7 anorthoclase
20.5 67.3 1.5 4.4 8.3 102.3 anorthoclase

20.0 67.0 1.2 4.9 8.1 101.4 anorthoclase
19.6 67.3 0.9 6.3 7.3 101.6 anorthoclase
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Table B.10, continued.

Al2O3 SiO2 CaO K2O Na2O Total Mineral
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample TIB-98-11 Tmprsz1 28.899◦N, 112.542◦W
19.3 67.6 0.4 5.7 7.9 101.5 anorthoclase
19.3 67.1 0.4 5.5 8.3 101.2 anorthoclase

19.0 67.5 0.3 6.1 7.8 101.3 anorthoclase
19.1 68.0 0.3 6.1 7.8 101.8 anorthoclase

23.9 61.9 5.2 0.7 8.8 100.9 plagioclase
23.9 62.1 5.2 0.7 9.1 101.4 plagioclase

19.2 67.5 0.4 5.4 8.2 101.3 anorthoclase
19.5 68.1 0.4 5.7 7.9 102.1 anorthoclase

19.3 67.9 0.4 5.4 8.2 101.6 anorthoclase
19.5 68.0 0.4 5.3 8.1 101.9 anorthoclase

19.4 67.7 0.5 5.5 8.2 101.8 anorthoclase
19.3 67.9 0.4 5.7 8.0 101.8 anorthoclase

22.9 63.1 4.1 0.9 9.3 100.9 plagioclase
23.1 62.9 4.4 0.8 9.3 101.0 plagioclase

Sample TIB-98-23 Tmrsf 28.974◦N, 112.460◦W
19.2 67.8 0.5 7.7 6.5 102.0 anorthoclase
19.6 68.0 0.7 7.1 6.6 102.3 anorthoclase

19.8 67.8 1.0 5.8 7.6 102.2 anorthoclase
19.5 67.9 0.6 7.4 6.7 102.3 anorthoclase

20.1 67.8 1.2 5.6 7.5 102.3 anorthoclase
20.2 67.6 1.2 5.0 7.8 101.9 anorthoclase

20.4 67.5 1.3 4.8 7.9 102.1 anorthoclase
20.3 67.0 1.3 4.8 8.1 101.9 anorthoclase

20.4 67.4 1.5 4.7 8.0 102.2 anorthoclase
20.5 67.1 1.5 4.4 8.3 102.1 anorthoclase
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Table B.10, continued.

Al2O3 SiO2 CaO K2O Na2O Total Mineral
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample BK-99-05 Tmrsf 28.880◦N, 112.023◦W
20.5 67.3 1.5 4.4 8.3 102.2 anorthoclase
20.5 68.0 1.5 4.5 8.2 102.7 anorthoclase

20.5 67.9 1.3 4.7 8.0 102.7 anorthoclase
19.3 67.2 0.7 7.1 7.0 101.7 anorthoclase

19.4 67.9 0.6 7.6 6.4 102.0 anorthoclase
19.5 67.7 0.7 6.9 6.9 101.9 anorthoclase

19.3 67.9 0.5 7.9 6.2 102.0 anorthoclase
19.4 68.2 0.5 7.7 6.4 102.3 anorthoclase

20.2 67.2 1.4 4.6 8.1 101.7 anorthoclase
19.4 67.6 0.6 7.5 6.5 101.7 anorthoclase

Sample SWT-99-28 Tmprsz1 28.898◦N, 112.530◦W
0.0 102.3 0.0 0.0 0.0 102.4 quartz
0.0 102.6 0.0 0.0 0.0 102.6 quartz

19.5 67.3 0.5 5.5 8.3 101.4 anorthoclase
19.4 67.6 0.5 5.5 8.2 101.7 anorthoclase

19.1 67.6 0.3 6.2 7.9 101.4 anorthoclase
19.2 67.8 0.3 6.1 7.6 101.7 anorthoclase

19.2 67.7 0.3 6.1 7.9 101.6 anorthoclase
19.1 67.2 0.4 6.0 8.0 101.1 anorthoclase

19.3 67.7 0.4 5.8 7.9 101.6 anorthoclase
19.0 68.1 0.3 6.1 7.7 101.6 anorthoclase

Sample SZ-98-04a Tpth3 28.867◦N, 112.467◦W
24.6 61.2 6.5 0.4 8.0 101.3 plagioclase
24.4 62.0 5.9 0.5 8.4 101.6 plagioclase

25.7 60.0 7.7 0.4 7.4 101.5 plagioclase
25.4 59.9 7.5 0.3 7.6 101.1 plagioclase

25.7 59.7 7.7 0.3 7.4 101.3 plagioclase
27.5 57.2 9.7 0.2 6.4 101.5 plagioclase

27.0 57.1 9.6 0.2 6.5 100.9 plagioclase
27.8 55.9 10.6 0.2 6.0 101.0 plagioclase

26.5 58.1 8.8 0.3 6.8 101.0 plagioclase
23.9 62.3 5.7 0.5 8.5 101.2 plagioclase
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Table B.10, continued.

Al2O3 SiO2 CaO K2O Na2O Total Mineral
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Sample TIB-98-09b Tmbr 28.897◦N, 112.531◦W
0.0 0.1 56.7 0.0 0.0 56.8 calcite?
24.3 62.4 6.0 0.6 8.1 101.7 plagioclase

24.1 62.6 5.8 0.6 8.3 102.0 plagioclase
24.2 62.1 6.0 0.6 8.1 101.5 plagioclase

0.0 0.1 58.4 0.0 0.0 58.6 calcite?
0.0 0.1 58.6 0.0 0.0 58.8 calcite?

23.8 62.9 5.6 0.6 8.5 101.9 plagioclase
24.0 62.5 5.7 0.6 8.3 101.7 plagioclase

0.0 0.1 56.7 0.0 0.0 56.9 calcite?
0.0 0.0 57.4 0.0 0.0 57.6 calcite?

Sample TIB-98-12 Tmr3 28.979◦N, 112.457◦W
18.6 67.2 0.3 6.2 7.5 100.1 anorthoclase
18.6 66.8 0.3 6.2 7.5 99.8 anorthoclase

18.7 65.1 0.3 5.6 7.6 98.0 anorthoclase
18.8 65.2 0.4 5.7 7.8 98.5 anorthoclase

19.1 67.5 0.3 5.7 8.0 101.2 anorthoclase
19.4 68.3 0.4 5.4 7.9 102.0 anorthoclase

27.4 56.9 9.4 0.3 6.6 100.9 plagioclase
27.3 57.0 9.9 0.3 6.3 101.0 plagioclase

19.3 68.2 0.3 6.0 7.7 101.9 anorthoclase
19.3 68.7 0.4 6.1 7.7 102.4 anorthoclase

Sample SZ-98-08 Tmprsz1 28.885◦N, 112.384◦W
19.3 67.8 0.4 5.6 8.0 101.6 anorthoclase
19.4 68.3 0.4 5.5 8.0 102.1 anorthoclase

19.6 68.4 0.5 5.0 8.4 102.4 anorthoclase
19.6 68.3 0.5 4.9 8.3 102.1 anorthoclase

19.4 67.7 0.4 5.5 7.9 101.6 anorthoclase
19.5 67.8 0.4 5.5 8.1 101.8 anorthoclase

0.0 103.0 0.0 0.0 0.0 103.1 quartz
0.0 102.7 0.0 0.0 0.0 102.7 quartz

19.3 68.5 0.3 5.6 8.0 101.9 anorthoclase
19.6 68.4 0.4 5.8 7.6 102.4 anorthoclase

Note: Each grouping of 2 analyses is from a single crystal.
a Samples containing significant plagioclase were not successfully dated in this

study.
b Calcite accidentally separated, sample discarded.
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Appendix C

40Ar/39Ar Geochronology

Separates of feldspar were prepared from all samples. Separation of feldspar was

by dry mechanical techniques. Altered rinds of hand-samples were chipped away and

the remaining unaltered sample was processed through a jaw crusher. The resulting

rock chips were inspected to remove lithic fragments from the sample. The remaining

chips were then fed through a pulverizer, washed, dried and sifted to separate a 30# to

80# (0.59 mm to 0.177 mm) fraction. Highly magnetic particles were removed using

a hand magnet and the remaining was sample placed into an ultrasound bath to

dislodge glass particles from feldspar phenocrysts. The nonmagnetic fraction of each

sample was concentrated using a Frantz isodynamic separator. The non-magnetic

fraction, which consists mostly of non-Fe bearing phenocrysts, was again placed into

an ultrasound bath to dislodge glass particles. Samples were then washed and dried

for handpicking.

Handpicking employed the method of gamma-ray irradiation to differentiate feld-

spars from quartz [Rose et al., 1994]. This method uses a 137Cs source to irradiate

the sample. This does not alter the chemical composition nor impart radioactivity

to the phenocrysts but does cause a minor amount of damage to the crystal lattice.

This damage imparts a ’smoky’ color to the crystals in proportion to the number

of Si-O bonds. Quartz darkens the fastest whereas plagioclase darkens the slowest.

Alkali-feldspar darkens at an intermediate rate. After a short period of exposure to

gamma rays, each type of feldspar and quartz may be differentiated by color. With

additional exposure, eventually, all phenocrysts will become opaque. Application of

this method by Nagy [1997] showed that gamma-irradiation does not affect isotopic

age measurements.
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Final separation procedures for each sample followed irradiation by gamma rays

for 3 to 5 days. 100 to 200 mg of crystals of the irradiated sample were handpicked

to remove impurities of quartz, plagioclase, and phenocrysts with attached glass. A

few crystals from each sample were mounted and polished for microprobe analyses

(Table 3.1). Handpicking techniques were most effective for selecting alkali-feldspar.

Calcite was accidentally selected for the breccia clast (unit Tmbr) and the andesite

sample was contaminated by quartz (Tma2) possibly derived from lithic inclusions.

K and Ca content were measured by microprobe for a few crystals from each sample

(Appendix B, Table B.10).

Handpicked separates were prepared for 40Ar/39Ar dating by the following proce-

dures. Each sample was washed with ethanol, water, and acetone. Samples readied

for dating were sealed and shipped to McMaster University nuclear reactor in Hamil-

ton, Ontario, Canada for irradiation. Samples were encased in commercial grade Al

foil, packed into nine aluminum disks which were stacked vertically, and wrapped in

Cd to reduce neutron-induced production of 40Ar. The samples irradiated for 7.0 hrs

for a total of 14.0 MWhrs in position 5C of the McMaster University nuclear reactor.

Fish Canyon sanidine [Renne et al., 1994, 27.95 Ma] was used as a flux monitor.

Measurements of Ar isotopes were made at the Massachusetts Institute of Tech-

nology CLAIR laboratory by Dr. Joann Stock. This facility uses laser fusion to

release Ar from the sample. Six to eight crystals of K-feldspar were placed in each

sample well. Ten sets of measurements were attempted for each sample, although in

some cases the sample did not fuse. These results are summarized in Tables 3.1 and

5.2.

The following pages contain petrographic descriptions of samples used for geochronol-

ogy.
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Sample: SWT-99-25 350520E,31 98130N
Unit: Tmpm rounded tuff clast from marine

conglomerate

Description: somewhat altered; phenocryst-rich welded tuff clast
from marine conglomerate from southwest Isla
Tiburón

Components: % Note
glass shards 40 0.5-1 mm, welded
phenocrysts 20 1-2 mm, common large crystals, generally

subhedral-anhedral
pumice 35 0.1-1 cm, large
lithic fragments 5 1-4 mm, rare to uncommon
Phenocrysts: % Note
alkali feldspar 90 1-2 mm, anhedral
clinopyroxene 5 0.5 mm, green in plane light
plagioclase trace 1-2 mm, ragged edges
mafic opaque 5 ∼0.2 mm
olivine? trace 0.1 mm, high relief cluster
Lithic fragments: andesite, tuff(?)

Alteration: axiolitic replacement fabric in glass shards and
pumice, silicified groundmass

Structure: eutaxitic foliation, fiamme, section cut 45 degrees
oblique to foliation
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Sample: BV-99-08 359090E,32 00240N
Unit: Tmr3 Tmr3 member, Tuffs of Mesa Cuadrada

Description: Very clean glassy welded tuff with clean phenocrysts.
Components: % Note
glass 70 0.1-1 mm, light orange shards
pumice 5 0.5-1 cm, finely laminated
lithic fragments 5
phenocrysts 20 0.2-2 mm
Phenocrysts: % Note
alkali feldspar 80 0.5-2 mm, clean
clinopyroxene 5 0.3-1 mm, clean
biotite trace 0.5 mm, small thin crystals
zircon? trace 0.2 mm, high relief
hornblende trace light brown
mafic oxide 15 0.1-0.2 mm, small
Lithic fragments: altered andesite lithic fragments and a plagioclase-rich

glomerocryst
Alteration: altered lithics, otherwise a very clean sample

Structure: eutaxitic foliation, welding
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Sample: SWT-99-
11

350400E,31 97120N

Unit: Tprcs Rhyodacite of Cerro Starship

Description: rhyodacite lava flow.
Components: % Note
glass matrix 50 dark brown color
microlites 25 0.1–0.3 mm, acicular plagioclase with glass

cores indicative of quenching; defines tra-
chytic flow texture

phenocrysts 25 0.2–3 mm
lithic fragments trace andesite lithic fragment observed
Phenocrysts: % Note
plagioclase 70 0.5–3 mm, zoned euhedral, sometimes as

glomerocrysts with mafic silicates and ox-
ides, others as single elongate crystals with
conspicuous brown glass inclusisons

hornblende 5 0.5–2 mm, brown to olive color, equant,
blocky, subhedral to euhedral; common in
glomerocrysts

orthopyroxene 5 0.5–2 mm, light green, equant to acicular,
subhedral, common association with mafic
oxides; not pleochroic

mafic oxide 15 0.05–0.5 mm, elongate and equant,
common as small crystals disseminated
through matrix

quartz 5 up to 3 mm, uncommon, anhedral crystals
with common internal glass pockets

Lithic fragments: andesite lithic observed in hand sample and cut into
thin section; overall lithic inclusions are very rare

Alteration: embayed mafic silicates and quartz, random oxidized
grains may be olivine

Structure: trachytic flow texture defined by microlites; no evi-
dence for pyroclastic texture
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Sample: BV-99-20 356740E,32 03790N
Unit: Tma2 early syn-rift andesite lava flow

Description: glassy, plagioclase crystal-rich andesite lava flow
Components: % Note
matrix glass 25
matrix microlites 25 0.01–0.05 mm, Non-aligned, high-aspect

ratio plagioclase; devitrification effect of
cooling flow(?)

phenocrysts 50 0.1-1 mm, equiangular plagioclase, rare
large feldspar or quartz with disequilib-
rium texture

Phenocrysts: % Note
plagioclase 60 0.1–0.5 mm, equant blocks to tabular

lathe-shape, some zoned extinction
biotite 30 0.1-0.3 mm small tabular books, slightly

ragged and altered edges; common as small
single flakes

hornblende 10 0.5-1 mm
Lithic fragments: xenocrysts or large embayed phenocrysts of quartz or

feldspar; no multi-grain lithics in thin section
Alteration: moderate to low overall. Devitrification of glass ma-

trix
Structure: little to no flow lamination apparent from crystal

alignment
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Sample: TIB-98-02 368150E,31 82640N
Unit: Tmvlc Welded Tuff of Ensenada de la Cruz

Description: densely welded crystal-rich ash-flow tuff
Components: % Note
glass shards 65 1 mm, clear interior, opaque and recrystal-

ized rims
phenocrysts 20
lithic fragments 15
Phenocrysts: % Note
alkali feldspar 90 0.25-3 mm, anhedral-subhedral blocks, un-

twinned or simple twins
pyroxene 10 0.5 mm, non-pleochroic green, sometimes

simple twins, anhedral
plagioclase trace rare, possibly lithic-derived
Lithic fragments: andesite up to 3 mm

Structure: welded glass
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Sample: TIB-98-25 354770E,31 91030N
Unit: Tmrcc Welded Tuff of Cerro Colorado

Description: alkali feldspar- and pyroxene-phyric welded tuff vitro-
phyre; sampled to test correlation to Tmr3; orange-
colored glass with clear reduced rims; two prominent
orange splotches in section correspond to areas of ex-
tensive recrystalization of glass (but not spherulitic
overgrowths)

Components: % Note
welded glass 75 0.2-0.5 mm, orange cores
phenocrysts 15 0.1-1 mm, large blocky K-spar (some ex-

ceeding 1 mm) smaller mafic silicates and
oxides

lithic fragments 5 0.3-1 mm, angular
pumice 5 0.2-5 mm, fine-textured fiamme. 10:1 as-

pect ratio. One smaller pumice may pre-
serve an olivine phenocryst (see below)

Components: % Note
alkali feldspar 85 0.5-2 mm, tartan extinction
pyroxene 5 0.5 mm, green-brown pleochroism, equant

angular crystal cross sections
opaque 5 0.1-0.3 mm, equant, square cross sections
hornblende 5 0.2 mm, small, altered
olivine(?) trace 0.1 mm, one crystal in section
Lithic fragments: orange altered lithic: plagioclase, red oxidized and re-

crystallized zones
Alteration: some alteration of mafic phenocrysts

(Hornblende>pyroxene); devitrification zones cross
eutaxitic foliation at high angles

Structure: eutaxitic foliation defined by prominent welding of
glass shards and pumice
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Sample: TIB-98-11 349630E,31 97550N
Unit: Tmprsz1 Tuffs of Arroyo Sauzal #1

Description: non-welded to slightly welded ash-flow tuff, brecciated
Components: % Note
groundmass 35
glass shards 50 up to 1 mm, non-compacted, cuneiform-

like bubble walls
fine matrix glass 50
phenocrysts 15 0.3-2 mm

breccia 50 brecciated non-welded ash-flow tuff, with
different textural composition than matrix

glass shards 64 1 mm, non-compacted, cuneiform-like bub-
ble walls

fine matrix glass 16
phenocrysts 13
Phenocrysts: % Note
alkali feldspar 0.3-2 mm anhedral-subhedral, simple twins occasion-

ally
clinopyroxene 0.2-1 mm green (sodic?)
Lithic fragments: <1% rhyolite and andesite clasts

Alteration: some iron oxides stain on fine glass matrix, otherwise
very clean

Structure: Brecciated sample from pumice-enclosed exposure
that may have interacted with seawater during em-
placement; petrographic texture of cm-size clasts of
non-welded tuff contained in a matrix of additional
tuff; matrix glass is finer-grained than clasts.
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Sample: Tib-98-23 357730E,32 05760N
Unit: Tmrsf Tuff of San Felipe

Description: moderately devitrified crystal-rich welded tuff vitro-
phyre

Components: % Note
glass shards 80 0.1–1mm, brown color
red oxides 12 form spherulites
phenocrysts 7
Phenocrysts: % Note
anorthoclase 98 <1mm
augite trace weakly pleochroic green
hornblende trace strongly pleochroic brown
magnetite 1
Alteration: devitrified glass; reduced rims of glass shards;

spherulites up to 1 mm
Note: sample BV-99-30 from same outcrop as sample TIB-

98-23
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Sample: BK-99-05 400250E,31 94900N
Unit: Tmrsf Tuff of San Felipe

Description: densely-welded crystal-rich ignimbrite vitrophyre with
aphanitic lithic fragments and rare pumice fiamme

Components: % Note
welded glass 65 0.2–0.5 mm, densely welded with round

perlitic fractures
lithic fragments 10 0.5 mm-1 cm, a group of similar aphanitic

volcanic lithic fragments with plagioclase
microlites; abundance exaggerated because
of one large lithic in thin section

pumice 2 2–4 mm, welded pumice with fiamme tex-
ture

other glass 8 0.5-1 mm, rounded, dense lenses; may be
cognate glass droplets or other pumice(?)

phenocrysts 15
Phenocrysts: % Note
anorthoclase 94 0.2–2 mm, mottled extinction, tartan ex-

tinction poorly developed, simple angular
twins rare, cleavage well developed, angu-
lar (fractured?) hacky crystal edges com-
mon

augite 3 0.2–0.5 mm, green (sodic?) subangular,
weakly pleochroic

mafic oxide 3 < 0.1 mm, black angular crystals, mag-
netite(?)

Lithic fragments: aphanitic lithic fragments with plagioclase microlites
in groundmass–andesite(?)

Alteration: devitrification along fracture, otherwise absent

Structure: densely welded, eutaxitic foliation defined by pumice
and other glass lenses
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Sample: SWT-99-28 350530E,31 98140N
Unit: Tmprsz1 Tuffs of Arroyo Sauzal #1

Description: crystal-rich non-welded ash-flow tuff
Components: % Note
glass 79 0.4–1 mm, large undeformed glass spicules,

often containing recognizable fragments of
bubble walls, sometimes with two bubble-
wall triple junctions preserved

lithic fragments 1 0.3–0.7 mm, andesite and other aphanitic
volcanic lithologies

Phenocrysts: % Note
alkali feldspar 90 0.3–3 mm, subhedral to anhedral, some

large fragments with intact crystal faces.
untwinned or simple twins

clinopyroxene 6 0.2–0.4 mm, subhedral, rarely euhedral,
light-yellowish green to brownish green
weak pleochroism

biotite 1 0.3 mm
magnetite 3 0.1 mm, euhedral to subhedral cubes and

octahedra sections
plagioclase trace 0.5–1 mm, rare, present as glomerocrysts

with biotite
hornblende trace 0.1–0.3 mm, oxidized, especially oxidized

cores, euhedral rims, dark brown
Lithic fragments: andesite, aphanitic volcanic, glomerocrysts may be

tonalite lithic fragments
Alteration: axiolitic recrystallization of glass spicules, darker sili-

cified areas of matrix
Structure: delicate pyroclastic texture of glass fragments, no fo-

liation discerned at petrographic scale
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Sample: SZ-98-04 357030E,31 93780N
Unit: Tpth3 Air-fall tuff of Hipat Mesa #3

Description: welded pumice air-fall tuff
Components: % Note
glass ground-
mass

15 glass shards

pumice 55 welded
lithic fragments 15 andesite and other aphanitic volcanic rock.
phenocrysts 15
Phenocrysts: % Note
alkali feldspar 20 simple twins
plagioclase 70 some zoned
hornblende 10 equant cross section
Lithic fragments: andesite lithics very common

Alteration: pumice fiamme with some spherulites

Structure: welding/foliation texture strongly developed in
crushed pumice
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Sample: TIB-98-09 350750E,31 97380N
Unit: Tmbr welded tuff clast from Tmbr landslide

breccia

Description: densely welded, moderately devitrified crystal-rich
ash-flow tuff clast

Components: % Note
glass shards 77 welded, distinctive separate pyroclastic

fragments, define eutaxitic foliation; ap-
proximately 1/2 devitrified

phenocrysts 15 up to 2 mm, occasional larger glomero-
crysts

pumice 6 welded fiamme
lithic fragments 2 andesite up to 5 mm
Phenocrysts: % Note
plagioclase 90 0.5-4 mm, clean crystals, zoned, albite

twins
augite 8 up to 3 mm, green
magnetite 2 0.1–0.3 mm, subhedral to euhedral cubic

crystals
Lithic fragments: mafic-augite-feldspar glomerocrysts, andesite

Alteration: embayed augites, devitrified groundmass welding tex-
ture

Structure: welding texture, indicative of a primrary subaerial em-
placement as an ash-flow tuff prior to secondary em-
placement as a landslide
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Sample: TIB-98-12 28.979◦ N 112.457◦ W.
Unit: Tmr3 Tmr3 member, Tuffs of Mesa Cuadrada

Description: lithic and crystal-rich moderatley welded tuff
Components: % Note
lithics 5 andesite, tuff(?)
pumice fiamme 5 up to 5 mm, fine glass froth matrix
glass shards 77 1-2 mm, reduced rims
phenocrysts 13
Phenocrysts: % Note
anorthoclase 89 up to 5 mm, clean
augite 8 euhedral-subhedral
magnetite 3
Lithic fragments: andesite, tuff(?)

Alteration: oxidized glass (tuff lithic fragment?) some devitrifica-
tion of glass, otherwise very clean sample

Structure: welding of glass, crushed pumice
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Sample: SZ-98-08 365000E,31 95910N
Unit: Tmprsz1 Tuffs of Arroyo Sauzal #1

Description: low grade welded to non-welded crystal-rich ash-flow
tuff

Components: % Note
glass shards 80 0.5-2 mm, flattened
lithic fragments trace <1 mm, rare andesite lithic fragments
phenocrysts 20 0.5-3 mm, large, dominantly feldspar
Components: % Note
alkali feldspar 90 0.5-3 mm, subhedral to anhedral
clinopyroxene 5 1 mm, cross section view observed
hornblende 5 1 mm, cross section view observed
biotite trace 1 mm, one crystal observed
plagioclase? trace 1 mm, one albite twinned crystal, zoned
zircon trace 0.5 mm, one high-relief, high interference

bipyramidal crystal observed
Lithic fragments: andesite (?) <1 mm and very crystalline, may alter-

natively be crystalline basement (tonalite?)
Alteration: some glass devitrification

Note: glass shards resemble similar large shards and phe-
nocryst assemblage also resembles samples TIB-98-11
and SWT-99-28 from southwest Isla Tiburón
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Appendix D

Paleomagnetic sampling and analysis

Each sample locality at Isla Tiburón, coastal Sonora, and Cinco Islas was selected

after careful field study of its structural setting (Plates I, II, and IV). Structural con-

trol for each sample locality was measured from stratified sedimentary deposits or

reworked pyroclastic deposits at the base of each flow. Eutaxitic foliation, although

present, was not used because it was found to be an unreliable indicator of paleo-

horizontal due to differential compaction over paleotopography and post-depositional

rheomorphic flow. Sample localities for the Tuff of San Felipe and the Tuffs of Mesa

Cuadrada listed for Baja California were studied by previous workers [Lewis and

Stock , 1998a; Stock et al., 1999; Nagy , 2000]. Sampling strategies followed by these

authors are similar to this study, although eutaxitic foliation was employed where

extensive sheets of ignimbrite deposits appeared unaffected by local paleotopography

in Baja California.

Sampling strategy varied according to the lithology of each ash-flow tuff. In all

cases, samples with minimal post-depositional hydrothermal alteration were targeted.

Samples of the dark-brown to black basal vitrophyre were acquired for the Tuff of

San Felipe and unit Tmr3 of the Tuffs of Mesa Cuadrada. Non-welded samples were

acquired for the lower units of the Tuffs of Los Heme and Tmr3 at one locality (PRS,

Fig. 5.8). Extensive perlitic fracturing of the vitrophyre of cooling unit Tmr4 of the

Tuffs of Mesa Cuadrada required sampling of the thin partially welded basal brown

glass instead. A similar horizon was sampled for the Tuffs of Dead Battery Canyon

where an exceptionally hard vitrophyre prevented drilling.

At each sample locality, 6 to 18 cores were drilled for each unit. For every locality

except site SA, cores were drilled using a gasoline-powered drill with a 25.4mm (1 in)
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diameter drill bit cooled with water. Core samples were oriented in the field using an

azimuthal Brunton compass and a brass orienting sleeve with attached frontal plate.

A sun compass was also used to check the orientation of each core if possible. A brass

strip was used to mark the top of each core and the cores were then broken from

the outcrop and removed. Cores that became loose during drilling were measured

if they could be refit into their holes. The top of each core was marked with a line

and arrows that point outward to the outcrop surface. Oriented block samples were

collected from locality SA and for some samples from unit Tmr4 at locality PRS.

These blocks were later drilled in the lab and oriented relative to lines of known

strike and dip marked in the field on each block sample. Core sections 12.8 mm (0.5

in) in length were cut from each core for measurement at the Caltech Paleomagnetics

Laboratory.

Based upon previous paleomagnetic studies of the Tuff of San Felipe, Tuffs of Mesa

Cuadrada (Tmr3 and Tmr4), and the Tuffs of Dead Battery Canyon, alternating-

field (AF) demagnetization was applied to all samples. Lewis [1994] and Nagy [1997]

examined demagnetization strategies for these ash-flow tuffs. These studies found

that single-domain magnetite is the dominant magnetic carrier, with a component of

hematite present in proportion to the amount of vapor-phase alteration of samples.

These studies also found that alternating field (AF) demagnetization removed sec-

ondary magnetic overprints more efficiently than thermal demagnetization. The most

common magnetic overprint encountered in this study is a viscous remanent magne-

tization (VRM) imparted from the present-day magnetic field. Less commonly, an

overprint of chemical remanent magnetization (CRM) or induced remanent magne-

tization (IRM) was present in the cores. Sampling strategy was designed to avoid

the most common types of these overprints, i.e., altered samples with a CRM com-

ponent and samples from ridge-tops with a high probability for lightning-induced

IRM. Probable lightening-induced overprints were found in Tmr4 at locality PR and

Tphry at locality CI. Both of these units at these sampling localities were located

at ridge tops. Prepared core samples were measured in a computer-controlled cryo-
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Figure D.1. (next 11 pages) Representative demagnetization plots from the Tuff of San
Felipe and Tuffs of the northern Puertecitos Volcanic Province on Isla Tiburón and coastal
Sonora. Also shown are representative demagnetization plots from the Tuffs of Los Heme
at Cinco Islas, Baja California. Zjiderveld plot (at left) shows measured declinations and
inclinations with progressive demagnetization. Lower hemisphere plot of this data also
shown at right, solid points directed downward. Grey-shaded circle shows present-day
magnetic field at the sampling locality. Normalized magnetic intensity plot (box at right)
shows magnetic intensity (normalized to initial intensity) with progressive demagnetization
(curve) and a histogram showing the fraction of the total intensity removed at a given
demagnetization step.

genic SQUID (Superconducting Quantum Interference Device) magnetometer in a

magnetically shielded m-metal room. A series of closely spaced low-intensity AF

demagnetization steps from 5 mT to 100 mT usually removed a VRM component,

leaving a single-component magnetization present up to the limit of AF demagneti-

zation (700 to 800 mT) interpreted as a primary thermal magnetic remanence. The

results of these measurements are summarized in Figure D.2 as equal area inclination-

declination plots for each ash-flow tuff described in Chapter 5. Inclination-declination

plots for Cinco Islas are shown in Figure 7.2.
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PRS

Tmr5

Dec = 13.6°

Inc = 48.7°

Fisher κ = 170

α95 = 3.2°

N=12/12

N

S

EW

Tuffs of Dead Battery Canyon

Figure D.2. (3 pages) Representative demagnetization plots from correlative tuffs on Isla
Tiburón and coastal Sonora. Cooling unit Tmr5 of the Tuffs of Dead Battery Canyon,
cooling units Tmr3 and Tmr4 of the Tuffs of Mesa Cuadrada, and the Tuff of San Felipe
shown. Ellipses are α95. Fisher confidence cones centered on the means. Sample HE is from
a locality 5 km south of Hermosillo, Sonora (Fig. 1.3) in a tuff described by Paz-Moreno
et al. [2000] that is chemically and lithologically similar to the Tuff of San Felipe.
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Figure D.2, continued.
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Figure D.2, continued.
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Appendix E

Data Repository tables from ‘Active

parasitic folds on the Elysian Park

anticline: Implications for seismic hazard

in central Los Angeles, California’
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Table E.2. Comparison of Qg1 soil to dated chronosequences.

Chronosequence Mean maximum Mean soil Age
member horizon index development index

(cm) (ka)

Ventura Basina

Q1 0 0 <0.02
Q2 0.1 N.D. 0.08 to 0.2
Q3 0.21 N.D. 0.5 to 5
Q4 0.36 56 8 to 12
Q5a 0.48 70 15 to 20
Q5b 0.57 106 25 to 30
Q6a 0.61 147 ∼38
Q6b 0.61 153 44 to 64
Q6c 0.74 162 79 to 105
Q7a 0.85 193 160 to 200

Cajon Passb

RW-9 0.11 N.D. 0.05
RW-10&18 0.08-0.14 N.D. 0.3
RW-12 0.17 9 5.9
RW-15 0.19 7.6 7.15
RW-13 0.18 13 8.35
RW-6 0.36 18.5 11.5
RW-17 0.29 33 12.4
RW-11 0.58 73 55
RW-14 0.7 251 500
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Table E.2, continued.

Chronosequence Mean maximum Mean soil Age
member horizon index development index

(cm) (ka)

Merced Riverc

Post Modesto 0.05-0.14 N.D. 3
Late Modesto 0.1-0.25 15 10
Early Modesto 0.48 57 40
Upper Riverbank 0.64 92 120
Lower Riverbank 0.7 N.D. 250

Anzad

Q3b 0.23 26 9.5

Altadenae

0.46 104 29

East Los Angelesf

FL-14A 0.62 153 50 to 80
FL-18 0.6 128 50 to 60

Note: Maximum Horizon and Soil Development Indices from three dated soil
chronosequences and two additional dated soil samples developed under xeric,
mediterranean climates in central and southern California. Most of these
chronosequence members have several descriptions each. Thus, the index val-
ues are means. Estimate of soil development age of Qg1 surface derived from
comparison of the index values measured for the Qg1 terrace soil with these
chronosequences. See Table E.1 for index calculation of Qg1 terrace soil sam-
ples FL-14A and FL-18.

a Rockwell et al. [1985].
b McFadden and Weldon [1987].
c Harden [1982].
d Rockwell et al. [1990].
e Rockwell, unpublished data.
f This study.
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Table E.3. Surveyed positions and logged correlations, Evergreen borehole transect.

Borehole Position Elevation Clay deposit, depth beneath surface
north of FL-5 borehole top C1 C2 C3 C4

(feet) (feet) (feet) (feet) (feet) (feet)

FL-5 0 314 14.5 20.5 N.C. 50.5
FL-4 97 318 21 28.3 38 60.5
FL-2 126 321 25 35 44.5 64.5
FL-7 157.5 324 28 37.7 47.3 70.5
FL-7B 174.3 325 27.5 38 50.5 70
FL-1 188 326 23 33 47 N.D.
FL-7A 193.5 327 21.5 32.5 47 72
FL-7C 214.7 329 12.8 23.1 36 64.25
FL-3 239 332 5 13 24.5 N.D.
FL-3A 242.5 332 3.5 11.4 N.C. 46
FL-7D 254.4 334 3.5 9.5 17 41
FL-6A 266.3 336 3 8 17.5 39.5
FL-6 277.8 336 2.5 8 15 32

Borehole logs published in GeoTransit Consultants [1996]. Some correlations are modified
from the original report. N.C.=no correlation N.D.=No data.
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Table E.4. Correlation elevations.

Borehole Position Elevation Clay deposit elevation
north of FL-5 borehole top C1 C2 C3 C4

(m) (m) (m) (m) (m) (m)

FL-5 0 95.7 91.3 89.5 86.7a 80.3
FL-4 29.6 96.9 90.5 88.3 85.3 78.5
FL-2 38.4 97.8 90.2 87.2 84.3 78.2
FL-7 48 98.8 90.2 87.3 84.4 77.3
FL-7B 53.1 99.1 90.7 87.5 83.7 77.7
FL-1 57.3 99.4 92.4 89.3 85 77.7a

FL-7A 59 99.7 93.1 89.8 85.3 77.7
FL-7C 65.4 100.3 96.4 93.2 89.3 80.7
FL-3 72.9 101.2 99.7 97.2 93.7 86.4a

FL-3A 73.9 101.2 100.1 97.7 94.4 87.2
FL-7D 77.5 101.8 100.7 98.9 96.6 89.3
FL-6A 81.2 102.4 101.5 100 97.1 90.4
FL-6 84.7 102.4 101.7 100 97.8 92.7

Note: Clay horizons C1, C2, C3, and C4 on Fig. 9.9 are equivalent to a graph
of these correlations.

a Elevation extrapolated between neighboring boreholes.

Table E.5. Line length of correlative clay horizons.

Borehole to Correlative clay deposit line length
borehole C1 C2 C3 C4
segment (m) (m) (m) (m)

FL-5 to FL-4 29.6 29.6 29.6 29.6
FL-4 to FL-2 8.8 8.9 8.9 8.8
FL-2 to FL-7 9.6 9.6 9.6 9.6
FL-7 to FL-7B 5.1 5.1 5.2 5.1
FL-7B to FL-1 4.5 4.6 4.4 4.2
FL-1 to FL-7A 1.8 1.7 1.7 1.7
FL-7A to FL-7C 7.2 7.3 7.6 7.1
FL-7C to FL-3 8.1 8.4 8.6 9.3
FL-3 to FL-3A 1.2 1.2 1.3 1.3
FL-3A to FL-7D 3.7 3.8 4.3 4.2
FL-7D to FL 6A 3.7 3.8 3.7 3.8
FL-6A to FL-6 3.5 3.5 3.6 4.2
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Table E.6. Bed thickness.

Borehole Bed 1a Bed 2b Bed 3c Bed 1 + 2 + 3d

(m) (m) (m) (m)

FL-5 1.8 2.8 6.4 11
FL-4 2.2 3 6.9 12
FL-2 3.1 2.9 6.1 12
FL-7 3 2.9 7.1 13
FL-7B 3.2 3.8 5.9 13
FL-1 3.1 4.3 7.3 14.6
FL-7A 3.4 4.4 7.6 15.4
FL-7C 3.1 3.9 8.6 15.7
FL-3 2.4 3.5 7.4 13.3
FL-3A 2.4 3.3 7.2 13
FL-7D 1.8 2.3 7.3 11.4
FL-6A 1.5 2.9 6.7 11.1
FL-6 1.7 2.1 5.2 9

a Elevation of C2 horizon subtracted from the elevation of
C1 horizon.

b Elevation of C3 horizon subtracted from the elevation of
C2 horizon.

c Elevation of C4 horizon subtracted from the elevation of
C3 horizon.

d Summed thickness of bed 1, bed 2, and bed 3.
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Table E.8. Bed cross-sectional area.

Borehole to Bed 1 Bed 2 Bed 3 Bed 1 + 2 + 3
borehole segment (m2) (m2) (m2) (m2)

FL-4 to FL-2 23.3 25.9 57.3 106.4
FL-2 to FL-7 28.8 27.9 63.3 120
FL-7 to FL-7B 15.8 17.2 33.4 66.3
FL-7B to FL-1 13.1 16.9 27.7 57.6
FL-1 to FL-7A 5.4 7.3 12.5 25.2
FL-7A to FL-7C 201 27 52.4 100.4
FL-7C to FL-3 20.7 27.5 59.2 107.4
FL-3 to FL-3A 2.6 3.7 7.8 14
FL-3A to FL-7D 7.7 10.2 26.3 44.2
FL-7D to FL-6A 6.1 9.4 25.4 40.9
FL-6A to FL-6 5.6 8.8 20.8 35.3
Sum FL-4 to FL-6 149.9 181.7 386.1 717.7

Note: Cross-sectional area of each segment calculated from the
straight line distance between boreholes, multiplied by the average
thickness between boreholes.
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Pedro Mártir, Baja California, Master’s thesis, California State University, San

Diego, 1978.

Bryant, B. A., Geology of the Sierra Santa Rosa Basin, Baja California, Mexico,

Master’s Thesis, San Diego State University, 1986.

Buch, I. P., and M. P. Delattre, Permian and Lower Triassic stratigraphy along the

30th parallel, eastern Baja California Norte, Mexico, in GSA Special Paper 279:

The prebatholithic stratigraphy of peninsular California, edited by R. G. Gastil and

R. H. Miller, pp. 77–90, Geological Society of America, 1993.

Buck, R. W., Modes of continental extension, Journal of Geophysical Research, 96 ,

20161–20178, 1991.

Bull, W. B., Geomorphic responses to climatic change, Oxford Univ. Press, New

York, 1991.

Bullard, T. F., and W. R. Lettis, Quaternary fold deformation associated with blind

thrust faulting, Los Angeles Basin, California, Journal of Geophysical Research,

98 (B5), 8349–8369, 1993.

Burchfiel, B. C., P. W. Lipman, and M. L. Zoback, eds., The Cordilleran Orogen:

Conterminous U. S., vol. G-3 of The Geology of North America, Geological Society

of America, Boulder, Colorado, 1992.



456

Butler, R. L., Paleomagnetism, Blackwell Scientific Publications, Cambridge, MA,

1992.

Calmus, T., G. Poupeau, J. Defaux, and E. Labrin, Basin and range and Gulf of Cal-

ifornia tectonics: Contribution of an apatite fission track study, in Cuarta Reunion

Sobre La Geologia Del Noroeste de Mexico y Areas Adyacentes , edited by T. Cal-
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