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ABSTRACT

New geologic mapping, structural stud-
ies, and geochronology of Miocene volcanic
and sedimentary rocks in the southern Si-
erra Juarez, Baja California, shed light on
the extensional history of the Gulf Exten-
sional Province prior to sea-floor spreading
in the Gulf of California. The southern Si-
erra Juarez is underlain by lower–middle
Miocene rocks including fluvial strata, in-
termediate composition volcanic deposits,
basalt lava flows and cinder cones, and da-
cite pyroclastic deposits and lavas that non-
conformably overlie the Cretaceous Penin-
sular Ranges batholith. The 40Ar/39Ar
geochronology indicates that basaltic rocks
are 16.90 6 0.05 Ma and dacite pyroclastic
deposits are between 16.69 6 0.11 Ma and
15.98 6 0.13 Ma. These strata were subse-
quently cut by two generations of faults.
First generation faults comprise a domi-
nant set of north-south–striking, west-dip-
ping normal faults, a secondary set of
north-south–striking, east-dipping normal
faults, and a lesser set of variably oriented
strike-slip faults. All three fault sets are
temporally and spatially related and were
produced by east-west extension. The dom-
inant west-dipping faults, which are anti-
thetic to and oblique to the east-dipping
Main Gulf Escarpment, may have been a
precursor or an early phase accommodation
zone along the escarpment. West-dipping
normal faults are cut by a 10.96 6 0.05 Ma
dacite hypabyssal intrusion, thus bracket-
ing the age of east-west extension between
15.98 6 0.13 Ma and 10.96 6 0.05 Ma.
Hence, this faulting event clearly indicates a
period of extension that predates the onset

of oceanic rifting and even predates other
dated Miocene extension within Baja Cali-
fornia. Second generation faults, which are
comprised of east-west–striking strike-slip
faults that cut first generation faults and
associated northwest-striking, northeast-
dipping normal faults, may be related to
early development of the Transpeninsular
Strike-slip Province.
Global plate reconstructions suggest that

transtensional motion between the North
American and Pacific plates along the west-
ern margin of Baja California began during
middle Miocene time, coeval with east-west
extension in the southern Sierra Juarez.
This observation supports a hypothesis that
middle Miocene transtensional plate mo-
tion was partitioned into two components: a
strike-slip component parallel to active
faults along the western offshore margin of
Baja California, and an extensional compo-
nent normal to the margin, but located in
what is now the Gulf Extensional Province.
Hence, the onset of extension within the cir-
cum-gulf region was in response to plate
boundary processes.

INTRODUCTION

Baja California, Mexico, lies within a
unique and complex plate tectonic setting,
where the peninsula has been transferred
from the North American plate to the Pa-
cific plate during late Neogene time (Fig. 1).
The peninsula is currently riding northwest-
ward on the Pacific plate parallel to trans-
form faults that define much of the plate
boundary. Continental crust surrounding
the Gulf of California records the transition
from subduction to transform-dominated

rifting. Extension is an important compo-
nent in the tectonic development of this
transform plate boundary, yet the causal re-
lationship between extension and plate-
boundary evolution is poorly understood
and the subject of debate.
Early tectonic models proposed initiation

of oceanic rifting in the Gulf of California at
5–4 Ma, accompanied by the apparently in-
stantaneous transfer of Baja California from
the North American plate to the Pacific
plate and the translation of Baja California
northward at plate boundary rates (Larson
et al., 1968; Atwater, 1970; Moore and Cur-
ray, 1982). This interpretation is supported
by NUVEL-1 (DeMets et al., 1990), which
suggests oceanic rifting was initiated at 4.5
Ma. Geophysical, sedimentary, structural,
and geochronologic evidence from the cir-
cum-gulf region, however, point to a period
of middle–late Miocene (ca. 16–5 Ma)
‘‘proto-gulf’’ extension prior to the onset of
sea-floor spreading (e.g., Karig and Jensky,
1972; Ingle, 1973, 1974; Angelier et al., 1981;
Curray et al., 1982; Dokka and Merriam,
1982; Stock and Hodges, 1990; Lee and
Miller, 1994).
Early workers attributed this period of

proto-gulf extension to a back-arc setting
(Karig and Jensky, 1972), although more
precise dating indicates that the cessation of
subduction occurred prior to the onset of
extension (Mammerickx and Klitgord, 1982;
Lonsdale, 1991; Stock and Hodges, 1990;
Lee and Miller, 1994). Some have proposed
that the proto-gulf period of extension ac-
commodated Pacific–North American dis-
placement perpendicular to preexisting/ac-
tive strike-slip faults along the western
margin of Baja California (Spencer and
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Normark, 1979; Hausback, 1984; Stock and
Hodges, 1989). Others, noting continuity,
common fault geometry, and parallel exten-
sion direction with the southern Basin and
Range Province, focus on a common origin
(Gastil, 1968; Dokka and Merriam, 1982;
Curray and Moore, 1984; Henry, 1989;
Henry and Aranda-Gomez, 1992). A num-
ber of tectonic models have been proposed
for the origin of the Basin and Range Prov-
ince including: (1) distributed shear related
to the onset of transform motion along the
Pacific–North American plate boundary
(Atwater, 1970), (2) migration of Mendo-
cino triple junction (Ingersoll, 1982; Glazner
and Bartley, 1984), (3) a decrease in plate
convergence rates (Engebretson et al., 1984;
Stock andMolnar, 1988), (4) change in plate
motions (Pollitz, 1988; Stock and Hodges,

1989), (5) steepening and/or removal of the
Laramide slab (Atwater, 1989), and (6)
gravitational collapse of overthickened crust
(Coney and Harms, 1984; Wernicke et al.,
1987).
Global plate reconstructions for Baja Cal-

ifornia indicate a middle–late Miocene tran-
sition from subduction to transform plate
motion (Stock and Molnar, 1988). In this
scenario, Pacific–North American relative
plate motion changed from parallel to
oblique (transtensional) during middle Mio-
cene time. Because there was no component
of extension along the western margin of
Baja California (Spencer and Normark,
1979; Hausback, 1984; Lonsdale, 1991), it
has been suggested that plate boundary slip
was partitioned into two components (Haus-
back, 1984; Stock and Hodges, 1989): one

parallel to strike-slip faults along the west-
ern margin of Baja California (i.e., the San
Benito and Tosco-Abreojos faults) and the
other orthogonal to the margin along nor-
mal faults located in the Gulf Extensional
Province. The partitioning of plate bound-
ary slip, in effect, isolated Baja California
between the Pacific plate to the west and the
North American plate to the east. The lo-
cation of middle–late Miocene extension,
far inland from the plate margin, is sug-
gested to result from a thermally weakened,
recently active volcanic arc (Hausback,
1984; Stock and Hodges, 1989). Precise time
constraints on the change in relative plate
motion and onset of extension, however, are
not known. On the basis of global plate re-
constructions, transtension along the plate
boundary was initiated as early as 15–9 Ma

Figure 1. (a) Modern tectonic setting of the Pacific–North American
plate boundary in southern California, the Baja California peninsula,
and the Gulf of California. Gulf Extensional Province is shown in dark
shade and Transpeninsular Strike-slip Province is shown in medium
shade. Active and suspected faults that accommodate components of
plate motion are shown; some fault names are given in italics. Abbre-
viations for areas discussed in text: BC, Bahia Concepcion; IT, Isla
Tiburon; LP, La Paz; LR, Loreto; SR, Santa Rosalia; SRB, Santa Rosa
Basin; STP, Sierra Las Tinaja and Sierra Las Pintas region; VC, Valle
Chico. (b) Tectonic setting of the northern part of Baja California show-
ing major active or recently active faults and location of study area.
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and continued until 7–5 Ma (Stock and
Hodges, 1989). A fixed hotspot reference
frame model, however, indicates transten-
sional plate motion began at least as early as
17 Ma (Engebretson et al., 1985).
Humphreys and Weldon (1991), on the

other hand, argue that because Pacific–
North American plate motion since 5–4 Ma

cannot account for the minimum geologic
separation of Baja California from central
Mexico, the onset of proto-gulf deformation
is a direct consequence of increased activity
along the proto–San Andreas fault system at
17 Ma. Humphreys and Weldon’s (1991)
synthesis of geologic relations, combined
with plate motion constraints, points to the

interplay of extension and transform motion
during the late Neogene, but emphasizes
dextral transform motion in the proto-gulf
region.
With some exceptions (e.g., Henry, 1989;

Stock and Hodges, 1990; Lewis, 1994), the
paucity of detailed geologic and geochrono-
logic constraints on extension in Baja Cali-

Figure 2. SPOT image of southeastern Sierra Juarez, northeastern Baja California, Mexico. Major geomorphically defined faults,
drainages, and location of study area are shown.
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fornia and mainlandMexico hinder rigorous
understanding of the timing and geometry
of extension and its role in proto-gulf and
gulf evolution. Further refinement of our
understanding of this rapidly evolving plate
boundary hinges on characterizing the na-
ture and timing of extension. In order to ad-
dress questions about the causes of early
continental extension, we report results of
geologic mapping, and structural and geo-
chronologic studies of volcanic rocks and
normal faulting in the southern Sierra
Juarez, Baja California.

GEOLOGY OF THE SOUTHERN
SIERRA JUAREZ

Regional Setting

Baja California comprises three structural
provinces: (1) the Gulf Extensional Prov-
ince, which is present along the eastern
margin of Baja California, (2) the Trans-
peninsular Strike-slip Province, which en-
compasses the northwestern part of Baja
California, and (3) the stable central and
southern peninsula, which includes most of

the remainder of the peninsula (Fig. 1). The
Gulf Extensional Province is bounded to the
west by the Main Gulf Escarpment, a north-
south–striking, steeply east-dipping normal
fault, and to the northeast by the Sierra
Madre Occidental (Stewart, 1978; Henry
and Aranda-Gomez, 1992), a relatively un-
extended high plateau of predominantly
flat-lying Oligocene–lower Miocene rhyolite
volcanic rocks (McDowell and Keizer, 1977;
Fig. 1). The Gulf Extensional Province is
characterized by basin and range–type to-
pography and lies within a broad region of
Cenozoic extension in western North Amer-
ica, which includes parts of the southwestern
United States and northern Mexico east of
the Sierra Madre Occidental (Stewart, 1978;
Henry, 1989; Henry and Aranda-Gomez,
1992). The province is underlain by Creta-
ceous granodiorite and tonalite of the Pe-
ninsular Ranges batholith that intruded Pa-
leozoic and Mesozoic oceanic, arc, and
continent margin rocks. The uplifted crys-
talline rocks are regionally overlain by Ce-
nozoic sedimentary and volcanic rocks
(Minch, 1979; Gastil et al., 1975, 1981).
Our study area is located along the Main

Gulf Escarpment, on the western edge of
the Gulf Extensional Province. It is centered
on Arroyo Grande in the southeastern Si-
erra Juarez (Figs. 1b, 2, and 5 below), where
several currently active or recently active
faults converge. These include the east-dip-
ping Main Gulf Escarpment defined by the
Sierra San PedroMartir to the south and the
central and northern Sierra Juarez to the
north, the east-west– to northwest-striking,
right-lateral Agua Blanca and Vallecitos–
San Miguel fault systems, and the north-
northwest–striking, oblique-slip Valle de
San Felipe fault to the southeast (Figs. 1b
and 2).

Methods of Study

Geologic mapping on a 1:25 000-scale to-
pographic base and standard stratigraphic
and structural field studies reported here
were augmented with 1:50 000-scale aerial
photograph and remote sensing studies, and
40Ar/39Ar geochronology. Landsat Thema-
tic Mapper (Landsat TM) and Système Pro-
batoire d’Observation de la Terre (SPOT)
imagery provided a reconnaissance data
base that guided our field studies. Geochro-
nology was used to date the Tertiary volcan-
ic sequence described below and to con-
strain the age of deformation in the area.
The techniques we employed are briefly out-
lined here.

Figure 3. Simplified stratigraphic column for the Arroyo Grande area, southern Sierra
Juarez. Approximate stratigraphic position of geochronology samples are shown.
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Image Processing and Interpretation.
Landsat TM and SPOT panchromatic
images were used to optimize the depiction
of geomorphic and structural features and
lithologic contrasts. The SPOT images were
enhanced using a high-pass 5 3 5 box filter.
The high-pass output was then stretched
(usually by a factor of 2) and added to the
original data prior to a linear contrast en-
hancement. The Landsat TM images were
processed by band ratioing, using the com-
bination 3/1 in blue, 5/4 in green, and 5/7 in
red. This ratio combination provides maxi-
mum differentiation of the spectral contrasts

that result from lithologic variation (Crip-
pen, 1989a). Atmospheric corrections are
critical in the ratioing process and are de-
rived by an empirical ‘‘iterative ratioing’’
procedure (Crippen, in press a). The 3/1,
5/4, and 5/7 ratios are generally correlated
with variations in ferric iron, ferrous iron,
and hydroxyl minerals, respectively. The 5/4
also varies with desert varnish, and the 5/7
also varies with carbonate and vegetation.
Scan-line noise is common in Landsat TM
ratio images and was suppressed by a filter-
ing routine (Crippen, 1989b).
Topographic shading in the imagery is im-

portant both for delineating structural fea-
tures and for discriminating lithology via
their geomorphic expression. A band-aver-
age image was used for maximum clarity and
was high-pass enhanced to sharpen detail.
Then this image was merged with the ratios
by image multiplication, after adjustment of
the relative coefficients of variation, which
control the prominence of each image in the
merger (Crippen, in press b). Typically, the
results display excellent spectral discrimina-
tion of lithology as chromatic contrasts and
detailed geomorphic expression as varia-
tions in image intensity. These images are
particularly well suited to neotectonic stud-
ies in northern Baja California, where young
faulting is expressed both by geomorphology
and by lithologic discontinuities, and the rel-
atively arid climate minimizes interference
by vegetation.
The Arroyo Grande area was chosen be-

cause interpretation of the imagery indi-
cated that the study area contained Tertiary
volcanic rocks that would likely yield age
constraints relative to deformation, occu-
pied a little-studied transition between nu-
merous modern and ancient structural do-
mains, and was characterized by the absence
of a geomorphically well-defined range front
fault along the Main Gulf Escarpment
(Fig. 2). Beyond the general distribution of
map units known from earlier studies (e.g.,
Gastil et al., 1975), the wealth of geomor-
phic and lithologic information depicted by
the images delineates major faults and vol-
canic centers. This information was used to
guide field studies and provide first-order
constraints beyond the limits of our map
area.
40Ar/39Ar Geochronology. Age determi-

nations for volcanic units come from 40Ar/
39Ar analyses of five samples. The samples
came from the thick sequence of Nuevo
mafic volcanic rocks, the La Noche dacite,
and a cross-cutting hypabyssal dike de-
scribed below (Fig. 3). These samples were
selected to provide age constraints on
eruption of the volcanic rocks, emplacement
of intrusions, and motion along faults (see
‘‘Structural Chronology’’ below).
Mineral separates were obtained using

magnetic separatory methods, heavy liquids
(hornblende only), washing in dilute HCl
(when needed), and hand picking to .99%
purity. Samples were wrapped in aluminum
foil, placed in evacuated quartz vials with
flux monitor Taylor Creek sanidine (as-
sumed age 5 27.92 Ma), and irradiated for
8 hr at the TRIGA reactor, Oregon State
University. Flux monitors were placed at

Figure 4. 40Ar/39Ar age spectra from the sequence of volcanic rocks and hypabyssal
intrusion. (a) Sample AG10 is a whole rock basalt from near the top of the Nuevo mafic
volcanic rocks. (b) Sample AG8 is a plagioclase separate from a clast at the base of the La
Noche dacite. (c) Sample AG47 is a plagioclase separate from a tuff in the middle of the
La Noche dacite. (d) Sample AG16 is a plagioclase separate from a lava flow at the top of
the La Noche dacite. (e) Sample AG42 is a hornblende separate from a dacite porphyry
hypabyssal intrusion. Shaded steps are those used in determining the weighted mean
plateau age. See text for details.
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1.37 cm intervals in each quartz vial to de-
termine flux gradients. Samples were ana-
lyzed at Stanford University by step heating
in a Ta crucible and replaceable Mo liner
within a double-vacuum Staudacher-type re-
sistance furnace in cycles with 10 min of
heating, 5 min of gettering with hot TiZrAl,
and 6–12 min of static analysis in a MAP-216
spectrometer. Temperatures were monitored
with a tungsten-rhenium thermocouple to
65 8C. The extraction line blank was typi-
cally 1 3 10215 moles 40Ar at 800 8C. See
Hacker (1993) for method of calculating iso-
topic abundances, corrections, and uncer-
tainties. Because the trapped 40Ar/36Ar ra-
tio of each sample, determined by a York
regression of an inverse isochron plot (39Ar/
40Ar versus 36Ar/40Ar), is not significantly
different from the atmospheric ratio of
295.5, we report weighted mean plateau
ages (shaded steps in Fig. 4). Results of iso-
topic analyses are listed in Table 1.

Sedimentary and Volcanic Stratigraphy,
Related Hypabyssal Rocks

Middle Miocene and Older? Rocks. Ce-
nozoic continental sedimentary and volcanic
rocks regionally overlie the Cretaceous Pe-
ninsular Ranges batholith in northern Baja
California along a widespread nonconform-
ity that records unroofing of the batholith
during latest Cretaceous or Paleogene time
(Gastil et al., 1975; Minch, 1979). The oldest
strata in the southeastern Sierra Juarez
study area are probably early Miocene or
only slightly older, because there is no pro-
nounced stratigraphic break between the
basal part of the sequence and rocks of that
age. In the following descriptions, volcanic
rock compositions are inferred from field
observations and petrography and are con-
firmed by preliminary major and trace-ele-
ment analyses (Lee, unpubl. data).
The basal unit, informally referred to as

the Taraiso deposits (Fig 3), comprises
thick-bedded, quartzofeldspathic, pebble-
and cobble–bearing sandstone with locally
well-developed foreset cross-stratification.
Pebbles and cobbles consist of angular to
subrounded granitic and metasedimentary
clasts. Clast compositions near the base in-
dicate derivation from the underlying gra-
nitic and tonalitic Cretaceous batholith and
its metamorphic wall rock. Volcanic clasts
are increasingly evident up-section, pointing
to a developing volcanic source. The fluvial
sandstone is interlayered with invasive oli-
vine 1 pyroxene–bearing basalt flows that
exhibit pillow structures and have been hy-

drothermally altered to palagonite at the top
and base, suggesting interaction with wet
fluvial sediments.
In the southern part of the map area, the

Taraiso deposits are overlain by a poorly ex-
posed, variably thick (as much as 150 m),
diverse section of mafic to intermediate
composition vent related deposits, infor-
mally referred to as the La Morita vent
deposits (Fig. 3). These deposits include
crystal-poor, olivine 1 plagioclase 6 pyrox-
ene–bearing basaltic to basaltic andesite

cinder and block deposits, debris flows, au-
tobreccias and lavas, and crystal-rich, horn-
blende 1 plagioclase 6 pyroxene–bearing
andesitic to dacitic lavas and autobreccias.
These deposits commonly contain clots of
olivine 1 pyroxene 6 plagioclase crystals.
The morphology of these deposits defines a
small vent with a 0.7-km-wide depression. In
the southern part of the map area, these de-
posits are overlain by the pyroclastic depos-
its of the La Noche dacite; to the north,
these deposits thin and are overlain by ba-
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salt lavas and cinder deposits of the Nuevo
mafic volcanic rocks (Figs. 3 and 5).
In the northern part of the map area, the

Taraiso deposits are overlain by a thick (as
much as 168 m) section of olivine 1 pyrox-
ene6 plagioclase–bearing basalt lava flows,
cinder deposits, and small cinder cones, in-
formally assigned to the Nuevo mafic vol-
canic rocks (Fig. 3). Flow foliations in lavas
are locally well developed and defined by
platy partings, but, where absent, vertical or
radial fractures are typically developed.
Granitic debris entrained in several flows
ranges in size from rounded tonalite and
granodiorite cobbles and small boulders to
coarse crystals of quartz and feldspar. Feld-
spar crystals commonly show evidence of
resorption.
Interbedded with the basalt lavas are red

to orange, typically well-bedded, calcite-ce-
mented cinder deposits. These deposits con-
sist of small (as much as 1 cm across)
rounded fragments of scoria, vesicular ba-
saltic bombs as much as 1.0 m across, and
granitic debris. Scarce cinder cones are
cross-cut by radially distributed basalt dikes.

Also, interbedded with the Nuevo mafic vol-
canic rocks are lesser, basalt-derived, vol-
caniclastic fluvial deposits and dacitic lapil-
li–bearing mudflows.
A concentrate of the nonmagnetic frac-

tion of a whole rock sample from an olivine
1 pyroxene basalt lava flow (AG10) within
the Nuevo mafic volcanic rocks (Figs. 3 and
5) yields an 40Ar/39Ar age of 16.90 6 0.05
Ma (Fig. 4). This date provides an age for
the upper part of the Nuevo mafic volcanic
rocks.
A sequence of pyroclastic deposits, infor-

mally assigned to the La Noche dacite, over-
lies the Nuevo mafic volcanic rocks to the
north and the LaMorita vent deposits to the
south (Figs. 3 and 5). These deposits are
dominated by red, brown, tan, and gray,
ledge- to cliff-forming, generally conform-
able, variably thick (as much as 250 m) mas-
sive to thick-bedded debris flows (lahars)
comprised of angular, poorly sorted, matrix
supported clasts. Clast sizes are variable and
as much as several meters across. Clast pop-
ulations are dominated by crystal-rich, pla-
gioclase 1 hornblende 6 biotite 6 pyrox-

ene–bearing porphyritic dacite lava and also
include lesser basaltic, granitic, and meta-
sedimentary rocks. Interbedded with these
deposits are lesser crystal-rich plagioclase1
hornblende 6 biotite–bearing unwelded to
partially welded dacitic to andesitic tuffs,
lithic tuffs, lapilli tuffs, tuffaceous debris
flows, ash flows, and mud flows. Individual
ash flows are as much as 10 m thick; pumice
fragments are generally unwelded and as
much as 30 cm across.
The coarse pyroclastic debris flows of the

La Noche dacite were likely deposited on at
least a gentle slope. Nevertheless, the over-
all dip of the unit is similar to that of other
stratigraphic units and is thus primarily at-
tributed to structural deformation. To the
northeast, the La Noche dacite interfingers
with crystal-rich, hornblende 1 plagioclase
6 biotite6 pyroxene dacite lava and breccia
that define small domes. The 40Ar/39Ar geo-
chronology of plagioclase from a debris flow
clast at the bottom of La Noche dacite, a
tuffaceous unit in the middle, and a lava flow
at the top yields ages of 16.69 6 0.11,
16.30 6 0.13, and 15.98 6 0.13 Ma, respec-
tively (Figs. 3, 4, and 5). These indicate that
deposition of the La Noche dacite pyroclas-
tic sequence occurred between 16.69 6 0.11
Ma and 15.98 6 0.13 Ma. Locally, olivine 1
pyroxene andesite lavas cap the La Noche
dacite (Fig. 3).
The volcanic and sedimentary section of

basalt flows and cinder deposits, and dacitic
pyroclastic deposits, is probably correlative
to regionally widespread lower and middle
Miocene arc volcanic and fluvial sedimen-
tary deposits (Dorsey and Burns, 1994;
Stock, 1989; Gastil et al., 1979) dated by the
K/Ar method at between 15.06 0.7 Ma and
21.6 6 5.5 Ma in the central Sierra Juarez
(Gastil et al., 1975, 1979).
Upper Middle Miocene Hypabyssal

Rocks. Strongly altered olivine1 pyroxene–
bearing basalt dikes and olivine 1 horn-
blende 1 plagioclase–bearing intermediate
dikes of unknown absolute age are younger
than the volcanic section described above.
Some of these dikes have intruded along
first generation faults indicating that they
are syn- to posttectonic with respect to
movement along these faults.
Crystal-poor, hornblende1 plagioclase6

pyroxene dacite porphyry vents and hyp-
abyssal intrusions, with rare granitic inclu-
sions, cut across the lower–middle Miocene
volcanic section and first generation faults
(Figs. 3 and 5). Borders of the small intru-
sions possess quench textures, whereas the
cores have a fine grained, sugary texture.
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Emplacement of one intrusion deformed
the Miocene volcanic section, which now
dips'508 away from the intrusive contact. A
40Ar/39Ar hornblende age from this plutonic
body is 10.96 6 0.05 Ma (Figs. 3 and 4).
Because this hypabyssal intrusion was em-
placed at shallow levels (#1 km), we inter-
pret this age as a crystallization age, thereby
providing a lower age limit on the timing of
normal faulting.

Pliocene–Quaternary Units. Lower–mid-
dle Miocene volcanic and sedimentary rocks
are locally unconformably overlain by nearly
flat-lying Pliocene–Quaternary conglomer-
ate, sand, scarce biotite-bearing tuff, and
colluvium (Fig. 5). Conglomerate deposits
consist of massive heterolithologic, suban-
gular to rounded, pebble- to boulder-sized
(as much as and more than 1 m across) gra-
nitic, basaltic, dacitic, and metasedimentary

clasts. Sand deposits are dominated by well-
bedded and cross-bedded, coarse-grained
quartzofeldspathic sand with lesser basalt
sand. These are fluvial and flash flood de-
posits and are informally referred to as pro-
to–Arroyo Grande deposits. These deposits
are typically preserved as 2–5 m thick, nearly
flat-lying, abandoned stream terraces, al-
though locally, sections are tens of meters
thick. At least three generations of stream
terraces are exposed at 110–120, 90–100,
and 20 m above the present-day steam level.
Colluvium is locally extensive in the field

area. Clasts range in size from pebbles to
boulders. This locally derived, heterolitho-
logic deposit is generally unconsolidated,
but locally caliche cemented. The colluvium
can be thick enough to obscure bedrock on
gentle slopes. In places it covers the Qua-
ternary fluvial deposits as well as the lower–
middle Miocene volcanic and sedimentary
rocks.

STRUCTURAL CHRONOLOGY

Introduction

On the basis of detailed mapping of 105
km2 at 1:25 000 scale in the Arroyo Grande
area, southern Sierra Juarez, we have iden-
tified two generations of faults: (1) a first
generation comprised of primarily north-
south–striking, east- and west-dipping nor-
mal faults; lesser, variably oriented strike-
slip faults; and few east-west–striking,
north- and south-dipping normal faults; and
(2) a second generation of east-west–strik-
ing strike-slip faults and northwest-striking,
northeast-dipping normal faults (Figs. 5
and 6). Reconnaissance mapping and inter-
pretation of aerial photographs and remote
sensing imagery suggest that first-generation
faults likely extend over an area of at least
370 km2. Locally, more small offset (,0.5 m)
first-generation faults exist than could be in-
corporated onto our 1:25 000-scale field
maps; where appropriate, the cumulative
offset along these faults was incorporated
onto nearby larger offset faults. In addition,
large areas of Quaternary colluvium pre-
vented mapping of all individual faults.

First-Generation Faults

First generation faults consists of three
sets: (1) a dominant set of northwest- to
northeast-striking, steeply west-dipping nor-
mal faults; (2) a subordinate set of north-
west- to northeast-striking, steeply east-dip-
ping normal faults; and (3) a lesser set of

Figure 6. Fault map of the Arroyo Grande area showing the two generations of faults.
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northwest- to northeast-striking, moderate
to steeply east- and west-dipping strike-slip
faults (Figs. 5 and 6). All three fault sets cut
basement rocks and the Miocene sedimen-
tary and volcanic succession. In addition, all
three fault sets occur in a continuum; they
have similar orientation and are distin-
guished solely on the basis of fault striation
rake (faults with rakes of $458 were as-
signed to the normal fault population; faults
with rakes of ,458 were assigned to the
strike-slip fault population). A few east-
west–striking, north- and south-dipping nor-
mal faults and two north-northeast–striking,
northwest-dipping thrust faults that also cut
basement rocks and the Miocene sedimen-
tary and volcanic succession have been
mapped (Figs. 5 and 6). However, because
these faults are few in number and poorly
exposed, their kinematics and tectonic sig-
nificance are not known.
The southern part of the map area is char-

acterized by a relatively narrow zone of
faulting with a few relatively widely spaced
west- and east-dipping normal faults (Figs. 5
and 6). The predominant fault type in this
area is a north-south– to north-northeast–
striking, steeply west-dipping normal fault
with a dip-slip displacement of '270 m
(Figs. 5, 6, and 8). To the north, this single
normal fault appears to splay into a series of
generally northwest- to northeast-striking,
steeply west-dipping normal faults that de-
fine a wider zone of deformation (Figs. 5, 6,
and 7) Fault planes are commonly well ex-
posed, especially within the La Noche da-

cite, with dips ranging from 908 to 318; the
average dip is'588 west (Fig. 9a). Slip along
these faults varies from ,5 m to as much as
'200 m. In general, fault slip magnitude is
inversely proportional to fault density. In
the southern part of the map area, fault den-
sity is 1.0–1.6 faults/km, and fault slip is typ-
ically .50 m. In contrast, in the northern
part of the map area, fault density is 2.0–3.0
faults/km, and fault slip is typically #20 m.
The dominant set of northwest- to north-

east-striking, steeply west-dipping normal
faults are antithetic to and strike obliquely
to the north to north-northwest–striking
down-to-the-east Main Gulf Escarpment,
the Sierra Juarez range front fault exposed
to the north and the Sierra San PedroMartir

range front exposed to the south. On the
basis of our detailed mapping, the Main
Gulf Escarpment is not present in the Ar-
royo Grande area.
The subordinate set of north-south– to

northeast-striking, steeply east-dipping nor-
mal faults is primarily restricted to the
northern part of the map area (Figs. 5 and
6).Well-exposed fault planes dip from 308 to
908, averaging'588 east (Fig. 9b). Slip along
these faults varies from ,0.5 to 80 m. Con-
sistent cross-cutting relationships were not
observed between the west-dipping and
east-dipping normal faults, suggesting that
they moved concurrently.
Most of west- and east-dipping faults can

be traced from as little as'0.5 km to several

Figure 7. (a) Interpretative east-west cross section A–A* across the northern part of the map area. (b) Palinspastic restoration of cross
section shown in (a). See Figure 5 for location of cross section.

Figure 8. (a) Interpretative east-west cross section B–B* across the southern part of the
map area. (b) Palinspastic restoration of cross section shown in (a). See Figure 5 for
location of cross section.
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kilometers. Faults are planar down-dip, but
generally not so along strike (Figs. 5, 6, 7,
and 8). Fault gouge and breccia are well de-
veloped, especially in the La Noche dacite,
varying from centimeters to several meters

in width. Both sets of normal faults also con-
tain well-developed fault striations, which
are defined by grooves, hydrothermal min-
eral lineations, calcite lineations, and small
mullions; rakes vary from 908 to 468. Similar

faults with shallower fault striae are dis-
cussed as strike-slip faults below. On aver-
age, fault striations on the west-dipping
faults indicate a slightly oblique slip direc-
tion (left-lateral; trend and plunge of 252,
63), and on the east-dipping faults a nearly
pure dip-slip direction (trend and plunge of
90, 70; Figs. 9a and 9b). There is no corre-
lation between fault dip and the rake of the
fault striation (Fig. 10), with most of the
faults exhibiting oblique slip.
The dominant west-dipping faults appear

to control the dip of sedimentary and vol-
canic units within intervening fault blocks.
Stratigraphic units within fault blocks dip
uniformly '148 east; locally, dip magnitude
is as much as '538 (Figs. 9c and 9d). The
average bedding-to-fault-plane angle is 728.
The absence of noticeable deformation
within the fault blocks (e.g., footwall uplift
and hanging wall collapse) suggests that they
behaved as rigid blocks during faulting.
A third set of poorly exposed minor,

northeast- to northwest-striking, moderate
to steeply east- and west-dipping strike-slip
faults appears to be spatially and temporally
associated with the more dominant normal
faults (Fig. 9e). In most cases, the relative
offset of these faults is unknown; in places,
markers offset as much as 3–5 m indicate
either right-lateral or left-lateral offset.
Fault striations are typically well developed
and rake as shallowly as 78 and as steeply as
448, indicating a small oblique (normal)
component of slip (Figs. 9e and 10). Most
faults with steeper striae are discussed as
normal faults; however, several of the nor-
mal faults possess both strike-slip and dip-
slip striations. No consistent relative age
patterns emerge from the scarce localities
where the two sets of striations coexist.
These relationships suggest that a small
component of strike-slip motion accompa-
nied or alternated with the dominant nor-
mal component.
West of the field area, first generation

faults die out, and horizontal Miocene and
younger strata overlie the Peninsular
Ranges batholith on the more stable high
plateau of the Sierra Juarez. Reconnais-
sance mapping and interpretation of aerial
photography and Landsat TM images indi-
cate that the dominant pattern of steeply
west-dipping normal faults and east-dipping
strata continues to the east-northeast of the
field area.
The first generation faults offset the

youngest dated La Noche dacite, which
erupted at 15.98 6 0.13 Ma. Deformation is
older than the hypabyssal dacite dike that

Figure 9. Structural data plotted on lower hemisphere, equal-area projections (number
of measurements given in parentheses). (a) Poles to fault planes (open squares) and trend
and plunge of fault striations (solid circles) for west-dipping normal faults. (b) Poles to
fault planes (open squares) and trend and plunge of fault striations (solid circles) for
east-dipping normal faults. (c) Poles to bedding from the Taraiso deposits and La Noche
dacite. (d) Poles to mafic flow foliation from the Nuevo mafic volcanic rocks. (e) Great
circles to strike-slip faults, trend and plunge of fault striations (solid circle) and slip
direction (arrow).
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intruded a major west-dipping normal fault
(see sample AG42; Fig. 5) at 10.96 6 0.05
Ma. Thus the main phase of faulting oc-
curred between 16 and 11Ma and is middle–
late Miocene in age.
Fault Kinematics. The geometry of fault-

ing and the dip of layering, together with
kinematic analysis of fault-slip data, con-
strain extension direction. First generation
normal faults strike predominantly north-
south and dip east or west, and bedding pre-
dominantly dips east, suggesting east-west
extension (Fig. 9). Kinematic analysis of
fault plane and striae orientations yields a
more quantitative determination of exten-
sion direction (method of Marrett and All-
mendinger, 1990). This method is a three-
dimensional, incremental strain analysis
that essentially converts each fault plane–
striation pair into a fault plane solution. A
linked Bingham distribution is then used to
determine the principal axes of strain, thus
providing an objective directional maximum
for the extension and shortening axes. In es-
sence this method determines an ‘‘average’’
orientation for the axes of a fault array. The
calculated kinematic axes represent the ori-
entations of the principal axes of strain: ex-
tension, shortening, and intermediate. Anal-
ysis of fault-slip data using this technique
must meet the following criteria: (1) fault-
slip data are scale invariant, (2) slip direction
indicators have not been reoriented subse-
quent to faulting, (3) sampling is representa-
tive of the entire fault population, and (4) to
some degree, the strain is spatially homoge-
neous (Marrett and Allmendinger, 1990).
In our study, fault-slip indicators from

first generation faults appear to meet all
four requirements. (1) Most first generation
faults have offsets ,50 m, although they
show a range in offset of two orders of mag-
nitude. Elsewhere, fault-slip data from
faults with a range in offset of five orders of
magnitude have been shown to be scale-in-
variant (Marrett and Allmendinger, 1990).
(2) Reorientation of slip data appears un-
likely because of the absence of postfaulting
deformation in the area from which these
data have been measured. (3) Excellent ex-
posure allowed sampling representative of
the entire fault population. (4) Finally, in
the northern part of the area, where .95%
of the data come from, strain appears to be
spatially homogeneous.
Fault kinematic calculations for each pop-

ulation of first-generation faults yield nearly

identical orientation for the extension axis:
the extension axis is nearly horizontal east-
west (azimuth of 2658 and plunge of 68;
Fig. 11 and Table 2). This is not surprising
for the east- and west-dipping normal faults,
because field relationships indicate synchro-
nous motion along the two fault popula-
tions. While the relative age relationships
between strike-slip faults and normal faults
are not straightforward, the kinematic anal-
ysis supports our field interpretation that
minor strike-slip faulting accompanied nor-
mal faulting. As there is no evidence for
younger folding or faulting that rotates the
first generation faults, these results are in-
ferred to record the original extension di-
rection in present-day coordinates.
Magnitude of Extension. We estimated

the magnitude of extension by palinspasti-
cally restoring the apparent down-dip dis-
placement along faults within the upper 1
km of the crust across two cross sections,
one in the northern part of the field area and
one in the southern part of the area (Figs. 7
and 8). Because the fault blocks exhibit no
evidence for internal deformation, we treat
each as a rigid block. In the process of re-
storing these cross sections, no assumptions
were made concerning whether these faults
are planar or listric at depth, nor any re-
garding the geometry of underlying detach-
ment faults. In the northern part of the field
area, a palinspastic restoration of an east-
west cross section, perpendicular to the gen-
eral north-south strike of the normal faults,
yields an estimate of '14% extension, as-
suming pure dip-slip motion along the nor-
mal faults (Fig. 7b). This restoration reveals
a pre- to syn-faulting broad anticline in the
Miocene strata. In the southern part of the
area, a palinspastic reconstruction of the ap-

Figure 10. Plot of fault plane dip versus fault striation rake.

Figure 11. Stereonet plot of kinematic axes calculated for each set of first generation
faults.
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parent offset along faults from an east-west
cross section, parallel to the direction of ex-
tension, indicates'16% extension (Fig. 8b).
This restoration also reveals a pre- to syn-
faulting broad fold, although not nearly as
well developed as to the north. These esti-
mates are minima because (1) we are assum-
ing pure dip-slip motion, not oblique-slip as
indicated by the rake of fault striae, (2) of
small offset (,0.5 m) faults that may not have
been incorporated onto our maps, and (3) of
faults that may be covered by Quaternary col-
luvium and were not included in our cross sec-
tions. Although the errors associated with
these are difficult to quantify, especially for
the last point, we believe that the magnitude
of extension is probably no more than
'18%.

Second-Generation Faults

Exposed in the southern part of the field
area are second-generation faults comprised
of en echelon, east-west–striking, right-lat-
eral strike-slip faults, which are parallel to
and probably related to the Agua Blanca
fault, and northwest-striking, northeast-dip-
ping normal faults (Figs. 5 and 6). One of
the strike-slip faults is defined by the linear
trace of Canada Taraiso and is locally ex-
posed in an '1-m-wide fault zone defined
by strongly fractured and crushed granite,
and fault gouge and breccia. An exposed
fault plane within this zone has an orienta-
tion of N618W, 858SW; associated fault stri-
ations indicate a slip direction of N648W,
38NW. This fault offsets a north-south–strik-
ing, east-dipping first-generation normal
fault in the southern part of the field area by
'570 m (Figs. 5 and 6). Thus this youngest
fault postdates formation of the first-gener-
ation faults that are bracketed between
15.98 6 0.13 and 10.96 6 0.05 Ma. The sec-
ond of these faults is also east-west–striking
and is defined by an '7-m-high, linear es-
carpment in Quaternary older alluvium
(Figs. 5 and 6), although no fault plane is
exposed along this escarpment. On the basis
of its similar orientation to the fault de-
scribed above, as well as the Agua Blanca
fault, we infer that it is a right lateral, strike-
slip fault.

Associated with these strike-slip faults are
a series of northwest-striking, northeast-dip-
ping normal faults that cut Quaternary al-
luvial fan deposits and/or juxtapose hanging
wall Quaternary alluvial fan deposits against
footwall Cretaceous granitic rocks (Figs. 5
and 6). These faults are defined by a number
of distinct geomorphic and structural rela-
tionships, including triangular facets, wine-
glass structures, and vertically offset drain-
ages in the footwall; a sharp, linear break in
topography at the granitic/alluvial fan con-
tact; locally, an '7-m-high escarpment in
the Quaternary alluvial fan deposits; and
zones of fault gouge, cataclasis, and fractur-
ing in granitic rocks at the fault contact. The
preservation of these geomorphic features
attests to the relatively young age of these
faults. Because these normal faults and the
strike-slip faults do not appear to cut and
offset each other, we infer that they moved
simultaneously.
Finally, the presence of at least three gen-

erations of abandoned Quaternary stream
terrace deposits above the present-day
stream level suggests uplift resulting from
Quaternary normal faulting. Alternative in-
terpretations for these older terraces in-
clude sea level change (e.g., Ortlieb, 1987)
or stream capture by a drainage system with
a lower base level, both of which are unlikely
because the current drainage ends in a
closed depression.

DISCUSSION

Middle–Late Miocene Structural
Evolution

We have documented the oldest period of
late Cenozoic extension in Baja California,
thus our studies provide insight into the
early structural evolution of the Gulf Exten-
sional Province. First generation faults in
the Arroyo Grande area are bracketed in
age between 15.98 6 0.13 and 10.96 6 0.05
Ma. These faults are dominated by down-
to-the-west normal faults, which are anti-
thetic to the east-dipping Main Gulf Escarp-
ment, and yet they are areally restricted to
the western edge of the Gulf Extensional
Province, which elsewhere is bounded by the

Main Gulf Escarpment. Our mapping shows
that the steeply east-dipping Main Gulf Es-
carpment does not cut through the Arroyo
Grande area, although it is well exposed to
the south along the Sierra San Pedro Martir
range front and to the north along the cen-
tral Sierra Juarez range front. These rela-
tions suggest simultaneous movement along
the Main Gulf Escarpment and west-dip-
ping faults in the Arroyo Grande area. Thus
the Arroyo Grande area may delineate a
broad zone whereby Main Gulf Escarpment
slip is accommodated by smaller-magnitude
slip along a series of antithetic normal faults.
Initiation of movement along the Main Gulf
Escarpment, however, is only well dated in
southern Valle Chico at between 11 and 6
Ma (Stock and Hodges, 1990). If the
younger age of the Main Gulf Escarpment
from Valle Chico holds for areas adjacent to
the Arroyo Grande area, then movement
along the west-dipping faults may have ini-
tiated and ceased prior to the onset of move-
ment along the Main Gulf Escarpment. In
this context, movement along the Main Gulf
Escarpment may have been accommodated
in the Arroyo Grande area by broad folding
(see Figs. 7b and 8b).
The west-dipping fault domain within the

Arroyo Grande area is located in a region
where the character of the Main Gulf Es-
carpment changes from south to north. To
the south, the Sierra San PedroMartir range
front is a large-displacement (.5 km),
down-to-the-east fault (Gastil et al., 1975).
The pattern of west dips of Tertiary strata to
the east suggests that this fault has a listric
geometry defining an east-dipping detach-
ment fault at depth (Dokka and Merriam,
1982; Stock and Hodges, 1990). In contrast,
to the north, the Sierra Juarez range front
appears to consist of both east- and west-
dipping normal faults of small to moderate
displacement (,100–500m), which cutMio-
cene and younger strata that roll over to east
dips across the escarpment zone (Axen,
1995). Axen suggests that this faulted, roll-
over anticline lies in the hanging wall of
west-dipping detachment faults that lie to
the east–east-northeast (Isaac, 1987; Siem
and Gastil, 1994) and roots beneath the Si-
erra Juarez (Fig. 12a).
Our own reconnaissance geologic map-

ping and interpretation of aerial photogra-
phy and Landsat TM images immediately
north of the Arroyo Grande area suggest
small to moderate displacement, east-dip-
ping faults along the Sierra Juarez range
front (Fig. 2). The dominant west-dipping
normal faults of the Arroyo Grande area ap-
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pear to gradually die out northward toward
the central Sierra Juarez, and east-dipping
normal faults, associated with theMain Gulf
Escarpment, gradually die out southward
from the central Sierra Juarez. We have not
observed any major strike-slip or transfer
faults between the two areas (Fig. 2). In ad-
dition, our studies in the Arroyo Grande
area show that lower–middleMiocene strata
are flat lying on the high plateau of the Si-
erra Juarez and dip east across the escarp-
ment zone defining a faulted anticline (see
Figs. 7b and 8b). Furthermore, our recon-
naissance studies to the east-northeast of
the study area indicate that the pattern of
east-dipping strata cut by west-dipping nor-
mal faults continues, which suggests that an
east-dipping detachment fault does not lie
beneath this part of the Sierra Juarez. As
with Axen (1995), we suggest that one pos-
sible interpretation of the observed faulted,
roll-over anticline in the Arroyo Grande
area is that it lies in the hanging wall of a
west-dipping detachment fault, although
such a fault has not yet been described from
the little-studied area to the east (Fig. 12b).
However, in the Arroyo Grande area there
is no range front escarpment; rather, Mio-
cene strata roll over from flat lying to
east dips across the escarpment zone (cf.
Figs. 12a and 12b).
If the Sierra San PedroMartir range front

fault shallows into an east-dipping detach-
ment fault and a west-dipping detachment
fault roots beneath the Sierra Juarez, then

the southern part of our study area lies
within a region of dip reversal in the under-
lying regional detachment fault systems. In
extensional tectonic settings, such regions
are accommodation zones (e.g., Faulds et
al., 1990) or intervening transfer zones (e.g.,
Gibbs, 1984), which are oriented roughly
parallel to the extension direction. Such
zones accommodate structural and/or tem-
poral changes that are orthogonal or
oblique to the extension direction, such as
dip reversals of the underlying detachment
fault systems, areas of opposing tilt-block
domains, and different extensional strain
rates and/or different magnitudes of exten-
sion. Accommodation zones may be charac-
terized by a single fault or a set of strike-slip
or transfer faults (e.g., Gibbs, 1984; Lister et
al., 1986), intermeshing conjugate normal
faults (e.g., Faulds et al., 1990), or relay
structures connecting footwall and hanging
wall blocks of two en echelon faults (e.g.
Larsen, 1988). The Agua Blanca fault, lo-
cated south of the Arroyo Grande area, is a
major east-west– to west-northwest–strik-
ing, right-lateral strike-slip fault that would
provide an ideal transfer fault between the
Arroyo Grande area to the north and the
Sierra San Pedro Martir range front fault to
the south (Fig. 2). However, the magnitude
of extension decreases and dies out north-
ward along the Sierra San Pedro Martir and
southward from the Arroyo Grande area
toward the Agua Blanca fault. Furthermore,
the Agua Blanca fault appears to terminate

just west of the northward projection of the
Sierra San Pedro Martir range front fault
(Allen et al., 1960; Rogers, 1970; Fig. 2).
These field relationships suggest that there
is little or no extension at the eastern ter-
mination of the Agua Blanca fault. Hence,
the Agua Blanca fault does not appear to be
an accommodation structure between dip
reversals of the underlying detachment faults.
The en echelon geometry of the Sierra

San Pedro Martir and Sierra Juarez range
front faults (Fig. 2) may provide an alterna-
tive mechanism for the origin of the west-
dipping fault domain in the Arroyo Grande
area. In this en echelon geometry, the Ar-
royo Grande area lies along a relay structure
(e.g., Larsen, 1988) that connects the foot-
wall of the Sierra San Pedro Martir range
front fault with the hanging wall of the Si-
erra Juarez range front fault (Fig. 12c). In
this configuration, the antithetic west-dip-
ping faults act as displacement transfer
structures between the Sierra San Pedro
Martir and Sierra Juarez range front faults.
In this interpretation, the relay structure
(i.e., the Arroyo Grande area) may overlie
the dip reversal of the underlying detach-
ment faults or the east-dipping detachment
fault of the Sierra San Pedro Martir fault. If
the latter is the case, then there must be an
accommodation zone to the north of the Ar-
royo Grande area between east-dipping and
west-dipping detachment faults.
Because of the lack of sufficient data on

the deeper structure beneath the Arroyo

Figure 12. Highly schematic and generalized diagrams illustrating inferred geometries for the Main Gulf Escarpment zone. (a) Cross
section across the northern Sierra Juarez showing geometry of Main Gulf Escarpment (MGE) and inferred underlying west-dipping
detachment fault (modified after Axen, 1995). (b) Cross section across the Arroyo Grande area, southern Sierra Juarez showing geometry
of roll-over anticline and west-dipping faults in the escarpment zone (EZ) above an inferred west-dipping detachment fault. (c) Alternative
interpretation for the Arroyo Grande area. Three-dimensional diagram shows the Arroyo Grande area (AG) forming within a relay
structure that connects the footwall of the Sierra San Pedro Martir range front fault (SSPM) with the hanging wall of the Sierra Juarez
range front fault (SJ). See text for full discussion. Diagrams not to scale.
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Grande area, the interpretations presented
above are no more than reasonable infer-
ences of the three-dimensional geometry in
the region. Clearly, further work, especially
seismic reflection data, is needed in order to
document the geometry of the underlying
detachment fault system in the Arroyo
Grande and adjacent areas, and thereby
fully characterize the development of this
accommodation zone.

Late Cenozoic Extension in the Gulf
Extensional Province

This study of the geometry, kinematics,
magnitude, and timing of normal faulting in

the southern Sierra Juarez is part of a grow-
ing body of evidence for extensional defor-
mation throughout the Gulf Extensional
Province of Baja California and northwest-
ern mainland Mexico that has been steadily
accumulating during the past 25–30 yr (Ta-
ble 3). In general, east-west extension within
the Gulf Extensional Province has persisted
from middle Miocene to present day, al-
though movement along normal faults has
not been synchronous throughout the prov-
ince. In the western Gulf Extensional Prov-
ince, along Baja California, structural pat-
terns show northwest- to northeast-striking
normal faults that generally dip steeply to

moderately both west and east, and stratal
tilts within fault blocks vary from shallow to
moderate (see summary of evidence for sites
1–11 in Table 3 and Fig. 13). Ages of pre-
and postfaulting volcanic rocks from a num-
ber of areas indicate that extension began
primarily during late Miocene time. Our
study provides the oldest reported con-
straints on timing of extension in this part of
the Gulf Extensional Province, where it is of
middle–late Miocene age.
Faulting continues today as indicated by

Holocene scarps along the southern part of
the north-northwest–striking San Pedro
Martir fault, and by some faults that appear
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to be coeval with the eruption of Holocene
alkalic volcanic rocks in north-northwest–
trending grabens in the Santa Rosalia area
(sites 4 and 8; Table 3 and Fig. 13). Esti-
mates of extension direction from regional
fault and tilt patterns, paleostress analysis,
and kinematic analysis indicate extension in
an east-west to northeast-southwest orien-
tation. Estimates of the magnitude of exten-
sion range from 2% to 58%.
The eastern Gulf Extensional Province,

including Isla Tiburon and mainland Mex-
ico, shows a similar style and timing of ex-
tension. The oldest age constraints on nor-
mal faulting within the eastern Gulf
Extensional Province are reported from Isla
Tiburon (site 12; Table 3 and Fig. 13).
There, 19–15Ma volcanic rocks dip as much
as 508, whereas 13–11 Ma volcanic rocks dip

only 258, indicating that normal faulting was
active between 15 and 13 Ma. Flat-lying,
6–4 Ma rocks mark the local cessation of
normal faulting. Elsewhere in the eastern
part of the Gulf Extensional Province, the
onset of east-west–directed extension oc-
curred during late Miocene time (sites 12–
18; Table 3 and Fig. 13). The magnitude of
extension is locally as much as 50%.
These structural and geochronologic data

confirm a period of extension in Baja Cali-
fornia that predated the onset of sea-floor
spreading in the Gulf of California at 4–5
Ma (Moore and Buffington, 1968; Larson et
al., 1968) as suggested by a variety of other
geologic data, including middle–upper Mio-
cene marine sedimentary rocks that are ex-
posed at various localities along the length
of the peninsula and on islands within the

Gulf of California (McCloy and Ingle, 1982;
Boehm, 1984; Ingle, 1973, 1974, 1984; Mc-
Cloy, 1984; Smith et al., 1985; Smith, 1991),
and seismic reflection profile data from
within the gulf that suggest pelagic sedimen-
tation prior to opening of the gulf (Moore
and Buffington, 1968; Moore, 1973).

Origin of Proto-Gulf Extension

Geochronologic data on the timing of arc-
related volcanism and timing andmagnitude
of extension in the southern Sierra Juarez
agree nicely with the global plate recon-
struction model of Stock and Hodges (1989)
and are also consistent with the sugges-
tions of Humphreys and Weldon (1991) and
Engebretson et al. (1985). By 16 Ma, arc-
related volcanism within the southern Sierra
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Juarez had ceased. The global plate recon-
struction model shows that at this time the
Rivera triple junction had migrated south-
ward of the latitude of the Sierra Juarez, and
subduction had ceased and had been re-
placed by a growing right-lateral strike-slip
boundary (Figs. 14a and 14b). Our study in-
dicates that the main phase of normal fault-
ing, an episode of east-west extension, is
bracketed between 15.986 0.13 and 10.966
0.05 Ma, clearly postdating cessation of sub-
duction and supporting a distinctly proto-
gulf phase of extension (Fig. 14b). Global
plate reconstructions indicate that, some-
time between 15 and 9 Ma, relative plate
motions between the Pacific and North
American plates at this latitude changed
from parallel to the margin to transtensional
(Stock and Hodges, 1989), although a fixed

hotspot reference frame model indicates
transtensional plate motion may have begun
as early as 17 Ma (Engebretson et al., 1985;
Fig. 14c). The constraints on middle Mio-
cene (16–11 Ma) extension reported in this
study do not discriminate between these two
models, but are broadly consistent with
both. We suggest that the middle Miocene
episode of east-west extension in the Arroyo
Grande area was a direct response to the
onset of transtensional, relative plate mo-
tion. Because no extension occurred along
the western margin of Baja California at this
time (Spencer and Normark, 1979; Haus-
back, 1984), the transtensional plate motion
was partitioned into two components: a
strike-slip component parallel to the San
Benito and Tosco-Abreojos faults along the
western margin of Baja California, and a

nearly orthogonal extensional component
within what is now the Gulf Extensional
Province (Stock and Hodges, 1989; Fig. 14c).
Humphreys andWeldon (1991), however,

have argued that dextral transform motion
must have been ongoing by 17Ma within the
proto-gulf region, because Pacific–North
American plate motion since 4–5 Ma could
not have accounted for the minimum geo-
logic separation of Baja California from
mainland Mexico. If a strong dextral com-
ponent of deformation characterizedmiddle
Miocene deformation, it was not manifested
within the Arroyo Grande area. While the
geologic separation across the gulf points to
proto-gulf dextral faulting, such faulting is
only known to have become active in the
Gulf Extensional Province possibly during
late Miocene time and certainly during Plio-
cene time (Lewis, 1994; also Table 3).
We can test the idea of a strong compo-

nent of middle–late Miocene dextral motion
by comparing it to small-scale analytical and
experimental (soft clay and sand-silicone)
modeling of oblique rifting (e.g., Withjack
and Jamison, 1986; Tron and Brun, 1991).
Such models describe the relationship be-
tween rift orientation and extension direc-
tion in order to characterize a possible
transtensional component in the system.
Withjack and Jamison (1986) define the fol-
lowing parameters: g is the angle between
rift strike and the extension direction; a, the
acute angle between rift strike and relative
displacement direction between opposite
sides of the rift, is a measure of the degree
of oblique rifting and is defined by cot a 5
2 tan (90–g). Smaller values of a therefore
indicate a larger degree of oblique rifting.
As with any empirical model, caution is
needed when extrapolating to natural exam-
ples. In this case, drawbacks with the exper-
imental systems are scale, time, and the use
of homogeneous materials.
In our study area, the Main Gulf Escarp-

ment is the best approximation of middle–
late Miocene rift orientation and strikes
'3428 in northernmost Baja California. The
extension direction for middle–late Mio-
cene faulting in the Arroyo Grande region is
2658, and the average strike of normal faults
is 3558–3578. These values yield g 5 778 and
a 5 608. Therefore, the displacement direc-
tion between opposite sides of the rift is
2828, 178 clockwise from the extension di-
rection. In addition, the analytical and clay
models of Withjack and Jamison (1986), for
the values cited here, predict that normal
faults will develop '158 clockwise from the
rift strike in excellent agreement with the

Figure 13. Map showing location of study areas within the Gulf Extensional Province that
are discussed in the text and Table 3. Numbers are keyed to Table 3. Abbreviations for
major faults: AG, Agua Blanca; CP, Cerro Prieto; SB, San Benito; SJ, Sierra Juarez; SSPM,
Sierra San Pedro Martir; TA, Tosco-Abreojos.
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angular relationship between the average
strike of normal faults in the Arroyo Grande
area and strike of the Main Gulf Escarp-
ment. Therefore, comparison of normal
fault development and extension in the Ar-
royo Grande area to analytical and clay
models of oblique rifting indicate only a mi-
nor component of dextral motion during the
middle–late Miocene, in general agreement
with the paucity of strike-slip indicators in
the Arroyo Grande area from that time in-
terval. Hence, dextral motion was not an im-
portant component of the evolution of the
Gulf Extensional Province until after mid-
dle–late Miocene time.

Post–Late Miocene Structural Evolution

If our inference of simultaneous move-
ment along second-generation strike-slip
and normal faults in the southern part of the
field area is correct, then these faults define
a right-step in a right-lateral strike-slip fault
system. In this configuration, the northwest-
striking, northeast-dipping normal faults act
as displacement transfer structures between
en echelon strike-slip faults. Such a geome-
try between strike-slip and normal faults has
been well known since displacement trans-
fer normal faults were first described by
Burchfiel and Stewart (1966) and Crowell
(1974). This geometry appears to provide a
mechanism for accommodating transfer of
slip from the Gulf Extensional Province to
the Transpeninsular Strike-slip Province.
Because of the well-preserved geomorphic
features associated with these second-gen-
eration faults, fault slip is Quaternary, or
possibly Pliocene, in age.

CONCLUSIONS

Volcanic and fluvial strata form a cara-
pace on crystalline rocks of the Peninsular
Ranges batholith in the southern Sierra
Juarez. Most of the volcanic rocks are mid-
dle Miocene in age; fluvial deposits may be
somewhat older. These deposits record de-
velopment of a broad, stable, river-worked
tableland, where mafic and intermediate
magmatism was related to the waning stages
of subduction, or outlasted the transition to
a rift-transform margin.
The main deformational fabric comprises

three sets of related faults: a dominant set of
north-south–striking normal faults that are
west-dipping, a secondary set of north-
south–striking faults that are east-dipping,
and lesser strike-slip faults. All three sets of
faults have a common extension direction

Figure 14. Plate configurations with respect to Baja California and the study area for
time periods (a) 20.4 Ma, (b) 16.2 Ma, and (c) 12.9 Ma. Extension direction for the study
area, bracketed between 15.98 6 0.13 and 10.96 6 0.05 Ma, is shown in (b) and (c) by the
double-headed arrow. Reconstructions are based on global plate reconstructions of the
Pacific plate to the North American plate of Stock and Molnar (1988). In addition, 130 km
of east-northeast extension has been removed from the Basin and Range Province ofMexico
(see Stock and Lee, 1994). Past positions of points and 95% confidence regions at 20.0, 10.6,
and 5.5 Ma on the Pacific plate relative to fixed North America are from Stock and Hodges
(1989). Solid triangles are positions of points at 17, 9, and 5 Ma based on the fixed hotspot
reference frame of Engebretson et al. (1985). Maps are an oblique Mercator projection
modified after Stock and Lee (1994).
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(2658) and are temporally and spatially re-
lated. East-west extension occurred along
these faults between 15.98 6 0.13 Ma and
10.96 6 0.05 Ma, attesting to deformation
that is distinctly older than evolution of the
oceanic rift. Deformation also may have
preceded known initiation of the Main Gulf
Escarpment between 11 and 6 Ma, which is
only well dated in southern Valle Chico
(Stock and Hodges, 1990). The primarily
down-to-the-west normal faulting may have
been a precursor or an early phase accom-
modation zone along the escarpment.
Faulting related to the modern kinemat-

ics of the Transpeninsular Strike-slip Prov-
ince is also present, consisting of east-west–
striking, right lateral strike-slip faults, and
connecting northwest-striking, northeast-
dipping normal faults. The strike-slip faults
are parallel to and probably related to the
nearby Agua Blanca fault; the normal faults
are displacement transfer structures be-
tween en echelon strike-slip faults and prob-
ably provide a mechanism for transfer of slip
from the Gulf Extensional Province to the
Transpeninsular Strike-slip Province.
The timing of east-west extension docu-

mented in the southern Sierra Juarez coin-
cides with the calculated onset of trans-
tensional plate motions between North
American and Pacific plates. This observa-
tionsupports thehypothesis thatmiddleMio-
cene transtensional plate slip was parti-
tioned into two components: a strike-slip
component parallel to active faults along the
western margin of Baja California, and an
extensional component, orthogonal to the
margin but located in what is now the Gulf
Extensional Province. Hence, the onset of
extension within the circum-gulf region oc-
curred in response to a change in the plate
boundary configuration.
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