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ABSTRACT

The Sierra Madre Occidental is the result of Cretaceous-Cenozoic magmatic and
tectonic episodes related to the subduction of the Farallon plate beneath North Amer-
ica and to the opening of the Gulf of California. The stratigraphy of the Sierra Madre
Occidental consists of five main igneous complexes: (1) Late Cretaceous to Paleocene
plutonic and volcanic rocks; (2) Eocene andesites and lesser rhyolites, traditionally
grouped into the so-called Lower Volcanic Complex; (3) silicic ignimbrites mainly
emplaced during two pulses in the Oligocene (ca. 32-28 Ma) and Early Miocene
(ca. 24-20 Ma), and grouped into the “Upper Volcanic Supergroup’’; (4) transitional
basaltic-andesitic lavas that erupted toward the end of, and after, each ignimbrite
pulse, which have been correlated with the Southern Cordillera Basaltic Andesite
Province of the southwestern United States; and (5) postsubduction volcanism con-
sisting of alkaline basalts and ignimbrites emplaced in the Late Miocene, Pliocene,
and Pleistocene, directly related to the separation of Baja California from the Mexi-
can mainland. The products of all these magmatic episodes, partially overlapping in
space and time, cover a poorly exposed, heterogeneous basement with Precambrian
to Paleozoic ages in the northern part (Sonora and Chihuahua) and Mesozoic ages
beneath the rest of the Sierra Madre Occidental.

The oldest intrusive rocks of the Lower Volcanic Complex (ca. 101 to ca. 89 Ma)
in Sinaloa, and Maastrichtian volcanics of the Lower Volcanic Complex in central
Chihuahua, were affected by moderate contractile deformation during the Laramide
orogeny. In the final stages of this deformation cycle, during the Paleocene and Early
Eocene, ~E-W to ENE-WSW-trending extensional structures formed within the
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Lower Volcanic Complex, along which the world-class porphyry copper deposits of
the Sierra Madre Occidental were emplaced. Extensional tectonics began as early as
the Oligocene along the entire eastern half of the Sierra Madre Occidental, forming
grabens bounded by high-angle normal faults, which have traditionally been referred
to as the southern (or Mexican) Basin and Range Province. In the Early to Middle
Miocene, extension migrated westward. In northern Sonora, the deformation was
sufficiently intense to exhume lower crustal rocks, whereas in the rest of the Sierra
Madre Occidental, crustal extension did not exceed 20 %. By the Late Miocene, exten-
sion became focused in the westernmost part of the Sierra Madre Occidental, adja-
cent to the Gulf of California, where NNW-striking normal fault systems produced
both ENE and WSW tilt domains separated by transverse accommodation zones. It
is worth noting that most of the extension occurred when subduction of the Farallon
plate was still active off Baja California.

Geochemical data show that the Sierra Madre Occidental rocks form a typical
calc-alkaline rhyolite suite with intermediate to high K and relatively low Fe contents.
Late Eocene to Miocene volcanism is clearly bimodal, but silicic compositions are vol-
umetrically dominant. Initial #Sr/3¢Sr ratios mostly range between 0.7041 and 0.7070,
and initial eENd values are generally intermediate between crust and mantle values
(+2.3 and -3.2). Based on isotopic data of volcanic rocks and crustal xenoliths from
a few sites in the Sierra Madre Occidental, contrasting models for the genesis of the
silicic volcanism have been proposed. A considerable body of work led by Ken Cam-
eron and others considered the mid-Tertiary Sierra Madre Occidental silicic magmas
to have formed by fractional crystallization of mantle-derived mafic magmas with
little (<15%) or no crustal involvement. In contrast, other workers have suggested the
rhyolites, taken to the extreme case, could be entirely the result of partial melting of
the crust in response to thermal and material input from basaltic underplating. Sev-
eral lines of evidence suggest that Sierra Madre Occidental ignimbrite petrogenesis
involved large-scale mixing and assimilation-fractional crystallization processes of
crustal and mantle-derived melts.

Geophysical data indicate that the crust in the unextended core of the northern
Sierra Madre Occidental is ~55 km thick, but thins to ~40 km to the east. The anoma-
lous thickness in the core of the Sierra Madre Occidental suggests that the lower crust
was largely intruded by mafic magmas. In the westernmost Sierra Madre Occidental
adjacent to the Gulf of California, crustal thickness is ~25 km, implying over 100% of
extension. However, structures at the surface indicate no more than ~50% extension.
The upper mantle beneath the Sierra Madre Occidental is characterized by a low-
velocity anomaly, typical of the asthenosphere, which also occurs beneath the Basin
and Range Province of the western United States.

The review of the magmatic and tectonic history presented in this work suggests
that the Sierra Madre Occidental has been strongly influenced by the Cretaceous-
Cenozoic evolution of the western North America subduction system. In particular,
the Oligo-Miocene Sierra Madre Occidental is viewed as a silicic large igneous prov-
ince formed as the precursor to the opening of the Gulf of California during and
immediately following the final stages of the subduction of the Farallon plate. The
mechanism responsible for the generation of the ignimbrite pulses seems related to
the removal of the Farallon plate from the base of the North American plate after
the end of the Laramide orogeny. The rapid increase in the subduction angle due to
slab roll-back and, possibly, the detachment of the deeper part of the subducted slab
as younger and buoyant oceanic lithosphere arrived at the paleotrench, resulted in
extension of the continental margin, eventually leading to direct interaction between
the Pacific and North American plates.

Keywords: Sierra Madre Occidental, Gulf of California, continental magmatism,
silicic large igneous province, extensional tectonics, subduction dynamics.
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1. INTRODUCTION

Large volcano-plutonic belts dominated by rhyolitic and/or
granitic rocks are common features of most continents. They
typically display rock volumes between 10° to >10° km?, and
were emplaced in time periods of 10-40 millions of years. These
belts have been referred to as “silicic large igneous provinces”
by Bryan et al. (2002) (Table 1). The silicic magmatic event that
produced these large provinces is not a common phenomenon
in the geologic record, and must be associated with global tec-
tonic processes. This type of magmatism strongly contributes
to the modification of the rheologic structure and the composi-
tion of the continental lithosphere, as well as to the generation
of a variety of ore deposits. Additionally, the concentration of
large explosive eruptions over a relatively short time span may
have significant impact on the global climate. The main pulses
of ignimbritic volcanism of the Sierra Madre Occidental overlap
with a global low-temperature paleoclimatic event at the Eocene-
Oligocene boundary, as well as with a cooling event of shorter
duration in the Early Miocene (Cather et al., 2003).

The Sierra Madre Occidental (Fig. 1) is one of the larger
silicic igneous provinces on Earth, and is the largest of the Ceno-
zoic era (Table 1). The ignimbritic carpet of the Sierra Madre
Occidental covers an area of ~300,000 km?> (McDowell and
Keizer, 1977; McDowell and Clabaugh, 1979; Ward, 1995) with
an upper estimate of ~393,000 km? (Aguirre-Diaz and Labarthe,
2003). However, intracontinental Basin and Range—type exten-
sion and the opening of the Gulf of California have obscured a
significant part of the original size of this province, which may
have been significantly larger. Although the ignimbritic cover
is the most obvious feature of the Sierra Madre Occidental, the
“Lower Volcanic Complex” (McDowell and Keizer, 1977) that
underlies it is also important. The Lower Volcanic Complex
comprises Cretaceous to Paleocene plutonic and volcanic rocks
that are similar in age and composition to the Peninsular Ranges
batholith and the Jalisco block, and is the main host to world-
class silver and copper ore deposits (e.g., Fresnillo and Juani-

cipio, Zacatecas; Cananea and Nacozari, Sonora; see also Staude
and Barton, 2001; Damon et al., 1983). The location and age of
the Lower Volcanic Complex, interpreted to be the remnants of
the suprasubduction zone magmatic arc, are critical to under-
stand the Laramide orogeny that affected the western margin of
the North American continent.

Given the scientific and economic importance of the Sierra
Madre Occidental, the available literature concerning this major
geologic feature of México is still relatively limited. Despite
the passage of ~30 years since the first formal publications on
the Sierra Madre Occidental, detailed geological knowledge is
mostly restricted to relatively small areas accessible by roads, or
has been based largely on remote sensing studies. Geochemical
studies have been from small areas, often with results extrapolated
to encompass the entire province. In contrast, geophysical stud-
ies are essentially at regional or continental scale. Consequently,
many problems on the origin and evolution of the Sierra Madre
Occidental remain, and are open to scientific discussion. There
is no consensus, for example, regarding the mechanism(s) that
produced this huge magmatic pulse and, in particular, how much
the continental crust contributed to the generation of the silicic
magmas. In addition, the causes of Cenozoic extension and its
relationship to the final stages of subduction are little understood.
Thus, the Sierra Madre Occidental in many ways is an important
frontier in the geologic knowledge of México.

This work intends to summarize the current state of geologic
knowledge of the Sierra Madre Occidental, particularly focusing
on the evolution of the Cretaceous-Cenozoic magmatism and asso-
ciated tectonics. In the first part, we present a synthesis of the stra-
tigraphy based on the available geochronologic data, as well as a
summary of the geometry, kinematics, and age of the faulting that
have affected the Sierra Madre Occidental. We then summarize the
available geophysical data, and geochemical and petrological stud-
ies. Finally, we discuss the time-space evolution of the magma-
tism and tectonics, the models to explain the origin of the silicic
volcanism, and the problems that still remain unsolved to better
understand this volcanic province. To support the present work, we

TABLE 1. CATALOGUE OF LARGE SILICIC IGNEOUS PROVINCES ORDERED IN TERMS OF MAXIMUM EXTRUSIVE VOLUMES

Province Age Volume Size Magma flux Reference
(Ma) (km®) (km) (km?® kyr™)*
Whitsunday ca. 132-95 >2.2x10° >2500 x 200 >55 Bryan et al. (1997, 2000);
(Eastern Australia) Bryan (2005b)
Kennedy-Connors-Auburn ca. 320-280 >5x10° >1900 x 300 >12.5 Bain and Draper (1997); Bryan
(Northeast Australia) et al. (2003)
Sierra Madre Occidental ca. 38-20 >3.9 x 10° >2000 x 200 to >22 McDowell and Clabaugh
500 (1979); Ferrari et al. (2002)
Chon Aike 188-153 >2.3x10° >3000 x 1000 >7.1 Pankhurst et al. (1998, 2000)
(South America—Antarctica)
Altiplano—Puna ca. 10-3 >3 x 10°* ~300 x 200 >4.3 De Silva (1989a, 1989b)
(Central Andes)
Taupo Volcanic Zone 1.6-0 ~2x10° 300 x 60 ~9.4-13 Wilson et al. (1995); Houghton

(New Zealand)

et al. (1995)

Note: From Bryan (2005a). All provinces are dominated by rhyolitic igneous compositions and ignimbrite.
*Magma flux rate is averaged eruptive flux, based on known extrusive volumes for the provinces.
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Figure 1. Tectonic sketch map of México showing Tertiary extension (after Henry and Aranda-Gémez, 2000, and Ferrari
et al., 2002), the Sierra Madre Occidental (SMO) volcanic province, and the present plate configuration. TMVB—Trans-
Mexican Volcanic Belt. The regional tilt domains are according to Stewart et al. (1998).

offer a series of regional synthetic geological maps of the magmatic
episodes (Figs. 2-5), and tectonic maps based on interpretation of
high-resolution satellite images, plus literature data (Figs. 6-9).
Several summary and review works previously published on
the Sierra Madre Occidental are relevant to this paper. McDowell
and Clabaugh (1979) summarized the pioneering studies in the
1970s, and provided the first general stratigraphic framework of
the Sierra Madre Occidental. Most of the geologic and geochro-
nologic knowledge of the northern and central parts of the Sierra
Madre Occidental results from work done by researchers and
students of the University of Texas at Austin and the Hermosillo
regional station of the Instituto de Geologia of Universidad Nacio-

nal Autonoma de México (UNAM), studies which were largely
coordinated by Fred W. McDowell for about three decades, and
summarized in various papers mainly published in the GSA Bul-
letin between 1994 and 2001. Other important contributions to
the geology and tectonics of the central part of the Sierra Madre
Occidental are the works by Chris Henry of the University of
Nevada, and Jorge Aranda-Gémez and Gerardo Aguirre-Diaz
of Centro de Geociencias of UNAM. An updated synthesis of
these works was provided by Aranda-Gémez et al. (2003) and
Henry et al. (2003). Until a few years ago, the southern part of
the Sierra Madre Occidental remained little studied compared to
the rest of the province. Nieto-Samaniego et al. (1999) provided
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Figure 2. Geographic extension of the Sierra Madre Occidental igneous assemblages based on Fig-
ures 3, 4, and 5. The extension of the Cretaceous to Eocene assemblages is partly inferred from the
extensive cover by the Oligocene and Early Miocene ignimbrites. Scarce Oligocene volcanic rocks

in Baja California are not shown because of the scale of the figure.

the first review of this region along with the magmatic evolution
of the Mesa Central. More recently, Ferrari et al. (2002) provided
a geologic and tectonic framework for this southern section, and
proposed a general model for the occurrence of the ignimbritic
pulses of the Sierra Madre Occidental. Review papers on the age,
geology, and tectonics of ore deposits within the Sierra Madre
Occidental have been published by Damon et al. (1983), Staude
and Barton (2001), and Camprubi et al. (2003).

2. REGIONAL STRATIGRAPHY
Introduction
The term “Sierra Madre Occidental” has traditionally been

used to describe a large physiographic province of western México,
characterized by a high plateau with an average elevation exceed-

ing 2000 m asl, and covering an area ~1200 km long and 200—
400 km wide. It extends south from the border with the United
States to the Trans-Mexican Volcanic Belt, and is bounded to the
west by the Gulf of California, and by the Mesa Central (Mexican
Central Plateau) to the east (Fig. 1). The opening of the Gulf of
California promoted the formation of deep canyons along the west
flank of the Sierra Madre Occidental, whereas Basin and Range
extensional tectonics produced wide tectonic depressions along the
eastern flank of the province. The term “Sierra Madre Occidental”
is also used to describe the Tertiary volcanic province character-
ized by large volumes of silicic ignimbrites (Fig. 1). The Tertiary
volcanic province extends beyond the physiographic province to
include the Mesa Central and part of eastern Chihuahua, although
less abundant Late Eocene to Oligocene silicic ignimbrites are
also present to the south of the Trans-Mexican Volcanic Belt in the
Sierra Madre del Sur (Michoacan, Guerrero, México, and Oaxaca
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Figure 8. Tectonic map of central part of the Sierra Madre Occidental showing orientation and age of extensional deformation (see text for details

and references). Faults and calderas as in Figure 6.

States) (Moran-Zenteno et al., 1999). The present work focuses
on the geology within the Sierra Madre Occidental physiographic
province, since the geology of the Mesa Central plateau is treated
in a companion paper (Nieto-Samaniego et al., this volume).

The Sierra Madre Occidental comprises several different
igneous rock assemblages emplaced while subduction of the Far-
allon plate occurred beneath the North American plate (Fig. 2),
and includes: (1) plutonic and volcanic rocks of Late Cretaceous-
Paleocene age; (2) Eocene andesitic and lesser dacitic-rhyolitic vol-
canic rocks; (3) silicic ignimbrites emplaced in two main pulses in
the Early Oligocene and Early Miocene; (4) basaltic lavas erupted
during the later stages of, and after, each ignimbritic pulse; and (5)
repeated episodes of alkaline basaltic lavas and ignimbrites gener-
ally emplaced along the periphery of the Sierra Madre Occidental
in the Late Miocene, Pliocene, and Quaternary. Assemblages 1-2
and 3 have been defined as the “Lower Volcanic Complex” and the
“Upper Volcanic Supergroup,” respectively (McDowell and Keizer,
1977). Mafic volcanic rocks of assemblage 4, in the northern part
of the Sierra Madre Occidental, have been considered an exten-
sion of the “southern Cordillera basaltic andesite” belt, defined by

Cameron et al. (1989). Basalts of assemblage 5 have been directly
related to various episodes of extension and opening of the Gulf of
California (Henry and Aranda-Gémez, 2000). The products of all
these magmatic episodes, which are partly superimposed (Fig. 2),
cover a heterogeneous and poorly exposed Precambrian, Paleo-
zoic, and Mesozoic basement (James and Henry, 1993; McDowell
et al., 1999; Dickinson and Lawton, 2001).

In order to summarize the regional stratigraphy of the
Sierra Madre Occidental, one must take into account that our
knowledge is significantly diminished by difficulties in access,
the scarcity of outcrops of pre-Oligocene units, and the intense
post-Eocene extensional faulting. In particular, the true extent
and significance of Cretaceous-Eocene magmatism in the region
is not readily appreciable (Figs. 2-5). For practical purposes, in
describing the Cretaceous-Tertiary magmatism and tectonics, the
Sierra Madre Occidental is divided into three sectors: northern
(Sonora-Chihuahua), central (Sinaloa-Durango) and southern
(Nayarit-Jalisco-Zacatecas) sectors; these sectors center on the
three main highways that cross the Sierra Madre Occidental from
west to east. The regional geology of these sectors is illustrated in
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Figure 9. Tectonic map of southern part of the Sierra Madre Occidental (based on Ferrari et al., 2002) showing orientation and age of extensional
deformation (see text for details and references). Faults and calderas as in Figure 6. Sp—San Pedro fault system; Ve—La Ventana graben.

the maps provided in Figures 3, 4, and 5. The first two maps are
based on the 1:250,000 scale geological cartography published
in the past 9 years by the former Consejo de Recursos Minerales
(CRM), presently named Servicio Geologico Mexicano (SGM),
and particularly the geological sheets for Hermosillo, Madera,
Buenavista, Sierra Libre, Tecoripa, Chihuahua, Guaymas, Ciudad
Obregdn, San Juanito, Pericos, Santiago Papasquiaro, Culiacén,
Durango, Mazatlan, and El Salto. These geologic maps were
reinterpreted for this work and verified on the basis of the geo-
chronologic data available in the literature. Although the geology
of the SGM maps has been partly inferred, they represent the
most detailed and updated map sheets covering the Sierra Madre

Occidental province. For the southern sector of the Sierra Madre
Occidental, the geologic map shown in Figure 5 is modified from
those presented by Ferrari et al. (2002), as they provide more
stratigraphic detail than SGM maps for the region.

Prevolcanic Basement

Paleo- and Mesoproterozoic

Abundant outcrops of Proterozoic rocks of the North Ameri-
can craton are recognized particularly in the basement of north-
western Sonora. Part of this basement was presumably displaced
~800 km southeast during the Mid to Late Jurassic, by a left
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lateral fault called the “Mojave-Sonora megashear” (Silver and
Anderson, 1974; Anderson and Silver, 1979). Since its concep-
tion, the model of the Mojave-Sonora megashear has been con-
troversial, however, it appears to be a fundamental feature in most
tectonic reconstructions of México (e.g., Anderson et al., 2005;
Sedlock et al., 1993). According to this model, the basement
transported to the southeast, also defined as the Caborca terrane
(Campa and Coney, 1983), is characterized by granitic plutons,
gneiss, and schist, which yielded isotopic ages between 1.8 and
1.7 Ga. In contrast, the autochthonous basement to the north of
the megashear is mostly characterized by metamorphosed clastic
and volcanic rocks of the Pinal schist, with ages between 1.7 and
1.6 Ga (Anderson and Silver, 1979; Anderson and Schmidt, 1983).
Recently proposed alternative models for the tectonic reconstruc-
tion of the Proterozoic basement of Sonora (Dickinson and Law-
ton, 2001; Iriondo et al., 2004a) still require an important shear
zone, similar to that proposed by Anderson and Silver (1979).

Except in northeastern Sonora, Proterozoic crystalline
rocks do not outcrop in the Sierra Madre Occidental province.
To the east, granitic rocks of Grenvillian age (ca. 1.0 Ga) cut by
amphibolitic dikes are recognized in east-central Chihuahua, in
the Sierras of Los Filtros and El Carrizalillo (Ruiz et al., 1988b;
McDowell and Mauger, 1994) (Fig. 3). Proterozoic rocks are
known to occur at depth in northeastern and southeastern Chihua-
hua based on the occurrence of lower crustal xenoliths brought to
the surface by recent alkali basalts exposed at El Potrerillo and
La Olivina (Ruiz et al., 1988b; Cameron et al., 1992). Old North
American basement is therefore considered to underlie the Sierra
Madre Occidental and particularly the northern sector, and may
have modified the final isotopic composition of the Cenozoic vol-
canic rocks. McDowell et al. (2001) and Albrecht and Goldstein
(2000) used the Sr, Nd, and Pb isotopic compositions of Eocene-
Oligocene ignimbrites to indirectly locate the boundary of the
North American Proterozoic basement beneath the Sierra Madre
Occidental in Chihuahua. In both studies, changes in whole-rock
isotopic compositions defined a roughly WNW- or NW-trending
boundary, located between the city of Chihuahua to the north-
east and the Témochic caldera to the southwest (Figs. 3 and 6).
Isotopic studies of Laramide granitic rocks from northwestern
Mexico suggest that this Proterozoic crustal boundary may be
located further to the south, near the Sonora-Sinaloa-Chihuahua
state borders (Valencia-Moreno et al., 2001, 2003) (Fig. 6).

Neoproterozoic and Paleozoic

Extensive sequences of marine sedimentary rocks cover the
Proterozoic crystalline rocks of northern and northwestern Mexico.
These sequences display a clear temporal continuity from the Neo-
proterozoic through most of the Paleozoic, and for this reason it is
more convenient to treat them here as a single assemblage. A com-
prehensive descriptive inventory of known exposures of these rocks
in Sonora was presented by Stewart and Poole (2002). In general,
the sedimentary sequences represent two main geological environ-
ments: (1) a shallow-water marine platform, mostly occurring in
western and central Sonora, and (2) a deep-marine basin extending

further to the south and represented by the Paleozoic sedimentary
sequences (e.g., Poole et al., 1991). The latter was considered part
of the Cortéz terrane (Coney and Campa, 1987; Valencia-Moreno
et al., 1999), however, other authors consider these sedimentary
rocks to have been deposited in a basin fringing the North Ameri-
can continent, and therefore to be part of the same tectonic block
that was transported in the Jurassic along the Mojave-Sonora
megashear (e.g., Sedlock et al., 1993; Ortega-Gutiérrezet al., 1994).
In eastern Sonora, the Neoproterozoic and Paleozoic rocks clearly
continue beneath the Tertiary volcanic rocks of the Sierra Madre
Occidental, and are observable west of Yécora and to the southeast
of Sahuaripa (Stewart et al., 1999; Almazan-Vazquez, 1989), and
along the western edge of the Sierra Madre Occidental (Fig. 3). In
the northern part of Sinaloa, deformed deep-water marine rocks of
Paleozoic age have also been recognized (Carrillo-Martinez, 1971;
Mullan, 1978; Gastil et al., 1991), with exposures likely extending
further north to near Alamos, in southern Sonora (Fig. 3).

The contact between these two Paleozoic environments is
well known in central Sonora (e.g., Poole et al., 1991; Valencia-
Moreno et al., 1999), but its extension to the east is hidden beneath
the volcanic rocks of the Sierra Madre Occidental. East of the
Sierra Madre Occidental, outcrops of Paleozoic rocks are relatively
scarce, but they occur in northern Chihuahua where they are con-
sidered an extension of the Ouachita orogenic belt (Stewart, 1988)
(Fig. 6). Further to the south in this region, Paleozoic low-grade
metamorphic rocks and volcanic and volcaniclastic sequences
of the Coahuila block, and associated with the Las Delicias arc
(McKee et al., 1988; Sedlock et al., 1993; Dickinson and Lawton,
2001), are interpreted as the remnants of the accretion of Gond-
wana and Laurentia at the beginning of the Permian.

The southernmost exposures of pre-Mesozoic rocks in the
Sierra Madre Occidental occur in northern Durango and northern
Sinaloa. Limited exposures of muscovite schist outcrop beneath
the Oligocene ignimbrites to the southwest of San Juan del Rio,
Durango (Fig. 4). A minimum age for the associated metamorphic
event has recently been assigned to the Permo-Triassic boundary,
based on a “*Ar/*Ar dating of muscovite (Iriondo et al., 2003).
Another metamorphic volcano-sedimentary sequence (El Fuerte
Group) is widely exposed east of Culiacdn, mainly in the valley
of the San Lorenzo River (Fig. 4). The age of the El Fuerte Group
is uncertain, however, Mullan (1978) considered this sequence to
be Jurassic or possibly older.

Prevolcanic Mesozoic

Mesozoic rocks are abundant to the west of the Sierra Madre
Occidental in Sonora, but they are less common toward the south
of the state. In the east-central part of Sonora, the older Meso-
zoic rocks consist of a sequence of clastic continental and minor
marine sedimentary rocks of Late Triassic—Early Jurassic age
(Stewart and Roldan-Quintana, 1991; Valencia-Moreno et al.,
1999). These rocks are locally known as the Barranca Group
(Alencaster and de Cserna, 1961), which contains important coal
horizons defining a middle member, as well as two conglomeratic
members. The sediments of the Barranca Group were deposited
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in an E-W-oriented basin, whose northern limit abuts expo-
sures of Paleozoic rocks (Valencia-Moreno et al., 1999). This
basin extends to the western margin of the Sierra Madre Occi-
dental, and presumably continues further east. It is considered
to be genetically associated with a “pull-apart” type extensional
rupture developed at the beginning of the Triassic (Stewart and
Rolddn-Quintana, 1991). Marine sedimentary rocks of similar
age are also reported in northwestern Sonora as the Antimonio
Group (Gonzdlez-Ledn, 1997), but the relationship between this
and the Barranca Group is poorly understood. The Antimonio
Group is unconformably overlain by an interbedded sequence of
clastic sedimentary and volcanic rocks, and both paleontologic
and isotopic data indicate an age between Early and Late Juras-
sic. Although most commonly exposed in northwestern Sonora,
exposures extend further east to north-central Sonora (Anderson
and Silver, 1979; Rodriguez-Castafieda, 1996). Antimonio Group
rocks and associated plutonic rocks have been interpreted as the
products of a Jurassic continental arc. The presence of a single
Late Triassic pluton exposed in the northwestern tip of Sonora
has been used to suggest that magmatic arc activity in Sonora was
relatively continuous from ca. 220-140 Ma (e.g., Anderson and
Silver, 1979; Damon et al., 1981; Stewart, 1988). Igneous rocks
of similar ages reported in southern Chihuahua and northern
Durango have been interpreted as an extension of the Triassic-
Jurassic arc, but as being displaced to the east by the Mojave-
Sonora megashear (Grajales-Nishimura et al., 1992). Uncom-
formably overlying these Jurassic sequences are Late Jurassic
to Early Cretaceous fluvio-deltaic and marine sedimentary rocks
of the Bisbee Group that were deposited in a series of subsiding
basins (Gonzdlez-Le6n, 1994). Bisbee Group sedimentary rocks
outcrop primarily in central and northern Sonora, but are also
reported from Arivechi (Almazan-Vazquez, 1989) and Lampazos
(Gonzélez-Ledn, 1988) in the eastern part of the state, and near
Caborca, in northwestern Sonora (Jacques-Ayala, 1995).

At a more regional scale, similar sedimentary sequences
have been reported east of the Sierra Madre Occidental, in the
Chihuahua and Sabinas basins (Dickinson et al., 1989; Haenggi,
2002). Temporally equivalent rocks to the west correspond to the
Alisitos Formation, exposed mainly in the northern part of the
peninsula of Baja California, which represents the accreted rem-
nants of a rifted oceanic arc terrane (e.g., Busby et al. [1998]).
This Albian-Aptian formation consists of volcanic, volcaniclas-
tic, and carbonate sequences deposited mainly in marine environ-
ments (Almazan-Vazquez, 1989; Dickinson and Lawton, 2001),
and forms the basis for the Alisitos terrane (Campa and Coney,
1983) that was later redefined as the Yuma terrane (Sedlock et al.,
1993). In the Late Cretaceous, syntectonic basins associated
with the Laramide orogeny developed in northeastern Sonora,
and accumulated fluvial and lacustrine sediments, followed by
thick clastic sedimentary wedges (Gonzalez-Leén and Lawton,
1995). Locally, these sedimentary rocks, which are collectively
known as the Cabullona Group, contain horizons with abundant
plant fragments, and invertebrate and vertebrate fossils, including
dinosaur bones (Lucas et al., 1995).

In Sinaloa, orthogneisses, metasedimentary, and metavolcanic
rocks are intruded by Cretaceous batholiths (Henry et al., 2003).
The orthogneisses are intensely foliated and have been interpreted
as Jurassic in age (Mullan, 1978). Keppie et al. (2006), however,
recently interpret U-Pb ages zircons from the amphibolite facies
Francisco gneiss in northern Sinaloa as Late Triassic. Henry and
Mortensen (written communication, 2005) obtained a U-Pb zircon
age near the Jurassic-Cretaceous boundary for other orthogneiss
in central Sinaloa. The U/Pb age of two concordant fractions is
134.7 + 0.4 Ma, which is indistinguishable from K-Ar hornblende
dates obtained by the same authors from a layered gabbro exposed
in the same area. The metasedimentary rocks consist of phyllite,
quartzite, and quartz-muscovite-biotite schist of probable Jurassic
age, as well as marble formed at the contact with the batholithic
rocks (Henry et al., 2003). The marbles of Sinaloa are Albian in
age, and are locally underlain by andesitic lavas and conglomer-
ate (Bonneau, 1970). Scarce outcrops of amphibolite of pre-Albian
age are also reported in southern Sinaloa (Henry et al., 2003).

In the southern part of the Sierra Madre Occidental, the exis-
tence of a pre-Cenozoic sedimentary basement is indicated by
the presence of small outcrops of slate, greywacke, and limestone
exposed in the canyon of the Santiago River prior to construction
of the Aguamilpa reservoir (Fig. 5) (Gastil et al., 1978; Ferrari
et al., 2000). These rocks are spatially associated with Oligocene
to Early Miocene granitic intrusive bodies (Gastil et al., 1978;
Nieto-Obreg6n et al., 1985; Ferrari et al., 2002). Older igneous
rocks are not known in this region, but do outcrop further south
of the Trans-Mexican Volcanic Belt in the Jalisco block (Fig. 2)
(Ferrari et al., 2000).

Late Cretaceous—Paleocene Magmatism

Northern Sector

At the end of the Cretaceous and at the beginning of the Ter-
tiary, magmatism in northern México was dominated by the activ-
ity of the so-called Laramide magmatic arc, since it was contem-
poraneous with Laramide deformation occurring in the western
United States and Canada. Laramide-age magmatism produced
significant volumes of plutonic and volcanic rocks, collectively
grouped into the Lower Volcanic Complex by McDowell and
Keizer (1977). Large composite batholiths vary in composition
from diorite and quartz-diorite to alkaline granite (e.g., Rolddn-
Quintana, 1991; Valencia-Moreno et al., 2001), whereas coeval
volcanic sequences are dominated by andesitic lavas, and locally
known as the Tarahumara Formation (Wilson and Rocha, 1949).
The Lower Volcanic Complex includes an upper member of
rhyolitic and dacitic tuffs and lavas interbedded with sedimen-
tary rocks that locally contain plant fossils (Gonzédlez-Leén et al.,
2000; McDowell et al., 2001). According to Damon et al. (1983),
the plutonic rocks of the Lower Volcanic Complex in northwest-
ern México have ages between 90 and 40 Ma, and become pro-
gressively younger to the east. A more recent study of the vol-
canic rocks of the Tarahumara Formation, in the east-central part
of Sonora, shows that eruptions occurred between 90 and 60 Ma
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(McDowell et al., 2001). This suggests that Laramide magma-
tism in northern México may have been much more complex
than indicated in earlier models, suggesting that a single mag-
matic arc migrated eastward (e.g., Coney and Reynolds, 1977;
Damon et al., 1983). In general, it is accepted that igneous rocks
of the Lower Volcanic Complex were emplaced as part of Cordil-
leran magmatic activity temporally associated with the Laramide
orogeny. It should be noted, however, that the Lower Volcanic
Complex of McDowell and Clabaugh (1979) also included older
rocks of the Peninsular Ranges batholith of Baja California and
its extension into Sinaloa (ca. 120-85 Ma).

In the westernmost portion of Sonora, the Lower Volcanic
Complex is very well exposed even though considerable uplift
associated with Cenozoic extension has resulted in substantial
erosion of the associated volcanic sequences and exposure of
the plutonic rocks. The rocks of the Tarahumara Formation are
best preserved in the east-central and north-northeast portions
of Sonora (e.g., Gonzdlez-Le6n et al., 2000; McDowell et al.,
2001). One of the most notable features of the Lower Volcanic
Complex, besides its great extent of exposures, is that it has been
host to the formation of a variety of ore deposits, largely exposed
during Late Tertiary tectonic unroofing. Numerous porphyry
copper deposits are distributed mostly in the eastern portion of
the Lower Volcanic Complex belt (Damon et al., 1983; Staude
and Barton, 2001), but especially in northeastern Sonora, where
the world-class deposits of Cananea and La Caridad represent the
best examples (Valencia-Moreno et al., 2001).

In Sonora, the Lower Volcanic Complex belt is consider-
ably wider than its extension to the south into Sinaloa, which
may reflect the greater effect of Neogene extension to the north
(Damon et al., 1983). The Lower Volcanic Complex rocks dis-
appear to the east under the ignimbritic volcanic province of
the Sierra Madre Occidental, but there are indications that the
complex extends into central Chihuahua. About 30 km north-
west of the city of Chihuahua, Mauger (1981, 1983) described
a >3000-m-thick volcanic sequence (Pefias Azules volcanics),
which is interpreted as a complex of stratocone-related volcanic
successions dated at 68.2 + 1.6 Ma (K-Ar in plagioclase) and
67.5 £ 1.0 Ma (U-Pb in zircons) (McDowell and Mauger, 1994).
Additionally, these authors reported small intrusive bodies and
silicic tuffs with Paleocene ages in the region adjacent to the
city of Chihuahua.

Central Sector

In the central sector, Cretaceous-Paleocene magmatism has
been studied in more detail along the western margin of the Sierra
Madre Occidental in Sinaloa, where crustal extension associated
with the opening of the Gulf of California has exposed batho-
liths of the Lower Volcanic Complex. Cretaceous-Paleocene
batholiths most likely underlie a large part of the Sierra Madre
Occidental, given that Cretaceous dioritic intrusions are also
reported in the Nazas area in western Durango (Aguirre-Diaz and
McDowell, 1991). All known intrusive rocks are calc-alkaline in
composition, and vary from diorite to granite, but granodioritic

plutons are by far the dominant composition. Granitic rocks
associated with the Sinaloa batholith have U-Pb and K-Ar ages
between 101 and 46 Ma, and have been divided into two groups:
pre- or syntectonic rocks and post-tectonic rocks (Henry and
Fredrikson, 1987; Henry et al., 2003). Pre- or syntectonic intru-
sions are characterized by mineral foliations and lineations, sug-
gesting emplacement prior to or during deformation that began
ca. 85 Ma. Post-tectonic intrusions are more homogeneous and
massive. The pre- and syntectonic rocks were emplaced along a
belt close to the coast, whereas post-tectonic intrusive rocks are
found further east, ~30 km away from the coast (Fig. 4).

Volcanic rocks of the Lower Volcanic Complex have
received little study in the central part of the Sierra Madre Occi-
dental, mainly due to the intense hydrothermal alteration. In gen-
eral, they comprise a sequence of andesitic and rhyolitic lavas
and silicic ignimbrites generally restricted to exposures in deep
canyons. The main outcrops occur in the canyons of the Piaxtla
and Presidio Rivers, as well as in the proximity to Pdnuco and
Copales, on the Mazatlan—El Salto road (Fig. 4) (Henry and
Fredrikson, 1987).

Southern Sector

Isolated Cretaceous-Paleocene intrusive rocks outcrop along
the eastern edge of the Sierra Madre Occidental in Zacatecas.
In the area of La Tesorera-Zacatén, 20 km east of Zacatecas,
the capital city of the state, Campanian K-Ar biotite ages (74 +
6 Ma) were obtained from plutonic rocks of granodioritic com-
position (Mtjica-Mondragén and Jacobo-Albarrdn, 1983; Sole
and Salinas, 2002). These plutonic bodies commonly intrude
Lower Cretaceous marine sedimentary rocks (CRM, 1997). Fur-
ther west in western Jalisco and Nayarit, there are no reports of
pre-Cenozoic magmatic rocks. The scarcity of exposures of the
Cretaceous-Paleocene igneous rocks in the southern sector of the
Sierra Madre Occidental is largely due to the extensive cover of
ignimbrites of Oligocene and particularly Early Miocene age,
which attain their maximum areal extent in this region.

Eocene Magmatism

Previous reviews on the geology of Sierra Madre Occidental
(e.g., McDowell and Clabaugh, 1979) included Eocene igneous
rocks in the Lower Volcanic Complex along with the Cretaceous-
Paleocene batholithic and volcanic rocks. However, later works
(e.g., Aguirre-Diaz and McDowell 1991) have documented the
space-time extent of this volcanism, which can be considered a
distinct episode in the magmatic evolution of western México.
For this reason, we discuss the Eocene igneous activity, which in
several areas may be interpreted as a precursor to the Oligocene
ignimbritic event, separately.

Northern Sector

Eocene volcanic rocks in the northern sector are exposed
mainly in Chihuahua along the eastern edge of the Sierra Madre
Occidental and in deeply incised canyons within the interior of
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the province (Fig. 3). In general, the first Eocene ignimbrites of
the northern part of the Sierra Madre Occidental are porphyritic,
crystal-rich, and commonly biotite-bearing (Magonthier, 1988).
Eocene volcanic rocks near the city of Chihuahua are well exposed
in a N-S belt that includes the sierras of El Gallego (Keller et al.,
1982), del Nido, Sacramento, Pastorias, Las Palomas, Magistral
(McDowell and Mauger, 1994 and references therein), Santa
Eulalia (Megaw, 1990), and Los Arados (Iriondo et al., 2003)
(Fig. 3). This episode began at 46 Ma after a period of scarce
and intermittent magmatism, and continued almost without inter-
ruption until 27.5 Ma. Consequently, distinguishing between
Eocene magmatism and the ignimbritic pulse of the “Upper Vol-
canic Supergroup” in this part of the Sierra Madre Occidental is
extremely difficult. In central Chihuahua, the Eocene rocks com-
prise two sequences of silicic ignimbrites, which are separated by
a thick sequence of massive lavas of intermediate to felsic com-
position (McDowell and Mauger, 1994 and references therein).
A similar sequence, but less complete, is exposed further west in
the area of Témochic, in the interior of the Sierra Madre Occi-
dental. In this region, Wark et al. (1990) reported a succession
of andesitic lavas with ages between ca. 38-35 Ma, which are
in turn covered by a 34-Ma-old ignimbritic sequence associated
with the formation of Las Varas caldera. This sequence is partly
covered by volcanic products from the two Oligocene calderas of
Témochic and Ocampo (Swanson and McDowell, 1985; Wark
et al., 1990). The Las Varas sequence may extend further west
into eastern Sonora, where Montigny et al. (1987) obtained a
K-Ar age of 35.3 Ma on sanidine from a porphyritic ignimbrite
exposed east of Yécora. In Sonora, however, Eocene volcanism
is generally, distinctly older. In the area of Santa Rosa (Fig. 3),
Gans (1997) obtained two “’Ar/*Ar ages on sanidine at 54.3 +
0.2 Ma and 43.8 = 0.2 Ma, from a several hundred-meters-thick
sequence of ignimbrites and dacitic lavas. This sequence may be
coeval with a granodioritic pluton dated at ca. 60.0 + 0.5 Ma and
exposed close to the town of Santa Rosa (Gans, 1997). These
ages indicate the Santa Rosa sequences could be correlated with
the upper, more felsic member of the Lower Volcanic Complex,
which is exposed in an adjacent area to the west (McDowell et al.,
2001). Additional geochronologic studies are needed to establish
more precisely, the timing and spatial distribution of Eocene vol-
canism in the northern sector of the Sierra Madre Occidental, and
its relationship with the Oligocene ignimbrite pulse.

Central Sector

In the central part of the Sierra Madre Occidental, the larg-
est thickness of Eocene volcanic rocks occurs near the Sinaloa-
Durango state boundary, particularly in the area of Tayoltita
(Figs. 4, 8) (Henry and Fredrikson, 1987). In this area, the
Piaxtla River has carved a deep canyon that exposes at least
1500 m of the Eocene sequence hosting important gold and sil-
ver mineralization (Horner, 1998; Horner and Enriquez, 1999;
Enriquez and Rivera, 2001). The sequence, which is strongly
tilted to the E-NE, consists of rhyolitic and andesitic lavas, and
subvolcanic intrusions of dioritic composition that have yielded

K-Ar ages from 39.9 to 36.6 Ma. The volcanic rocks cover, and
the dioritic intrusion crosscuts, a granodioritic to dioritic batho-
lith dated at 45.1 Ma (Enriquez and Rivera, 2001). Dating of
adularia from mineralized veins yielded younger ages than the
batholith (40.4 + 0.4 Ma, Henry et al., 2003; 38.5-32.9 Ma,
Enriquez and Rivera, 2001), and suggests a genetic relationship
with the Eocene sequence. The Eocene rocks and mineraliza-
tion are separated from an overlying Early Miocene ignimbritic
sequence by a fluvio-lacustrine succession of conglomerates,
sandstone, and shale (Horner and Enriquez, 1999). By analogy
with the stratigraphy in the Piaxtla River valley, andesitic rocks
reported in many areas elsewhere in Sinaloa beneath the Oligo-
Miocene ignimbritic cover are interpreted here as Eocene in age
(Fig. 4). However, there are no geochronological data support-
ing this correlation.

Another area where important Eocene magmatic activ-
ity has been documented occurs along the eastern edge of the
Sierra Madre Occidental. In the region of Nazas (Fig. 4), two
andesitic lavas have been dated at 48.8 and 40.3 Ma. They are
separated by rhyolitic lavas and ignimbrites dated between 45.2
and 42.9 Ma, and with younger rhyolitic lavas dated at 34 Ma
(Aguirre-Diaz and McDowell, 1991). Red-bed deposits also sep-
arate the Eocene volcanics from Oligocene rhyolitic ignimbrites.
In the area of El Cuarenta, ~210 km NNW of the city of Durango
(Fig. 4), an ignimbrite from the base of a rhyolitic volcanic suc-
cession has been dated by “*Ar/*Ar at 39.6 Ma (whole rock, Tuta
et al., 1988). To the south of the city of Durango, in El Mezquital
graben (Fig. 8), McDowell and Keizer (1977) also reported a thick
sequence of andesitic lavas, from which they obtained a single
whole-rock K-Ar age of ca. 52 Ma.

Southern Sector

Several exposures of Eocene volcanic rocks are known
from the southern part of the Sierra Madre Occidental (Nieto-
Samaniego et al., 1999). Silicic ignimbrites, rhyolitic domes, and
andesitic lavas with K-Ar ages between 38 and 34 Ma locally out-
crop in the area of Fresnillo and Sain Alto, Zacatecas (Ponce and
Clark 1988; Lang et al., 1988; Tuta et al., 1988), whereas Nieto-
Samaniego et al. (1996) reported a K-Ar age of 40.6 = 1.0 Ma
(sanidine) for a rhyolite exposed in the Cerro El Picacho, Aguas-
calientes. Further west, a sequence of pervasively altered andesitic
lavas from which a K-Ar age of 48.1 + 2.6. Ma (K-feldspar) was
obtained, is exposed at the base of a Paleocene sequence in the
area of Juchipila (Webber et al., 1994). This sequence is cov-
ered by reddish sandstone and conglomerate containing clasts of
andesite volcanic rocks, which separate the Paleocene rocks from
the Oligo-Miocene ignimbrites. Ferrari et al. (2000) reported a
similar sequence in the area of Santa Marfa del Oro (Fig. 5), but
this section lacks absolute age constraints. Andesites dated by
OAr/*Ar at ca. 51 Ma (plagioclase and feldspar) occur beneath
the Trans-Mexican Volcanic Belt, being intersected in geo-
thermal wells drilled in the San Pedro—Ceboruco graben (Ferrari
et al., 2000, 2003), located immediately to the south of the Sierra
Madre Occidental (Fig. 5).
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Oligocene-Early Miocene Ignimbritic Pulses
(“Ignimbrite Flare-Up”)

As a volcanic province, the Sierra Madre Occidental is
commonly associated with the huge ignimbritic succession,
which reaches more than 1000 m in thickness and covers most
of the western part of México (McDowell and Clabaugh, 1979).
This sequence, known also as the Upper Volcanic Supergroup,
was largely, unconformably emplaced on top of the Lower Vol-
canic Complex (McDowell and Keizer, 1977) and Eocene igne-
ous rocks. The Upper Volcanic Supergroup comprises a thick
sequence of rhyolitic ignimbrites, air-fall tuffs, silicic to inter-
mediate lavas, and lesser mafic lavas that are particularly well
exposed along the edges of the volcanic province (McDowell
and Clabaugh, 1979; Cochemé and Demant, 1991). Averaging
250 km wide by 1200 km long and a present volume exceeding
300,000 km?, the Sierra Madre Occidental volcanic province
is the most notable geological feature of the Mexican subcon-
tinent. In addition to its huge areal extent, another feature that
must be emphasized is the relatively short time in which the
ignimbrites were emplaced. Several geochronologic studies
have shown that the first and more extensive ignimbritic pulse
occurred at the beginning of the Oligocene with an impressive
synchronicity across the entire province, while a second pulse
in the Early Miocene was more restricted to the southwestern
part of the Sierra Madre Occidental and central México beneath
the Trans-Mexican Volcanic Belt. The characteristics of these
explosive volcanic episodes are discussed further below.

Northern Sector

Several sections studied at different locations at the lon-
gitude of the city of Chihuahua contain a sequence of ignim-
brites with K-Ar ages of ca. 33-30 Ma (McDowell and Mauger,
1994), overlain by peralkaline tuffs with a more restricted dis-
tribution and yielding ages from 30.5 to 29 Ma (Mauger, 1981).
In San Buenaventura (Fig. 3), in northwestern Chihuahua, the
volcanic sequence includes rhyolitic ignimbrites interbed-
ded with dacite, rhyolite, and minor basalt lavas, which were
emplaced onto Proterozoic basement (Albrecht and Goldstein,
2000). These authors reported an Rb/Sr age of 33.2 Ma for the
lower part of the sequence. In the core of the province, where the
ignimbritic sequence reaches its maximum thickness of ~1 km,
age ranges for the exposed ignimbrite sections are no more than
3 Ma. Wark et al. (1990) reported ages from 31.8 to 31.4 Ma for
the Rio Verde tuff, which is associated with the formation of the
Toémochic cauldron (Figs. 4 and 6) and 29.0 Ma for the Cascada
tuff, whose intracauldron facies form the spectacular waterfall
of Basaseachic (Fig. 3). Further south, the thick ignimbritic
sequence of Batopilas (Fig. 3) has been dated by K-Ar between
30.1 and 28.1 Ma (Lanphere et al., 1980). Ages obtained for
the sequence of volcanic rocks exposed in the Barranca del
Cobre also lie within this range, and are similar to the age of
29.3 Ma obtained in the area of Pito Real (Montigny et al.,
1987) (Fig. 3). This indicates that over 1.5 km of ignimbrites

were deposited between ca. 30 and ca. 29 Ma in the region of
El Divisadero—Creel (Albrecht and Goldstein, 2000) for which
several calderas have been recognized as sources for most of
these ignimbrite sheets (Swanson et al., 2006).

The ignimbritic carpet of the Sierra Madre Occidental
extends into eastern Sonora (Fig. 3), with the best-studied sec-
tion located in the region of Yécora (Fig. 3), which was docu-
mented by Bockoven (1980), Cochemé and Demant (1991), and
more recently by Gans (1997). In this region, the Sierra Madre
Occidental volcanic rocks were unconformably deposited on an
eroded section of the Lower Volcanic Complex, with a conglom-
eratic horizon containing clasts of an underlying granodioritic
pluton occurring along the contact (Bockoven, 1980; Cochemé
and Demant, 1991). Although in this part of Sonora the ignim-
britic sequence remains to be systematically dated, an *Ar/*Ar
age of 33 Ma (sanidine) in Santa Rosa (Fig. 3) (Gans, 1997), plus
two K-Ar ages of 33.5 + 0.8 Ma (plagioclase) and 27.1 + 0.9 Ma
(K-feldspar) in the valley of the Yaqui River (Fig. 3) (McDowell
et al., 1997), indicate a similar age range for ignimbrite eruptions
to that in Chihuahua. However, the ignimbritic cover becomes
considerably thinner in this part of the Sierra Madre Occidental
than in the region of western Chihuahua. In the area of Tecoripa,
McDowell et al. (2001) reported an average thickness of only
100 m for the rhyolitic ignimbrites erupted from volcanic centers
located further east.

Central Sector

In the central sector of the Sierra Madre Occidental, the ignim-
britic sequence outcrops mainly in the state of Durango, where
it has been studied in some detail along the Durango-Mazatlan
highway and in the area of Nazas (Fig. 4). In Nazas, Aguirre-
Diaz and McDowell (1993) recognized two Oligocene ignim-
britic sequences that reach a combined thickness of ~500 m, from
which K-Ar ages of 32.2 + 0.7 and 29.5 + 0.6 Ma were obtained,
respectively, on sanidine. “°Ar/*Ar dating in the area adjacent to
Rodeo has yielded similar ages of 32.3 + 0.7 and 30.6 = 0.09 Ma
(sanidine) (Luhr et al., 2001). In this same age range, a “*’Ar/*Ar
age from sanidine was obtained by Iriondo et al. (2004b) for an
andesitic vitrophyre in the locality of Ignacio Ramirez, ~90 km to
the south. Oligocene rocks also outcrop near the coast of Sinaloa
(Fig. 4). Henry and Fredrikson (1987) reported K/Ar ages of 31.7
+ 0.4 Ma (biotite) for a quartz-dioritic dike in the area of Tayol-
tita and a 28.3 + 0.7 Ma (biotite) for a faulted and tilted rhyolitic
ignimbrite exposed north of Mazatlan.

An Oligocene ignimbrite sequence exposed around the city
of Durango has an approximate thickness of 800 m, and has been
related to the formation of the Chupaderos caldera (Swanson
et al., 1978). K-Ar ages between 32.8 and 29.5 Ma (McDowell
and Keizer, 1977; Swanson et al., 1978) were obtained from
the Durango ignimbrite successions, however, ages obtained by
“OA1/*Ar on the same feldspar separates yielded a slightly more
restricted age range between 32 and 30 Ma (Aranda-Gémez
et al., 2003). To the southwest of the city of Durango, in the
area between Mezquital and Milpillas (Fig. 4), three ignim-
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brites have been dated by K-Ar between ~28 (sanidine) and ca.
27 Ma (plagioclase) (Sole and Salinas, 2002).

Further southwest along the Durango-Mazatldn highway,
the Durango ignimbrite sequence is covered beneath an exten-
sive rhyolitic dome (Las Adjuntas) dated at 28 Ma, and by the
Early Miocene ignimbritic sequence of the El Salto—Espinazo
del Diablo (McDowell and Keizer, 1977) (Fig. 4). The El Salto—
Espinazo del Diablo sequence has a total thickness of ~1000 m,
consisting of four packages of ignimbrites with lesser rhyolitic
and basaltic lavas. The K-Ar ages obtained from this section
cluster at ca. 23.5 Ma (McDowell and Keizer, 1977). Iriondo
et al. (2004b) obtained a nearly identical “°Ar/*Ar date on
plagioclase from a vitrophyric ignimbrite from this sequence,
sampled ~15 km west of El Salto. Early Miocene ignimbrites
outcrop along most of the Durango-Mazatldn transect, however,
it is not known how far they may extend to the north (Fig. 4).
The northernmost localities where Early Miocene silicic rocks
are known occur in the region of Tayoltita and Culiacan. In Tay-
oltita, ignimbrites and lavas that lie on the top of this sequence
have been dated by K-Ar at 24.5 and 20.3 Ma (Enriquez and
Rivera, 2001), whereas north of Culiacan, Iriondo et al. (2003)
obtained a ““Ar/*Ar hornblende date of 23.2 + 0.15 Ma for
a subvolcanic granodioritic pluton. Sole and Salinas (2002)
report a whole rock K-Ar age of 24.0 + 1.0 Ma for a basaltic
andesite lava that underlies one of the uppermost ignimbrites in
the sequence exposed in the area of Milpillas (Fig. 4).

Southern Sector

The southern part of the Sierra Madre Occidental is covered
by silicic ignimbrites that have traditionally been considered as
Oligocene in age (e.g., McDowell and Clabaugh, 1979) by cor-
relation with rocks exposed more to the east in the Mesa Central
(Nieto-Samaniego et al., 1999). However, it has been recently
shown that two distinct ignimbritic pulses occurred in this region
of Early Oligocene and Early Miocene age (Ferrari et al., 2002).
Oligocene ignimbrites dominate exposures in the eastern part
through Aguascalientes, Zacatecas, and northern Jalisco (Nieto-
Samaniego et al., 1999 and references therein). In the area of
Fresnillo, to the north of Zacatecas, rhyolite lavas and ignimbrites
of the Sierra Valdecafias have yielded K-Ar ages between 29.1 and
27.5 Ma, whereas ages between 33.5 and 32.2 Ma were obtained
from subvolcanic bodies associated with silver mineralization
(Langetal., 1988). To the southeast, good exposures of the Oligo-
cene rocks occur in the Sierra de Morones, between Jalpa and
Tlaltenango (Fig. 9), where Nieto-Obregoén et al. (1981) reported
a K-Ar date of 29.1 £+ 0.6 Ma (sanidine) for one of the ignimbrites
higher in the sequence. In this zone, the Oligocene sequence is
composed of areally extensive, but relatively thin rhyolitic ignim-
brites, which regularly do not exceed 10-20 m each. They are
separated from underlying Eocene andesitic volcanics by beds of
continental sandstone and red conglomerate. Further west, in the
Huejuquilla—Estacién Ruiz transect, ignimbrites and rhyolites
with “°Ar/*Ar ages (sanidine) between 31.5 and 28 Ma constitute
much of the Sierra de Valparaiso, and are also exposed to the west

in the area of Huejuquilla and the Atengo half graben (Fig. 5)
(Ferrari et al., 2002). A “Ar/*Ar age of 27.9 = 0.3 Ma on sani-
dine was obtained for a complex of rhyolitic exogenous domes
in the western part of the half graben (Ferrari et al., 2002). These
ages are almost identical to those observed for the sequence of
Durango and the dome of Las Adjuntas, respectively, exposed
~80 km to the north (McDowell and Keizer, 1977).

West of Atengo and along all of the Bolafios-Tepic transect
(Fig. 5), Early Miocene ignimbrites are dominant, although the
Oligocene sequence could be underlying all the eastern part of
the region (Fig. 5), since a package of ignimbrites with a K-Ar
age of 30.1 Ma has been recognized in the southern part of the
Bolafios graben (Ferrari et al., 2002). The Early Miocene ignim-
britic sequence covers the Sierra Madre Occidental in Nayarit.
Ferrari et al. (2002) recognized the Las Canoas and El Nayar
sequences that represent two ignimbrite packages of different
ages and provenance. The Las Canoas sequence is ~350 m thick
and has been dated by K-Ar (Clark et al., 1981) and by “°Ar/*Ar
(Ferrari et al., 2002) at 23.5 Ma, and temporally overlaps with
the El Salto—Espinazo del Diablo sequences exposed ~80 km to
the north (McDowell and Keizer, 1977). To the south, the age
of the Las Canoas sequence overlaps that of the lower part of
the succession exposed in the Bolafios graben (Fig. 5), where
Scheubel et al. (1988) reported K-Ar ages of 23.7 and 23.2 Ma
for an andesite and an ignimbrite, respectively. Similarly aged
ignimbritic sequences outcrop in the area of Tedl to the south-
east (ca. 23 Ma, Moore et al., 1994), in the area of the Santa
Rosa dam (23.6 Ma, Nieto-Obregén et al., 1985), in Juchipila
(ca. 24-23 Ma, Webber et al., 1994) (Fig. 9), and in the Sierra
de Pénjamo (ca. 24 Ma, Castillo-Herndndez and Romero-Rios,
1991; Sole and Salinas, 2002).

The EI Nayar sequence is a NNW-oriented belt, which has
an average width of 75 km along the western edge of the Sierra
Madre Occidental (Fig. 5). This sequence reaches its maximum
thickness in the region of the Mesa del Nayar where Ferrari et al.
(2002) reported the presence of a series of calderas and cauldrons
that may represent the main eruptive sites (Fig. 5). In the inte-
rior of El Nayar caldera, 11 different ignimbritic units can be
observed, with an average total thickness of ~1000 m (Ferrari
et al., 2002). Seven “’Ar/*Ar ages were obtained from different
stratigraphic levels of the El Nayar sequence, which partially
overlap but define an age range between 21.2 and 19.9 Ma, with
an average of 20.9 Ma for the sequence (Ferrari et al., 2002).
Southwards, the sequence correlates with ignimbrites exposed
in Santa Maria del Oro (21.3 Ma, Gastil et al., 1979), Agua-
milpa (22.4 Ma, Damon et al., 1979), and in the upper part of the
Bolafios graben (21.3-20.1 Ma, Scheubel et al., 1988) (Fig. 5).
For the EI Nayar sequence, Ferrari et al. (2002) estimated that a
volume of ~4500 km* may have been erupted in ~1.4 m.y.

The sequence of El Nayar is truncated to the west by exten-
sional faulting associated with the opening of the Gulf of Califor-
nia. However, in the southern part of the Baja California peninsula
(areas of La Paz and Loreto), Hausback (1984) and Umhoefer
etal. (2001) obtained K-Ar ages ranging between ca.23 and



20 Ferrari et al.

ca. 17 Ma for different ignimbrites interbedded in the lower
part of the Comondd Formation. They include the La Paz tuff,
a sequence exposed near the city of La Paz, for which Hausback
(1984) reported K-Ar ages from 21.8 +0.2 to 20.6 = 0.2 Ma. Due
to the large areal extent of volcanic rocks of El Nayar age, Ferrari
et al. (2002) suggested that the La Paz tuff may be a distal deposit
from a caldera-forming eruption in the region of La Mesa de
El Nayar. The original distance between La Paz and the Mesa del
Nayar is difficult to estimate, however, the edge of the El Nayar
caldera is ~42 km from the coastal plain of Nayarit, whereas
La Paz is located at a similar distance from the eastern coast of
Baja California Sur. Therefore, the La Paz tuff may have been
related to a caldera located less than 100 km further east.

The ignimbritic volcanism of the Sierra Madre Occidental
does not continue further south of the Trans-Mexican Volcanic Belt
in the Jalisco block. In contrast to what has been reported on sev-
eral regional geological maps (e.g., Ortega-Gutiérrez et al., 1992;
Lépez-Ramos, 1995), ignimbrites of Eocene-Miocene age are
not known in the Jalisco block. Different geochronologic studies
have shown that the ignimbrites, which are widely exposed in the
northern part of the block, have “Ar/*’Ar ages from 81 to 60 Ma
(Wallace and Carmichael, 1989; Lange and Carmichael, 1991;
Righter et al., 1995; Rosas-Elguera et al., 1997), and therefore
most likely correlate with the Lower Volcanic Complex exposed
in Sonora (McDowell et al., 2001). Oligocene and Early Miocene
ignimbrites are reported south of the Trans-Mexican Volcanic Belt
in Michoacdn, to the south of the Chapala lake (31.8 Ma, Rosas-
Elguera et al., 2003; 23.5 Ma, Ferrari et al., 2002) and to the south
of Morelia (21 Ma; Pasquare et al., 1991).

Postignimbritic Volcanism

After the ignimbritic pulse (the “ignimbrite flare up” of
McDowell and Clabaugh, 1979), magmatism became more
heterogeneous and dispersed in the Sierra Madre Occidental.
Volcanism was generally bimodal and discontinuous, and tended
to migrate west toward the region of the future Gulf of Califor-
nia. Among the mafic rocks, a group of basaltic-andesites has
been distinguished, which was emplaced soon after the ignim-
britic pulse, and a second group of more mafic and alkaline rocks
that generally followed the ending of subduction. In the northern
part of the Sierra Madre Occidental, the beginning of the second
event was preceded by the emplacement of a series of alkaline
ignimbrites with a distinctive character. In this section, we briefly
synthesize the distribution and age of these rocks.

Postignimbritic Transitional Mafic Volcanism
(Southern Cordillera Basaltic Andesite Province)

Across all of the Sierra Madre Occidental, basaltic-andesite
lavas were emplaced discontinuously in the final stages of, and
after, each ignimbritic episode. The main exposures of these
lavas are distributed along a belt roughly oriented NNE between
San Buenaventura and Chihuahua to the north, and Navojoa and
Sinaloa to the south, and crossing Yécora (Fig. 3). These mafic

volcanic rocks were grouped into the Southern Cordillera Basaltic
Andesite Province, which was proposed by Cameron et al. (1989)
for a regionally widespread assemblage that extends further north
into Arizona and New Mexico, and is interpreted as represent-
ing an initial phase of extension in an intra-arc setting. The ages
reported for these rocks in Chihuahua and Sonora vary between
33 and 17.6 Ma (Cameron et al., 1989 and references therein;
McDowell et al., 1997; Paz-Moreno et al., 2003). However, most
ages are Oligocene. In northeastern Sonora, some rhyolitic tuffs
are interbedded with the basaltic-andesitic lavas from which a
OAr/*Ar age of 25.4 Ma on sanidine was obtained (Gonzilez-
Leén et al., 2000). Volcanism became younger and progressively
more silicic in composition to the west. In the Sierra Santa Ursula
north of Guaymas (Fig. 3), ignimbrites, andesites, and dacitic
domes are reported with ages between ca. 23 and 15 Ma (Mora-
Alvarez and McDowell, 2000). These rocks also outcrop to the
northwest in the region of Bahia Kino (Fig. 3), where ca. 18 Ma
andesitic rocks are reported (Gastil and Krummenacher, 1977).

In the central sector of the Sierra Madre Occidental, basaltic
lavas dated between 30 and 29 Ma cover the ignimbritic sequence
of Durango (Caleras basalts of Swanson et al., 1978). Due to their
composition and age, Luhr et al. (2001) associated these rocks
with the Southern Cordillera Basaltic Andesite Province. In addi-
tion, ca. 24 Ma basalts cover Oligocene ignimbrites in Nazas
(Aguirre-Diaz and McDowell, 1993) and El Rodeo (Aranda-
Goémez at al., 2003; Sole and Salinas, 2002). Cameron et al.
(1989) included the Nazas basalts among the SCORBA-type.
However, later studies by Luhr et al. (2001) and Aranda-Gémez
et al. (2003) have shown that these alkaline rocks (hawaiites)
have a geochemical signature more akin to intraplate basalts, and
more typical of the Mexican Basin and Range Province.

For the southern part of the Sierra Madre Occidental, there are
no geochemical and petrologic studies on postignimbritic mafic
rocks, although they can be observed in different places. Basaltic
lavas emplaced shortly after the Early Oligocene ignimbrites are
exposed in the area of Huejuquilla (Fig. 5) and are reported in
the 1:250,000 geological maps of the Consejo de Recursos Min-
erales in western Zacatecas and northern Jalisco. Basaltic lavas
emplaced after the Early Miocene ignimbritic pulse have been
mapped in the area of Milpillas (Fig. 4), from which whole rock
K-Ar dates of ca. 21 Ma have been obtained (Sole and Salinas,
2002). Mafic volcanic rocks have also been observed in the area
of the Mesa del Nayar and Jesus Maria (Fig. 5), and have been
dated by “°Ar/*Ar at 21.3 Ma (whole rock; Ferrari et al., 2002).
Similar basaltic lavas are also found in the Bolafios graben, with
K-Ar ages between 21 and 19.9 Ma (Nieto-Obregén et al., 1981).
Some of these basalts are intercalated with the ignimbrites in the
upper part of the Bolafos section.

Alkaline and Peralkaline Volcanism

In the northwestern part of the Sierra Madre Occidental, post-
subduction magmatism is marked by the eruption of a distinctive
sequence of ignimbrites and peralkaline rhyolitic and rhyodacitic
lavas, locally known as the Lista Blanca Formation. These rocks
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are widely exposed elsewhere in southwestern Sonora (Fig. 3)
and have a relatively restricted age range between ca. 14 and
11 Ma (Gastil and Krummenacher, 1977; Bartolini et al., 1994,
McDowell et al., 1997, Mora-Alvarez and McDowell, 2000;
Oskin et al., 2003; Mora-Klepeis and McDowell, 2004; Vidal-
Solano et al., 2005). Some of these ignimbrites have comenditic
compositions and relatively high concentrations of iron and alkalis
(Na,O + K,O = 8-10 wt%). These alkaline geochemical signa-
tures have been related to an asthenospheric mantle origin after
an important period of crustal thinning during the initial opening
of the Gulf of California, which promoted the up rise of con-
vective mantle to the base of the continental crust (Vidal-Solano
etal., 2005). Mora-Klepeis and McDowell (2004) interpreted
the 12—11-Ma-old silicic rocks of the Sierra de Santa Ursula as
the first stage of postsubduction volcanism in Sonora, although
it may more likely be a final magmatic phase related to intracon-
tinental extension (Vidal-Solano et al., 2005). The 12.6 Ma San
Felipe tuff is an important and widespread ignimbrite related to
this event (Oskin et al., 2001; Oskin and Stock, 2003). It has been
genetically associated with the Puertecitos volcanic province
in Baja California, and has been correlated with different rock
exposures along the Gulf of California up to coastal Sonora, and
including Tiburén Island (Oskin et al., 2001).

In the rest of the Sierra Madre Occidental, alkaline volcanism
essentially consists of alkali basalts that were emplaced as mod-
est volumes of fissure-fed lavas, as well as large monogenetic vol-
canic fields. In general, these mafic rocks are found at the edges
of the Sierra Madre Occidental, at the boundary with the Mesa
Central, as well as in the eastern part of the Gulf of California.
The alkali basalts are associated with three main extensional epi-
sodes that occurred during the Early Miocene (ca. 24-22 Ma), the
Late Miocene (ca. 13-11 Ma), and the Plio-Quaternary (ca. 4—
0 Ma) (Henry and Aranda-Goémez, 2000). At the eastern edge of
the Sierra Madre Occidental, the main formations include: the
Rodeo and Nazas basalts (Fig. 4) that were erupted from 24.1 to
23.3 Ma (Aranda-Goémez et al., 2003; Sole and Salinas, 2002)
and at ca. 24 Ma (Aguirre-Diaz and McDowell, 1993), respec-
tively; Metates Formation hawaiites in the southern part of the Rio
Chico—Otinapa graben (Figs. 4 and 8), with ages of 12.7-11.6 Ma
(McDowell and Keizer, 1977; Henry and Aranda-Gémez, 2000);
the Camargo volcanic field, with ages from 4.7 Ma to the Holo-
cene (Aranda-Goémez et al., 2003); and the Quaternary volcanic
field of Durango (Smith et al., 1989). Extensive basaltic lavas
exposed along the southern edge of the Sierra Madre Occidental
in the area of La Manga (Fig. 5) have not been dated yet, but may
correlate with this volcanic episode since mafic dikes exposed in
nearby areas have been dated at ca. 11 Ma (Damon et al., 1979).
Along the western edge of the Sierra Madre Occidental along the
Gulf of California, postsubduction mafic rocks include: ca. 11—
10 Ma tholeiitic basalts along the Sonora coast (Mora-Alvarez
and McDowell, 2000; Mora-Klepeis and McDowell, 2004); the
Pericos volcanic field to the north of Culiacan (this has not been
studied, but is interpreted to be Latest Pliocene to Quaternary in
age based on its young morphology); and the basalts of Punta

Piaxtla and Mesa de Cacaxtla, exposed to the north of Mazatlan
(3.2-2.1 Ma, Aranda-Gémez et al., 2003) (Fig. 5). Additionally,
alkaline mafic dikes with a dominant NNW direction are common
in the southwestern part of the Sierra Madre Occidental, from
which Late Miocene ages (ca. 12—-10 Ma) have been obtained in
southern Sinaloa (Henry and Aranda-Gomez, 2000), as well as
in Nayarit (Ferrari et al., 2002 and references therein). Available
geochemical data are scarce but indicate that these rocks are also
subalkaline in composition.

3. TECTONICS OF THE SIERRA MADRE
OCCIDENTAL IGNEOUS COMPLEXES

Pre-Oligocene Deformation

Deformation that preceded Cenozoic extension has not been
studied in detail. This is partly due to the scarcity of outcrops, the
intense weathering of rocks, and the intense normal faulting that
may obscure previous episodes of deformation in some areas. In
Sonora, the Aptian-Albian marine succession is affected by folds
and reverse faults but they did not produce any significant deforma-
tion in the overlying Lower Volcanic Complex rocks. In Sinaloa,
Henry et al. (2003) recognized foliation and dynamic recrystalli-
zation textures in some tonalites and granodiorites of the coastal
batholitic complex. The foliation is vertical on ENE-striking planes
in the batholith and subparallel to the host rocks (orthogneiss, gab-
bro, and marble), suggesting that all these rocks were deformed at
the same time (Henry 1986; Henry et al., 2003). K-Ar ages of dif-
ferent minerals and U-Pb ages of zircons from pre-, syn-, and post-
tectonic plutons were interpreted by Henry et al. (2003) to indicate
that deformation occurred between ca. 101 and ca. 89 Ma.

The Late Cretaceous to Paleocene volcanic succession of
the Tarahumara Formation (ca. 90-60 Ma) is faulted and tilted,
but folding and thrust faulting are not observed such that tilt-
ing may be related to Neogene normal faulting (McDowell
et al., 2001). Further east in central Chihuahua, tilting of the
ca. 68 Ma Pefia Azules volcanic sequence was attributed to the
Laramide orogeny by McDowell and Mauger (1994). However,
the absence of reverse faulting or folding again raises the pos-
sibility that tilting was the result of Late Cenozoic normal fault-
ing. East of Zacatecas, Campanian age intrusive rocks in the
La Tesorera—Zacatén area are undeformed, as opposed to the
Early Cretaceous marine succession that they intrude, which is
involved in thrusts and open folds.

In summary, the few available data seem to indicate that
between the Coniacian and Eocene, contractile deformation was
negligible across most of the Sierra Madre Occidental, which was
restricted to northwestern México, and in contrast to the western
North American cordillera to the north. In Sonora and Sinaloa in
the western part of the Sierra Madre Occidental, it is also com-
mon to find ENE-WSW-trending extensional fractures and faults
that affected pre-Oligocene rocks (Horner and Enriquez, 1999;
Staude and Barton, 2001). Most of the Cu-Mo porphyry deposits
of the Sierra Madre Occidental are emplaced in highly fractured
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zones, developed concurrently, or at a late stage, during this phase
of deformation (Barton et al., 1995; Horner and Enriquez, 1999).
Geochronology studies of these deposits have consistently pro-
duced Paleocene and Eocene K-Ar ages (Damon et al., 1983;
Staude and Barton, 2001), some of which have been recently con-
firmed by Re-Os dating (Barra et al., 2005). Horner and Enriquez
(1999) interpreted the E-W— and ENE-WSW-trending structures
as the result of a final phase of the Laramide shortening. However,
the available data also permit these structures to be related to a
different deformational episode that was transitional between the
Laramide orogeny and the Oligo-Pliocene phase of extension.

Extensional Tectonics

Most of the Sierra Madre Occidental has been affected by dif-
ferent episodes of dominantly extensional deformation that began
in the Oligocene and potentially at the end of Eocene. Extensional
deformation has not affected the core of the Sierra Madre Occi-
dental, which now represents a physiographic boundary between
what has been defined as the “Mexican Basin and Range,” to the
east, and the “Gulf Extensional Province,” to the west (Henry and
Aranda-Goémez, 2000). In this work, we use the term “Basin and
Range” essentially in a physiographic sense, with no genetic impli-
cations (i.e., in the sense of Dickinson, 2002). At the northern and
southern ends of the Sierra Madre Occidental (i.e., northern Sonora
and Chihuahua and Nayarit-Jalisco, respectively), these two prov-
inces merge where extension has affected the entire width of the
Sierra Madre Occidental (Fig. 6).

Northern Sector

Understanding the tectonic events that affected the northern
part of the Sierra Madre Occidental is particularly complex since
various extensional episodes overlap in space and time with igne-
ous activity. It is evident that extension had begun in the Eocene,
since a moderate angular unconformity exists between a 42—
37 Ma succession and Oligocene ignimbrite south of Chihuahua
(Megaw, 1990). In contrast, McDowell and Mauger (1994) con-
sidered that the transition between a contractile and an extensional
deformation regime was at ca. 33 Ma, as recorded by the first
occurrences of peralkaline ignimbrites and transitional basalts
(SCORBA) in the region. The first extensional episode that can
be documented regionally from structural evidence immediately
follows the Oligocene silicic volcanism, whose maximum activ-
ity occurred between 34 and 29 Ma (McDowell and Clabaugh,
1979). Extension in Chihuahua is limited to Basin and Range
structures that formed after 29 Ma based on different deposi-
tional relationships between pre- and post-29 Ma ignimbrites.
No detailed structural studies are available for this region, but the
presence of high-angle normal faults and the modest tilting of the
volcanic successions suggest a limited amount of extension.

In Sonora, extension was much more intense and slightly
younger than in Chihuahua. During a major episode of intracon-
tinental deformation, rocks formed at middle crustal depths were
locally exhumed along a wide belt subparallel to the Sierra Madre

Occidental between Hermosillo and Tecoripa (Fig. 7) (Nourse
et al., 1994; Vega-Granillo and Calmus, 2003; Wong and Gans,
2003, 2004). Along this belt are both high- and low-angle normal
faults as well as metamorphic core complexes, which are char-
acterized by detachment faults along which undeformed upper
plate rocks are juxtaposed with lower plate milonite, gneiss,
and peraluminous plutons (Davis and Coney, 1979; Nourse
etal., 1994). Crustal extension during this episode is estimated
to have locally exceeded 100% (Gans, 1997), and also formed
tectonic troughs that were filled by clastic sediments with occa-
sional accumulation of borate, lavas, and pyroclastic rocks (Fig. 3
and 7). Metamorphic core complexes are well known in the Mag-
dalena (Nourse etal., 1994), Acénchi (Rodriguez-Castafieda,
1996; Calmus et al., 1996), Puerto del Sol (Nourse et al., 1994),
and Mazatan areas (Vega-Granillo and Calmus, 2003; Gans et al.,
2003; Wong and Gans, 2003) (Figs. 3 and 7). Peraluminous plu-
tons exposed in these areas are thought to have been generated
by partial melting of deformed crust (e.g., Nouse et al., 1994).
Modeling “°Ar/*’Ar ages in K-Feldspar, Gans et al. (2003) and
Wong and Gans (2003) suggested an age between 20 and 16 Ma
for the exhumation of the Mazatdn core complex (Fig. 3), which
is in agreement with an age of 18 + 3 Ma obtained from apatite
fission-track analysis for the same area (Vega-Granillo and Cal-
mus, 2003). Published ages compiled by Nourse et al. (1994) for
the different metamorphic core complexes in Sonora indicate an
age range of ca. 25-15 Ma for this episode of crustal extension.

In addition to core complexes, extensional basins bounded by
high-angle normal faults are common in central-eastern Sonora,
and provide an additional constraint on the age of this extensional
event. They are generally oriented NNW-SSE to ~N-S (Fig. 7),
and contain thick successions of highly compacted conglomerate
and sandstone that were initially defined as the Baucarit Formation
(King, 1939). Basaltic to andesitic lavas ranging in age between
27 and 20 Ma are common toward the base of these clastic succes-
sions (McDowell et al., 1997; Paz-Moreno et al., 2003). The upper
parts of these rift basin successions are less compacted and contain
intercalated Middle Miocene tuff and rhyolite to rhyodacite lavas.
Extension in these basins is much less than in the core complexes,
indicating that extension may have been focused in areas where the
basement had been previously weakened, and that the high values
of stretching of ~100% obtained for some areas (Gans, 1997) is not
representative for all of Sonora.

Along a coastal belt in Sonora, volcanic successions of
Middle Miocene age are modestly tilted, with inclinations
between 10° and 35° to the E or the W (McDowell et al., 1997,
Mora-Alvarez and McDowell, 2000; MacMillan et al., 2003;
Gans et al. 2003). The tilted blocks are covered in angular uncon-
formity by flat-lying alkaline basalt lavas. In the Guaymas,
Sierra Libre and Sierra del Bacatete areas, age dating constrains
the boundary between the tilted rocks and flat-lying basalts to
between ca. 12 and 10 Ma (Mora—Alvarez and McDowell, 2000;
MacMillan et al., 2003) and between 10.7 and 9.3 Ma in the San
Carlos-El Agujaje area (Gans et al., 2003) (Fig. 7). To the NW
of Guaymas (Fig. 2), however, alkaline basalts dated at 8.3 Ma
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are cut by normal faults related to a younger extensional episode
producing the “Empalme graben” described by Rolddn-Quintana
et al. (2004) (Fig. 7). The Empalme graben has been interpreted
as marking the transition between Basin and Range—style block
faulting and a strike-slip deformational regime associated with
the beginning of the opening of the Gulf of California.

Although it is low in intensity, tectonic activity is still active
in northeastern Sonora and northwestern Chihuahua. At least 64
historic earthquakes were recorded from 1887 to 1999 (Suter,
2001). The largest of these events is the Bavispe, Sonora, earth-
quake, of 3 May 1887, with M, =7.4. The earthquake rupture has
been traced for over 100 km along three segments of a N-S fault
active since the Miocene (Suter and Contreras, 2002).

Central Sector

In the central sector, extensional tectonics affected the Sierra
Madre Occidental mainly along its borders, leaving a relatively
unextended zone at its center (Fig. 6). Along its easternmost mar-
gin in Durango State, high-angle normal faults define basins much
like those found in Chihuahua. The age of extensional deformation
in this area dates back at least to the Oligocene and is characterized
by a general ENE-WSW direction of elongation. In the Nazas area,
ignimbrites dated by K-Ar at 29.9 + 1.6 Ma are tilted up to 35° to
the NE and are covered by flat-lying ignimbrites dated at 29.5 +
0.6 Ma (Aguirre-Diaz and McDowell, 1993). In the Rodeo area
of Durango State, Luhr et al. (2001) recognized an early episode
of extension between 32.3 and 30.6 Ma that led to the formation
of a NNW-trending half graben with an estimated ~3 km of verti-
cal displacement. In addition, Aranda-Gémez et al. (2003) related
the eruption of ca. 24 Ma alkaline lavas in both Nazas and Rodeo
to a second extensional episode (Fig. 8). To the SSW of Durango
city, the Mezquital graben is a 40-km-wide structure with a NNE
orientation. The graben has not been studied in detail but the rocks
cut by the high-angle-bounding faults are Oligocene in age, as
the youngest is an ignimbrite dated at 27.0 + 1.0 Ma (K-Ar age
reported in Aranda-Gomez et al., 1997). In this area, these authors
observed two generations of striae in the normal fault planes: the
oldest one indicated extension oriented NW whereas the younger
generation suggested a NE direction of extension.

To the west of Durango city, the Rio Chico—Otinapa graben is
a 160-km-long and 20-km-wide extensional structure with a N-S
to NNW-SSE orientation and a minimum vertical displacement
estimated at 900 m (Aranda-Gémez et al., 2003) (Fig. 8). The
high-angle normal faults bounding the graben cut the Oligocene
ignimbrite sequence, which is covered by hawaiite lavas of the
Metates Formation (Cérdoba, 1963); the faults also acted as feed-
ers for the hawaiite lavas. Amphibole separated from these lavas
yielded ages of 12.7 + 0.4 Ma by the K-Ar method (McDowell
and Keizer, 1977) and 11.60 £ 0.07 Ma by the *°Ar/*’ Ar method
(Henry and Aranda-G6mez, 2000). Based on these tectonic and
stratigraphic relationships, it is concluded that the Rio Chico—
Otinapa graben must have initiated before the eruption of the
lavas, likely around ~12 Ma in response to WSW-ENE extension
(Aranda-Gomez et al., 2003).

The western side of the Sierra Madre Occidental in Sinaloa
has been profoundly affected by extensional faulting producing
half grabens with a general NNW orientation. A NE-trending
accommodation zone north of Tayoltita divides the region into
two tilt domains, with the volcanic succession inclined to the
ENE to the north, and to the WSW to the south (Fig. 8). The
Concordia Fault is a major NW-trending structure to the east of
Mazatlan (Fig. 8) that dips 40° to 70°NE, and with a vertical dis-
placement of ~5 km (Aranda-G6mez et al., 2003). The Late Cre-
taceous to Paleocene Sinaloa batholith occurs in the footwall of
the Concordia Fault, whereas the hanging wall consists of Oligo-
cene to Early Miocene ignimbrites covered by poorly consoli-
dated and weakly graded gravels that are also intruded by mafic
dikes. Two mafic dikes have been dated at 10.7 = 0.2 and 11.03 +
0.16 Ma by “°Ar/**Ar on whole rock (Henry and Aranda-Gémez,
2000). Some dikes are also tilted indicating that extension contin-
ued after their emplacement. Extension in this region is estimated
to range between 20% and 50% for a listric or plane geometry,
respectively, to the Concordia Fault (Henry, 1989).

Close to the Sinaloa-Durango state boundary along the
Durango-Mazatldn federal highway, the Early Miocene ignim-
brite sequence is flat-lying and only minor faults are observed.
However, to the north of the highway the same sequence is tilted
by up to 30° due to normal faulting both in the Presidio River
area (Aranda Gomez et. al, 2003) and in the valley of Piaxtla
River close to Tayoltita (Horner and Enriquez, 1999; Enriquez
and Rivera, 2001). This indicates that Middle to Late Miocene
extension preceding the opening of the Gulf of California must
have discontinuously affected the interior of the Sierra Madre
Occidental.

Southern Sector

In the southern sector, all of the Sierra Madre Occidental
has been affected by extensional tectonics (Figs. 6 and 9). At the
northeastern boundary of this region in Fresnillo, Zacatecas State,
an early phase of extension is evident with 39-Ma-old ignimbrites
tilted up to 30° to the SW, which are covered by horizontal tuffs
whose secondary alteration has been dated by K-Ar at 29.1 Ma
(Lang et al., 1988). In the rest of the southern sector, however,
there is no evidence of a pre-Oligocene phase of extension. In
southern Zacatecas and northern Jalisco, several grabens are the
continuation of extensional structures affecting the Central Mesa
to the east (Nieto-Samaniego et al., 1999), whereas further west
in Nayarit, half grabens are the dominant structures (Fig.9).
Ferrari et al. (2002) grouped the structure of the southern part
of the Sierra Madre Occidental into three main domains (Fig. 9).
An eastern domain is dominated by NNE- to N-S—oriented gra-
bens between 40 and 120 km long that cut into Late Oligocene or
Early Miocene ignimbrites. In the Tlaltenango graben, the young-
est ignimbrite of the succession is 22 Ma (Moore et al., 1994)
and is cut by normal faults with a minimum displacement of 400
m. Inside the graben, a shield volcano dated at 21 Ma (Moore
et al., 1994) has fault scarps less than 50 m high, which sug-
gests that some extension may have occurred between ca. 22 and
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ca. 20 Ma (Ferrari et al., 2002). In the Bolafios graben, which
has a vertical displacement exceeding 1400 m, crosscutting
relations among the different volcanic units indicate extension
in the Early Miocene, which likely occurred in several phases
(Ferrari et al., 2002; Lyons, 1988). For the other grabens, the
present state of knowledge is insufficient to precisely constrain
the inception of extension, but in all cases, normal faults related
to WNW to E-W extension cut Early Miocene ignimbrites. In
summary, extension leading to the development of grabens was
generally synchronous across the eastern domain and began
during the Early Miocene (Fig. 9).

The main structures of the western domain are the Alica, Paja-
ritos, and Jesds Maria half grabens, as well as the Pochotitdn and
San Pedro normal fault systems (Fig. 9). All these structures have
a N-S to NNW-SSE orientation and systematically tilt blocks of
Early Miocene ignimbrites to the ENE. An NE-trending accom-
modation zone across which there is a tilting reversal is inferred
along the Mezquital River, such that to the north the tilt vergence
is to the WSW (see also discussion for the northern sector). Mas-
ter faults of the half grabens cut ignimbrites of the Nayar succes-
sion dated at ca. 21 Ma (Ferrari et al., 2002) but no minimum age
can be inferred for fault activity. The San Pedro and Pochotitan
fault systems were formed by an ENE- to NE-SW-directed exten-
sion and can be considered part of the Gulf Extensional Prov-
ince. The Pochotitdn fault system tilts rocks as young as 17 Ma,
which are covered by flat-lying basaltic lavas dated at ca. 10 Ma
(Ferrari and Rosas-Elguera, 2000). In this region, many mafic
dikes intrude NNW normal faults or strike parallel to them. As
in southern Sinaloa, the mafic dikes were intruded between 11.9
and 10.9 Ma, and were concurrent with the extensional tectonics
(Ferrari et al., 2002).

The structural character of the southern domain contrasts
with that of the rest of the southern sector as Oligocene and
Early Miocene volcanic sequences of the Sierra Madre Occiden-
tal are characterized by open folds in an en echelon array, small
thrusts and several left lateral faults all of which developed in
the Middle Miocene (Ferrari, 1995). These structures are dis-
tributed in a belt with a WNW-ESE orientation at the southern-
most boundary of the Sierra Madre Occidental with the Jalisco
block basement. The folds are cut by vertical mafic dikes dated
at ca. 11 Ma (Damon et al., 1979), providing a minimum age for
the deformation. Ferrari (1995) interpreted these structures as a
left lateral transpressional shear zone produced by the opposite
motion between the Sierra Madre Occidental, during the wan-
ing of subduction of the Magdalena microplate, and the Jalisco
block, beneath which subduction of the Cocos plate continued.

4. PETROLOGY AND GEOCHEMICAL
CHARACTERISTICS OF THE SIERRA MADRE
OCCIDENTAL MAGMATISM

Volcanic rocks of the Sierra Madre Occidental form a typi-
cal calc-alkaline association, characterized by intermediate to
high potassium contents (Cochemé and Demant, 1991), together

with a relatively low Fe enrichment (Cameron et al., 1980a). The
main petrologic characteristics of these rocks are shown in Fig-
ure 10, which is based primarily on data from the northern sector
of the Sierra Madre Occidental. The data indicate a broad range
of compositions between ~49 and 78 wt% SiO,, although igneous
compositions are predominantly bimodal with silicic (~66-78
wt% Si0,) and mafic (49-62 wt% SiO,) groupings. Intermediate
compositions (~62-66 wt% Si0,) are rare. The Oligo-Miocene
rhyodacite and rhyolite ignimbrites define the silicic composi-
tional grouping whereas the mafic grouping includes andesite,
basaltic andesite, and basalts of the Lower Volcanic Complex
and postignimbritic transitional and alkaline mafic volcanism.
The total alkalis-silica plot indicates a dominantly subalkaline
association with a subordinate group of samples plotting in
the alkaline field, which are mainly the postignimbritic mafic
volcanic rocks. The postignimbritic mafic volcanic rocks also
extend to subalkaline compositions and overlap the field of the
southern Cordillera basaltic andesites (SCORBA), supporting
the extension of this province to the northern part of the Sierra
Madre Occidental as suggested by Cameron et al. (1989). Lower
Volcanic Complex igneous compositions are broadly similar to
the rest of the Sierra Madre Occidental rocks (Fig. 10), but are
entirely subalkaline, have a more restricted range of silica con-
tents with true basaltic compositions absent, and do not display
a bimodal character (e.g., Valencia-Moreno et al., 2001, 2003). It
is also worth comparing the Eocene to Oligocene and Neogene
(ca. 25-10 Ma) rocks of Sierra Madre Occidental. Although
only a few data are available for the Neogene volcanic rocks,
they display a similar range of silica contents but rhyolitic com-
positions sensu stricto are absent. The limited trace element data
available for the Sierra Madre Occidental rocks are indicative of
a continental margin setting influenced by subduction. Linear
trends in basalt-andesite-rhyolite suites in the Batopilas region
for elements such as Rb, Sr, Nb, Y, Th, Zr, and REE were inter-
preted in early studies as the result of assimilation and fractional
crystallization of mantle-derived mafic magmas (Cameron et al.,
1980b; Bagby et al., 1981).

The mechanism responsible for the generation of the huge
volume of silicic ignimbrites of the Sierra Madre Occidental has
become highly debated since the first geochemical studies were
published in the early 1980s (e.g., Cameron et al., 1980a and b;
Cameron and Hanson., 1982; Verma, 1984; Ruiz et al., 1988a;
Cameron et al., 1992; McDowell et al., 1999; Albrecht and Gold-
stein, 2000). Most approaches addressing this issue have relied on
the whole-rock isotopic signatures of the volcanic rocks. Numer-
ous studies have established that the initial ¥’St/%Sr ratios range
between 0.7041 and 0.7070 and eNd between +2.3 and —3.2 for
ignimbrites from several sites of the Sierra Madre Occidental.
Lower eNd values (—5.2 to —5.8), and higher ¥Sr/*Sr ratios
(0.7089 and 0.7086) have been reported for areas of the northern
Sierra Madre Occidental in the Témochic and San Buenaventura
areas (McDowell et al., 1999; Albrecht and Goldstein, 2000). Fig-
ure 11 shows the distribution of both éNd and ¥Sr/*Sr isotopic
data available for the Sierra Madre Occidental rocks. In general,
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Figure 10. Total alkali-silica diagram (TAS) according to LeMaitre et al. (1989) for volcanic rocks of the northern Sierra Madre
Occidental (open squares). The boundary between the alkaline and subalkaline fields (thicker line) is according to Irvine and
Baragar (1971). The black squares represent volcanic rocks from the eastern Sierra Madre Occidental, within the Basin and
Range Province. The field of the Southern cordillera basaltic andesites (SCORBA), based on Figure 5 of McDowell et al.
(1997), is included here for comparison (dotted line). The field of magmatic rocks of the Lower Volcanic Complex (LVC)
(shaded), based mainly on data from granitic intrusives, is also included. Sources: Sierra Madre Occidental—Cameron et al.,
1980; Lanphere et al., 1980; Piguet, 1987; Wark, 1991; Gans, 1997; McDowell et al., 1997, 1999; Albrecht and Goldstein, 2000;
Gonzdlez-Leén et al., 2000; Mora-Alvarez and McDowell, 2000. Post-Sierra Madre Occidental—Gastil and Krummenacher,
1977, Gastil et al., 1979; Bartolini et al., 1994; Gans, 1997; McDowell et al., 1997; Gonzalez-Leén et al., 2000; Mora-Alvarez
and McDowell, 2000; Henry et al., 2003. Lower Volcanic Complex—Bagby et al., 1981; Mora-Alvarez and McDowell, 2000;

Roldéan-Quintana, 1991; Valencia-Moreno et al., 2001, 2003; Henry et al., 2003.

many of the ignimbrites have isotopic compositions similar to
the bulk Earth composition. The plot also shows a relatively con-
tinuous trend between samples with a more pronounced mantle
signature (positive éNd and relatively primitive Sr values) to
samples with negative eNd values and higher Sr ratios, suggest-
ing significant crustal involvement in their petrogenesis.

To generate the rhyolites, Cameron et al. (1980a) proposed
an AFC (assimilation and fractional crystallization) model for
mantle-derived mafic magmas where the ignimbrites repre-
sented no more than 20% of the initial basaltic magma volume.
This model implied that ~80% of the initial volume must have
remained as residual material, adding some kilometers of new
gabbroic crust beneath the Sierra Madre Occidental (Ruiz et al.,
1988b; Cameron et al., 1992). Although isotopic studies are

limited to a few areas, Cameron et al. (1986) suggested that the
AFC model may be representative for the whole Sierra Madre
Occidental and proposed that less than 25% crustal assimila-
tion was involved in the generation of the ignimbrites. Verma
(1984) put forward a similar genetic model for ignimbrites in
Zacatecas and San Luis Potosi areas (Fig. 6), but also consid-
ered a second, shallower stage of fraction crystallization, which
led to crustal assimilation being in the order of 80% before the
final emplacement of the ignimbrites. In contrast, based on the
modeling of many lower crustal xenoliths from areas to the east
of the Sierra Madre Occidental, Ruiz et al. (1988b) proposed
that most, if not all, of the volume of Sierra Madre Occidental
ignimbrites may have been generated by partial melting of the
lower continental crust since the isotopic compositions of the
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available crustal xenoliths (mafic to intermediate granulites of
Paleozoic to Precambrian age) were identical to those of the
Sierra Madre Occidental ignimbrites (Fig. 11). An important
implication of this interpretation was that the magmatic episode
that generated the Sierra Madre Occidental did not represent a
period of significant crustal growth. Although mafic granulites/
metaigneous xenoliths have the most appropriate chemical and
isotopic compositions to be potential source materials for the
Sierra Madre Occidental rhyolites, it remains unclear whether
the xenoliths represent old lithosphere that was melted to gen-
erate the rhyolites (Ruiz et al., 1988b) or juvenile underplated
material (i.e., cognate cumulate) essentially coeval with the
rhyolites, and therefore representing several km of new crust
that formed during the middle Tertiary beneath México (Cam-
eron and Robinson, 1990).

5. THE CRUST AND THE MANTLE BENEATH
THE SIERRA MADRE OCCIDENTAL:
GEOPHYSICAL DATA

Despite its scientific and economic significance, few geo-
physical studies are available for the Sierra Madre Occiden-
tal. Most studies have a regional character and, although they
define the major structures of the crust and upper mantle, and
have not correlated the geophysical features with the detail of
the surface geology.

The gross structure of the upper mantle beneath the Sierra
Madre Occidental is mainly known from regional or global seismic
tomography studies using different kinds of seismic waves and pro-
cessing methods (Grand, 1994; Alsina et al., 1996; Van der Lee and
Nolet, 1997; Bijwaard and Spakman, 2000; Ritzwoller et al., 2002;
Ritsema et al., 2004). All of these studies have noted that mantle
lithosphere beneath the Sierra Madre Occidental is thin or lacking.
Although differing in details, all tomographic models show a low-
velocity zone extending from ~80 km to ~250 km. This negative
velocity anomaly extends from the Gulf of California to the Mesa
Central, and from the U.S. Basin and Range Province to latitude
20° N in southern México. Estimations of the thermal structure
based on tomographic models indicate that in this wide region, the
mantle has a temperature ~500 °C higher than beneath the North
America cratén to the east (Goes and van der Lee, 2002). These
observations suggest that the lithospheric mantle has been mostly
removed and replaced by asthenosphere.

Seismological data show a significant difference in crustal
thickness between the Sierra Madre Occidental core and its
margins. In a regional seismic study using surface and S-wave
velocities, Gomberg et al. (1988) estimated an average thickness
of 40 km for northern México. Given the ray trajectories used in
this study, the authors also considered this crustal thickness as
representative of the region to the east of the Sierra Madre Occi-
dental, and the northern part of the Mesa Central.

More recently, Bonner and Herrin (1999) defined the crustal
thickness of the northern part of the Sierra Madre Occidental by
studying dispersion of surface waves generated by earthquakes
occurring in the Gulf of California and received in Texas. Given
this geographic array, the results may be considered represen-
tative of the central, less extended, part of the northern Sierra
Madre Occidental. A crustal profile 55 km thick and with three
layers: an ~5-km-thick layer with low velocity (Vs ~2.8 km/sec),
an intermediate layer of ~20 km with Vs ~3.6 km/sec, and a
lower layer of ~30 km characterized by high seismic veloc-
ity (Vs ~4.0 km/sec) provided the best fit to the seismic data
(Bonner and Herrin, 1999).

In another recent study, Persaud (2003) used receiver func-
tions at three points along the western side of the Sierra Madre
Occidental to constrain the Moho depth in this part of the province
where the crust has been thinned by extension that led to the forma-
tion of the Gulf of California. Moho depths reported in this study
range from 28 km east of Hermosillo to 22 km both in southern
Sonora (Navojoa) and northern Sinaloa (Culiacan) (Fig. 6).
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Integrating gravimetric and seismic refraction data, Couch
et al. (1991) estimated a minor contrast in crustal thickness in
the central-southern part of the Sierra Madre Occidental where
the crust at the center of the Sierra Madre Occidental is ~40 km
but thins to 25 km at the coast south of Mazatlan (Fig. 6). Crustal
thickness is also less to the east of the Sierra Madre Occiden-
tal beneath the Mesa Central; Fix (1975) estimated a value of
~30 km based on surface waves, whereas Campos-Enriquez et al.
(1994) estimated a Moho depth of 33 km (Fig. 6).

Assuming a maximum Moho depth of 55 km for the unex-
tended core of the northern Sierra Madre Occidental (Fig. 6) at
the end of the ignimbritic pulse and an average of ~25 km for the
Moho in Sonora and Sinaloa, Oligo-Miocene stretching of the
crust on the western side of the Sierra Madre Occidental must
have exceeded 100% if extension was uniform. This value is com-
parable with the extension calculated at surface for the region of
core complexes in Sonora (e.g., Gans, 1997), but contrasts with
geologic estimates in other areas of Sonora (McDowell et al.,
1997) and Sinaloa (Henry, 1989), where less than 50% of exten-
sion and more likely in the order of ~20%-30% is indicated.
The extreme extension estimated in certain areas of Sonora is
a local feature where basement structures permitted the focus-
ing of deformation, and/or there was decoupling between brittle
and ductile crust, such that the latter may have flowed laterally
during continental extension and opening of the Gulf of Califor-
nia (Persaud, 2003). This situation is not too different from in
the western United States, where areas of highly extended crust
are adjacent to areas of relatively unextended crust (Gans and
Bohrson, 1998; Gans et al. 1989).

6. DISCUSSION

Space-Time Evolution of Convergent Margin Magmatism
and Extensional Tectonics

The magmatic history of the Sierra Madre Occidental is inti-
mately related to the evolution of the western margin of North
America and the history of subduction of the Farallon plate. In a
simplistic way, the magmatic evolution of the Sierra Madre Occi-
dental fits into the pattern of inland migration and subsequent
trenchward return of igneous activity already recognized for the
southwestern part of the North America Cordillera between the
Late Cretaceous and the Present (e.g., Coney and Reynolds, 1977;
Damon et al., 1981; Damon et al., 1983) (Fig. 12A). According
to this model, arc migration was primarily controlled by the vari-
ation in the dip of the Farallon plate being subducted beneath
North America. At the beginning of the Late Cretaceous, the arc
was located relatively close to the trench, with the Sierra Nevada
and Peninsular Range batholiths (including Baja California) and
the Lower Volcanic Complex of the Sierra Madre Occidental
interpreted as the eroded remnants of this supra-subduction zone
magmatic arc. The eastward migration of magmatism at the end
of the Cretaceous has been related to the progressive decrease in
slab dip associated with the Laramide orogeny. Once compres-

sion waned at the end of the Eocene, supra-subduction zone mag-
matism retreated westwards toward the trench as the dip of the
subducted slab steepened.

Superficially, the space-time patterns of magmatism in
México and the Sierra Madre Occidental show this type of pat-
tern (Fig. 12). Eastward migration of magmatism is more evident
in the United States and the northern Sierra Madre Occidental,
where it reaches ~1000 km from the paleotrench (Damon et al.
1981), than in its central and southern parts. Henry et al. (2003)
showed that magmatism in the central sector of the Sierra Madre
Occidental only reached 400 km from the paleotrench and that
the rate of eastward migration of magmatism took place at an
order of magnitude lower (1-1.5 km/Ma) than the westward
migration toward the trench. For the southern part of the Sierra
Madre Occidental, the easternmost position of magmatism was
in the Oligocene, when it reached a maximum of 600 km from
the paleotrench (Nieto-Samaniego et al., 1999).

In the northern part of the Sierra Madre Occidental, east-
ward migration volcanism seems to postdate contractile defor-
mation. The volcanic rocks of the Lower Volcanic Complex
(ca. 90-60 Ma), both in Sonora (Tarahumara Fm.) and in Chi-
huahua (Pefias Azules volcanics), are only tilted and do not show
clear evidence of having been affected by shortening. In the
central part of the Sierra Madre Occidental, the ca. 101-89 Ma
syntectonic plutons of Sinaloa (Henry et al., 2003) record defor-
mation in the Lower Volcanic Complex that pre-dates Paleogene
Laramide deformation of the Sierra Madre Oriental (Eguiluz de
Antufiano et al., 2000). An additional point is that the Eocene
rocks along the entire Sierra Madre Occidental do not show any
evidence of contractile deformation.

The presence, during Late Cretaceous to Paleogene times,
of magmatism located between the paleotrench and the deforma-
tion front in México precludes any model of flat subduction, as
invoked to explain the Laramide orogeny in the United States
(e.g., Coney and Reynolds, 1977, Bird, 1984, 1988; Saleeby,
2003), since the necessary coupling between subducting and
upper plates would close the mantle wedge and shut-off arc
magmatism. This is a similar situation for the Canadian sector
of the Laramide orogen (English et al., 2003) and an alterna-
tive model is required to explain magmatism and deformation
in México and Canada.

At a continental scale, volcanism during the Oligocene
extended westwards toward the trench, although in detail, time-
space patterns at the local scale may be more complex. Impor-
tantly, the Late Oligocene ignimbrite flare-up has essentially
the same age across the entire Sierra Madre Occidental (ca. 32—
28 Ma), and is distributed in a wide belt with a general NNW
orientation (Fig. 2) without any apparent internal migration. In
contrast, Early Miocene volcanism is clearly displaced toward
the western half of the Sierra Madre Occidental and shows sig-
nificant differences from north to south. In the northern Sierra
Madre Occidental, Early Miocene volcanism is less abundant
and was dominantly mafic in composition, whereas in the cen-
tral and southern Sierra Madre Occidental, volcanism was more
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Figure 12. Distribution of available ages of Early Cretaceous to Miocene igneous rocks from México
versus distance from the paleotrench. (A) Distribution of ages between ca. 140 and 10 Ma (modified
from Damon et al., 1981) showing the inland migration of Cordilleran magmatism up to ~1000 km
from the paleotrench between the Cretaceous and the end of Laramide orogeny (ca. 40 Ma). The
inland migration was followed by an apparent rapid retreat of the magmatic activity toward the coast.
The ages younger than 20 Ma and outside the enclosed field of ages mostly correspond to extension-
related basalts. (B) Detailed time-space plot for ages between 60 and 10 Ma. Solid circles are data
from Damon et al. (1981). The ages compiled by Nieto-Samaniego et al. (1999) for the southern part
of the Sierra Madre Occidental (open squares), as well as those reported by Henry et al. (2003) for
southern Sinaloa (open rhombs), are also shown.
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bimodal with a second pulse of silicic ignimbrites and minor
amounts of basalt. The eruption of andesite in the Early to Middle
Miocene occurred further west in Baja California (the Comondu
arc; Sawlan, 1991; Umbhoefer et al., 2001) (Fig. 2), marking the
first clear reestablishment of typical supra-subduction zone arc
magmatism and ending the broad extension and migration of
magmatism trenchward beginning ca. 40 Ma. In the southern part
of the Sierra Madre Occidental, however, the pattern of migra-
tion appears more complex. Ferrari et al. (1999) showed that the
orientation of the volcanic belt tended to rotate counterclockwise
since the Oligocene from a NN'W orientation to a WNW trend in
the Early to Middle Miocene when volcanism extended to south-
ern Baja California, but was absent south of latitude 20° N. In
more detail, Ferrari et al. (2002, their Fig. 6) showed that during
the Early Miocene, ignimbrite volcanism migrated to the ESE as
far as longitude 101° W.

At the provincial scale, the onset of extension corresponds to
the westward expansion of magmatic activity toward the trench.
Data summarized section 3 indicate that extension, or more
likely the extensional front, migrated episodically from east to
west along the entire Sierra Madre Occidental (see also Stewart,
1998). Importantly, the onset of upper crustal extension seems
to follow the first ignimbrite pulse. Extension probably began in
the Eocene in the Mesa Central (Aranda-Gémez and McDowell,
1998; Nieto-Samaniego et al., 1999; Nieto-Samaniego et al., this
volume), although more rapid extension began at ca. 30 Ma, after
emplacement of the first rhyolites (Orozco-Esquivel et al., 2002).
In the eastern part of the Sierra Madre Occidental, the earliest
extension also occurs in mid-Oligocene times, after the emplace-
ment of the first ignimbrite sheets ca. 30 Ma at Nazas and Rodeo,
Durango (Aranda-Gémez et al., 2003), and between ca. 39 and
ca. 29 Ma in Fresnillo, Zacatecas (Lang et al., 1988).

A second episode affected the central part of the Sierra
Madre Occidental, with an extensional front moving westward
between the end of the Oligocene and the Early Miocene. In
western Chihuahua and Durango, high-angle normal faulting
postdates ca. 28-27 Ma ignimbrites (see section 3 and Figures 4
and 5). Extension propagated northwestwards to eastern Sonora,
where the main basins hosting the Bducarit Formation and core
complexes developed mostly between ca. 26 and 16 Ma (Fig. 7).
In the central part of the Sierra Madre Occidental, this episode is
only expressed by the eruption of alkaline basalts in Rodeo and
Nazas, Durango, at ca. 24 Ma (Aranda-Gémez et al., 2003). In
the southern Sierra Madre Occidental, this extensional episode
is expressed by the formation of various grabens with ~NNE-
SSW to N-S orientation in southern Zacatecas and northwestern
Jalisco (Fig. 9) between ca. 22 and 18 Ma, and after the begin-
ning of the second ignimbritic pulse at 24-20 Ma.

At the end of the Middle Miocene (ca. 12 Ma), a third exten-
sional episode affected the westernmost belt of the Sierra Madre
Occidental. The age of this deformation, commonly referred to
as the “Gulf Extensional Province” or ‘“Proto-Gulf extension,”’
is remarkably similar along the entire Sierra Madre Occidental
occurring between ca. 12 and 9 Ma in Sonora (Gans et al., 2003),

Sinaloa (Henry and Aranda-Gémez, 2000), and Nayarit (Ferrari
and Rosas-Elguera, 2000; Ferrari et al., 2002). Although with
less intensity, extension of this age occurred to the east of the
Sierra Madre Occidental, with the formation of the Rio Chico—
Otinapa graben (Henry and Aranda-Gémez, 2000), other exten-
sional structures in the Mesa Central, which are still seismically
active in the Durango and Tepehuanes volcanic fields (Nieto-
Samaniego et al., this volume), as well as with the eruption of
alkaline lavas in the Los Encinos volcanic field in San Luis Potosi
(Luhr et al. 1995).

The evolving geographic pattern of extensional tectonics
summarized in the previous paragraphs clearly indicates a pro-
gression of extension through discrete episodes that discontinu-
ously affected the entire region encompassing the Sierra Madre
Occidental and Gulf of California (Fig. 1). Consequently, it is dif-
ficult to establish a limit between the Gulf Extensional Province
and the Mexican Basin and Range, such that Henry and Aranda-
Gomez (2000) proposed that the Gulf Extensional Province is
part of the Basin and Range Province, and that the relatively unex-
tended core of the Sierra Madre Occidental geographically sepa-
rates the two provinces (Fig. 6). Therefore, continental extension
was a widespread event that affected the entire southwestern part
of the North American plate. These extensional processes, how-
ever, led to fundamentally different extended continental margins
in the United States and México. In the western United States,
Tertiary deformation eventually created an extensional province
over 1000 km in width without rupturing the continental litho-
sphere. In México, after over 20 m.y., extension became localized
in the Gulf of California region, resulting in the formation of a rift
floored by oceanic crust since the Pliocene. In this framework,
the region of Sonora—characterized by much higher extension
than the rest of the Sierra Madre Occidental—marks the transi-
tion between thinned continental crust and oceanic crust flooring
the Gulf of California.

At a continental scale, two causes may explain this differ-
ing behavior: (1) crustal rheologic contrasts, and (2) a thermal
weakening of the zone in which the Gulf of California eventu-
ally developed. Crustal rheologic contrasts were proposed by
Langenheim and Jachens (2003) who suggested that the Penin-
sular Range batholiths (together with its deeper mafic counter-
part) represents a more rigid crustal block that controlled the
localization of extensional deformation to the east, eventually
leading to the separation of Baja California from mainland
Meéxico. Thermal weakening to focus extension in the Gulf of
California has been related to prior volcanic arc activity (i.e.,
the Comondu arc in southern Baja California) that occurred
in this region before opening of the rift. Although Early to
Middle Miocene rocks occur in Baja California (e.g., Sawlan,
1991; Stock and Lee, 1994), the older successions commonly
comprise massive sedimentary deposits (fluvial conglomer-
ate produced by the erosion of volcanics) and distal facies of
ignimbrites (e.g., Hausback, 1984; Dorsey and Burns, 1994;
Umbhoefer et al., 2001), indicating minimal magmatism and
therefore thermal input into the crust in this region. It was from
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the Middle to Late Miocene (ca. 15-12 Ma) that an andesitic
arc was active and close to the coast of Baja California (see sec-
tion 2 for Sonora and Umbhoefer et al., 2001, for Baja California
Sur). Thermal weakening of the crust may alternatively have
been caused by the Oligo-Miocene volcanism in the region, and
the Comondu arc may have only assisted in focusing extension
in the region of the future Gulf of California.

Genesis of the Silicic Magmatism

Clearly, the most peculiar aspect of the Sierra Madre Occi-
dental magmatism is the eruption of large volumes of silicic
magma in a relatively short time. These ignimbrite pulses are not
common, and large-volume silicic volcanism only characterizes
volcanic arcs when undergoing extension, or rifting to form a
backarc basin (e.g., Taupo Volcanic Zone), and the formation of
volcanic rifted margins (Bryan et al., 1997, 2002). Discussions on
the petrogenesis of the silicic magmas in the Sierra Madre Occi-
dental have been recurrent in the literature and have generally
been divided between two end-member models. The first model
suggests that the rhyolites formed largely by partial melting of
the crust (e.g., Huppert and Sparks, 1988) as a consequence of
the arrival of large amounts of basaltic magmas from the mantle,
which provide the heat necessary to melt the crust (Ruiz et al.,
1988a, 1990; Albrecht and Goldstein, 2000; Ferrari et al., 2002).
This model has been invoked for the generation of other silicic
large igneous provinces (Pankhurst and Rapela, 1995; Ewart
etal., 1998; Riley et al., 2001; Bryan et al., 2002). In the second
model, the rhyolites are interpreted as the final product of the dif-
ferentiation of basaltic magmas with small or negligible contribu-
tions from the crust (Cameron and Hanson, 1982; Cameron and
Cameron, 1985; Cameron et al., 1980a, b; Cameron and Robin-
son, 1990; Wark, 1991; Smith et al., 1996). The basis for some of
these models is limited as they have been formulated from data
gathered from a few sites and representative of a limited time scale
(e.g., 1-2 Ma), yet the results have been generalized to explain
the origin of large volumes (>10° km?) of rhyolite over a rela-
tively large time span (10-20 m.y.). It is worth emphasizing that
existing studies on the petrogenesis of the Sierra Madre Occiden-
tal rhyolites are restricted to Oligocene sections from four sites
in western Chihuahua (Batopilas, Divisadero, San Buenaventura,
and Témochic), one site in Zacatecas at the southeastern margin
of the Sierra Madre Occidental, and two sections located in the
Mesa Central (La Olivina, Chihuahua, and San Luis Potosi).

In principle, discriminating between the two end-members
(anatexis versus fractional crystallization) and assessing crustal
contributions to rhyolitic magmatism may appear relatively
straightforward, as mantle and continental crust are thought to
have distinctive ¥Sr/*Sr and €Nd (and other isotopic) composi-
tions. The use of whole rock geochemical and isotopic data and
lower crustal xenoliths, which have provided a more direct sam-
pling of the lower crust, have been the main approach used in the
Sierra Madre Occidental (Cameron and Hanson, 1982; Cameron
and Cameron, 1985; Cameron et al., 1980a, b; Ruiz et al., 1988a,

1990; Cameron and Robinson, 1990; Wark, 1991; Smith et al.,
1996; Albrecht and Goldstein, 2000). The results, however, have
frequently been ambiguous (see section 4), since the rhyolites
and the scarce associated mafic lavas have Sr and Nd isotopic
compositions intermediate between those inferred for a mantle
metasomatized by subduction fluids, and the Paleozoic or Meso-
zoic lower crust though which they emplaced (e.g., eNd of ~+4
to —4, Fig. 11) (Wark, 1991; Johnson, 1991). Nevertheless, some
crustal contribution to rhyolite magmatism is generally required
from isotopic considerations (Cameron and Cameron, 1985;
Wark, 1991).

The debate on a dominantly mantle versus crustal origin
for the Sierra Madre Occidental rhyolitic ignimbrites has sev-
eral implications that have been discussed in the literature for
other silicic large igneous provinces. If rhyolite generation is due
primarily to fractional crystallization of mantle-derived basaltic
magmas, then significant material transfer and new crust forma-
tion is implied. Furthermore, if the rhyolites are the product
of basalt differentiation only, then a fourfold volume of mafic
cumulates in the crust is required (e.g., Cameron et al., 1980a;
Cameron and Hanson, 1982; Ruiz et al., 1988a). In turn, if these
mafic residues are formed in the proximity of the Moho, this
may lead to convective instability at the base of the crust (e.g.,
Kay and Mahlburg-Kay, 1991; Kay et al., 1992; Meissner and
Mooney, 1998; Jull and Kelemen, 2001). Alternatively, if cumu-
lates formed at a different level in the crust, then a variation in
the composition, thermal structure, and isostatic, seismic, and
rheologic properties of the crust is expected (Gans, 1997; Gans
et al., 1989; Klemperer, 1989; Glazner and Ussler, 1989; John-
son, 1991; Miller and Paterson, 2001). In contrast, if rhyolites
formed primarily by partial melting of the crust, then a substan-
tially lower volume of basaltic magma is required and residual
cumulates produced (Ruiz et al., 1988a), resulting in a different
crustal thickness and petrologic and rheologic crustal profiles.

Whether a basaltic magma contributes heat and/or mass to
the generation of the rhyolites, an important question that can
be addressed by geophysical data is the localization and the fate
of the cumulate residual material (Smith et al., 1996; Jull and
Kelemen, 2001; Ducea, 2002). The geophysical data synthe-
sized in this work indicate that the crust in the unextended core
of the Sierra Madre Occidental is thicker than along its margins
(Fig. 6): in the northern Sierra Madre Occidental the unextended
part is ~55 km versus ~40 km to the east and ~28-22 km along
the coast of the Gulf of California. The thickness of the Sierra
Madre Occidental core also appears thicker than that of other
Precambrian or Paleozoic crustal sections (e.g., Mooney et al.,
1998). Even for the central and southern part of the Sierra Madre
Occidental where only post-Paleozoic basement is inferred to
exist, the crust is ~10 km thicker than its counterpart in the Mesa
Central to the east (see also Nieto-Samaniego et al., 1999). These
anomalous thicknesses, coupled with the high seismic velocity
contrast of the lower layer detected by Bonner and Herrin (1999)
in the northern part of the Sierra Madre Occidental, suggest that
the lower crust has been heavily intruded by mafic magmas.
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The intrusion or underplating of mafic magma represents
new additions to the continental crust and, by consequence, a
lowering of the Moho, which is a process common in many
active continental margins (Klemperer, 1989). The regional
character of the seismic studies available for the Sierra Madre
Occidental, together with a lack of detailed estimations of the
volume of ignimbrites and their intrusive equivalent, currently
prevent robust discrimination between the fractional crystalli-
zation and partial melting models and relative contributions of
crust and mantle to Sierra Madre Occidental rhyolite genera-
tion. However, the presence of a significant volume of mafic
intrusions in the lower crust is consistent with the cause of the
ignimbrite pulses resulting from the arrival of large volumes of
basaltic magma from the mantle.

A more general and important question is what controls
the generation of large volumes of rhyolite or basalt to form a
Large Igneous Province (LIP)? The fertility of the crust has been
invoked as a determining factor in the generation of large volumes
of rhyolites (Bryan et al., 2002), since many of the silicic LIPs
are found on Phanerozoic crust, whereas most LIPs, as typified
by the Mesozoic to Recent continental flood basalt provinces, are
located on Archean crust and generally mafic. Numeric modeling
of magma intrusion into the lower crust has demonstrated that
the presence of hydrous minerals and basalts with high T and
low water content promote crustal melting (Annen and Sparks,
2002). For the Sierra Madre Occidental, despite the presence
of Precambrian crust in the northern part of the province, little
involvement of Precambrian crust in rhyolite magma generation
is indicated by whole-rock isotopic compositions of the ignim-
brites, and from the observation that the Oligocene ignimbrite
pulse produced similar volumes across the whole province.
Nevertheless, the fertility of the lithosphere was likely increased
by geologic events prior to the ignimbrite flare-up. Humphreys
et al. (2003) proposed that sub-horizontal subduction of the Far-
allon plate during the Laramide orogeny may have hydrated and
fertilized the Precambrian lithosphere of the North America plate.
Once the Farallon plate was removed from the base of the North
America plate in the Tertiary, the uprise of asthenospheric mantle
led to crustal heating, partial melting, and the outburst of silicic
volcanism. This general model, originally proposed to explain
mid-Tertiary silicic volcanism in the southwestern United States,
may be equally applicable to the Sierra Madre Occidental, which
shares a similar tectonic history.

In conclusion, a range of possibilities exist to explain the
generation of the Sierra Madre Occidental silicic magmas, with
fractional crystallization and crustal anatexis as end-members.
Geophysical information and petrologic studies are still too
scarce to fully understand the processes of silicic magma genera-
tion and if fractional crystallization or partial melting played a
dominant role. Nevertheless, the presence of (1) crustal isotopic
signatures and isotopic differences between ignimbrites erupted
through different types of crustal basement (McDowell et al.,
1997; Albrecht and Goldstein, 2000; Valencia-Moreno et al.,
2001); (2) Precambrian, Mesozoic, and Tertiary inheritance in

magmatic zircons within the ignimbrites (McDowell et al., 1997;
Bryan et al., 2006); and (3) the essentially bimodal character
of the Oligocene and Early Miocene volcanic pulses suggest
that assimilation and/or melting of the crust was significant in
the Sierra Madre Occidental. We consider that the petrogenesis
of the Sierra Madre Occidental ignimbrites was dominated by
processes of large-scale magma mixing and/or AFC capable of
producing large amounts of silicic magmas and lesser volumes
of variably contaminated basalt and basaltic andesite. In detail,
the locus of the crust involved in assimilation and melting likely
varied with time with progressively shallower zones potentially
affected as the intrusion of mafic magmas induced a densification
of the lower crust and/or remelted earlier intruded magma.

Geodynamic Causes of Magmatism and Extension

Based on the considerations of the previous section, it seems
clear that, regardless of the mechanism responsible for the gener-
ation of rhyolites, each ignimbrite pulse was related to the arrival
of considerable amounts of mantle-derived mafic magma at the
base of the crust. The remarkable synchronism and large volume
of the first ignimbrite pulse extending across the entire Sierra
Madre Occidental indicate that this phenomenon cannot be the
result of a “normal” subduction regime but, rather, the conse-
quence of a continental scale mechanism related to plate dynam-
ics. The results of different seismic tomography studies indicate
that the upper mantle beneath the Sierra Madre Occidental is
characterized by a significant thermal anomaly (see section 5),
which is interpreted to be asthenosphere. The tectono-magmatic
evolution of the Sierra Madre Occidental indicates this thermal
anomaly is the result of the removal of the Farallon plate from
the base of the North American plate in mid-Tertiary times (e.g.,
Humphreys, 1995). In México, the removal of the subducted
Farallon plate occurred at different stages, each one character-
ized by different mechanisms. Eocene volcanics, if interpreted as
supra-subduction zone volcanism in the eastern part of the Sierra
Madre Occidental, would indicate that by this time, fluid-induced
melting of a mantle wedge was occurring after the foundering of
the Farallon plate. This volcanic episode coincides with the first
signs of a decrease in the velocity of convergence between the
Farallon and North America plates between 43 and 39 Ma (Nor-
ton, 1995). The first ignimbrite pulse (ca. 32-28 Ma) of the Sierra
Madre Occidental coincides with a second stage of decrease in
convergence rates between ca. 33 and 25 Ma (Norton, 1995), and
the first contact between the East Pacific Rise and North America
occurring south of California at ca. 28 Ma (Atwater and Stock,
1998). The decrease in convergence velocity occurred when pro-
gressively younger and more buoyant oceanic crust arrived at
the paleotrench and, eventually, the northern part of the Faral-
lon plate lost some fragments which became the Monterey and
Jasper plates between ca. 28.5 and ca. 27.5 Ma (Lonsdale, 2005).
Decreases in subduction velocity typically produce an increase
in slab dip. This, in turn, induces a strong convection as it “pulls”
asthenospheric mantle into the opening mantle wedge. This
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process of bringing asthenospheric mantle to shallower depths
and in contact with the base of the continental crust led to a sud-
den increase in partial melting of the mantle and the generation of
an ignimbrite pulse within a short period of time.

The second ignimbrite pulse in the southern part of the
Sierra Madre Occidental (ca. 24-20 Ma) mostly coincided with
the formation of metamorphic core complexes in the northern
Sierra Madre Occidental (and southern United States). During
this period, the Farallon plate was still being subducted beneath
parts of western México after the Pacific and North America
plates had come into direct contact further north, in south-
ern California. The interaction between the Pacific and North
America plates, with a diverging relative motion, resulted in
the formation of a slab window in front of the contact zone
(Atwater and Stock, 1998; Dickinson, 1997, 2002). In this
zone, the deeper part of the subducting Farallon slab must have
detached from the shallower part of the plate. Ferrari et al.
(2002) proposed that once initiated, the detachment may have
propagated toward the south-southwest because of an increase
in the slab pull on that part of the plate still attached, docu-
mented in other areas of the world (e.g., Wortel and Spakman,
2000). Consequently, there may have been asthenospheric flow
into the mantle wedge. In the northern part of the Sierra Madre
Occidental, the flow of the asthenospheric material, together
with plate boundary forces (e.g., Sonder and Jones, 1999), may
have produced the high-magnitude extension that formed the
metamorphic core complexes. In the southern Sierra Madre
Occidental, slab rupture may have induced a second episode of
asthenospheric underplating, triggering crustal partial melting
and the subsequent ignimbrite pulse.

The review of the magmatic and tectonic history of the
Sierra Madre Occidental presented in this work indicates that
this geologic province is closely connected to the evolution of the
Cretaceous-Cenozoic subduction system of the Farallon beneath
the North America plate. In particular, the Sierra Madre Occiden-
tal as an Oligo-Miocene silicic LIP was the result of events that
occurred at the end of subduction of the Farallon plate. The Sierra
Madre Occidental shares many characteristics with other silicic
LIPs (Table 1), some of which preceded the formation of volcanic
rifted margins (Bryan et al., 1997). In this sense, the ignimbrite
pulses of the Sierra Madre Occidental are not the product of nor-
mal supra-subduction zone volcanism, but rather, the precursors
of lithospheric rupture that eventually led to the formation of the
Gulf of California.
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