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ABSTRACT

The Gulf of California is a young exam-
ple of crustal stretching and transtensional 
shearing leading to the birth of a new oceanic 
basin at a formerly convergent margin. Pre-
vious studies focused along the southwestern 
rifted margin in Baja California indicated 
rifting was initiated after subduction and re-
lated magmatism ceased at ca. 14–12.5 Ma. 
However, the geologic record on the Mexico 
mainland (Sinaloa and Nayarit States) indi-
cates crustal stretching in the region began as 
early as late Oligocene. The timing of cooling 
and exhumation of pre- and synrift plutonic 
rocks can provide constraints on the timing 
and rate of rifting. Here, we present results 
of a regional study on intrusive rocks in the 
southern Gulf of California sampled along 
the conjugate Baja California and Nayarit-
Sinaloa rift margins, as well as plutonic rocks 
now exposed on submerged rifted blocks in-
side the gulf. Forty-one samples were dated 
via U/Pb zircon and 40Ar/39Ar mineral ages, 
providing emplacement age and thermo-
chronological constraints on timing and rate 
of cooling. We found an extensive suite of 
early and middle Miocene plutons emplaced 
at shallow depths within the basement Cre-
taceous–Paleocene Peninsular Range and 
Sinaloa-Jalisco Batholiths. Early Miocene 

granitoids occur in an elongated WNW-ESE 
belt crossing the entire southern gulf from 
southern Baja California to Nayarit and 
Sinaloa. Most have an intermediate composi-
tion (<67 SiO2 wt%), but a distinctive group of 
high-silica granites (>75 SiO2 wt%) was em-
placed 20.1–18.3 Ma, near the end of the early 
Miocene. Age span and chemical composition 
of the early Miocene silicic plutons essentially 
overlap ignimbrites and domes exposed in 
the southern Sierra Madre Occidental and 
in southern Baja Cali fornia, suggesting that 
eruptive sources for the early Miocene ig-
nimbrite fl are-up may also have been located 
within the southern Gulf of California. Early 
Miocene plutons cooled below the 40Ar-39Ar 
biotite closure temperature (350–400 °C) in 
less than 2.5 m.y., which we interpret as evi-
dence of a regional extensional event leading 
to the opening of the Gulf of California. A less 
widely distributed suite of intermediate-com-
position, middle Miocene granitoids (15–13 
Ma) was sampled from the central-western 
part of the gulf, west of the Pescadero Basin, 
and these correspond to an episode of scarce 
volcanism recorded by the middle and upper 
members of the onshore Comondú Group in 
Baja California. Our widely spaced sampling 
of the generally sediment-covered igneous 
crust suggests that middle Miocene primary 
volcanic rocks are much less abundant than 
implied by previous models in which the 
gulf was the site of a robust Comondú arc. 
Thermobarometry data also indicate a very 
shallow depth (<5 km) of emplacement for 
the middle Miocene plutonic rocks. Some of 
these rocks also show a distinctive inequi-
granular texture indicative of at least two 
crystallization stages at different pressure. 
Early and middle Miocene granitoids away 

from the gulf axis yielded 40Ar-39Ar cooling 
ages very close to U-Pb zircon ages, demon-
strating rapid cooling to <350 °C, which we 
attribute to their shallow emplacement and, 
possibly, to exhumation soon after intrusion. 
Since Comondú-age and middle Miocene 
magmatism in the gulf region coincided with 
rapid cooling of young plutons that predate 
the end of subduction, we suggest that intense 
crustal stretching controlled the pattern and 
timing of Comondú-age magmatism, rather 
than the middle Miocene magmatism con-
trolling the locus of <12 Ma extension.

INTRODUCTION

The geologic record shows that, in continen-
tal extensional systems, the process of complete 
lithosphere rupture can take from 25 to 80 m.y. 
before the onset of seafl oor spreading (Bohan-
non et al., 1989; Menzies et al., 1997; Abbate 
et al., 2001; Ziegler and Cloetingh, 2004; Omar 
and Steckler, 1995; Pik et al., 2008; Corti, 
2009). The main factors controlling the time 
scale of continental breakup are crustal thick-
ness, lithospheric rheology, thermal structure, 
and the magnitude and rate of forces applied 
to the lithosphere (e.g., Ziegler and Cloetingh, 
2004; Nagel and Buck, 2007). In this context, 
the Gulf of California has been considered an 
anomalously fast rift, in which rupture of the 
continental lithosphere is thought to have been 
accomplished in only 6–10 m.y. (see review in 
Umhoefer, 2011). Despite early studies recog-
nizing that Basin and Range extension may have 
affected the eastern margin of the future gulf 
well before the end of subduction (e.g., Henry, 
1989), virtually all literature over the past two 
decades has reinforced the view that rifting in 
the gulf area only began once subduction of 
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the last remnants of the Farallon plate fi nished 
at ca. 14–12.5 Ma and the Baja California pen-
insula started to move with the Pacifi c plate 
(Stock and Hodges, 1989; Henry and Aranda-
Gomez, 2000; Umhoefer et al., 2002; Fletcher 
et al., 2007; Lizarralde et al., 2007; Sutherland 
et al., 2012). To explain this apparently rapid 
rifting, three main factors have been invoked 
(Umhoefer, 2011, and references therein): 
(1) focusing of rifting along an inherited long, 
narrow belt of hot, weak crust generated by the 
preceding arc volcanism, (2) relatively rapid 
plate motions and high strain rates, and (3) a 
dominant role of strike-slip faulting and highly 
oblique-divergent setting.

A precise estimation of the timing of rift 
initiation is crucial to confi rm if the Gulf of 
California is an anomaly among continental 
rifts. Restoration of the ~300 km of dextral 
offset estimated in the northern gulf since ca. 
6.5 Ma (Oskin and Stock, 2003; Oskin et al., 
2001) still leaves 250 km of orthogonal sepa-
ration between the western (Baja California) 
and eastern (Mexico mainland) borders of the 
rift in the southern Gulf of California (Fig. 1; 
see fi g. 2 of Stock and Hodges, 1989) that has 
to be accommodated in just ~6 m.y. at a high 
rate of 41 mm/yr. The alternative kinematic 
model for gulf opening of Fletcher et al. (2007) 
requires ~460 km of combined transtensional 
shear within the southern gulf since 12.3 Ma, 
which translates to a slightly lower rate of sepa-
ration of ~37 mm/yr. Both values approximate 
the present-day, postrift rate of opening in the 
southern gulf (45.1 ± 0.8–51.1 ± 2.5 mm/yr; 
DeMets, 1995), but they are otherwise uncom-
mon for continental rifts, where geodetically 
measured rates of opening are typically <10 
mm/yr (Calais et al., 1998; Fernandes et al., 
2004; Bendick et al., 2006).

It can be misleading to use the subaerial part 
of just one of the conjugate margins to estimate 
the timing of rifting and pattern of magmatism. 
For the Gulf of California, a late Miocene onset 
of rifting is supported by structural and thermo-
chronology studies, mostly along the narrow 
onshore part of the Baja California margin and 
Tiburón Island in the northern Gulf of California 
(e.g., Stock and Hodges, 1989; Martín-Barajas 
et al., 1995; Fletcher et al., 2000; Oskin et al., 
2001; Umhoefer et al., 2002; Oskin and Stock, 
2003; Seiler et al., 2011; Mark et al., 2014). In 
contrast, studies along the much broader eastern 
margin side of the Gulf Extensional Province 
have shown that extension began as early as the 
late Oligocene (Gans, 1997; McDowell et al., 
1997; Wong et al., 2010; Murray et al., 2013) in 
a wide region and that by ca. 18 Ma, extension 
had focused toward the present Gulf of Califor-
nia (Ferrari et al., 2013; Bryan et al., 2014).

Insights on the timing of rifting can be 
obtained by studying plutonic rocks emplaced 
in the gulf region and their exhumation driven 
by extensional and transtensional tectonics. In 
particular, the timing of exhumation, and also 
the relative timing of emplacement to exhuma-
tion, can provide more direct constraints on 
the onset of rifting in the Gulf of California. In 
this paper, we present the fi rst integrated geo-
logic, geochronologic, and geochemical study 
targeted at intrusive rocks exposed on both the 
subaerial and submarine continental margins of 
the two sides of the southern Gulf of Califor-
nia rift. Samples from continental blocks sub-
merged in the southern Gulf of California were 
collected during the DANA (2004), ROCA 
(2008), and BEKL (2009) cruises. A principal 
result of our study is that signifi cant amounts 
of early Miocene and, to a lesser extent, middle 
Miocene intrusive rocks, initially emplaced in 
the upper continental crust, are now exposed 
on the fl oor of the Gulf of California and along 
the subaerial margins. Petrographic and geo-
chrono logic characteristics of these rocks sup-
port an exhumation and crustal thinning phase 
between ca. 18 and 12 Ma. Our study rekindles 
early interpretations (e.g., Henry, 1989) that 
Oligocene to middle Miocene volcanism (Sierra 
Madre Occidental and Comondú Group) within 
the southern gulf region, despite being con-
current with the closing phases of subduction 
off Baja California, was essentially related to 
continental rifting that led to the opening of the 
Gulf of California.

MAGMATISM AND TECTONICS OF 
THE GULF REGION

Western Mexico consists of a series of mag-
matic and tectonic provinces recording a pro-
longed history of subduction and extensional 
tectonics that have affected this segment of the 
western North American margin since the Cre-
taceous. Continental magmatism prior to the 
cessation of subduction off Baja California at 
ca. 12.5 Ma consisted of three main igneous 
episodes: (1) the Late Cretaceous–Paleogene, 
when the Peninsular Range Batholith, which 
outcrops in Baja California and in adjacent 
parts of mainland Mexico, was constructed; 
(2) the late Eocene–early Miocene, when the 
silicic to bimodal Sierra Madre Occidental 
silicic large igneous province was emplaced; 
and (3) the middle Miocene, when volumetri-
cally subordinate intermediate volcanism (the 
Comondú Group) developed principally along 
eastern Baja California. These igneous epi-
sodes are summarized next, followed by a brief 
synthesis of the tectonic setting of the Gulf of 
California.

Peninsular Range and Western Mexico 
Cretaceous–Paleogene Batholiths

The Peninsular Range Batholith is a N-NW–
trending and almost continuous series of batho-
lith-sized intrusive complexes, which form the 
backbone of Baja California peninsula. The 
batholith is well exposed for over ~800 km along 
strike in northern Baja California, it continues 
beneath the Cenozoic cover in southern Baja 
Cali fornia, and it is exposed again south of La Paz 
in the Los Cabos block (Gastil, 1975) (Fig. 1). 
Intrusion ages and compositions have formed the 
basis for correlating the Peninsular Range Batho-
lith with batholiths exposed in mainland Mexico 
in the states of Sinaloa and Jalisco (Fig. 1; Gastil, 
1975; Schaaf et al., 2000; Ortega-Rivera, 2003; 
Henry et al., 2003), making a 150–200-km-wide 
igneous belt of Cretaceous to Paleogene age.

The Peninsular Range Batholith has been 
divided into western and eastern zones on the 
basis of pluton composition, depth of emplace-
ment, age, host rock geology, and magnetic and 
gravimetric signatures (Gastil, 1975; Gastil et al., 
1990; Silver and Chappell, 1988; Langenheim 
et al., 2014). Western intrusions have an island-
arc geochemical affi nity, range in composition 
between gabbro and monzogranite, and were 
intruded between ca. 140 and 105 Ma (Gastil, 
1975). This part of the batholith is interpreted as 
the plutonic underpinnings of a Jurassic to Early 
Cretaceous fringing volcanic arc developed on 
older oceanic crust that was accreted to the North 
American plate in Albian times (Silver and Chap-
pell, 1988; Gastil, 1993; Todd et al., 1988, Busby 
et al., 1998; Busby, 2004). The eastern part of 
the batholith is composed of nested tonalites and 
low-K granodiorites plus other smaller, isolated 
intrusions. This part of the batholith is dominated 
by La Posta–type  tonalite-granodiorite intrusions 
(Silver and Chappell, 1988; Walawender et al., 
1990) with U/Pb zircon ages indicating a short 
interval of intrusion (ca. 99–92 Ma). Rocks partly 
overlapping in age with the Peninsular Range 
Batholith are extensively exposed in Sinaloa 
(Henry at al., 2003), and in southern Nayarit 
(Fig. 1). Published ages for the composite and 
long-lived Sinaloa Batholith span between 101 
and 45 Ma, with compositions from gabbro to 
granite, although granodiorite is the most com-
mon rock type (Henry et al., 2003). Intrusive 
rocks in southern Nayarit are part of the Puerto 
Vallarta Batholith, which yielded intrusion ages 
between ca. 92 and 65 Ma (Gastil et al., 1979; 
Köhler et al., 1988; Zimmermann et al., 1988; 
Schaaf et al., 1995). On the basis of geochemi-
cal and isotopic data, the Puerto Vallarta Batho-
lith is considered equivalent to the Peninsular 
Range Batholith exposed in the Los Cabos block 
(Schaaf et al., 2000).
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Sierra Madre Occidental

The Sierra Madre Occidental preserves the 
record of continental magmatism preceding 
the opening of the Gulf of California (Ferrari 
et al., 2007; Bryan et al., 2014). The province 
extends from the United States–Mexico border to 
the Trans-Mexican volcanic belt and constitutes 
a 1200-km-long and 200–400-km-wide, elon-
gated high plateau with average elevations over 
2000 m above sea level (asl; Ferrari et al., 2007). 
Underlying the Sierra Madre Occidental succes-
sion, there are latest Cretaceous to early Eocene 
intermediate volcanic rocks partly coeval with 
the Peninsular Range Batholith and traditionally 
called the Lower Volcanic Complex (McDowell 
and Clabaugh, 1979; McDowell et al., 1997). 
However, recent studies indicate that some mafi c-
intermediate volcanic rocks previously ascribed 
to the Lower Volcanic Complex are actually 
interbedded within the Sierra Madre Occidental 
succession and are thus much younger in age 
(Murray et al., 2013). The widespread Upper Vol-
canic Supergroup (McDowell and Keizer, 1977), 
which defi nes the Sierra Madre Occidental suc-
cession, is mainly composed of voluminous 
silicic ignimbrites (85%–90% of the total erupted 
volume) and lesser rhyolitic domes and basaltic 
lavas. The Upper Volcanic Supergroup makes the 
Sierra Madre Occidental one of the largest silicic 
igneous provinces in North America and the most 
recent of such an event on Earth (Bryan, 2007; 
Ferrari et al., 2007; Bryan and Ferrari, 2013). Two 
main “ignimbrite fl are-ups” were identifi ed at ca. 
34–28 Ma and ca. 24–18 Ma (Ferrari et al., 2007). 
The Oligocene pulse covers an ~400,000 km2, 
NW-trending area and is responsible for at least 
three quarters (300,000 km3) of the total erupted 
volume. The early Miocene ignimbrite fl are-up 
(ca. 24–18 Ma) is essentially concentrated in the 
southern Sierra Madre Occidental, with a ten-
dency to migrate to the southwest in time (Ferrari 
et al., 2002, 2007; Bryan et al., 2008).

Geochronologic studies in different areas of 
the Sierra Madre Occidental have revealed that 
the emplacement of the ignimbrite successions, 
locally reaching over 1000 m of thickness, 
occurred in 1 m.y. or less, hinting at notable high 
rates of generation of silicic magma (McDow-
ell and Keizer, 1977; Ferrari et al., 2002, 2007; 
Bryan et al., 2008). Generally, basaltic to 
 basaltic-andesitic lavas are intercalated with or 
cap the youngest ignimbrite units and have pre-
viously been referred to as the Southern Cor di-
llera basaltic andesite suite (SCORBA) in Chi-
huahua and northern Sinaloa, where they show 
a transitional to alkaline geochemical signature, 
more akin to an intraplate environment than to 
a magmatic arc (Cameron et al., 1989; Luhr 
et al., 2001).

The Sierra Madre Occidental has been affected 
by several episodes of extensional deformation 
since the late Eocene (Henry and Aranda-Gomez, 
1992, 2000; Aranda-Gómez and McDowell, 
1998; Ferrari et al., 2007, 2013). The central 
core of the Sierra Madre Occidental, however, is 
fl at-lying and unextended, and it has been used 
to defi ne the limit between the so-called “Mexi-
can Basin and Range” to the east and the Gulf 
Extensional Province to the west (Henry and 
Aranda-Gomez, 2000; Ferrari et al., 2007). The 
Gulf Extensional Province is widely thought to 
encapsulate all extension related to the opening 
of the Gulf of California, which has long been 
considered to have initiated at ca. 14–13 Ma, 
when subduction waned and eventually ceased 
off Baja California (Stock and Hodges, 1989; 
Henry and Aranda-Gomez, 2000; Umhoefer 
et al., 2001; Fletcher et al., 2007; Umhoefer, 
2011). However, new fi eld and geochronologic 
studies have shown that the onset of extension in 
the southern and central part of the Gulf Exten-
sional Province dates back to the late Oligocene 
and occurred over a broad region up to 350 km 
from the plate boundary (Ferrari et al., 2013; 
Bryan and Ferrari, 2013; Bryan et al., 2014). 
A similar age of extension has been recognized 
in the northern Sierra Madre Occidental (e.g., 
Gans, 1997; McDowell et al., 1997; Wong et al., 
2010; Murray et al., 2013).

Comondú Group

The Comondú Group consists of volcanic and 
volcano-sedimentary rocks of latest Oligocene 
to middle Miocene age, deposited on the north-
western margin of Mexico before the separation 
of Baja California (Hausback, 1984; Sawlan and 
Smith, 1984; Sawlan, 1991; Umhoefer et al., 
2001). At present, the group is mainly exposed 
on the eastern side of Baja California, where it 
has been divided into three members (Umhoefer 
et al., 2001). The lower Comondú member is a 
clastic succession of fl uvial, eolian, and resedi-
mented tuffaceous sandstones and conglom-
erates interbedded with silicic ignimbrites. In 
the Loreto area (Fig. 1), detrital zircon U/Pb 
data on eolian sandstones indicate a maximum 
depositional age of ca. 25 Ma (Godinez et al., 
2010), and tuffs intercalated in the unit yielded 
40Ar-39Ar ages of 22.2–20.2 Ma (Umhoefer et al., 
2001). Hausback (1984) reported similar ages 
(ca. 24–18 Ma) for ignimbrites exposed along 
the coast north of La Paz. The middle member 
of the Comondú Group is composed of massive 
sedimentary breccias and minor andesite-dacite 
lavas and domes with ages mainly between ca. 
19 and 15 Ma. Breccia units are interpreted to 
thicken to the east and have locally been found 
to interfi nger with the lower member (Hausback, 

1984; McLean, 1988). An eastward coarsening 
is inferred to refl ect increasing proximity to arc 
volcanoes or stratocones now submerged within 
the gulf. The upper member is dominated by 
lavas and massive volcanic breccias with a few 
reported ages between ca. 15 and 12 Ma (Haus-
back, 1984; Umhoefer et al., 2001; Godinez 
et al., 2010). The middle and upper Comondú 
members have a composite thickness exceed-
ing 1 km (Umhoefer et al., 2001). Some shal-
low intermediate plutons and andesitic porphyry 
intrusions are associated with the Comondú 
Group. McFall (1968) reported a 20 ± 0.2 Ma 
K/Ar age for a tonalitic intrusion in Bahía Con-
cepción. An andesite porphyry at Las Parras, 
west of Loreto, yielded a U/Pb intrusion age of 
19.9 ± 0.7 Ma (Godinez et al., 2010) and a K/Ar 
(hornblende) age of 19.4 ± 0.9 Ma (McLean, 
1988). Godinez et al. (2010) also described a 
pluton along the Loreto–La Purisima road that 
yielded several Cretaceous zircon xenocrysts 
and an intrusion age of 16.3 ± 0.5 Ma. Hypabys-
sal porphyritic intrusions in the Bahía Concep-
ción and Loreto and east of La Paz (Pichilingüe) 
have been interpreted to represent core facies of 
an andesitic arc that, for the most part, extended 
to the east of the peninsula, within the present 
gulf (Hausback, 1984).

The ages and lithology of the lower member 
of the Comondú Group indicate that it repre-
sents the distal deposits of the last (early Mio-
cene) ignimbrite fl are-up of the Sierra Madre 
Occidental and therefore can be ascribed to 
the Sierra Madre Occidental magmatic episode 
(Umhoefer et al., 2001; Ferrari et al., 2007). 
By contrast, the middle and upper members of 
the Comondú Group represent a distinct igne-
ous episode of early to middle Miocene age, 
characterized by a dominantly effusive style of 
volcanism (domes, lava fl ows, and related dikes 
and subvolcanic intrusion), more intermediate 
magma compositions, and extensive volcani-
clastic and epiclastic deposits.

Southern Gulf of California

The present Gulf of California is an 
~1500-km-long, active oblique rift separating 
mainland Mexico (North American plate) from 
the Baja California peninsula (Lonsdale, 1989). 
The rift contains oceanic basins with short NE-
striking spreading axes linked by long NW-
striking transform faults, which, in many places, 
bound actively shearing continental margins 
(Figs. 1 and 2A). Recent geologic and geodetic 
studies show that Baja California is not com-
pletely attached to the Pacifi c plate, as ~10% 
of the total Pacifi c–North America motion is 
accommodated along its western margin; there-
fore, the peninsula is defi ned as a microplate 
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(Fletcher and Munguía, 2000; Plattner et al., 
2007; Fletcher et al., 2007).

The extent and composition of the continental 
crust in the southern Gulf of California (Figs. 1 
and 2A) have been only indirectly inferred by 
interpretation of structures and wide-angle, mul-
tichannel seismic (MCS), and seismic-refrac-
tion profi les collected during the National Sci-
ence Foundation (NSF) MARGINS program in 
the past decade (Lizarralde et al., 2007; Páramo 
et al., 2008; Lonsdale and Kluesner, 2010; 
Kluesner, 2011; Sutherland et al., 2012). Based 
on seismic velocities, these studies have roughly 
defi ned the limits of newly accreted oceanic 
crust in the Farallón, Pescadero, and Alarcón 
Basins, as well as southeast of the Los Cabos 
block (Fig. 2A). The Farallón and Pescadero 
spreading centers have produced much less 
oceanic crust than the Alarcón Rise, where the 
formation of new oceanic crust began between 
ca. 3.7 and 3.5 Ma (south to north; Lonsdale, 
1989, 1995). In all MCS profi les, the prerift 
basement displays seismic velocities typi cal of 
crystalline rocks, which are interpreted to be 
intrusive rocks of the Peninsular Range Batho-
lith (Páramo et al., 2008; Sutherland et al., 
2012). On the conjugate margins of the Alarcón 
Basin, Sutherland et al. (2012) also recognized a 
distinctive, refl ective “ropey layer,” which they 
interpreted as a volcanic or volcaniclastic suc-
cession of the Comondú Group that predated 
basin formation. Direct information about prerift 
continental crustal rocks in the mouth of the Gulf 
of California comes from exposures in the Tres 
Marías islands, located ~100 km west of Nayarit 
coast. Mid-Jurassic (163–170 Ma) migmatites 
and orthogneisses defi ne the crystalline basement 
of the island, which is cut by Cretaceous intru-
sions (80.8–83.4 Ma) of tonalitic to granitic com-
position that are in turn overlain by ignimbrites, 
volcanic breccias, and lavas of Cretaceous (71.6–
80.6 Ma) and Eocene (55.4 Ma) age (Pompa-
Mera et al., 2013). Undeformed or slightly 
deformed sediments that postdate the main rift 
phase are also recognized in all basins along the 
gulf, with thicknesses typically increasing toward 
the center of the gulf. Signifi cant subsidence 
and marine sedimentation are well documented 
as early as ca. 8 Ma at Isla Tiburón (Oskin and 
Stock, 2003), Tres Marías Islands (McCloy et al., 
1988), and Isla San José (Carreño, 1992; Fletcher 
et al., 2000; McTeague, 2006).

METHODS

Introduction

In this work, we sampled the two conju-
gate rift margins both onshore and offshore to 
examine the evolving geographic distribution of 

magmatism and exhumation across the entire 
southern Gulf of California. Whenever pos-
sible, intrusive rocks were dated by both U-Pb 
(on zircon) and Ar-Ar (hornblende, biotite, or 
feldspar) methods to provide insight into the 
rate at which they were exhumed. The samples 
were analyzed for major and trace elements for 
correlative purposes relative to onshore intru-
sive and volcanic suites. Mineral chemistry was 
also determined on selected samples suitable to 
apply hornblende geothermobarometry. A brief 
description of the methodological procedures 
followed during the present study is presented 
here. Further details on laboratory procedures 
are summarized in supplemental fi le 1 (GSA 
Data Repository).1

Onshore and Submarine Sampling

Subaerial samples used in this work were 
selected to be representative of the Cretaceous 
and Miocene intrusive bodies exposed (1) on 
the southeastern Baja California peninsula 
and two of its offshore islands (Santa Catalina 
and Santa Cruz), and (2) on the mainland side 
of the margin, along the coastal plain and the 
Sierra Madre Occidental foothills of Nayarit 
and Sinaloa (Fig. 1). Sampling was guided by 
the 1:250,000 and 1:50,000 geological maps 
published by the Mexican Geological Survey 
(Servicio Geológico Mexicano [SGM]) and by 
our own mapping (Piñero-Lajas, 2008; Ferrari 
et al., 2013).

Submarine rock sampling fi rst required locat-
ing and mapping patches of rock and talus slopes 
that crop out through the muddy sediment that 
covers >90% of the submerged continental crust 
of the southern gulf, thwarting several earlier 
sampling attempts. This was accomplished by 
a multibeam bathymetry and refl ectivity survey 
during the 2004 DANA cruise of R/V Revelle 
(Lonsdale, chief scientist). Steep, highly refl ec-
tive slopes likely to be good sampling targets 
included the sides of subaerially incised, now 
submerged canyons, the steep scarps of sheared 
continental margins, especially the walls of 
transtensional rifts along active transform faults, 
and extensional fault scarps, as well as some 
steep volcanic slopes. An exploratory DANA 
dredging campaign immediately after the multi-
beam survey included 18 successful sampling 
sites on the submerged continental crust of the 
Sinaloa-Nayarit margin, six of them yielding 
granitic intrusive rocks. The 2008 ROCA cruise 
of R/V Atlantis (Lonsdale, chief scientist), with 

the remote operated vehicle (ROV) Jason as 
its rock-sampling tool, made 11 dives on the 
mainland continental margin of the southern 
gulf (including ROCA 1J, 2J, and 4J; Figs. 2 
and 3), and three dives on the Baja California 
margin (including ROCA 22J and ROCA24J; 
Figs. 2 and 3). The 2009 BEKL cruise of R/V 
New Horizon (Kluesner, chief scientist) dredge-
sampled the continental borderland of the south-
western side of the gulf, much of which was 
geologically unexplored, except for its islands, 
despite having less obscuring sediment cover 
than the northeastern margin. Only around the 
tip of Baja California, south of our study area, 
was the offshore continental geology relatively 
well known from interpretations of many pre-
vious dredge hauls (Shepard, 1964; Normark 
and Curray, 1968). We collected granitic rocks 
from the steep side of Pescadero Canyon and 
between Pescadero Canyon and Isla Santa Cata-
lina (Fig. 2). Specifi c objectives were to test 
how well submarine basement geology could be 
extrapolated from the adjacent peninsula and its 
offshore islands, with special attention to test-
ing hypotheses about the geologic history and 
signifi cance of the Comondú Group.

The steps used for dredging during the DANA 
and BEKL cruises were (1) to maintain the 
ship’s position as the dredge was lowered to the 
seafl oor, (2) to slowly move the ship 400–600 m 
directly upslope across rocky terrain while keep-
ing the dredge stationary, and (3) to stop the 
ship while winching in the dredge until it left 
the seafl oor, 150–200 m shallower than where 
it landed. With this method, the depth and loca-
tion are precisely known for the beginning of the 
dredge track, but less well determined for the 
end. In addition, the precise depth and location 
at which individual stones were collected along 
the 400–600 m dredging track are unknown.

During the ROCA cruise, the ROV Jason 
was operated in a somewhat similar fashion, as 
a “smart dredge.” It was slowly driven, in tan-
dem with its support ship, for 0.5–4.5 km along 
straight-uphill dive tracks selected using the 
multibeam imagery while maintaining visual 
(video) contact with the seafl oor. On some 
dives (e.g., ROCA 1J and 2J; Fig. 3), we con-
ducted two or three uphill profi les spaced along 
the same fault scarp, separated by “midwater” 
transits out of sight of the seafl oor. Ultrashort-
baseline transponder navigation continuously 
recorded ROV position (±10 m) with respect 
to the global positioning system (GPS)–posi-
tioned ship, and the vehicle’s precision depth 
gauge and echo-sounder recorded its depth 
and altitude. When ROV video, transmitted in 
real time to the ship, showed suitable sites, the 
vehicle was stopped and rocks were grabbed 
by a manipulator, photographed, and placed in 

1GSA Data Repository item 2015022, Details on 
the methodology, thermobarometry, and geochronol-
ogy, is available at http:// www .geosociety .org /pubs 
/ft2015 .htm or by request to editing@ geosociety .org.
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numbered compartments of a collecting basket 
so that each one (15–35 per dive) could be iden-
tifi ed when brought aboard ship.

Although ROV rock sampling has many advan-
tages over dredge sampling, allowing recovery of 
selected specimens from visually well-charac-
terized sites at precisely known depths and loca-
tions, it does have its limitations. The manipula-
tors are not strong enough to break samples off 
sound outcrops of intrusive rock, especially if 
they are cemented with ferro manganese crusts. 
Along several of our dive tracks, especially along 
tectonically active plate-boundary fault zones 
(e.g., ROCA 4J), superfi cial rocks are pervasively 
fractured, and fresh fracture-bounded slabs could 
easily be taken from outcrops. Where samples 
could not be plucked from true outcrops, we col-
lected rock fragments that appeared to be locally 
derived, e.g., from narrow ledges within steep 
outcrops, but a few of these samples may have 
fallen from outcrops further upslope. On sev-
eral dives, samples were deliberately collected 
from scarp-foot talus ramps where loose rocks 
were clearly not in situ, but very easy to gather; 
this happened mostly where our initial landing 
site proved to be at or below a steep talus ramp 
(e.g., ROCA 4J and 22J), where we grabbed a 
few stones just to ensure that we brought some 
samples back even if technical problems cur-
tailed the dive. Stones recovered from the upper 
surface of active talus ramps, having recently 
been shaken off upslope outcrops, proved to be 
among the least altered specimens we collected. 
Thick ferromanganese oxide encrustation did not 
prove to be a major problem in the gulf, where 
bottom waters are lower in dissolved oxygen than 
in the open ocean, but the shallowest parts of the 
ROCA 1J profi les were encased in impenetrable 
phos phorite crusts.

Petrography and Geochemistry

The modal composition and textural features 
of collected samples were determined in thin 
sections under the microscope, and results are 
reported in Table 1. Twenty-nine of the fresh-
est samples were analyzed for major and trace 
elements and provide a representative charac-
terization of the compositional variability of 
intrusive rocks in the southern Gulf of Califor-
nia. Onshore samples were collected as far as 
possible from deformation and alteration zones. 
Offshore samples were selected among those 
without strong oxidization and mineral altera-
tion. Major elements were analyzed by X-ray 
fl uorescence (XRF) using a Siemens SRS3000 
instrument at Instituto de Geología, Univer-
sidad Nacional Autónoma de Mexico (UNAM), 
according to the procedures outlined in Bernal 
and Lozano-Santacruz (2005). Sample prepara-

tion for trace-element analysis was carried out at 
Centro de Geociencias (CGEO), UNAM, Cam-
pus Juriquilla, Queretaro, Mexico, in a clean 
laboratory, following the procedures outlined by 
Mori et al. (2007), incorporating two additional 
digestion steps in Parr® vessels in order to 
achieve complete dissolution of refractory min-
erals (e.g., zircon). Samples were analyzed with 
a Thermo X Series II quadrupole inductively 
coupled plasma–mass spectrometer (ICP-MS) 
at Laboratorio de Estudios Isotópicos, at CGEO, 
UNAM. Major- and trace-element analyses of 
DANA and ROCA samples were performed at 
GeoAnalytical Laboratory, Washington State 
University. A detailed description of the pro-
cedure is presented in supplemental File 1 (see 
footnote 1). Results of major- and trace-element 
analyses are presented in Table 2.

Mineral Chemistry

Amphibole and plagioclase analysis for 
thermo barometric calculations were obtained at 
Dipartimento di Scienze della Terra, Università 
degli Studi di Milano, with a JEOL JXA 8200 
Superprobe equipped with fi ve wavelength-
dispersive spectrometers (WDS), using a 1 µm 
beam at 15 kV, and 15 nA beam current. Natural 
and synthetic minerals used as calibration stan-
dards were: omphacite and albite (Na), olivine 
(Mg), anorthite (Al), wollastonite (Ca, Si), apa-
tite (P), K-feldspar (K), ilmenite (Ti), chromite 
(Cr), rodonite (Mn), and fayalite (Fe). Mineral 
compositions are listed in supplemental fi le 2 
(see footnote 1).

Geochronology

Forty-one samples (39 plutonic rocks and 
two dikes) were dated, generating a total of 72 
mineral ages using the U/Pb method (laser abla-
tion [LA] ICP-MS) for zircon, and 40Ar-39Ar 
step-heating method on different materials 
(hornblende, biotite, muscovite, K-feldspar, 
and groundmass). Dating using both U/Pb and 
40Ar-39Ar techniques was performed when pos-
sible, especially for the youngest samples, which 
required a confi rmation of the middle Miocene 
intrusion age. Twenty samples were dated by 
both methods, and more than one mineral was 
analyzed by 40Ar-39Ar on 11 samples (Table 3).

U/Pb geochronological zircon analyses were 
carried out at Laboratorio de Estudios Isotópi-
cos, Centro de Geociencias, UNAM. Details on 
the methodology can be found in supplemen-
tal fi le 1 (see footnote 1), and U/Pb analytical 
data are presented in supplemental fi le 3 (see 
footnote 1).

The 40Ar-39Ar analyses were carried out at 
Laboratorio de Geocronología, Departamento 

de Geología, Centro de Investigación Cien-
tífi ca y de Educación Superior de Ensenada 
(CICESE), Baja California, Mexico. Informa-
tion on the 40Ar-39Ar dating process is presented 
in supplemental fi le 1 (see footnote 1). Tables 
with relevant 40Ar-39Ar data for all analyzed 
samples, as well as a discussion of each age are 
presented in supplemental fi le 4 (see footnote 1).

In plutonic rocks, U/Pb zircon ages are usu-
ally considered to refl ect the age of intrusion, 
because the closure temperature of the U/Pb 
systematics in zircon (>900 °C) is comparable 
with the initial crystallization temperatures of 
a differentiated magma (Cherniak and Watson, 
2001). On the other hand, the 40Ar-39Ar ages 
are used to constrain the cooling of the sample 
through different temperatures, which can be 
interpreted to refl ect tectonic and/or erosional 
exhumation. The most used 40Ar-39Ar closure 
temperatures are as follows: hornblende (400–
600 °C), biotite (350–400 °C), muscovite (300–
350 °C), and K-feldspar (150–350 °C) (Reiners 
et al., 2005, and references therein).

FIELD CONTEXT OF SOUTHERN 
GULF PLUTONS

The intrusive rocks analyzed in this study were 
sampled both onshore and offshore on the two 
rifted margins of the southern Gulf of Califor-
nia. Subaerial sampling sites include: (1) Bahía 
Concepción, Punta Botella, and some islands off 
the eastern coast of Baja California and (2) the 
western Mexico margin in the states of Sinaloa, 
Nayarit, and Jalisco (Figs. 1 and 2). Submarine 
sampling was concentrated on rifted continental 
crust on the northwest and southeast fl anks of the 
Alarcón Basin (Fig. 2A). This basin has accreted 
a 190–160-km-wide strip of oceanic lithosphere 
in the past 3.7 m.y. (Castillo et al., 2010), and it 
is fl anked by broad zones of extended continen-
tal crust (Lizarralde et al., 2007; Páramo et al., 
2008; Sutherland et al., 2012). We also report 
analyses of intrusive rocks sampled from sites 
in the deep North Pescadero transform valley, 
which exposes part of the southeast rifted fl ank 
of Farallón Basin (Fig. 2A).

Western Rifted Margin in Eastern Baja 
California and Adjacent Islands

In the Baja California peninsula, intrusive 
rocks are exposed to the east of the Main Gulf 
Escarpment, a morphologic feature formed by 
a series of E-dipping, high-angle normal faults 
that mark the western boundary of the Gulf 
Extensional Province, and extend from Bahía 
Concepción in the north to La Paz in the south. 
Bahía Concepción, a bay apparently formed by 
the displacement of the Main Gulf Escarpment , 
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is bounded toward the gulf by a NNW-trend-
ing peninsula, where regional mapping by 
the Mexican Geological Survey (SGM, 2000) 
reports several Cretaceous granite to tonalite 
bodies. However, the highest peaks in Bahía 
Concepción are formed by an inequigranular 
medium-grained plutonic rock that intrudes 
Oligocene ignimbrites. McFall (1968) reported 
an early Miocene age (ca. 20 Ma, K-Ar) for one 
sample from this intrusive body, and Godinez  
et al. (2010) also reported an early Miocene age 
for an intrusive rock west of Loreto, suggesting 
the presence of younger magmatism after the 
Cretaceous in this area. South of Bahía Con-
cepción, intrusive rocks are mainly exposed at 
Santa Catalina and Santa Cruz islands (Figs. 1 
and 4A–4D) and were mapped as Cretaceous 
in the regional geologic maps of Mexican Geo-
logical Survey (SGM, 2000). At Santa Catalina 
Island, the plutonic rocks intrude a greenish-
black metasedimentary sequence with a poorly 
developed schistose texture overlain by an 

~150-m-thick limestone strongly affected by 
contact metamorphism, which forms marble 
and an ~1.5-m-thick skarn layer. At Santa 
Cruz Island, the host rocks are high-grade 
gneiss, which could have reached migmatitic 
conditions. These basement rocks could be 
correlated with the Paleozoic to Late Juras-
sic basement of the El Fuerte Group, found in 
northern Sinaloa (Mullan, 1978; Keppie  et al., 
2006; Vega-Granillo et al., 2008, 2012). Plu-
tonic rocks found on these islands are quite 
similar and consist of a coarse- to medium-
grained granodiorite, which locally passes 
from quartz-diorite to granite, and in some 
cases shows ductile deformation at both micro-
scopic and macro scopic scales. Mafi c enclaves 
are common, which are mostly rounded and 
show a broad range of shapes and sizes (Fig. 
4A). At Santa Catalina Island, the main plu-
ton is intruded by younger quartz-monzonite 
to quartz-monzo diorite rocks with distinctive 
fi ner-grained texture (Fig. 4B), which yielded 

early Miocene U-Pb ages (Dave Kimbrough 
and Marty Grove [unpublished data], in 
Piñero-Lajas, 2008). A younger set of aplitic 
dikes and then a series of mafi c dikes, which 
mainly intrude along normal faults, crosscut 
both plutonic units (Fig. 4C).

Eastern Rifted Margin in Nayarit and 
Sinaloa (Western Mexico Mainland)

Onshore geology of the Nayarit and Sinaloa 
margin has been recently described by Ferrari 
et al. (2013) and is only briefl y summarized here. 
The Sierra Madre Occidental ignimbrite plateau 
is cut toward the gulf by a series of N-S– and 
NNW-striking normal faults forming grabens 
and half grabens. No Cretaceous intrusive rocks 
have been reported for this margin in northern 
Nayarit, which is extensively covered by early 
Miocene ignimbrites of the second Sierra Madre 
Occidental fl are-up (Fig. 1). This area of the 
Sierra Madre Occidental is affected by several 

TABLE 3. U/Pb AND 40Ar/39Ar AGES OBTAINED FOR INTRUSIVE ROCKS FROM THE SOUTHERN GULF 
OF CALIFORNIA AND ITS ADJACENT SUBAERIAL MARGINS

Sample
Rock
type

Latitude
(°N)

Longitude
(°W)

Elevation/depth
(masl) Sampling

Age
(Ma)

Error
(Ma) Method Material

Age
type

Inherited zircons 
(Ma)

Cretaceous
PB 32 Qzd 25.2911 110.9345 0 Field 100.4 1.3 U-Pb Zrn wm 110 and 114

99.86 1.72 40Ar/39Ar Bt tc
SCr 09-21 Qd 25.3082 110.6957 0 Field 99.12 1.53 40Ar/39Ar Hbl tc
ROCA 2J-8 Gdt 22.8116 107.7310 –1991 ROV 98.93 1.45 40Ar/39Ar Bt tc
SCr 27 Mzg 25.3058 110.6997 0 Field 98.2 1.5 U-Pb Zrn wm 110 and 115
SC 17 Gdt 25.6832 110.7969 0 Field 96.94 0.86 U-Pb Zrn wm 104

90.97 0.65 40Ar/39Ar Hbl ofa
88.52 0.45 40Ar/39Ar Bt tp

BEKL 8D-6 Mzg (b) 24.7758 110.1308 –1205 Dredge 96.7 1.1 U-Pb Zrn wm 108 and 127
53.077.69009–0531.0115477.42)e( 40Ar/39Ar Bt tc

ROCA 2J-4 Gdt 22.8104 107.7336 –2219 ROV 94.53 1.47 40Ar/39Ar Hbl tc
BEKL 21D-1 Qzd (b) 24.9331 110.4116 –1392 Dredge 95.4 2.2 U-Pb Zrn wm 119 and 130

(e) 24.9308 110.4146 –1250
ROCA 2J-2 Qd 22.8096 107.7347 –2297 ROV 93.18 1.88 40Ar/39Ar Hbl tc
DANA 47A Mzg (b) 22.5167 106.6992 –1079 Dredge 92.92 0.9 U-Pb Zrn wm 130 to 168

60.061.91087–0496.6017615.22)e( 40Ar/39Ar Bt wm
SCr 09-20 T 25.2959 110.7005 0 Field 93.83 0.93 40Ar/39Ar Bt tc
BEKL 4D-1 Mzg (b) 23.8280 109.6020 –1020 Dredge 82.42 0.68 U-Pb Zrn wm 95 and 104

93.256.57058–0406.9010238.32)e( 40Ar/39Ar Bt tc
BEKL 4D-2 Mzg (b) 23.8280 109.6020 –1020 Dredge 81.24 0.7 U-Pb Zrn wm

90.039.77058–0406.9010238.32)e( 40Ar/39Ar Bt tp
LCB 7 Gdt 23.2697 109.4420 0 Field 79.96 0.73 U-Pb Zrn wm 160
Sayu 01 Gdt 20.8823 105.4177 114 Field 77.71 0.53 U-Pb Zrn wm

70.85 0.74 40Ar/39Ar Hbl wm
48.71 0.29 40Ar/39Ar Bt tp

Sayu 02 Mzg 20.8685 105.4411 19 Field 75.22 0.53 U-Pb Zrn wm 112 to 161
43.91 0.23 40Ar/39Ar Bt tp

Tepi 01 Gdt 21.3161 104.9928 750 Field 65.73 0.83 U-Pb Zrn wm
MDCH 02 Gdt 22.8124 105.2630 377 Field 65.38 0.46 U-Pb Zrn wm
Conc 01 Mzg 23.2725 106.1171 113 Field 59.43 0.51 U-Pb Zrn wm

55.72 0.47 40Ar/39Ar Hbl tp
56.26 0.34 40Ar/39Ar Bt tp

Early Miocene
ROCA 4J-16 Qzd 24.7899 109.2008 –2455 ROV 25.12 0.67 U-Pb Zrn wm 30 - 35

11.13 0.85 40Ar/39Ar K-fsp wm
SC 15 AD 25.6589 110.7649 0 Field 22.8 0.27 40Ar/39Ar Gms tp
Barr 04 T 21.0204 104.1917 947 Field 22.67 0.4 U-Pb Zrn wm 61

19.8 0.48 40Ar/39Ar Hbl wm
19.65 0.11 40Ar/39Ar Bt tp

SC 09-08 Qzd 25.6387 110.8004 0 Field 22.19 0.42 U-Pb Zrn wm
18.89 0.47 40Ar/39Ar Hbl tc
18.38 0.08 40Ar/39Ar Bt tp

(continued)
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NNE to N-S grabens produced by extension 
between 24 and 18 Ma (Ferrari et al., 2002), 
which has been related to the onset of rifting of 
the Gulf of California (Ferrari et al., 2013). The 
grabens are subsequently cut by NNW exten-
sional fault systems active since ca. 20 Ma that 
locally expose early Miocene intrusive bodies at 
very low elevation along the main rivers (Fer-
rari et al., 2007, 2013; samples Ros 02, Oro 01, 
and PHC 09; Fig. 1). These plutons are typically 
inequigranular, with medium- to fi ne-crystalline 
and even porphyritic texture (e.g., sample PHC 
09). These textural characteristics, and the fact 
that these plutons intrude the Oligocene ignim-
brites, are suggestive of a very shallow depth 
of emplacement (<5 km). Intrusive rocks were 
also sampled southwest of Tepic along the NE-
striking scarp bounding the mouth of the Gulf 
of California near Sayulita (samples Sayu 01, 
Sayu 02, and Tepi 01; Fig. 1). These rocks are 
equigranular and coarse grained and intrude a 
metasedimentary or metavolcanic succession of 

Jurassic to Early Cretaceous age (Valencia et al., 
2013), indicating that they are part of the Late 
Cretaceous Puerto Vallarta Batholith.

Submerged Rifted Margins

Continental Crust on the Flanks 
of Alarcón Basin

Most of the northwestern boundary of Alar-
cón Basin has an abrupt contact between oce-
anic crust with clear magnetic anomalies of the 
C2An sequence (DeMets, 1995) and a steep 
continental slope from which silicic lavas and 
tuffs were dredged. At the northwest end of this 
continental slope, an orthogonal intersection 
with a NW-striking fault scarp provides a win-
dow into the interior of the slope, and ROCA 24J 
dive (Figs. 2 and 3) sampled a mainly granitic 
and andesitic section here (Figs. 4E–4F). The 
intersecting NW-striking scarp is at the south-
ern end of a major structural lineament, which 
Lyle and Ness (1991) named the Santa Cruz 

fault zone and speculated that it was an extinct 
intracontinental transform fault zone that after 
ca. 3.7 Ma linked the northeast end of the Alar-
cón spreading axis to actual or incipient spread-
ing centers in Farallón Basin before opening of 
the Pescadero Basin. Near the western corner 
of Alarcón Basin, the rifted continental slope is 
similarly intersected by the NW-striking Cer-
ralvo Trough, a 10–20-km-wide depression that 
extends for 75 km to just beyond the northern 
tip of Cerralvo Island. There is clear geomor-
phic evidence of an inactive strike-slip fault with 
at least 30 km of right-lateral offset along the 
Cerralvo Island (southwest) side of the trough 
(Lonsdale and Kluesner, 2010; Kluesner, 2011), 
and we infer that the trough was a transten-
sional fault zone that, before the Alarcón Basin 
opened, linked Baja–North America spreading 
in the mouth of the gulf (i.e., the axes of the Los 
Frailes and Maria Magdalena Rises, predeces-
sors of the East Pacifi c Rise; Castillo et al., 2010) 
to sites of oblique extension within the gulf. The 

TABLE 3. U/Pb AND 40Ar/39Ar AGES OBTAINED FOR INTRUSIVE ROCKS FROM THE SOUTHERN GULF 
OF CALIFORNIA AND ITS ADJACENT SUBAERIAL MARGINS (continued )

Sample
Rock
type

Latitude
(°N)

Longitude
(°W)

Elevation/depth
(masl) Sampling

Age
(Ma)

Error
(Ma) Method Material

Age
type

Inherited zircons 
(Ma)

Early Miocene (continued )
ROCA 4J-12 Mzg 24.7865 109.2023 –2641 ROV 21.56 0.44 U-Pb Zrn wm

9.91 0.57 40Ar/39Ar K-fsp tc
Ros 02 Qzd 23.0011 105.7498 98 Field 21.46 0.15 U-Pb Zrn wm
Oro 1 Mzg 21.4640 104.5020 381 Field 21.29 0.46 U-Pb Zrn wm

19.07 0.16 40Ar/39Ar Bt tp
17.65 0.13 40Ar/39Ar K-fsp tp

ROCA 24J-24 Mzg 24.0190 109.0390 –1983 ROV 20.13 0.23 U-Pb Zrn wm 24
13.77 0.13 40Ar/39Ar Bt tp

ROCA 24J-22 S 24.0200 109.0390 –2009 ROV 19.90 0.27 U-Pb Zrn wm 590
9.84 0.18 40Ar/39Ar K-fsp wm

BC 09-25 Mzg 26.7827 111.7911 2 Field 19.89 0.57 U-Pb Zrn wm 31, 40, 88 
and 89

19.32 0.35 40Ar/39Ar Bt tp
SC 09-04 QMz 25.6275 110.7934 0 Field 18.96 0.35 40Ar/39Ar Hbl tp

19.52 0.2 40Ar/39Ar Bt tc
ROCA 1J-18 Q-rGD 22.5541 106.6978 –670 ROV 18.76 0.07 40Ar/39Ar Musc tp
DANA 71B Mzg (b) 24.7463 109.1667 –3050 Dredge 18.73 1.03 40Ar/39Ar Hbl tc

01.071.40872–5261.9017847.42)e( 40Ar/39Ar K-fsp
SC 09-03 Qzd 25.5954 110.1541 1 Field 18.66 0.22 40Ar/39Ar Hbl tp

19.73 0.61 40Ar/39Ar Bt tc
ROCA 1J-1 Mzg 22.5564 106.7101 –1486 ROV 18.21 0.22 U-Pb Zrn wm

18.68 0.1 40Ar/39Ar Bt tp
14.05 0.43 40Ar/39Ar K-fsp tp

PHC 09 Qzd 21.5123 104.5179 289 Field 18.16 0.18 U-Pb Zrn wm
SC 24 Qzd 25.6242 110.7931 0 Field 18.10 0.15 40Ar/39Ar Bt tp

Middle Miocene
ROCA 22J-1 Qzd 24.2510 109.6760 –1516 ROV 15.86 0.35 U-Pb Zrn wm

15.93 0.08 40Ar/39Ar Bt tp
BEKL 6D-1 Mzg (b) 24.1140 109.4586 –1205 Dredge 15.38 0.17 U-Pb Zrn wm

13.017.31009–8364.9018411.42)e( 40Ar/39Ar Hbl tp
13.45 0.22 40Ar/39Ar Bt tc

BEKL 6D-2 QMz (b) 24.1140 109.4253 –1205 Dredge 14.85 0.14 U-Pb Zrn wm
(e) 24.1148 109.4638 –900

BEKL 10D-1 Mzg (b) 24.8081 109.9233 –1498 Dredge 13.73 0.18 U-Pb Zrn wm
90.075.210021–5829.9010508.42)e( 40Ar/39Ar Bt tp

BEKL 10D-3 Mzg (b) 24.8081 109.9233 –1498 Dredge 14.06 0.22 U-Pb Zrn wm
  (e) 24.8050 109.9285 –1200        

Note: U/Pb age errors are expressed in 2σ and 40Ar/39Ar errors are in 1σ. Complete data for all the experiments performed are given in supplemental files 4 and 5 
(see text footnote 1); (b) begin and (e) end coordinates of dredge track; masl—meters above sea level. Abbreviations: Qzd—quartz monzodiorite; Mzg—monzogranite; 
Qd—quartz diorite; Gdt—granodiorite; T—tonalite; AD—andesite dike; S—syenogranite; QMz—quartz monzonite; Q-rGD—quartz-rich granitoid dike; Zrn—zircon; 
Bt—biotite; Hbl—hornblende; K-fsp—K-feldspar; Gms—groundmass; Musc—muscovite; wm—weighted mean; tc—correlation age; ofa—one fraction age; tp—plateau 
age; ROV—remotely operated vehicle.
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northeast side of Cerralvo Trough is the scarp of 
a W-dipping, seismically active (Munguía et al., 
2006) normal fault; it rises to the rift shoulder 
named Cerralvo Bank (with a wave-planed 
summit now at 200–300 m depth), one of the 
family of large-offset E- and W-dipping faults at 
the margins of the uplifted Cabo block. ROCA 
22J climbed the steep lower part of this scarp, 
a few kilometers from where a U.S. Geologi-
cal Survey (USGS) cruise in 1976 had dredged 
Cretaceous quartz-diorite and an altered middle 
Miocene hypabyssal rock of andesitic composi-
tion (M. Grove, 2007, personal commun.). The 
dive crossed a young fault scarp in the talus 
ramp and then climbed a highly altered and 
fault-brecciated granitic section (Fig. 3). Cer-
ralvo Bank, indeed the whole 35-km-wide block 
of continental crust between Cerralvo Trough 
and Santa Cruz fault zone, is cut by extensional 
faults that strike 005°–015°, 45° oblique to the 
bounding NW-striking fault zones, and defi ne 
shallow but steep-walled grabens; BEKL 6D 
dredged granitic rocks from one of the larger 
(500-m-high) examples of these N-striking 
graben-bounding scarps (Figs. 4G–4H). North 
of ~24.5°N, beyond Cerralvo Trough and the 
Cerralvo Bank block, most fault scarps maintain 
a northerly strike, but they tend to defi ne short, 
isolated horsts rather than well-defi ned grabens; 
their lack of parallelism to the main rift-bound-

ing faults (e.g., those of the Main Gulf Escarp-
ment and other faults defi ning Santa Cruz Basin 
and Bahía La Paz Basin) may result from rota-
tion of small fault blocks by distributed right-
lateral shearing, as demonstrated by fault blocks 
in similar situations in the northern gulf (Seiler 
et al., 2011). Dredges BEKL 8D and 10D recov-
ered Cretaceous and Miocene granites from two 
small N-striking horsts in this distal part of the 

northwest fl ank of Alarcón Basin, south of Far-
allón Basin (Fig. 2). Nearby dredge BEKL 21D 
collected Cretaceous granite from a very steep, 
~650-m-high cliff formed by an E-dipping fault 
parallel to the Main Gulf Escarpment.

The continental slope at the southeast bound-
ary of the oceanic Alarcón Basin is not quite 
as steep as the one on the northwest side, and 
Tamayo Bank (Fig. 2A) is not as shallow as its 

(SC 09-08)
22.19±0.4 Ma

(SC 15)
22.8±0.27 Ma

(BC 09-25)
19.89±0.57 Ma

(ROCA 24J-24)
20.13±0.23 Ma

(BEKL 6D-1)
15.38±0.17 Ma

(SC 17)
96.94 ± 0.86 Ma

BA

C D

E F

G H

BA

C D

E F

G H

Figure 4. Field and megascopic aspect of 
studied samples. (A) Detail of early Miocene 
quartz monzodiorite (SC 09–08) from Santa 
Catalina Island (25.6387°N, 110.8004°W). 
(B) Early Miocene quartz monzodiorite 
(similar to SC 09–08) intruding a Creta-
ceous tonalite (SC 17) at Santa Catalina 
Island (25.6832°N, 110.7969°W). (C) Early 
Miocene mafi c dike (SC 15) cutting a Cre-
taceous tonalite (similar to SC 17), Santa 
Catalina Island (25.6589°N, 110.7649°W). 
(D) Early Miocene subvolcanic granite in-
trusion (BC 09–25) from Bahía Concepción, 
Baja California (26.7827°N, 111.7911°W). 
(E) Samples recovered from dredge site 
BEKL 6D along a fault scarp in the southern 
part of the East Cerralvo Basin. (F) Mega-
scopic view of the texture of middle Miocene 
monzogranite sampled at site BEKL 6D-1. 
(G) Sampling of ROCA 24J-24 sample with 
the remotely operated vehicle (ROV) Jason 
along the fault scarp bounding the Pescadero 
Basin to the west (24.0190°N, 109.0390°W, 
1983 m below sea level); sample size: 26 × 
23 × 13 cm. (H) Megascopic view of the tex-
ture of the early Miocene monzogranite re-
covered at site ROCA 24J-24.
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conjugate Cerralvo Bank, but it has an equally 
abrupt contact with the oceanic crust. The 
sheared-margin scarp at the southwest side of 
Tamayo Bank, which prior to Alarcón Basin 
spreading was continuous with the northeast side 
of Cerralvo Trough (the site of ROCA 22J), was 
explored by ROCA 2J. Its two upslope profi les 
(Fig. 3), located 17 km and 20 km southeast of 
the truncation of the scarp by oceanic crust at the 
southern corner of Alarcón Basin, climbed a Cre-
taceous granitic outcrop overlain by sandstone 
and mudstone. The dredging sites of Niemitz 
and Bischoff (1981, p. 388–389) are ~10 km 
southeast of ROCA 2J profi le B, near where the 
sheared-margin scarp intersects the top of the 
rifted continental margin of Alarcón Basin; they 
reported a “granodiorite-tonalite suite” plus “a 
transitional suite of andesitic rocks, recovered 
from the lowermost part of the slope”; neither 
suite has been dated. At the ROCA 2J dive sites, 
the sheared margin of the “proto–Tamayo trans-
form,” a largely intracontinental shear zone that 
extended into Cerralvo Trough, is ~5 km north of 
the Tamayo fracture zone. The trail of the pres-
ent Tamayo transform, and the intervening strip, 
is conjugate to the turbidite-smothered fl oor of 
Cerralvo Trough. Fitting the dredging profi le 
shown in fi gure 9 of Niemitz and Bischoff (1981) 
to our multibeam bathymetry, it is clear that this 
strip, sampled at the steep step down to the west 
fl ank of the East Pacifi c Rise, is the source of the 
reported andesite suite.

Southeast of Tamayo Bank, seismic-refrac-
tion profiles (Lizarralde et al., 2007) show 
dramatic crustal thinning beneath an elongate 
depression known as Tamayo Trough (Fig. 2). 
However, seismic-refl ection profi les indicate 
only minor faulting of the discontinuously 
refl ective “basement” layer, which Sutherland 
et al. (2012) attributed to a volcanic or vol-
caniclastic section, beneath the trough fl oor and 
margins. This could easily be explained if the 
volcanic section postdated major basin-forma-
tion faulting, but if it is part of the lower to mid-
dle Miocene Comondú Group, the interpretation 
favored by Sutherland et al. (2012), this would 
imply large-scale faulting and basin extension 
there in the early Miocene. ROCA dive 3J onto 
Tamayo Dome, a major but mostly sediment-
smothered, 40-km-diameter volcanic structure 
at the northern end of Tamayo Trough, sampled 
rhyolitic lithic ignimbrite that could have been 
a source of the structure-obscuring layer in 
Tamayo Trough. The tuff yielded a 40Ar-39Ar age 
of 11.70 ± 0.07 Ma (Ferrari et al., 2013), right at 
the middle-late Miocene boundary, providing a 
minimum age for this layer.

Further to the southeast, three large (50– 
70-km-long, up to 1-km-high) fault-bounded 
ridges, horsts, and half-horsts that strike N-NE 

(020°), curving to N-NW (340°) near their 
northern ends, rise above the muddy seafl oor. 
These Nayarit Ridges have wave-planed sum-
mits, which step up from 500–600 m deep at the 
western ridge to 200–300 m deep at the central 
ridge, and 140–250 m deep at the eastern ridge, 
and their basement rocks crop out on their sides, 
especially at the W-dipping fault scarps on their 
western sides. The fresh granitic samples col-
lected at the DANA 47 site, and the contrast 
between Cretaceous (U/Pb zircon; M. Grove, 
2006, personal commun.) and Neogene 40Ar-39Ar 
mica cooling ages (published here) observed on 
some samples prompted us to resample this site 
during the ROCA cruise (ROCA 1J; Fig. 3).

Continental Crust on the Southeastern 
Flank of Farallón Basin

Subsided continental crust at the margin of 
Farallón Basin, which is mostly buried by thick 
turbidites, is well exposed at a scarp along the 
North Pescadero Transform (Fig. 2). This trans-
form is a relatively recent link between the 
spreading center in the broad Farallón Basin 
and a younger spreading center that has accreted 
the fl oor of the much narrower North Farallón 
Basin. Because of its youth, all of this transform 
is bounded by continental crust on one or both 
sides, and because it is signifi cantly oblique to 
present Baja California–North America relative 
plate motion (Fig. 2A), a deep transtensional 
transform valley has opened along these actively 
shearing continental margins.

The part of the transform valley that extends 
northwest from the northeastern tip of the North 
Pescadero spreading axis is relatively protected 
from terrigenous sediment fi lling, and it has a 
valley wall that rises steeply from 3300 m to 
1200 m on its northeastern (continental) side. Of 
course, not all of this 2-km-high wall exposes 
igneous basement: It has a partly sediment-cov-
ered talus ramp that accounts for 600 m of relief 
at the foot of the scarp, and on the ROCA 4J 
profi le (Fig. 3), we encountered only sedimen-
tary rock at depths shallower that 1700 m. The 
DANA 71 dredge included Miocene granitic 
intrusive rocks in its diverse rock collection 
from the scarp-foot talus, and ROCA 4J was 

targeted to a nearby site to get more samples of 
this rock type to defi ne the vertical extent of its 
outcrop and to attempt to defi ne the stratigraphy 
of the overlying volcanic sections.

RESULTS

The plutonic rocks of the southern Gulf of 
California analyzed in this work yielded three 
separate groups of intrusion (U/Pb) ages: Creta-
ceous to early Paleocene (ca. 100–60 Ma), early 
Miocene (ca. 25–18 Ma), and middle Miocene 
(ca. 15.5–13.5 Ma). Signifi cantly, no Oligocene 
age of intrusion was found in the study area, 
supporting the general conclusions of previ-
ous studies that the fi rst ignimbrite fl are-up of 
the Sierra Madre Occidental was sourced from 
areas to the east of the present-day Gulf of Cali-
fornia (e.g., Ferrari et al., 2007). These three age 
groups are used in the description of the petro-
graphic, geochemical, and geochronological 
results, which are summarized in Tables 1, 2, 
and 3 and Figures 5, 6, and 7. A brief explana-
tion of each age obtained for the dated sample is 
given in the supplemental fi le 4 (see footnote 1).

Petrography and Geochronology

Cretaceous–Paleocene Magmatic Episode
Nineteen samples within and around the Gulf 

of California yielded Cretaceous to early Paleo-
cene ages (100 and 60 Ma; Fig. 1; Table 3), with 
younger ages mostly toward the east (Fig. 8). On 
the western rifted margin, rocks of this group are 
all older than 80 Ma. They are found to the south 
of Loreto (Punta Botella; Fig. 1) and along the 
rifted continental crust offshore southern Baja 
California at the western border of the Farallón, 
Pescadero, and Alarcón Basins (Santa Cruz and 
Santa Catalina Islands, Partida Bank, Los Cabos 
block). On the eastern rifted margin, dated rocks 
range between ca. 100 and ca. 60 Ma and were 
found at the western Nayarit scarp (dredge 
DANA 47A), along the Tamayo fracture zone 
(dive ROCA 2J), and in the southern Sinaloa 
and northern Nayarit coastal area on the main-
land (Sayu 01, Sayu 02, MDCH 02, Tepi 1, and 
Conc 01; Figs. 1 and 2A; Table 3).

Figure 5 (on following three pages). U/Pb concordia and 40Ar-39Ar age spectra or 36Ar-40Ar 
vs. 39Ar-40Ar correlation diagrams for Cretaceous plutons; the obtained age is given for each 
sample. In the U/Pb concordia diagrams, dashed ellipses indicate data not taken into ac-
count for age calculation. In the 40Ar-39Ar ages spectra, tp and Wm indicate plateau and 
weighted mean ages, respectively; these ages were calculated using the fractions identifi ed 
with the horizontal arrow. The value tc indicates the isochron age, calculated using the frac-
tions identifi ed with the dotted line in the age spectra diagrams. Detailed information on the 
geochronological analysis is given in supplemental fi le 4 (see text footnote 1). MSWD—mean 
square of weighted deviates.
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The studied samples are defi ned as quartz 
monzodiorite, granodiorite, quartz diorite, 
tonalite, and monzogranite in the Streckeisen 
(1976) classifi cation scheme (Table 1). Samples 
are mainly equigranular, with hypidiomorphic 

granular texture and medium to coarse grain size 
(Table 1). Some samples display an inequigranu-
lar texture characterized by an older generation of 
larger crystals (plagioclase and K-feldspar) and a 
second generation of medium- to coarse-grained 

crystals, arranged in a hypidiomorphic granular 
texture. A factor of note is that all samples from 
the Mexican mainland are medium grained; 
coarse-grained samples were found along the 
lower part of the Tamayo fracture zone at depths 
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of 2297 and 2219 m below sea level (bsl; ROCA 
2J-2 and ROCA 2J-4, respectively; Figs. 2A and 
3), and in the western rifted margin (dredges 
BEKL 4D, 8D, and 21D, depths between 850 
and 1392 mbsl; Santa Cruz Island, SCr 09–20, 
SCr 09–21; Punta Botella, PB 32; Figs. 2 and 3). 
In the Cretaceous–Paleocene samples, amphibole 
and biotite are the main ferro magnesian minerals, 
whereas apatite, zircon, titanite, and Fe-Ti oxides 
are common accessory min erals. Some Creta-
ceous samples display mineral lineations, possi-
bly related to the syntectonic older intrusions in 
southern Baja California and Sinaloa (Henry and 
Fredrikson, 1987; Henry et al., 2003; Cuéllar-
Cárdenas et al., 2012).

Most Cretaceous–Paleocene samples have 
40Ar-39Ar ages 5–10 m.y. younger than the corre-
sponding U/Pb age (Figs. 5 and 8). Nevertheless, 
some samples from western Nayarit and its off-
shore region (Fig. 1D) yielded a much larger time 
gap between intrusion and cooling age (Sayu 01, 
Sayu 02, DANA 47A; Table 3; Fig. 8). Samples 
Sayu 01 and Sayu 02 represent two different 
magmatic facies from the same pluton, and they 
have similar intrusion ages of ca. 76 Ma (Figs. 
5 and 8). However, Sayu 01 yielded a 40Ar-39Ar 
age on hornblende of 70.85 ± 0.74 Ma, and a 
40Ar-39Ar biotite age of 48.71 ± 0.29 Ma, similar 
to the 43.91 ± 0.23 Ma age obtained for a bio-
tite from Sayu 02 (Fig. 5). Sample DANA 47A, 
dredged on the western Nayarit scarp (Figs. 1D, 
2, and 3), has a U/Pb age of 92.92 ± 0.90 Ma, but 
a 40Ar-39Ar biotite age of 19.16 ± 0.06 Ma. This 
latter age is similar to the 18.21 ± 0.22 Ma U/Pb 
age and the 18.68 ± 0.1 Ma 40Ar-39Ar biotite ages 
of sample ROCA 1J-1 (Figs. 5 and 8), as well as 
the 18.76 ± 0.07 Ma 40Ar-39Ar muscovite age of 
sample ROCA 1J-18 (Figs. 5 and 8). These three 
samples (DANA 47A, ROCA 1J-1, and ROCA 
1J-18) were recovered within a few kilome ters in 
the same area of the western Nayarit scarp (Figs. 
1D, 2, and 3), which we interpret as formed by 
a Cretaceous batholith (sampled by DANA 47A) 
that was subsequently intruded by a series of 
younger bodies during the early Miocene (ca. 
18–19 Ma). The intrusion of these early Mio-
cene rocks likely generated a thermal anomaly, 
potentially perturbing the 40Ar-39Ar systemat-
ics of surrounding rocks. The Cretaceous U/Pb 
age of sample DANA 47A contrasts with the 
early Miocene biotite 40Ar-39Ar age obtained 
on the same sample (19.16 ± 0.06 Ma), which 
approaches Ar cooling ages for samples ROCA 
1J-1 and ROCA 1J-18 (Figs. 5 and 6). These age 
differences suggest that the DANA 47A bio-
tite was reheated by the intrusion of a plutonic 
body represented by ROCA 1J-1 and ROCA 
1J-18 samples. The age spectra of DANA 47A 
(Fig. 5) does not show any evidence of pertur-
bation, indicating that the Ar system was com-

pletely reset. Furthermore, samples Sayu 01 and 
Sayu 02, which yield Cretaceous U/Pb ages (ca. 
76 Ma), also yielded Eocene (48.71 ± 0.29 Ma 
and 43.91 ± 0.23 Ma) 40Ar-39Ar biotite ages, 
which probably are geologically meaningless. In 
fact, these samples have a so-called “Turner pro-
fi le” spectra, which is typical of biotites that has 
undergone incomplete Ar loss (York and López-
Martinez, 1986). This is confi rmed by the fact 
that no intrusive or extrusive rocks of Eocene age 
are found in the surrounding region, which is in 
turn affected by widespread late Miocene mafi c 
volcanism. We thus interpret the Sayulita pluton 
to have been only mildly reheated by a younger 
igneous event causing only partial Ar loss.

Early Miocene Magmatic Episode
Seventeen samples yielded U/Pb zircon ages 

between 25 and 18 Ma. They span the whole 
southern gulf from the eastern side of the Baja 
California peninsula and its neighboring islands, 
to the submerged rifted blocks, and Mexico 
mainland in Nayarit and Sinaloa (Table 3; 
Fig. 6). On the western rifted margin of the gulf, 
early Miocene plutons were found at Bahía 
Concepción, on Santa Catalina Island, and in the 
submerged continental blocks to the east (Figs. 
1B–1D and 2). The early Miocene plutons are 
commonly medium grained, and inequigranular 
textures predominate over equigranular ones 
(Table 1), whereas fi ne-grained and porphyritic 
rocks were only found in the southeastern part 
of the gulf. Inequigranular samples are mostly 
medium grained, with the exception of a fi ne-
grained sample from the western Nayarit scarp 
collected at 670 mbsl (ROCA 1J-18) and a por-
phyritic subvolcanic intrusion with very fi ne-
grained matrix from the southwestern foothills 
of the Sierra Madre Occidental (PHC 09; Fig. 
1D). Equigranular samples are hypidiomorphic 
granular with variable grain size (coarse to fi ne 
grained). The only fi ne-grained equigranular 
sample (Ros 02) comes from southern Sinaloa, 
in mainland Mexico. Coarse-grained, equigran-
ular samples were found only at three localities: 
the southern Pescadero transform fault at depths 
of 1983 mbsl (ROCA 24J-24), the western 
Nayarit scarp at depths of 1486 mbsl (ROCA 
1J-1), and east of Tepic in the Sierra Madre 

Occidental foothills (Oro 1) at 381 masl (Figs. 
1, 2, and 3).

The least-differentiated early Miocene rocks 
are quartz diorite, quartz monzodiorite, monzo-
granite, and tonalite that contain amphibole and 
biotite as the main ferromagnesian minerals, 
and titanite, zircon, apatite, and Fe-Ti oxides as 
accessory minerals. Within the more-evolved 
rocks, which classify as monzogranite, syeno-
granite, and granite, the main ferromagnesian 
mineral is biotite, whereas amphibole and 
titanite are absent (except for DANA 71B, 
which has 11% of amphibole). Muscovite, 
along with biotite, was observed only in a 
granite sample from the western Nayarit scarp 
(ROCA 1J-18). In some early Miocene samples, 
pyroxene constitutes 2%–17.5% of the rock. 
Usually, pyroxene is found as subhedral crystals 
exhibiting resorption textures that in some cases 
obliterate the original crystal structure; the pres-
ence of orthopyroxene and clinopyroxene crys-
tals, even in highly differentiated samples (e.g., 
monzogranite BC 09–25), along with resorp-
tion textures, indicates that pyroxene was not in 
equilibrium with the melt.

Several early Miocene plutonic rocks show 
little difference between intrusion and cool-
ing ages. A fi ne-grained monzogranite in the 
eastern side of Bahía Concepción (sample 
BC 09–25) yielded almost identical U/Pb and 
40Ar-39Ar biotite ages of 19.89 ± 0.57 Ma and 
19.32 ± 0.35 Ma, respectively. This indicates 
that in this area, the pluton cooled very quickly 
(within ~0.5 m.y.) from emplacement (~900 °C) 
to below 350–400 °C, the closure temperature 
of biotite (Reiners et al., 2005; Fig. 6). A rapid 
cooling at ca. 19–18 Ma can be also inferred at 
Santa Catalina Island. The quartz-monzonite 
that crops out in the western part of the island 
yielded a U/Pb age of 22.19 ± 0.42 Ma (sample 
SC 09–08; Table 3; Fig. 6), a hornblende age of 
18.89 ± 0.47 Ma, and a biotite age of 18.38 ± 
0.08 Ma. A dike intruding the Cretaceous plu-
ton in the eastern side of the island (SC 15) 
yielded a 40Ar-39Ar age of 22.8 ± 0.27 Ma 
(groundmass), but the rest of early Miocene 
granitoids sampled at the island (SC 09–03, SC 
09–04, and SC 24) all fall in a narrow 40Ar-39Ar 
age range at ca. 19–18 Ma (Table 3; Fig. 6). 

Figure 6 (on following three pages). U/Pb concordia and 40Ar-39Ar age spectra or 36Ar-40Ar vs. 
39Ar-40Ar correlation diagrams for early Miocene plutons; the obtained age is given for each 
sample. In the U/Pb concordia diagrams, dashed ellipses indicate data not taken into account 
for age calculation. In the 40Ar-39Ar age spectra, tp and Wm indicate plateau and weighted mean 
ages, respectively; these ages were calculated with the fractions identifi ed with the horizontal 
arrow. The value tc indicates the isochron age, calculated using the fractions identifi ed with the 
dotted line in the age spectra diagrams. Detailed information on the geochronological analysis 
is given in supplemental fi le 4 (see text footnote 1). MSWD—mean square of weighted deviates.
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On mainland Mexico, samples collected in 
two outcrops 5 km apart from the same plu-
ton along the Río Santiago (northern Nayarit) 
yielded a U/Pb age of 18.16 ± 0.18 Ma (sample 
PH 09), a 40Ar-39Ar biotite age of 19.07 ± 0.16 
Ma, and a 17.65 ± 0.13 Ma K-feldspar age 
(sample Oro 01). A sample from an inequi-
granular, medium-grained granodiorite further 
to the southeast in the Tepic-Zacoalco rift (Barr 
04) yielded a zircon U/Pb age of 22.67 ± 0.4 
Ma, with younger and very close 40Ar-39Ar 

hornblende and biotite ages of 19.8 ± 0.48 Ma 
and 19.65 ± 0.11 Ma, respectively. Intrusive 
rocks sampled at the fault scarps bounding the 
Pescadero Basin (Fig. 2A) show a pervasive 
alteration that prevented their dating by the 
40Ar-39Ar method but yielded consistent early 
Miocene emplacement ages. Samples ROCA 
4J-16 and ROCA 4J-12, recovered north of the 
Pescadero Basin, yielded U/Pb ages of 25.12 
± 0.67 Ma and 21.56 ± 0.44 Ma, respectively 
(Fig. 6). Samples from the southwestern scarps 

of the same basin (ROCA 24J-24 and ROCA 
24J-22) yielded slightly younger ages of 
20.13 ± 0.23 Ma and 19.90 ± 0.27 Ma.

Samples from sites ROCA 4J and ROCA 
24J all have early Miocene U/Pb ages but 
yielded middle to late Miocene 40Ar-39Ar ages 
between 13.7 and 9.8 Ma (Table 3; Fig. 6). 
Sample DANA 71B was dredged very close 
to ROCA 4J site and yielded a very young 
40Ar-39Ar age of 4.17 ± 0.10 Ma on K-feldspar 
(Table 3; Fig. 6). Experimental results from 
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these samples show evidence of perturbation in 
the Ar systematics (Fig. 6). All these samples 
are located around the Pescadero Basin in the 
central Gulf of California, an area with subse-
quent middle Miocene magmatism and where 

late Miocene mafi c volcanism (12–10 Ma) 
has been also reported (Ferrari et al., 2013), 
suggesting that these early Miocene plutons 
underwent various degrees of resetting due to 
later igneous activity.

Middle Miocene Magmatic Episode
Only fi ve samples out of 41 yielded U/Pb 

zircon ages between 15.8 Ma and 13.4 Ma, 
providing an indirect indication that middle 
Miocene plutons are less widespread than early 
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Miocene plutons. Middle Miocene intrusive 
rocks seem to be restricted to the western rifted 
blocks submerged in the gulf (Fig. 1C), and thus 
most proximal to the onshore Comondú Group 
exposures. The dated samples come from three 
sites along a topographic high, situated halfway 
between the Pescadero Basin and Baja Cali-
fornia margin (Fig. 2A). Sample ROCA 22J-1 
was recovered at 1516 mbsl at the southwest-
ern side of the Cerralvo Bank, and four other 
samples were dredged at sites BEKL 6D (south-
east end of Cerralvo Bank at 900–1205 mbsl) 
and 10D (northernmost part of La Paz Basin 
at 1200–1498 mbsl; Figs. 1 and 2; Table 1). 
Studied samples show a peculiar inequigranu-
lar texture with phenocrysts of plagioclase and 
K-feldspar surrounded by fi ner plagioclase, 
K-feldspar, quartz, and minor mafi c minerals 
(Table 1), which indicates at least two crystal-
lization stages at different pressure. A group of 
four samples has similar alkali feldspar content 
(20%–23%) and classifi es as quartz monzo-
diorite and monzogranite (Table 1); they contain 
amphibole and biotite as ferromagnesian miner-
als, as well as apatite, zircon, titanite, and Fe-Ti 
oxides as accessory minerals. Sample BEKL 
6D-2 has a distinctly different composition, 
with 50% alkali feldspar and a quartz monzonite 
composition; this sample has biotite as the only 
ferromagnesian mineral.

Paired U-Pb and Ar-Ar ages could only be 
obtained for three middle Miocene samples. 
In these cases, as for the early Miocene sam-
ples, the rocks yielded very close U/Pb zircon, 
hornblende, and/or biotite ages, suggesting 
very rapid cooling to <375 °C (Table 3; Figs. 7 
and 8). Sample ROCA 22J-1 has a U/Pb age of 

15.86 ± 0.35 Ma and a 40Ar-39Ar biotite plateau 
age of 15.86 ± 0.08 Ma (Fig. 6). Sample BEKL 
6D-1 yielded a U/Pb zircon age of 15.38 ± 
0.17 Ma, a 40Ar-39Ar hornblende plateau age of 
13.71 ± 0.31 Ma, and a 40Ar-39Ar biotite plateau 
age of 13.4 ± 0.22 Ma. Sample BEKL 10D-1 
yielded a U/Pb age of 14.06 ± 0.22 Ma and a 
biotite 40Ar-39Ar plateau age of 12.57 ± 0.09 Ma 
(Table 3). The middle Miocene samples show 
no inherited zircons, but they commonly have 
antecrysts as defi ned in Ferrari et al. (2013) 
(Table 3; Fig. 7).

Thermobarometry

To obtain further constraints on magma 
emplacement depth, thermobarometric calcula-
tions were performed on samples representative 
of each magmatic episode: one Paleocene equi-
granular, medium-grained monzogranite (Conc 
01), one early Miocene inequigranular, medium-
grained tonalite (IXC 03), and three middle Mio-
cene inequigranular, medium- to coarse-grained 
monzogranites (BEKL 6D-1, BEKL 10D-1, 
BEKL 10D-3). Pressure and temperature of 
magma crystallization were estimated through 
iteration of pressure calculated with the Al-in-
hornblende barometers of Schmidt (1992) and 
Anderson and Smith (1995), at temperatures 
obtained with the Holland and Blundy (1994) 
hornblende-plagioclase thermometer (reaction 
edenite + albite = richterite + anorthite), using 
the spreadsheet published by Anderson et al. 
(2008). In the analyzed samples, hornblende 
coexists with the full buffering assemblage 
required for Al-in-hornblende barometry (quartz 
+ alkali feldspar + plagioclase + biotite + Fe-Ti 

oxide + titanite; see Table 1). Estimates of pres-
sure and temperature were also obtained with 
the empirical calibration based on the composi-
tion of amphibole recently proposed by Ridolfi  
and Renzulli (2012). Results obtained with both 
procedures are plotted in Figure 9 and listed in 
supplemental fi le 2 (see footnote 1).

Pressures obtained with the fi rst method 
(Anderson et al., 2008) for the Paleocene sam-
ple range mainly between 231 and 308 MPa, 
which correspond to 8.8–11.8 km depth for 
an upper-crustal density of 2.7 g/cm3, whereas 
the early Miocene sample yielded lower val-
ues between 150 and 196 MPa (5.7–7.5 km 
depth). Temperatures for these samples plot 
close to the granite water-saturated solidus and 
span a broader range for the Paleocene sample 
(567–720 °C) than for the early Miocene sample 
(689–722 °C). Middle Miocene samples span 
over a larger pressure range, with a group plot-
ting close to the granite solidus at 165–309 MPa 
(6.3–8.8 km depth) and temperatures between 
636 °C and 735 °C, and a second group yielding 
low pressures and temperatures (32–145 MPa, 
1.2–5.5 km; 573–665 °C) that plot well below 
the granite solidus. Amphibole in all samples is 
classifi ed as magnesiohornblende, but analyses 
that yield pressure-temperature values below the 
solidus have lower Altot (<1.0) and higher Si/Al 
and Mg/Fe, pointing to subsolidus reequilibra-
tion to actinolitic hornblende. Subsolidus reac-
tions have been related to vapor-phase satura-
tion at shallow levels (Hammarstrom and Zen, 
1986) or to the infi ltration of high-temperature 
contact aureole fl uids (Anderson et al., 2012). 
These values are therefore not further consid-
ered in the discussion.
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The empirical thermobarometer of Ridolfi  
and Renzulli (2012) yielded quite different 
results for samples plotting close to the solidus, 
with lower pressures for all samples and higher 
temperatures for some of the middle Miocene 
samples (Fig. 9). For the Paleocene sample, 
pressures between 86 and 125 MPa (3.3–4.8 km 
depth) and temperatures of 704–767 °C were 
obtained, whereas the early Miocene sample 
yielded similar values with slightly lower max-
ima values at 89–106 MPa (3.4–4.1 km depth) 
and 716–742 °C. For the middle Miocene, 
two samples from the same site (BEKL 10D) 
spanned a large pressure range between 64 and 
150 MPa (2.5–5.7 km depth) and had the high-
est temperatures among the analyzed samples 
(746– 847 °C). For the third middle Miocene 
sample (BEKL 6D-1), pressures was between 
83 and 97 MPa (3.1–3.7 km depth) and temper-
atures were between 733 °C and 759 °C. Note-
worthy with the Ridolfi  and Renzulli (2012) 
calibration, subsolidus pressure-temperature 
values were obtained only for some hornblende 
analyses of a middle Miocene sample (BEKL 
6D-1) and of the Paleocene sample.

The discrepancy in the results obtained with 
the two methods may be ascribed to differ-
ences in the calibration approaches. The Al-in-
hornblende barometer was experimentally cali-
brated for pressures between 250 and 1300 MPa 
(Schmidt, 1992; Anderson and Smith, 1995), 
corresponding to 9.5–50 km crustal depths, 
and may thus be inadequate to estimate crys-
tallization pressures of shallow intrusive rocks 
like those presented here (pressure <308 MPa). 
On the other hand, the calibration proposed 
by Ridolfi  and Renzulli (2012) is based in a 
multi variate least-square regression of selected 
experimental calcic amphibole compositions 
synthesized in a broader pressure range (130–
2200 MPa). A drawback of the barometer for-
mulation is the lack of the required temperature 
correction; nevertheless, according to Ander-
son and Smith (1995), such correction would 
result in even lower pressure values than those 
obtained with the present formulation. For the 
pressure range of the studied samples, the cali-
bration of Ridolfi  and Renzulli (2012) is prob-
ably the most adequate. Variable crystallization 
pressures down to 64 MPa (2.5 km depth) for 
the middle Miocene samples also are consistent 
with the distinct inequigranular textures that 
characterize these samples (Table 1).

Geochemistry

Cretaceous–Paleocene Magmatic Episode
Cretaceous–Paleocene samples plot in the 

diorite, quartz monzodiorite, granodiorite, and 
monzogranite fi elds in the Q′-ANOR diagram 

of Streckeisen and Le Maitre (1979), which is 
based on the parameters Q′ [= 100 × q/(q + or 
+ ab + an)] and ANOR [= 100 × an/(or + an)], 
derived from the normative proportions of quartz 
(q), orthoclase (or), albite (ab) and anorthite (an), 
and belong to the calcic and calc-alkalic series 
of Frost and Frost (2008) (Figs. 10A and 10B). 
Most samples have SiO2 contents in the range 
of 60–77 wt%, except for one diorite sample, 
with 53.3 wt% SiO2, which plots in the fi eld of 
high-K calc-alkalic series in the SiO2 versus K2O 
diagram (Fig. 10C; Peccerillo and Taylor, 1976).

Trace-element variation is shown in primi-
tive mantle–normalized multi-element dia-
grams (Fig. 11A; Sun and McDonough, 1989). 
All studied samples are enriched in large ion 
lithophile elements (LILEs; e.g., Rb, Ba) and 
light rare earth elements (LREEs; e.g., La, Ce) 
with respect to the high fi eld strength elements 
(HFSEs; e.g., Nb, Ta) and display positive Pb 
anomalies, features commonly considered 
characteristic of subduction-related rocks. The 
enrichment of the middle and heavy rare earth 
elements (MREEs and HREEs, respectively), as 
well as Y, is quite variable but cannot be ascribed 
to the degree of differentiation (expressed as SiO2 
content). In part, the variations result from the 
stronger HREE depletion found in some of the 
oldest dated rocks (99.1–92.8 Ma) from Santa 
Cruz Island and submerged continental blocks 
offshore southern Baja California and Sinaloa 
(ROCA 2J-8, SCr 27, BEKL 8D-6, DANA 47A; 
Fig. 1). The age and composition (e.g., high Sr/Y 
and La/Yb, low Nb and Ta, absence of negative 
Eu anomaly) of these rocks resemble those of 
La Posta–type plutons, which were emplaced in 
southern California and northern Baja California 
peninsula between 99 and 92 Ma (Walawender 
et al., 1990; Kimbrough et al., 2001) and domi-
nate the eastern Peninsular Ranges Batholith. 
These samples from the southern Gulf of Cali-
fornia constitute the southernmost exposures of 
La Posta–type plutons yet identifi ed.

Early Miocene Magmatic Episode
Intrusive rocks emplaced in the early Mio-

cene show compositional trends distinctive 
from those of Cretaceous–Paleocene plutons. 
These rocks can be divided in two groups on the 
basis of differentiation. A group of samples of 
intermediate composition, in the range of 61–68 
wt% SiO2, plots in the quartz diorite, quartz-
monzodiorite, quartz-monzonite, and granodio-
rite fi elds in the Q′-ANOR diagram (Fig. 10A). 
The narrow range of silica content is refl ected 
in a restricted variation of Q′ at variable ANOR 
values. A further intermediate-composition 
sample from a subvolcanic, porphyritic intrusive 
body (PHC 09) has lower SiO2 content (57.3 
wt%) and lower Q′ value, and it plots in the 

quartz diorite fi eld (Fig. 10A); this less-evolved 
sample also yielded the youngest emplacement 
age (18.1 Ma, U/Pb; Table 3) among the early 
Miocene rocks. A second group of samples is 
composed of high-silica granitoids with 75–77 
wt% SiO2, which classify as syenogranite and 
alkali feldspar granite in the Q′-ANOR diagram 
(Fig. 10A); this group of samples yielded U/Pb 
ages in a narrow age range between 20.1 Ma and 
18.3 Ma (Table 3; Fig. 10A).

Part of the intermediate and the high-silica 
intrusive rocks plot in the alkali-calcic fi eld, 
whereas some of the least-differentiated samples 
are calc-alkalic (Fig. 10B); also, early Miocene 
rocks tend to have higher K2O contents than the 
Cretaceous ones, and they mostly plot in the 
fi eld of high-K calc-alkalic rocks (Fig. 10C).

Primitive mantle–normalized trace-element 
patterns of intermediate early Miocene samples 
are quite similar (Fig. 11B), despite the fact 
that they were collected over a broad area both 
onshore and offshore of Sinaloa and Nayarit 
States. They are characterized by the enrichment 
of LILEs and LREEs with respect to HFSEs, 
positive Pb anomalies, and weakly developed 
Eu anomalies (Fig. 11B); when compared with 
the Cretaceous intrusions, they have less promi-
nent negative Nb-Ta and positive Pb anomalies, 
but REE patterns comparable to those of the 
less HREE-depleted Cretaceous samples. In the 
group of high-silica granites, the geochemical 
features are in part comparable to those of the 
intermediate magmas, but they are distinguished 
by stronger Sr, Eu, and Ti depletions, as well as 
by comparatively higher abundances of MREEs, 
HREEs and Y, and fl at MREE to HREE patterns 
(Fig. 11B).

Middle Miocene Magmatic Episode
The four analyzed samples belonging to this 

episode have silica contents between 64 wt% 
and 71 wt% SiO2 and classify as quartz monzo-
diorite, monzogranite, and quartz syenite in the 
Q′-ANOR diagram (Fig. 10A), where they dis-
play a similar trend as the early Miocene rocks. 
Three samples are high-K calc-alkalic, and one 
is alkalic with a shoshonitic character, in agree-
ment with the high percentage of alkali feldspar 
observed in thin section for these rocks.

Among the middle Miocene rocks, the quartz 
monzodiorite and quartz syenite have trace-
element compositions similar to those of the 
intermediate-composition early Miocene rocks, 
except for higher Rb, Th, and U abundances 
(Fig. 11C). A monzogranite sample from sub-
merged crustal blocks offshore southern Baja 
California (BEKL 10D-3; Fig. 1) displays a dif-
ferent pattern, defi ned by a strong depletion in 
REEs, and slightly positive Eu and Sr anomalies 
(Fig. 11C).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/127/5-6/702/3408726/702.pdf
by Universidad Eafit user
on 23 September 2022



Duque-Trujillo et al.

728 Geological Society of America Bulletin, v. 127; no. 5/6

VAG +
syn-COLG

ORG

WPG

Y (ppm)

)
mpp(

b
N

1

10

100

10 100

E

0

10

20

30

40

50

0 20 40 60 80 100
ANOR = 100 × /( + )an or an

)
+

+
+

(/
×

001
=′

Q
na

ba
ro

q
q

Monzo-
granite

Grano-
diorite

AFG SG

Quartz
syenite

Quartz
monzonite Quartz

monzo-
diorite

Quartz
diorite

Diorite

A B

–4

–2

0

2

4

6

8

10

50 60 70 80
SiO (wt%)2

Oa
C-

O
K+

O
a

N
=

IL A
M

2
2

calcic
calc-a

lka
lic

alka
li-c

alcicalka
lic

C

0

1

2

3

4

5

6

7

50 60 70 80

)
%t

w(
O

K 2

SiO  (wt%)2

High K

Medium K

Low K

Shoshonitic

40

45

50

55

60

65

70

75

80

85

10 12 14 16 18 20 22 24 26

Age (Ma)

)
%t

w(
Oi

S
2

high-silica
rhyolite and
granite

D

Cretaceous
Early Miocene
Middle Miocene

Pyroclastics

Intrusive rocks Volcanic rocks
(Ferrari et al., )2013

Lavas

Figure 10. Compositional characterization of analyzed samples. (A) Q′ vs. ANOR diagram (Streckeisen and Le Maitre, 1979) 
showing rock types according to their normative mineral proportions (q—quartz; or—orthoclase; ab—albite; an—anorthite). 
SG—syenogranites, AFG—alkali feldspar granites. (B) Na2O + K2O–CaO vs. SiO2 diagram showing the approximate ranges 
for the alkalic, alkali-calcic, calc-alkalic, and calcic rock series (modifi ed after Frost and Frost, 2008). (C) K2O vs. SiO2 dia-
gram (Peccerillo and Taylor, 1976). (D) SiO2 vs. age diagram for Miocene plutons (this work) and Miocene volcanic rocks from 
Ferrari et al. (2013). (E) Nb vs. Y tectonic discrimination diagram (after Pearce et al., 1984). VAG—volcanic arc granitoids; 
syn-COLG—syncollisional granitoids; WPG—within-plate granitoids; ORG—ocean-ridge granitoids.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/127/5-6/702/3408726/702.pdf
by Universidad Eafit user
on 23 September 2022



Rifting and magmatism in the southern Gulf of California

 Geological Society of America Bulletin, v. 127; no. 5/6 729

DISCUSSION AND CONCLUSIONS

Geographic Distribution of Miocene 
Magmatism in the Southern Gulf: 
Relationships with the Sierra Madre 
Occidental and the Comondú Group

The geologic, geochemical, and geochrono-
logic results of our study indicate the presence 
of an extensive silicic plutonic province of early 
Miocene age across the southern Gulf of Cali-
fornia (Figs. 8, 12, and 13) nested within Late 
Cretaceous to early Paleocene batholiths. Pre-
vious studies assumed a progressive westward 
migration of the locus of Cenozoic magmatism, 
with the early Miocene silicic pulse of the Sierra 
Madre Occidental located to the west of the 
Oligo cene pulse, in southern Sinaloa and Nayarit 
(Ferrari et al., 2002, 2007), and subsequent 
middle  Miocene volcanism of the Comondú  
Group centered in the gulf just east of Baja Cali-
fornia (Hausback, 1984; Umhoefer et al., 2001). 
However, the occurrence of 24–18 Ma granitic 
intrusive rocks on both sides of the gulf, as well 
as in submerged rifted blocks within the gulf, 
indicates that silicic-dominant early Miocene 
magmatism of the Sierra Madre Occidental 
was located not only on the Mexican mainland 
but spanned a much larger area, elongated in a 
WNW-ESE direction (Figs. 12 and 13). The 
composition and age range of these plutons are 
essentially coincident with those of the ignim-
brites exposed in the southern Sierra Madre 
Occidental and in southern Baja California 
between La Paz and Loreto (Fig. 12; Hausback, 
1984; Umhoefer et al., 2001; Ferrari et al., 2002, 
2013; Drake, 2005; Bryan et al., 2008; Ramos-
Rosique, 2013). The two compositional groups 
of the early Miocene plutons also compare well 
with the silicic volcanic rocks emplaced during 
the same age span in the southern Sierra Madre 
Occidental (Fig. 10D; Ferrari et al., 2013). For 
early Miocene ignimbrites and lavas, two similar 
compositional groups of high-K rocks are rec-
ognized: an older dacite and low-silica rhyolite 
(SiO2 < 70 wt%) suite and a younger, high-silica 
rhyolite (SiO2 > 74 wt%) suite. Also, trace-ele-
ment compositions and patterns of volcanic and 
plutonic rocks are strikingly similar (Fig. 11B) 
and indicate a limited role for crystal fraction-
ation in the evolution of early Miocene silicic 
magmas (Ferrari et al., 2013). Zircon inheritance 
also points to a signifi cant role of crustal melting 
in the genesis of these rocks, as shown for other 
onshore Sierra Madre Occidental ignimbrites 
(e.g., Bryan et al., 2008). Our data add weight to 
the interpretation that the early Miocene plutonic 
rocks across the southern gulf region represent 
intrusive underpinnings to part of the early Mio-
cene Sierra Madre Occidental silicic volcanism.
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Scarce middle Miocene plutonic rocks were 
encountered across the southern gulf, and par-
ticularly in fault scarps bounding the Cerralvo 
Bank (Figs. 2 and 12), in the western rifted 
margin of the southern gulf. These sites lie on 
the southward prolongation of the few lavas and 
domes of the same age exposed in Baja Cali-
fornia, near Loreto and in Bahía Concepción, 
which have been assigned to the middle and 
upper members of the Comondú Group (Figs. 1 
and 12; Umhoefer et al., 2001; Drake, 2005). No 
intrusive rocks of middle Miocene age have been 
found on the eastern rifted margin, but a few 
basalts of this age are interlayered with conti-
nental sedimentary rocks between Mazatlán and 
Culiacán (Fig. 1; Ferrari et al., 2013). The distri-
bution of middle Miocene rocks defi nes a NNW-
trending belt in the central and western part of 
the wider region occupied by the early Miocene 
intrusive rocks (Fig. 12). As this belt is super-
imposed on early Miocene magmatism, rather 
than a westward migration of magmatism, the 
distribution of middle Miocene igneous rocks 
suggests the narrowing of the magmatic belt in 
a position coincident with the future gulf axis.

Two arguments have been that: (1) the Gulf 
of California opened along a line/zone of hot, 

thermally weakened crust resulting from igne-
ous activity of the Comondú “arc” (Umhoefer, 
2011, and references therein), and (2) thick epi-
clastic deposits that constitute the bulk of the 
middle and upper members of the Comondú  
Group were shed westward from a series of 
high-standing andesitic stratocones located 
within the area of the present-day gulf and just 
east of Baja California peninsula (Hausback, 
1984; Umhoefer et al., 2001). We would also 
expect that rapid subsidence in the gulf region at 
12 Ma, allowing a marine incursion by at least 
8 Ma, would have enhanced preservation and 
burial of the arc volcanoes. If this was the case, 
extensive outcrops of volcanic, resedimented 
volcaniclastic ± intrusive rocks associated with 
the core of this volcanic arc should be present 
in the submerged rifted blocks on both sides of 
the newly formed oceanic basins within the gulf. 
However, visual inspection of the submerged 
blocks during the ROCA dives indicates that the 
normal fault scarps bounding the Alarcón and 
Pescadero Basins are dominated by Late Creta-
ceous or early Miocene intrusive rocks (Figs. 2 
and 12). These observations thus require com-
plete removal of any arc volcanic constructs 
and sedimentary accumulations of the middle 

Miocene Comondú Group, as well as of thick 
(at least 1 km) volcanic accumulations of early 
Miocene age to expose underlying early Mio-
cene and older plutonic rocks; this is despite 
the requirement for rapid crustal thinning, sub-
sidence, and gulf fl ooding within a few million 
years. The scarcity of middle Miocene rocks in 
the southern gulf casts doubts on the prevailing 
model of substantial andesitic volcanism occur-
ring along the gulf axis that was suffi ciently 
vigorous to form a signifi cant volume of new 
arc igneous crust and to thermally weaken the 
crust (with a prerift thickness of ~40 km, i.e., 
the present thickness of the unextended part of 
the Sierra Madre Occidental) prior to the onset 
of rifting (e.g., Umhoefer, 2011). The geology 
of the submerged rift fl anks in the southern gulf 
region therefore indicates that Comondú-age 
magmatism and related sedimentation were 
not volumetrically signifi cant and not a major 
tectonomagmatic feature in the middle Mio-
cene. The submarine geology supports recent 
interpretations of Comondú-age magmatism 
being synextensional in origin, primarily related 
to continued lithosphere extension that had 
affected western Mexico since the late Oligo-
cene and culminated in the opening of the Gulf 
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of California in the late Miocene (Bryan et al., 
2014; Ferrari et al., 2013).

Previous models also require rapid exten-
sion after ca. 12.5 Ma that would produce 
signifi cant thinning of an almost unextended 
crust (Stock and Hodges, 1989; Umhoefer 
et al., 2002; Fletcher et al., 2007; Lizarralde 
et al., 2007; Sutherland et al., 2012). In such 
a scenario, one would also expect a signifi cant 
amount of post–ca. 12 Ma volcanism associ-
ated with mantle decompression induced by 
a high rate of extensional deformation. How-
ever, post-Comondú volcanism is scarce in 
the southern gulf and western Mexico. In 
fact, after a widespread pulse of basaltic vol-
canism at ca. 11–10 Ma (Ferrari et al., 2013), 
an ~7 m.y. gap in volcanism is observed until 
the late Pliocene and Quaternary on the eastern 
rifted margin (Ferrari et al., 2013), just when 
prevailing models predict the main episode 
of rifting. Alternatively, if a signifi cant part 
of crustal thinning occurred before the end of 
subduction, as we propose here and in Ferrari 
et al. (2013), then the rate of extension after ca. 
12 Ma would be much lower and the associated 
volcanism less abundant, as actually observed 
(Lizarralde et al., 2007).

Synextensional Nature of 
Miocene Magmatism

An examination of the thermal evolution of 
intrusive rocks provides a useful chronometric 
bracket on the tectonic event responsible for the 
opening of the Gulf of California. A complete 
modeling of the thermal history awaits low-
temperature geochronologic approaches, such 
as fi ssion tracks or U-Th/He dating, which are 
in progress. However, an analysis of the time 
span between zircon U/Pb and hornblende, bio-
tite, and feldspar 40Ar-39Ar ages obtained in this 
study consistently indicates that the early and 
middle Miocene plutons were rapidly cooled 
after intrusion. All dated early Miocene intru-
sive rocks emplaced between 25 and 18 Ma 
(Fig. 8) were cooled below the 40Ar-39Ar bio-
tite closure temperature of 350–400 °C within 
~2.5 m.y., with one exception being sample 
ROCA 24J-24, which, as discussed already, 
has been likely reset. Signifi cantly, in all cases, 
40Ar-39Ar biotite ages are restricted to the 19.7–
18.1 Ma interval, and, in the samples where we 
were able to date both hornblende and biotite, 
the 40Ar-39Ar ages almost completely over-
lap in the ca. 19–18 Ma interval (Barr 04, SC 

09–08, SC 09–04, SC 09–03; Table 3). Mean-
while, middle Miocene plutons show an even 
more restricted cooling window of <1.5 m.y. 
from emplacement defi ned by the U-Pb zircon 
age (15.8–13.4 Ma) to the 40Ar-39Ar biotite age 
(<375 °C), and, as for the early Miocene plu-
tons, almost overlapping hornblende and biotite 
ages. Middle Miocene intrusive rocks have also 
distinctive inequigranular textures (Table 1), 
defi ned by at least two generations of crystals 
with grain sizes that change from coarse to fi ne 
grained. The presence of crystals formed at dif-
ferent stages and the variable crystallization 
pressures between 64 and 150 MPa (2.5–5.7 km 
depth) obtained with the hornblende barome-
ter (Fig. 9; supplemental fi le 2 [see footnote 1]) 
support a polybaric crystallization of these 
intrusive rocks. Consistent with this is the fact 
that in the three analyzed samples, we consis-
tently obtained higher pressure estimates for 
core domains (88–150 MPa, 3.4–5.7 km) than 
for the crystal rims (supplemental fi le 2 [see 
footnote 1]). The cooling behavior of the Mio-
cene plutons therefore contrasts with that of spa-
tially related Cretaceous plutons into which they 
intrude, with the Cretaceous plutons showing a 
protracted period of intrusion (ca. 100–65 Ma) 

Inferred extent of the
Cretaceous-Paleocene BatholithArea of Early Miocene

plutons and lavas
Oligocene ignimbrites

Active trench

Miocene normal
faults

Inactive trench
Cretaceous e intrusive rocks-Early Paleocen
a) on land; b) offshore and inferred at depth

0 km 150 km 300 km
N

12 Ma

MF

++
+ +
+

++
+

++
+ ++

+
+
++

+
+ +++

+

+

2 Ma4

++
+
+

++
+

++
+

+
+

+
+

+

+
+ +++

+

+

0 km 150 km 300 km

Cocos
PlatePacific

Plate
Pacific
Plate

Guadalupe
Plate

Magdalena
Plate

++
+
+

++
+

++
+ +

++
++

+
+ +++

+

+
Jalisco
Block

Sinaloa
batholith

Los
Cabos
Block

+

N

Mid Miocenedle
s and lavaspluton

Figure 13. Paleotectonic reconstructions at 24 and 12 Ma showing the distribution of the Late Cretaceous–Paleocene, early Miocene, and 
middle Miocene magmatic events based on data presented in this work and from the literature. Main extensional faults formed prior to 
12 Ma are shown as green lines. Pacifi c-Cocos plate boundary confi guration with respect to North America at 24 Ma is from Atwater and 
Stock (1998). Magdalena and Guadalupe microplate confi guration and location of Magdalena Fan (MF) at 12 Ma are from Fletcher et al. 
(2007). Geology is modifi ed from Ferrari et al. (2007, 2013). Baja California position is as in Ferrari et al. (2013).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/127/5-6/702/3408726/702.pdf
by Universidad Eafit user
on 23 September 2022



Duque-Trujillo et al.

732 Geological Society of America Bulletin, v. 127; no. 5/6

and variable cooling time spans to the 40Ar-39Ar 
biotite age of between 4 and 10 m.y. (Fig. 8).

The time span between U/Pb zircon ages 
and the 40Ar-39Ar ages indicates cooling rates 
of 52–130 °C/m.y. for the Late Cretaceous–
Paleocene rocks, ~210 °C/m.y. for the early 
Miocene plutons, and ~350 °C/m.y. or more for 
the middle Miocene rocks. Such a rapid cooling 
can be explained by a shallow level of intrusion 
(comparable to those observed in porphyry cop-
per intrusions; Ballard et al., 2001), by ongoing 
extensional tectonics at the time of emplace-
ment (as observed in synextensional granitoids 
in core complexes; Ring and Collins, 2005), or 
both. Geobarometric data from the four Miocene 
samples that we analyzed are not conclusive in 
this respect. The Al-in-hornblende barometer 
of Anderson and Smith (1995) yielded pres-
sure estimates corresponding to a 6.3–11.8 km 
depth range, but this barometer was calibrated 
for a range of pressures corresponding to greater 
depths (>9.5 km). With the empirical thermo-
barometer of Ridolfi  and Renzulli (2012), we 
obtained pressure estimates corresponding to a 
2.5–5.7 km depth range for a subset of data that 
plot close to the granite subsolidus. If the depth 
range obtained using the Anderson and Smith 
(1995) geobarometer is used, then rapid unroof-
ing by extension is required to explain the fast 
cooling of the plutonic rocks. However, a shal-
low level of emplacement is suggested by the 
textural characteristics of most Miocene samples 
and is confi rmed by fi eld evidence both in Baja 
California (Bahia Concepción) and in Nayarit, 
where fi ne-grained granitoids are found intrud-
ing <2.5-km-thick volcanic successions only 
2–8 m.y. older. Ferrari et al. (2013) estimated 
signifi cant crustal thinning (up to ~100%) along 
the southeastern margin of the gulf between ca. 
18 and 11 Ma, which importantly corresponds to 
the period of intrusion and rapid cooling of our 
studied plutonic samples. A critical factor here 
is that the remarkably uniform ca. 19–18 Ma 
40Ar-39Ar biotite ages obtained for early Mio-
cene granitoids point to regional extension 
across the southern gulf region to explain widely 
spaced plutonic samples simultaneously cross-
ing the 375 °C isotherm. Although more data are 
required, we consider that extension in the south-
ern gulf was ongoing in the middle Miocene, 
even though thermochronological data from the 
now subaerial part of the Baja California margin 
indicated that cooling through the apatite anneal-
ing zone (<110 °C) occurred principally in the 
late Miocene (e.g., Fletcher et al., 2000; Seiler 
et al., 2011).

Some early Miocene plutons (sites ROCA 
24J, 4J, and DANA 71B) show a wider time 
span between U-Pb zircon crystallization and 
40Ar-39Ar cooling ages (7–13 m.y.; Fig. 8). 

These samples are all located in the central part 
of the Gulf of California along the scarps of the 
Pescadero Basin. At these sites, the 40Ar-39Ar 
cooling ages are interpreted as being thermally 
perturbed by the younger magmatism and high 
heat fl ow that were focused along the pull-apart 
basins of the central part of the Gulf of Califor-
nia rift since the late Miocene (e.g., Wang et al., 
2009). Thermal perturbation of some 40Ar-39Ar 
age spectra is also observed for some Creta-
ceous plutons located near the axis of the gulf. 
In other samples away from the rift axis (Sayu 
01 and Sayu 02), we only observed an incom-
plete resetting, possibly due to the distance from 
local heat sources (plutons). A similar resetting 
of the 40Ar-39Ar system is reported for Paleozoic 
and Jurassic basement gneisses and granites 
found near the northern Sinaloa coast (El Fuerte 
area), for which Keppie et al. (2006) reported 
muscovite and biotite ages of 16.5 ± 1 Ma and 
13 ± 1 Ma, respectively.

Evolution of Miocene Magmatism: 
A Drying Mantle?

On the basis of limited whole-rock chemical 
and isotope signatures, early to middle Miocene 
volcanism in the southern Gulf of California 
area has traditionally been related to supra sub-
duction arc volcanism during the fi nal stages 
of subduction beneath this part of the North 
America plate (e.g., Hausback, 1984; Sawlan 
and Smith, 1984; Wark et al., 1990; Umhoefer 
et al., 2001). Recent studies have shown that the 
silicic rocks of the Sierra Madre Occidental are 
largely the product of crustal melting (Bryan 
et al., 2008, and reference therein; see also Ruiz 
et al., 1988, 1990). Bryan et al. (2014) further 
showed that the intermediate-composition 
Comondú-age igneous rocks can be explained 
by mixing and hybridization of crustal silicic 
melts and mantle magmas. The geochemical 
signature of the early and middle Miocene rocks 
may have been inherited from the crust or by 
the past ~100 m.y. of subduction and provide 
no unambiguous constraint on early and middle 
Miocene tectonic setting and mantle source.

The onset of extensional faulting in the west-
ern part of the Sierra Madre Occidental (south-
western Chihuahua, Sinaloa, and Nayarit States) 
has been recently documented to have initi-
ated at the end of the Oligocene (Ferrari et al., 
2013; Bryan et al., 2014), concurrent with the 
well-documented extension that took place in 
central and western Sonora (McDowell et al., 
1997; Gans, 1997; González-Leó n et al., 2000; 
Vega-Granillo and Calmus, 2003; Wong et al., 
2010; Bryan et al., 2014). In this study, we have 
further shown evidence for an important exten-
sional event also taking place in the gulf area 

in the early to middle Miocene. In this context, 
the Sierra Madre Occidental and Comondú 
magmatic episodes can be seen as the mani-
festation of the initial and continuing stages, 
respectively, of lithosphere stretching that led to 
the formation of the Gulf of California. We pro-
pose that during this long period of rifting (>25 
m.y.), extension-induced decompression melt-
ing prevailed, overwhelming any partial melt-
ing of the mantle in response to the fl uxing of 
fl uids derived from the subducting plates (Fig. 
10E). Since the late Oligocene, the age of the 
subducting plate at the trench off Baja Califor-
nia was less than 15 m.y. old, and progressively 
decreased to 1–5 m.y. old at ca. 12.5 Ma. This is 
because the age of the oceanic lithosphere enter-
ing the subduction zone was extremely young 
as the East Pacifi c Rise approached the trench, 
being only 4.5–1 m.y. old for the Magdalena 
microplate and 5–4 m.y. old for the Guadalupe 
microplate at 12.5 Ma (Lonsdale, 1991; Stock 
and Lee, 1994). It has been long recognized 
that when a young plate is thin and warm, slab 
dehydration reactions occur at shallow depth 
(Stern, 2002). Numerical modeling and experi-
mental petrology show that for a plate younger 
than ca. 15 Ma entering the subduction zone, 
dehydration will occur mostly before the slab 
reaches 100 km depth, strongly limiting the 
volatile fl ux to the mantle wedge (e.g., Peacock 
and Wang, 1999; Green and Harry, 1999). Con-
sequently, fl uid fl uxing of the mantle beneath 
western Mexico due to slab dehydration became 
increasingly limited, and instead, decompres-
sion of previously hydrated mantle, induced by 
lithosphere thinning, was the dominant melting 
mechanism. At the same time, infi ltration of 
dry and hot asthenosphere from the slab win-
dow that was forming to the north (Atwater and 
Stock, 1998) and the widespread melting associ-
ated with the Sierra Madre Occidental may have 
resulted in a dry and hotter mantle.

CONCLUDING REMARKS

The results of our study are consistent with an 
early Miocene broad extensional region devel-
oping across the area of the future Gulf of Cali-
fornia between the relatively undeformed belt 
of the Peninsular Range Batholith of Baja Cali-
fornia and the Sierra Madre Occidental core. 
The widespread occurrence of middle Miocene 
(ca. 19–13 Ma) 40Ar-39Ar cooling ages for both 
early and middle Miocene intrusions across the 
southern gulf region is incompatible with all 
gulf extension and thus with crustal cooling and 
exhumation only occurring after ca. 12.3 Ma 
(e.g., Stock and Hodges, 1989; Fletcher et al., 
2007; Lizarralde et al., 2007; Umhoefer, 2011). 
Rather, our study indicates that early and middle 
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Miocene plutons intruded into a belt of extend-
ing crust, thinning up to ~100% at ca. 18–12 Ma 
(Ferrari et al., 2013; Bryan et al., 2014), which 
was subsequently exploited by transtensional 
deformation in the central part of the gulf since 
the late Miocene.

A signifi cant volume of intermediate-compo-
sition and high-silica granitic plutons intruded 
this area in the early Miocene, forming plu-
tonic equivalents to the ignimbrite fl are-up 
recorded in the southern Sierra Madre Occiden-
tal. Volumetrically subordinate intrusions were 
emplaced during the middle Miocene, and these 
temporally correlate with the onshore middle 
and upper member of the Comondú Group.

The rifting process envisaged here for the 
pre–late Miocene deformation in the southern 
gulf agrees with models and observations in 
other rifts that pass from a wide to a narrow rift 
and where extension controls the locus of vol-
canism (e.g., Parsons et al., 1998; Corti et al., 
2003). A rapid opening of the gulf had been 
inferred by considering that extension in the 
Gulf Extensional Province only began at the 
end of the middle Miocene and was guided by 
the presence of an active Comondú “arc.” Our 
results suggest not only that rifting began much 
earlier, but also that crustal extension guided 
the location of volcanism and not the other 
way round.
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