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ABSTRACT

Accurate information on the timing of earliest marine incursion into the 
Gulf of California (northwestern México) is critical for paleogeographic models 
and for understanding the spatial and temporal evolution of strain accommo
dation across the obliquely divergent Pacific–North America plate boundary. 
Marine strata exposed on southwest Isla Tiburón (SWIT) have been cited as 
evidence for a middle Miocene marine incursion into the Gulf of California 
at least 7 m.y. prior to plate boundary localization ca. 6 Ma. A middle Mio
cene interpretation for SWIT marine deposits has played a large role in subse
quent interpretations of regional tectonics and rift evolution, the ages of 
marine basins containing similar fossil assemblages along ~1300 km of the 
plate boundary, and the timing of marine incursion into the Gulf of Califor
nia. We report new detailed geologic mapping and geochronologic data from 
the SWIT basin, an elongate sedimentary basin associated with deformation 
along the dextraloblique La Cruz fault. We integrate these results with previ
ously published biostratigraphic and geochronologic data to bracket the age 
of marine deposits in the SWIT basin and show that they have a total maxi
mum thickness of ~300 m. The 6.44 ± 0.05 Ma (Ar/Ar) tuff of Hast Pitzcal is an 
ashflow tuff stratigraphically below the oldest marine strata, and the 6.01 ± 
0.20 Ma (U/Pb) tuff of Oyster Amphitheater, also an ashflow tuff, is interbed
ded with marine conglomerate near the base of the marine section. A dikefed 
rhyodacite lava flow that caps all marine strata yields ages of 3.51 ± 0.05 Ma 
(Ar/Ar) and 4.13 ± 0.09 Ma (U/Pb) from the base of the flow, consistent with 
previously reported ages of 4.16 ± 1.81 Ma (KAr) from the flow top and (KAr) 
3.7 ± 0.9 Ma from the feeder dike. Our new results confirm a latest Miocene 
to early Pliocene age for the SWIT marine basin, consistent with previously 
documented latest Miocene to early Pliocene (ca. 6.2–4.3 Ma) planktonic and 

benthic foraminifera from this section. Results from biostratigraphy and geo
chronology thus constrain earliest marine deposition on SWIT to ca. 6.2 ± 
0.2 Ma, coincident with a regionalscale latest Miocene marine incursion into 
the northern proto–Gulf of California. This regional marine incursion flooded 
the northernmost, >500kmlong portion of the Gulf of California shear zone, 
a narrow belt of localized strikeslip faulting, clockwise block rotation, and 
subsiding pullapart basins. Oblique Pacific–North America relative plate mo
tion gradually localized in the >1000kmlong Gulf of California shear zone ca. 
9–6 Ma, subsequently permitting the punctuated south to north flooding of 
the incipient Gulf of California seaway.

INTRODUCTION

Oblique rifting of the Baja California microplate away from mainland Mex-
ico (North America plate) has created a system of ancient marine pull-apart 
basins, forming the early Gulf of California–Salton Trough topographic de-
pression (Fig. 1A; Lonsdale, 1989). Fragments of the earliest marine basins, 
now exposed along the margins of the modern Gulf of California, beneath 
Colorado River sediments in the Salton Trough, and along the southern Colo-
rado River corridor preserve an important record of the earliest marine condi-
tions during localization of the plate boundary (Carreño, 1992; Martín-Barajas 
et al., 1997; McDougall et al., 1999; Holt et al., 2000; Oskin and Stock, 2003a; 
 Miranda-Avilés et al., 2005; Dorsey et al., 2007, 2011; Miller and Lizarralde, 2013; 
McDougall and Miranda Martínez, 2014). Marine seismic reflection data have 
shown that marine basin formation and subsidence migrated westward as the 
northern Gulf of California opened (Aragón-Arreola and Martín-Barajas, 2007). 
Therefore, the earliest evidence of marine conditions may be preferentially 
preserved along the eastern (North America) rifted margin. Marine sedimen-
tary and volcanic rocks on the southwestern corner of Isla Tiburón (Fig. 1B; 
Gastil and Krummenacher, 1977a, 1977b), in the southwest Isla Tiburón basin 
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(Oskin and Stock, 2003a), represent the only exposed Miocene marine record 
along the eastern margin of the northern Gulf of California. This southwest Isla 
Tiburón (SWIT) marine basin is located on North American continental crust 
and is a small subaerial exposure of the larger offshore upper Tiburón marine 
basin (Fig. 1). Examining the SWIT marine basin is critical for understanding 
the timing and tectonic controls of earliest marine conditions in the Gulf of 
California and for documenting rift architecture and oblique rifting processes 
that lead to recent rift localization. Globally, such subaerially exposed records 
of continental breakup are rare, commonly concealed by kilometers of water 
and sediment at mature rifted (passive) margins.

The role of the SWIT marine basin in understanding the evolution of the 
Gulf of California has been the subject of decades of study (Gastil and Krum-
menacher, 1977a, 1977b; Gastil et al., 1999; Oskin and Stock, 2003a), but the 
timing of initial marine conditions on SWIT remains controversial. A group 
of studies concluded that SWIT marine deposits are middle Miocene in age, 
bracketed between ca. 15 and 11 Ma volcanic units (Gastil and Krummenacher, 
1977a, 1977b; Gastil et al., 1979, 1999; Smith et al., 1985; Smith, 1991). Gastil 
et al. (1999) documented an assemblage of marine microfossils from the SWIT 

marine deposits that are latest Miocene to Pliocene age (6.2–4.3 Ma), but did 
not integrate their biostratigraphic data into their middle Miocene interpre-
tation for the SWIT marine basin. Oskin and Stock (2003a) suggested that a 
middle Miocene interpretation for SWIT marine deposits results from errone-
ous geochronologic (K-Ar) results and misinterpretation of crosscutting field 
relationships due to incomplete documentation of complex structural and 
stratigraphic relationships. Oskin and Stock (2003a) reinterpreted the timing of 
the SWIT marine basin to be late Miocene to Pliocene (6–4 Ma), consistent with 
the microfossil assemblage of Gastil et al. (1999). These conflicting interpreta-
tions for the age of the SWIT marine basin prevent a complete understanding 
of the geodynamic conditions of oblique rifting that led to marine incursion in 
the Gulf of California.

In this study we report the results of a multidisciplinary stratigraphic, struc-
tural, and geochronologic study of the SWIT marine basin. New constraints on 
timing and structural controls of basin formation, integrated with previously 
published results, yield a conclusive latest Miocene age (6.2 ± 0.2 Ma) for the 
earliest marine deposits on SWIT. This result is locally consistent with micro-
fossil assemblages reported from the basin (Gastil et al., 1999) and  regionally 
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Figure 1. (A) Regional tectonic map of 
western North America showing the dif
fuse boundary between the Pacific–North 
American lithospheric plates (after Oskin 
and Stock, 2003b; AragónArreola and 
MartínBarajas, 2007; Fletcher et al., 2007). 
Active faults and spreading centers are 
red; inactive are green. Active pullapart 
basins are dark gray; inactive are light 
gray. Pliocene–Quaternary hybrid  oceanic 
crust and sediments are solid purple. Ba
saltic ocean crust is purple with gray nor
mal polarity magnetic seafloor anomalies. 
SAF—San Andreas fault. Southern Gulf of 
California late Miocene marine rock local
ities: SR—Santa Rosalia; EG—East Guay
mas Basin; ET—El Torote Ranch; TM—Tres 
Marías Islands; PM—Punta Mita. Cross
gulf tie points: P—Poway conglomerate 
(Abbott and Smith, 1989); F— fusulinid
rich clast conglomerate (Gastil et al., 
1973); T—tuff sequence (Oskin et al., 2001; 
Oskin and Stock, 2003a). (B) Geologic map 
of Isla Tiburón; rx—rocks. (Geology was 
compiled from Gastil and Krummenacher, 
1977a; Oskin, 2002; this study.)
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consistent with the well-documented record of a latest Miocene (ca. 6.3 Ma) 
marine incursion into the northern Gulf of California and Salton Trough (Mc-
Dougall et al., 1999; Oskin and Stock, 2003a; Pacheco et al., 2006; Dorsey et al., 
2007, 2011). Importantly, our results contradict previous interpretations for 
an older (pre–11 Ma), middle Miocene marine history in the northern Gulf of 
California. Instead, the data presented here support a latest Miocene age for 
marine incursion into the Gulf of California that was coincident in both time 
and space with strike-slip faulting and basin development along the Gulf of 
California shear zone in response to localization of transtensional strain across 
the Pacific–North America plate boundary.

PREVIOUS WORK AND CONTRADICTORY RESULTS

Well-documented exposures of marine strata record late Miocene south to 
north invasion of marine waters into the Gulf of California rift basin. At Punta 
Mita, Nayarit, along the southeastern margin of the Gulf of California (Fig. 1A), 
marine sedimentary rocks are interbedded with ca. 10 Ma basalt flows (Jensky, 
1975; Gastil and Krummenacher, 1978). On the Tres Marías Islands (Carreño, 
1985; McCloy et al., 1988) and at El Torote Ranch near the tip of Baja Califor-
nia (Molina-Cruz, 1994), marine conditions existed shortly prior to ca. 8–7 Ma, 
based on biostratigraphic age constraints. Farther north, ca. 7 Ma marine strata 
exposed near Santa Rosalia, Baja California Sur (Holt et al., 2000; Conly et al., 
2005) are thought to be correlative to marine strata observed in geophysical 
lines in the eastern Guaymas Basin (Miller and Lizarralde, 2013). Earliest ma-
rine deposits exposed in Baja California Norte and southern California are 
distinctly younger than the central and southern Gulf of California, with bio-
strati graphic, isotopic, and paleomagnetic ages between 6.5 and 6 Ma (Boehm, 
1984; Dean, 1996; McDougall et al., 1999; Escalona-Alcázar et al., 2001; Pacheco 
et al., 2006; Dorsey et al., 2007, 2011). In some localities, marine strata overlie 
middle Miocene volcanic rocks (e.g., Eberly and Stanley, 1978, as cited in Mc-
Dougall, 2008; Delgado-Argote et al., 2000), providing only a maximum age 
for marine incursion. Elsewhere, broader timing constraints from microfossil 
assemblages are compatible with a latest Miocene marine incursion into the 
northern Gulf of California, Salton Trough, and lower Colorado River corridor 
region (e.g., McDougall and Miranda Martínez, 2014).

Evidence for earlier, middle Miocene (ca. 13–11 Ma) marine conditions in 
the central and northern Gulf of California also exists (e.g., Helenes and Car-
reño, 1999). Reworked microfossils reported from outcrop samples (McDou-
gall et al., 1999; McDougall, 2008) and borehole cuttings (Helenes and Carreño, 
1999; Helenes et al., 2009) provide indirect biostratigraphic evidence for middle 
Miocene marine deposits, presumably eroded from elsewhere in the Gulf of 
California or southern California region. Helenes et al. (2009) also reported in 
situ microfossils from borehole cuttings from the northern Gulf of California. 
Erosion of these strata could be the source of reworked fossils elsewhere.

Another unresolved issue is where to connect a middle Miocene seaway to 
the Pacific Ocean. Basal marine strata near the mouth of the Gulf of California 

are demonstrably younger, contradicting a southern seaway connection. This 
has led to the hypothesis of transpeninsular marine seaways across the central 
Baja California peninsula (e.g., Helenes and Carreño, 1999). Two such middle 
Miocene transpeninsular seaways are topographically plausible, assuming 
certain subsequent rift-flank uplift rates (Dolby et al., 2015). However, these 
proposed seaways lack confirmation from geologic evidence, such as marine 
deposits preserved in candidate topographic passes.

The only isotopic age constraints for proposed middle Miocene marine 
deposits in the Gulf of California come from volcanic rocks that are interbed-
ded with and overlie marine strata on SWIT. Gastil and Krummenacher (1977b) 
reported an 11.2 ± 1.3 Ma (K-Ar) age for a subhorizontal rhyodacite lava flow 
that caps all marine deposits, interpreted as a minimum age constraint for the 
SWIT marine basin. Smith et al. (1985) later visited the island, and reported 
a 12.9 ± 0.4 Ma (K-Ar) age for a clast from a monolithologic andesitic breccia 
deposit interpreted to be interbedded with nearby exposures of marine con-
glomerate. This age corroborated Gastil and Krummenacher’s (1977b) inter-
pretation of a middle Miocene age for SWIT marine deposits. Neuhaus (1989) 
reported numerous K-Ar ages of ca. 21–15 Ma on arc-related volcanic rocks 
that under lie the SWIT marine deposits, and ages of ca. 6–4 Ma for tuffs and 
dikes interpreted to intrude and/or overlie the marine deposits. Gastil et al. 
(1999) summarized this earlier work and reported additional geochronologic 
and paleontological data for SWIT, including a late Miocene to Pliocene (6.2–
4.3 Ma) assemblage of marine microfossils. Gastil et al. (1999) concluded that 
marine conditions were present in the SWIT basin as early as 13–12 Ma. The 
middle Miocene interpretation for SWIT marine deposits has played a promi-
nent role in age interpretations of other basins throughout the Gulf of Califor-
nia region (e.g., Smith, 1991).

A middle Miocene interpretation for the SWIT basin and the concept of a 
middle Miocene Gulf seaway were challenged by Oskin and Stock (2003a), who 
suggested that this interpretation was based on incorrect dates and field inter-
pretations. Neuhaus (1989) reported a 5.67 ± 0.17 Ma (K-Ar) age for a volcanic 
unit from SWIT and interpreted it to be a dike-fed rhyolite flow that postdates 
all marine strata. Geologic mapping (Oskin and Stock, 2003a) demonstrated 
that this volcanic unit is instead a pyroclastic flow deposit (tuff) interbedded 
at the base of the marine section. Oskin and Stock (2003a) suggested that the 
11.2 ± 1.3 Ma age for the capping rhyolite lava flow was erroneous and that 
a 4.16 ± 1.81 Ma age (K-Ar) (Neuhaus, 1989) and a 3.7 ± 0.9 Ma age (K-Ar) 
(Gastil and Krummenacher, 1977b), both originally interpreted to have been 
collected from a set of younger, crosscutting dikes, are more likely represen-
tative ages for the capping rhyodacite lava flow and its feeder dike. Oskin and 
Stock (2003a) also proposed that the 12.9 ± 0.4 Ma andesitic breccia of Smith 
et al. (1985) is not interbedded with marine strata, and was unknowingly col-
lected from underlying volcanic units exposed in an erosional window through 
the younger marine deposits, and concluded that the SWIT marine basin is late 
Miocene to Pliocene in age. However, in Oskin and Stock (2003a) no new age 
constraints were reported, and structural and stratigraphic relationships were 
not documented in sufficient detail to fully resolve the controversy over the 

 as doi:10.1130/GES01153.1Geosphere, published online on 1 July 2015

http://geosphere.gsapubs.org


Research Paper

4Bennett et al. | Southwest Isla Tiburón marine basin, Gulf of CaliforniaGEOSPHERE | Volume 11 | Number 4

age of the marine deposits in this area. Here we address these unresolved and 
controversial relationships from new structural, stratigraphic, and geochrono-
logic results from the SWIT marine basin.

METHODS

Geologic, Structural, and Stratigraphic Mapping

We conducted 27 days of detailed geologic, structural, and stratigraphic 
mapping on SWIT during March 2009 and March–April 2011 (Figs. 2 and 3). 
Structural measurements include documentation of brittle fault orientations 
and kinematic indicators such as fault striae preserved on polished fault planes 
(Fig. 2). Mapping was conducted at a scale of 1:10,000 on QuickBird satellite 
imagery with topographic contours derived from the 90 m Shuttle Radar 
Topography Mission digital elevation model (Farr et al., 2007). Three visible 
bands and one near-infrared band of QuickBird imagery were pan-sharpened 
to generate a 0.6-m-resolution false-color base map composed of near-infra-
red (760–900 nm), green (520–600 nm), and red (450–520 nm) spectral bands. 
Mapping at 1:5000 and 1:1000 scales was conducted in several portions of 
the study area that contain complex structural and stratigraphic relationships. 
Such high-reso lution topography and satellite imagery were not available 
during all previous mapping efforts on SWIT. To assist with location descrip-
tions, we refer to and number the seven modern-day streams (arroyos 0–6) 
that flow northwest through the study area into the Gulf of California, expand-
ing upon the arroyo naming system of Gastil et al. (1999). Arroyo 0 is west of a 
prominent peak, Hast Pitzcal (Fig. 2), held up by the rhyodacite flow that caps 
the marine strata (a peak referred to as Cerro Starship in previous publica-
tions). Arroyos 1–6 are sequentially found east of Hast Pitzcal from southwest 
to northeast across the study area (Fig. 2).

Geochronology

To provide age constraints for marine deposits of the SWIT basin, we 
analyzed samples of volcanic units that underlie, are interbedded with, and 
overlie basin deposits. Samples typically consisted of 2–5 kg of fresh rock col-
lected from representative, in-place outcrops. In the laboratory, samples were 
separated into their mineral constituents. Desired mineral phases for isoto-
pic analysis were isolated via standard magnetic, density, and hand-picking 
mineral separation techniques. The U/Pb analysis of zircon crystals was con-
ducted in the Laboratorio de Estudios Isotopicos, Centro de Geociencias, Uni-
versidad Nacional Autónoma de México (Querétaro), using an excimer  laser 
coupled with a Thermo X-ii quadrupole inductively coupled plasma–mass 
spectrometer and following the analytical techniques reported by Solari et al. 
(2010). Zircon zoning was observed using cathodoluminescence imagery and 
crystal rims were targeted during multiple single-crystal analyses to avoid 

older inherited crystal cores. Typical sample spot beam locations varied be-
tween 23 and 32 µm in diameter. The Ar/Ar analysis of K-feldspar crystals and 
volcanic matrix was conducted in the U.S. Geological Survey Thermochro-
nology Laboratory facility (Reston, Virginia). Multiple single-crystal analyses 
were conducted to allow detection of older inherited sanidine crystal popula-
tions. For all geochronologic results, we report ages with high precision (e.g., 
uncertainties of ≤3%).

GEOLOGY OF SWIT

The first geologic map and report of Isla Tiburón (Gastil and Krummen-
acher, 1977a, 1977b) documented the fundamental geologic relationships of 
the SWIT basin (Fig. 1), including Cretaceous crystalline basement noncon-
formably overlain by early to middle Miocene volcanic rocks, and the presence 
of dipping fossiliferous marine strata. Here we summarize the stratigraphy and 
geochronology of SWIT map units (Supplemental Table 11) and the structures 
that deform these units.

Basement Rocks and Prerift Arc-Related Volcanic Rocks

Exposed basement rocks on SWIT consist entirely of Late Cretaceous (ca. 
90–80 Ma) tonalite similar to outcrops on northeast Isla Tiburón (Gastil and 
Krummenacher, 1977a, 1977b; Schaaf et al., 1999; Niño-Estrada et al., 2014), 
southeast Isla Tiburón (Niño-Estrada et al., 2014), and along the adjacent 
 Sonora coastline near Bahía de Kino (Gastil and Krummenacher, 1977a, 1977b; 
Ramos-Velázquez et al., 2008). In the SWIT study area, tonalite outcrops are 
observed only southwest of the La Cruz fault and are not exposed northeast of 
the fault (Figs. 2 and 3).

Thick deposits of prerift, early to middle Miocene arc-related volcanic rocks 
nonconformably overlie crystalline basement rocks on Isla Tiburón. Southwest 
of the La Cruz fault, the succession consists of red volcaniclastic sandstone, ba-
salt flows and breccias, and lacustrine limestone. These are conformably over-
lain by additional basalt lava flows and breccias and volcaniclastic conglom-
erate. Previously reported ages range from ca. 23–15 Ma for these volcanic 
units (Fig. 2; Supplemental Table 1 [see footnote 1]; Gastil and Krummenacher, 
1977b; Neuhaus, 1989; Gastil et al., 1999). Northeast of the La Cruz fault, the 
volcanic succession consists of interbedded dacite flows, dacite and andesite 
monolithologic breccias (Fig. 4A), and polylithologic andesitic breccias. Pre-
viously reported ages range from ca. 19–11 Ma for these volcanic units (Fig 2; 
Supplemental Table 1 [see footnote 1]; Gastil and Krummenacher, 1977b; 
Smith et al., 1985; Gastil et al., 1999).

An unconformity separates arc-related volcanic rocks from overlying syn-
rift volcanic and sedimentary rocks (Fig. 3). The surface trace of this uncon-
formity trends west-northwest–east-southeast across the study area (Fig. 2) 
and varies, as either a disconformity or angular unconformity. Given the 

Lithologic Group Map Unit Unit Name Dominant lithologies Rock Description Unit Thickness     
(meters)

Age               
(Ma)

Dating Technique          
and Material

Published 
Sample 
Number

Reference for Age Previous Published Map Unit Names

Basement and Pre-Rift Arc-
Related Volcanic Rocks Kt Undifferentiated Crystalline      

Basement tonalite tonalite with plagioclase, hornblende,quartz, biotite - ~80-90 - -

correlated to dated outcrops on 
northern Isla Tiburón by Gastil and 
Krummenacher (1977a,b); Schaaf 
et al. (1999) and in coastal Sonora 

by Gastil and Krummenacher 
(1977a,b) and Ramos-Velázquez et 

al. (2008) 

'gd' by Gastil and Krummenacher (1977a,b); 'kgd' 
by Neuhaus (1989)

Ts Non-marine sandstone sandstone red volcaniclastic sandstone - - - - - -

Tba Basaltic andesite flows basaltic andesite basaltic andesite flows -

20.5 ± 0.5       
19.1 ± 0.6      
17.8 ± 0.6      
17.7 ± 0.5     

15.24 ± 0.54

K-Ar hornblende                
K-Ar whole rock                
K-Ar whole rock                  

K-Ar feldspar                      
K-Ar whole rock

JNA-1                           
JN150                          
JN145                         
JN252                          
JN272

Neuhaus (1989)                         
Neuhaus (1989)                      
Neuhaus (1989)                          
Neuhaus (1989)                       
Neuhaus (1989) 

'Ma-Unit 2' by Neuhaus (1989)                             
'Ma-Unit 2' by Neuhaus (1989)                             
'Mb-Unit 4' by Neuhaus (1989)                            
'Mb-Unit 4' by Neuhaus (1989)                          

'Mba-Unit 6' by Neuhaus (1989)

Tsl Lacustrine limestone limestone grayish white limestone - - - - - -

Tb Basalt flows basalt basalt flows - 14.96 ± 2.17 K-Ar whole rock JN219 Neuhaus (1989) 'MadUnit 5' by Neuhaus (1989)

Tvc Volcaniclastic conglomerate volcaniclastic 
conglomerate volcaniclastic conglomerate -

14.92 ± 0.8         
18.8 ± 2.4            
22.7 ± 1.1

K-Ar whole rock                
K-Ar hornblende                  
K-Ar plagioclase

JN216B                            
S2G-12                           
S2G-12

Neuhaus (1989)                         
Gastil & Krummenacher (1977a,b)           
Gastil & Krummenacher (1977a,b)

'Mry-Unit 7a' by Neuhaus (1989)                         
'T1/T2' by Gastil & Krummenacher (1977a,b)          
'T1/T2' by Gastil & Krummenacher (1977a,b)

Td Dacite flows and breccias dacite dacite flows; poorly stratified, clast-supported, dacite breccia - - - - - -

Tbxd Dacite breccia dacite breccia poorly stratified, clast-supported, dacite breccia - - - - - -

Tbxv Andesitic breccia andesitic breccia monolithologic, poorly-stratified, andesite clast-supported breccias; polylithologic, 
poorly stratified, andesite ash-matrix-supported breccias -

18.70 ± 0.19   
12.9 ± 0.4       

17.91 ± 0.36      
17.68 ± 0.15     
11.44 ± 2.61

U/Pb zircon                    
K/Ar plagioclase            

Ar/Ar hornblende plateau    
Ar/Ar hornblende plateau  

Ar/Ar feldspar plateau

TIB-09-17             
83BSJ260                       

284                                
284                                   
276

This Study                                    
Smith et al. (1985)                        
Gastil et al. (1999)                        
Gastil et al. (1999)                        
Gastil et al. (1999)

'M5' and 'M7' by Gastil et al. (1999)

Pre-Marine, Early Rift Volcanic 
Rocks Tthp Tuff of Hast Pitzcal ash-flow tuff

white, crystal-rich, rhyolitic, non-welded to slightly welded ash-flow tuff; 5 - 10% 
phenocrysts of alkali feldspar > quartz; 2% white and orange pumice up to 2 cm 
long; 2% angular andesite and dacite lithic fragments up to 2 cm long

up to 15
6.44 ± 0.05        
6.67 ± 0.83        
5.67 ± 0.17

Ar/Ar sanidine                
Ar/Ar anorthoclase             

K-Ar feldspar

TIB-09-15                    
SWT-99-28                 

JN51a

This Study                                      
Oskin (2002)                            

Neuhaus (1989)

incorrectly correlated to the Tuff of Arroyo Sauzal 
(Tmprsz1) by Oskin (2002) and Oskin and Stock 
(2003a); Mr-Unit9 by Neuhaus (1989); M10 by 

Gastil et al. (1999)

Tteb Tuff of Ensenada Blanca ash-flow tuff

densely-welded ash-flow; commonly burgundy-colored, but locally may be purple- 
or orange-colored, depending on the degree of welding and vapor-phase alteration; 
brown to black flattened pumice fiamme are oriented sub-parallel to basal contact 
and increase in concentration above the vitrophyre, weathering out as elongate 
voids; crystal-poor, with <1% phenocrysts of feldspar (plagioclase?) > pyroxene > 
quartz

15 - 20 6.11 ± 0.20 K-Ar whole rock MC275 Neuhaus (1989)

incorrectly correlated to the Tuffs of Arroyo El 
Canelo (Tmrec) by Oskin (2002) and Oskin and 
Stock (2003a); Mry-Unit 9 by Neuhaus (1989); 

M11 by Gastil et al. (1999)

Ttec Tuffs of Arroyo El Canelo package of four distinctive cooling units                                                                 
(see Table 1 of Oskin and Stock, 2003b for detailed descriptions) - 6.1 ± 0.5 Ar/Ar oligoclase LCR-94-110 Nagy et al. (1999)

age is from correlative outcrops in Baja CA (Nagy 
et al., 1999), correlation made by Oskin (2002) 

and Oskin and Stock (2003a)

Syn-Rift Marine and Non-
marine Deposits of the 
Southwest Isla Tiburón (SWIT)  
Basin

Ttua Unnamed Air-Fall Tuffs air-fall tuff

tan, crystal-poor, ash and pumice lapilli air-fall tuff beds;West of Arroyo 1, some of 
the thickest observed deposits of Ttua contain thin interbeds of angular welded tuff 
clast breccia, similar to an overlying, thicker landslide breccia deposit mapped as 
unit Tbx

1 - 5 - - - - -

Tsm Marine Sandstone sandstone fossiliferous ash-rich sandstone beds; moderately stratified; light gray; coarse-
grained; ash-rich matrix; rare fragments of marine macrofossils (e.g. bivalves) <5 - - - - -

Tbx Landslide Breccia breccia

distinctive, burgundy-colored, clast-supported, monolithologic breccia with angular 
clasts of densely-welded rhyolite tuff; boundaries of breccia clasts truncate volcanic 
textures such as eutaxitic foliation of flattened pumice fiamme; breccia clasts are 
identical to primary tuff outcrops of Tteb

2 - 15 <9.02 ± 1.18  
(clast in breccia) Ar/Ar plagioclase plateau 5 Gastil et al. (1999)

'Tmbr' by Oskin (2002); 'Mr-Unit 9' by Neuhaus 
(1989); 'dike cutting Unit M8a' by Gastil et al. 

(1999); 'Mr-Unit 4c' by Cassidy (1990)

Tbxs Sedimentary Breccia sedimentary breccia
clast-supported breccia; very poorly sorted; massive to poorly-stratified; angular to 
sub-angular pebble-cobble-boulder clasts of andesite, dacite, and rhyolite up to 1 m 
in length; lacks macrofossils

up to 5 - - - - -

Tcml Lower Marine Conglomerate 
and Sandstone

conglomerate, 
sandstone

poorly-sorted, conglomerate with sub-angular to sub-rounded clasts up to boulder 
size; matrix-supported conglomerate; sandy conglomerate; medium- to coarse-
grained sandstone; clasts are arc-related volcanic rocks and welded tuff clasts 
derived from either Tteb, Tbx, or other units not present in the study area 

up to ~130   
(Keogh, 2010) - - - -

'Tmpm' by Oskin (2002); 'M8a' by Gastil et al. 
(1999); 'T3m' by Gastil & Krummenacher 

(1977a,b)

Tcsh Shelly Calcarenitic Sandstone pebbly calcarenitic 
sandstone

pebbly calcarenitic sandstone; massive; poorly-sorted; clasts of andesite, dacite, 
and rhyolite; abundant shell fragments; abundant burrows, which obscure most 
internal bedding structure

12            
(Keogh, 2010) - - - - -

Ttas Tuff of Arroyo Sauzal ash-flow tuff

non-welded ash-flow tuff; 0.5 - 1 m-thick irregular zone of non-welded yellow 
pumice surrounding a discontinuous core of pink tuff with 20% phenocrysts (alkali 
feldspar >> clinopyroxene  hornblende >> biotite  plagioclase  zircon) with <1% 
andesite and basement lithic fragments

up to ~1 6.40 ± 1.63 Ar/Ar anorthoclase TIB-98-11 Oskin (2002) 'Tmprsz1' by Oskin (2002); 'M10' by Gastil et al. 
(1999)

Ttoa Tuff of Oyster Amphitheater ash-flow tuff

tan to yellowish-orange tuff; commonly non-welded; thicker deposits display a 
central low-grade welded zone up to 5-10 m-thick with black fiamme; 2 - 5% lithic 
fragments of arc-related volcanic rocks and rare basement; ~5% phenocrysts of 
quartz and green, iridescent sanidine

up to ~30 6.01 ± 0.20 U/Pb zircon TIB-09-02 This Study

Tsmt Marine Tuffaceous Sandstone ash-rich sandstone
gray to tan; fossiliferous; ash-rich sandstone beds and occasional interbeds of 
stratified marine conglomerate; grains of green, iridescent sanidine are commonly 
observed in matrix, similar to phenocrysts observed in Ttoa

16.5 in Arroyo 
4, thicken to 

~90 in Arroyo 2    
(Keogh, 2010)

6.2 - 4.3 microfossil assemblage - Cassidy (1990) 'Tmpm' by Oskin (2002); 'M8c' by Gastil et al. 
(1999); 'Mss-Unit 4a' by Cassidy (1990)

TABLE 1.   PRE-�UATERNAR� MAP UNITS OF THE SOUTHWEST ISLA TIBURON STUD� AREA. GEOCHRONOLOGIC AND BIOSTRATIGRAPHIC AGES SHOWN FOR THIS AND PREVIOUS STUDIES

1Supplemental Table 1. Pre-Quaternary map units of 
the southwest Isla Tiburon study area. Geochrono-
logic and biostratigraphic ages shown for this and 
previous studies. Please visit http:// dx .doi .org /10 
.1130 /GES01153 .S1 or the full-text article on www 
.gsapubs .org to view Supplemental Table 1.

 as doi:10.1130/GES01153.1Geosphere, published online on 1 July 2015
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FIGURE 2
Geologic map of southwest Isla Tiburón (SWIT)

Mapping conducted March 2009 & March–April 2011
by Scott E.K. Bennett

Figure 2. Geologic map of 
southwest Isla Tiburón (SWIT; 
scale 1:5,000; UTM—Universal 
Transverse Mercator, WGS84—
World Geodetic System 1984). 
New and previously published 
geochronologic sample loca
tions and isotopic ages shown. 
SS—sandstone; congl.—con
glomerate; approx.—approx
imately; To download the 
largeformat map plate, please 
visit http:// dx .doi. org /10 .1130 
/GES01153 .S2 or the fulltext 
article on www .gsapubs .org. 
Printed map sheet is 36″ tall, 
48″ wide (~91 cm × 122 cm).
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poor  stratification within the arc-related volcanic rocks beneath this uncon-
formity (e.g., Tvc, Tbxv), the degree of angularity is difficult to assess. Little 
to no weathering is observed in the units beneath this unconformity. In upper 
 arroyo 3 we mapped an outcrop of andesitic breccia in an erosional window 
that exposes older, prerift volcanic rocks surrounded by unconformably over-
lying marine deposits (Fig. 2). Using a color copy of a field photo provided to 
us by J.T. Smith (2009, written commun.), and a field photo from Carreño and 
Smith (2007), we located the outcrop of andesitic breccia in this erosional win-
dow (Fig. 4B) and the very same breccia clast (Fig. 4C) for which Smith et al. 
(1985) reported a 12.9 ± 0.4 Ma (K-Ar) age. Zircons separated from our sample 
of this breccia clast yield a U/Pb age of 18.70 ± 0.19 Ma (Fig. 5A; Supplemental 
Table 22), consistent with our mapping, which shows that this deposit belongs 
to middle Miocene, prerift, arc-related volcanic rocks that unconformably un-
derlie the marine deposits.

Pre-Marine, Early Rift Volcanic Rocks

On SWIT, discontinuous outcrops of three distinct tuffs (Tthp, Tteb, Ttec) 
are mapped immediately above the unconformity that truncates middle Mio-
cene arc-related volcanic rocks (Fig. 3). These tuffs differ in color, phenocryst 
assemblage and abundance, degree of welding, and number of cooling units 
(Supplemental Table 1 [see footnote 1]). The contact relationships of these 
tuffs with other units are incompletely known. The tuffs are not observed in 
contact with one another, and their geochronologic ages all overlap within un-
certainty (Supplemental Table 1 [see footnote 1]). ). Additionally, these tuffs are 
not in contact with marine deposits, and each is observed on only one side or 
the other of the La Cruz fault.

The tuff of Hast Pitzcal (Tthp) is a nonwelded to slightly welded ash-flow 
tuff observed discontinuously only southwest of the La Cruz fault, where it 
unconformably overlies arc-related volcanic rocks (Fig. 2) on both sides of 
arroyo 1 (Fig. 6) and just east of arroyo 0, in a small cove along the shoreline 
(Fig. 2). Sanidine crystals separated from a sample of Tthp yield an Ar/Ar 
age of 6.44 ± 0.05 Ma (Fig. 7A; Supplemental Table 33). This age is consistent 
with an Ar/Ar age of 6.67 ± 0.83 Ma (Oskin, 2002) and similar to a K-Ar age of 
5.67 ± 0.17 Ma (Neuhaus, 1989; Gastil et al., 1999) both from Tthp outcrops 
on the western side of arroyo 1 (Fig. 2; Supplemental Table 1 [see footnote 
1]). The isotopic age, lithology, and phenocrysts of this tuff of Hast Pitzcal 
are strikingly similar to the Tmr3 cooling unit of the regionally extensive 
6.4 Ma tuffs of Mesa Cuadrada (Oskin and Stock, 2003b). It is possible that 
the tuff of Hast Pitzcal may be a distal, nonwelded equivalent to this unit, 
which occurs as thick, densely welded tuff ~3 km northeast of arroyo 6 (Fig. 
1B; Oskin 2002).

The tuff of Ensenada Blanca (Tteb) is a densely welded ash-flow tuff that 
unconformably overlies arc-related volcanic rocks and is observed only north-
east of the La Cruz fault in the upper reaches of arroyos 4 and 5 (Fig. 2). Neu-
haus (1989) reported a 6.11 ± 1.81 Ma (K-Ar) whole-rock age from Tteb outcrops 

in arroyo 4. Tteb exposures are overlain in angular unconformable contact 
by nonmarine conglomerate deposits that we interpret to be coeval with the 
youngest marine deposits.

The tuffs of Arroyo El Canelo (Ttec), a package of four to six distinctive cool-
ing units (Oskin and Stock, 2003b), locally overlie arc-related volcanic rocks 
northeast of the La Cruz fault and northeast of arroyo 6 (Fig. 2). This unit also 
overlies the 6.4 Ma tuffs of Mesa Cuadrada north of the study area (Oskin and 
Stock, 2003b). Nagy et al. (1999) reported a 6.1 ± 0.5 Ma (Ar/Ar) age for correla-
tive Ttec outcrops in the Puertecitos volcanic province of northeastern Baja 
California. The outcrops mapped northeast of arroyo 6 are the southernmost 
distal exposures of the tuffs of Arroyo El Canelo documented on the eastern 
side of the Gulf of California.
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Figure 3. Schematic stratigraphic column of geologic map units on southwest Isla Tiburón, as 
mapped in Figure 2 (abbreviation as in Fig. 2 legend). Geochronologic and biostratigraphic ages 
are in Ma. See text for descriptions and isotopic ages of units. Quat.—Quaternary.

Table 2. U-Th-Pb analytical data for LA-ICPMS spot analyses on zircon grains for volcanic rocks from Southwest Isla Tiburón, México.
CORRECTED RATIOS CORRECTED AGES (Ma)

U# (ppm) Th# (ppm) Th/U 207Pb/206Pb† ±1s* 207Pb/235U† ±1s* 206Pb/238U† ±1s* 208Pb/232Th† ±1s* Rho % disc** 206Pb/238U ±1s* 207Pb/235U ±1s* 207Pb/206Pb ±1s* 208Pb/232Th ±1s* Best age (Ma) 1s
Sample TIB-09-17        andesite breccia (Tbxv)       Mount ICGEO-7 (October 2009)
TIB17-11 1273 487 0.36 0.0469 0.0012 0.0161 0.0005 0.0025 0.00002 0.0008 0.00002 0.280 1 16.0 0.1 16.2 0.5 43 57 16.0 0.4 16.0 ± 0.1
TIB17-19 1400 485 0.32 0.0481 0.0016 0.0165 0.0006 0.0025 0.00002 0.0008 0.00001 0.240 4 16.0 0.1 16.6 0.6 106 69 15.9 0.3 16.0 ± 0.1
TIB17-1 272 163 0.56 0.0531 0.0044 0.0195 0.0018 0.0027 0.00005 0.0008 0.00002 0.300 15 17.1 0.3 20.0 2.0 332 192 16.8 0.4 17.1 ± 0.3
TIB17-12 373 127 0.32 0.0483 0.0025 0.0180 0.0010 0.0027 0.00005 0.0009 0.00003 0.320 3 17.4 0.3 18.0 1.0 114 104 17.3 0.6 17.4 ± 0.3
TIB17-2 328 201 0.57 0.0577 0.0042 0.0219 0.0017 0.0028 0.00004 0.0009 0.00001 0.240 20 17.7 0.3 22.0 2.0 519 149 17.2 0.3 17.7 ± 0.3
TIB17-18 342 289 0.79 0.0503 0.0042 0.0191 0.0018 0.0028 0.00005 0.0009 0.00002 0.350 6 17.8 0.3 19.0 2.0 209 173 17.6 0.5 17.8 ± 0.3
TIB17-23 574 499 0.81 0.0537 0.0022 0.0205 0.0009 0.0028 0.00003 0.0008 0.00002 0.260 14 17.8 0.2 20.6 0.8 360 84 16.8 0.4 17.8 ± 0.2
TIB17-7 468 278 0.55 0.0592 0.0028 0.0225 0.0011 0.0028 0.00004 0.0009 0.00003 0.270 23 17.8 0.3 23.0 1.0 573 97 18.6 0.6 17.8 ± 0.3
TIB17-22 309 165 0.50 0.0492 0.0049 0.0190 0.0020 0.0028 0.00005 0.0009 0.00006 0.230 5 18.0 0.3 19.0 2.0 157 195 18.0 1.0 18.0 ± 0.3
TIB17-17 170 74 0.40 0.0608 0.0051 0.0237 0.0023 0.0028 0.00007 0.0009 0.00002 0.380 24 18.2 0.4 24.0 2.0 632 171 17.6 0.4 18.2 ± 0.4
TIB17-32 621 356 0.53 0.0497 0.0022 0.0195 0.0009 0.0029 0.00003 0.0009 0.00002 0.260 7 18.3 0.2 19.6 0.9 182 96 17.4 0.4 18.3 ± 0.2
TIB17-4 302 116 0.36 0.0602 0.0039 0.0235 0.0016 0.0028 0.00004 0.0010 0.00004 0.210 24 18.3 0.3 24.0 2.0 610 131 19.2 0.8 18.3 ± 0.3
TIB17-34 429 279 0.61 0.0612 0.0036 0.0240 0.0015 0.0029 0.00004 0.0009 0.00003 0.240 23 18.4 0.3 24.0 1.0 647 118 18.6 0.6 18.4 ± 0.3
TIB17-3 144 56 0.36 0.0504 0.0058 0.0199 0.0024 0.0029 0.00004 0.0009 0.00008 0.150 8 18.4 0.3 20.0 2.0 213 231 18.0 2.0 18.4 ± 0.3
TIB17-8 125 60 0.45 0.0589 0.0051 0.0234 0.0022 0.0029 0.00006 0.0009 0.00002 0.280 20 18.5 0.4 23.0 2.0 563 178 18.0 0.4 18.5 ± 0.4
TIB17-24 83 40 0.45 0.0514 0.0055 0.0205 0.0025 0.0029 0.00009 0.0009 0.00006 0.290 11 18.6 0.6 21.0 2.0 258 215 18.0 1.0 18.6 ± 0.6
TIB17-33 175 86 0.46 0.0638 0.0053 0.0255 0.0024 0.0029 0.00006 0.0009 0.00002 0.340 28 18.7 0.4 26.0 2.0 733 166 18.0 0.3 18.7 ± 0.4
TIB17-13 315 165 0.49 0.0495 0.0045 0.0199 0.0020 0.0029 0.00007 0.0009 0.00005 0.270 6 18.8 0.4 20.0 2.0 172 181 19.0 1.0 18.8 ± 0.4
TIB17-10 232 107 0.43 0.0525 0.0038 0.0213 0.0017 0.0029 0.00005 0.0009 0.00002 0.350 10 18.9 0.3 21.0 2.0 307 153 18.6 0.4 18.9 ± 0.3
TIB17-14 138 60 0.40 0.0653 0.0064 0.0258 0.0026 0.0030 0.00006 0.0010 0.00006 0.200 27 19.0 0.4 26.0 3.0 785 195 19.0 1.0 19.0 ± 0.4
TIB17-15 350 202 0.54 0.0516 0.0039 0.0209 0.0017 0.0029 0.00004 0.0009 0.00002 0.300 10 19.0 0.3 21.0 2.0 266 158 18.7 0.4 19.0 ± 0.3
TIB17-27 151 65 0.40 0.0672 0.0058 0.0271 0.0024 0.0030 0.00005 0.0010 0.00006 0.180 30 19.0 0.3 27.0 2.0 843 169 20.0 1.0 19.0 ± 0.3
TIB17-30 287 102 0.33 0.0622 0.0036 0.0253 0.0015 0.0030 0.00004 0.0009 0.00004 0.240 24 19.1 0.3 25.0 1.0 681 115 18.8 0.8 19.1 ± 0.3
TIB17-16 221 114 0.48 0.0642 0.0080 0.0264 0.0033 0.0030 0.00004 0.0009 0.00002 0.140 26 19.2 0.3 26.0 3.0 750 252 18.5 0.4 19.2 ± 0.3
TIB17-29 134 51 0.36 0.0685 0.0047 0.0277 0.0020 0.0030 0.00007 0.0010 0.00005 0.310 31 19.2 0.4 28.0 2.0 883 132 20.0 1.0 19.2 ± 0.4
TIB17-36 348 228 0.61 0.0583 0.0031 0.0238 0.0013 0.0030 0.00004 0.0010 0.00005 0.270 20 19.2 0.3 24.0 1.0 540 108 20.0 1.0 19.2 ± 0.3
TIB17-5 59 51 0.80 0.0765 0.0092 0.0309 0.0039 0.0030 0.00011 0.0010 0.00009 0.300 38 19.2 0.7 31.0 4.0 1108 231 21.0 2.0 19.2 ± 0.7
TIB17-6 226 176 0.73 0.0590 0.0024 0.0244 0.0012 0.0030 0.00008 0.0009 0.00005 0.570 20 19.2 0.5 24.0 1.0 565 81 18.0 1.0 19.2 ± 0.5
TIB17-37 261 140 0.50 0.0548 0.0048 0.0229 0.0020 0.0031 0.00005 0.0010 0.00004 0.200 15 19.6 0.3 23.0 2.0 406 183 19.4 0.8 19.6 ± 0.3
TIB17-25 241 97 0.37 0.0624 0.0027 0.0265 0.0012 0.0031 0.00004 0.0009 0.00004 0.300 27 19.7 0.3 27.0 1.0 687 87 18.4 0.8 19.7 ± 0.3
TIB17-38 293 134 0.42 0.0514 0.0029 0.0217 0.0014 0.0031 0.00005 0.0010 0.00002 0.320 10 19.7 0.3 22.0 1.0 258 121 19.4 0.4 19.7 ± 0.3
TIB17-40 170 61 0.33 0.0625 0.0055 0.0265 0.0025 0.0031 0.00007 0.0010 0.00002 0.280 27 19.8 0.4 27.0 3.0 690 179 19.1 0.4 19.8 ± 0.4
TIB17-35 110 41 0.35 0.0577 0.0058 0.0241 0.0025 0.0031 0.00007 0.0011 0.00006 0.210 16 20.2 0.4 24.0 2.0 517 208 22.0 1.0 20.2 ± 0.4

n = 33 18.70 ± 0.19

Sample TIB-09-02        Tuff of Oyster Amphitheater (Ttoa)       Mount ICGEO-17 (January 2011)
TIB02-27 468 522 1.01 0.0830 0.0083 0.0103 0.0012 0.0009 0.00002 0.0003 0.00001 0.420 42 5.8 0.1 10 1.0 1268 196 5.4 0.1 5.8 ± 0.1
TIB02-1 486 515 0.96 0.0786 0.0113 0.0099 0.0016 0.0009 0.00002 0.0003 0.00001 0.320 41 5.9 0.2 10 2.0 1162 282 5.5 0.1 5.9 ± 0.2
TIB02-15 739 447 0.55 0.0674 0.0140 0.0087 0.0020 0.0009 0.00002 0.0003 0.00002 0.500 33 6.0 0.2 9 2.0 850 428 5.8 0.3 6.0 ± 0.2
TIB02-25 449 361 0.72 0.0652 0.0053 0.0084 0.0007 0.0009 0.00001 0.0003 0.00002 0.250 29 6.0 0.1 8.5 0.7 780 171 5.8 0.1 6.0 ± 0.1
TIB02-5 324 205 0.57 0.1244 0.0213 0.0166 0.0033 0.0010 0.00003 0.0003 0.00001 0.340 64 6.2 0.2 17 3.0 2021 312 5.6 0.2 6.2 ± 0.2
TIB02-14 442 487 0.99 0.0797 0.0111 0.0108 0.0017 0.0010 0.00002 0.0003 0.00001 0.290 42 6.4 0.2 11 2.0 1189 272 6.0 0.1 6.4 ± 0.2
TIB02-8 326 205 0.57 0.1281 0.0247 0.0175 0.0038 0.0010 0.00004 0.0003 0.00002 0.470 64 6.4 0.2 18 4.0 2072 352 5.7 0.4 6.4 ± 0.2
TIB02-13 224 161 0.65 0.0971 0.0134 0.0137 0.0022 0.0010 0.00003 0.0003 0.00001 0.460 53 6.6 0.2 14 2.0 1570 253 6.0 0.2 6.6 ± 0.2
TIB02-17 234 146 0.56 0.0923 0.0155 0.0130 0.0023 0.0010 0.00002 0.0003 0.00001 0.240 49 6.6 0.1 13 2.0 1473 319 6.1 0.2 6.6 ± 0.1
TIB02-2 293 226 0.70 0.1028 0.0198 0.0146 0.0032 0.0010 0.00004 0.0003 0.00001 0.490 56 6.6 0.2 15 3.0 1674 362 6.0 0.2 6.6 ± 0.2
TIB02-22 225 137 0.55 0.0995 0.0084 0.0141 0.0014 0.0010 0.00003 0.0003 0.00001 0.340 53 6.6 0.2 14 1.0 1615 158 6.1 0.2 6.6 ± 0.2
TIB02-30 227 133 0.53 0.1056 0.0146 0.0149 0.0022 0.0010 0.00002 0.0003 0.00001 0.360 56 6.6 0.2 15 2.0 1725 258 6.0 0.2 6.6 ± 0.2
TIB02-26 234 173 0.66 0.1129 0.0172 0.0163 0.0027 0.0010 0.00003 0.0003 0.00001 0.330 58 6.7 0.2 16 3.0 1846 281 6.1 0.2 6.7 ± 0.2
TIB02-4 526 699 1.20 0.1301 0.0246 0.0185 0.0042 0.0010 0.00004 0.0003 0.00001 0.610 65 6.7 0.3 19 4.0 2099 344 5.9 0.3 6.7 ± 0.3
TIB02-23 521 333 0.58 0.0675 0.0055 0.0100 0.0009 0.0011 0.00001 0.0003 0.00001 0.240 32 6.9 0.1 10.1 0.9 853 171 6.6 0.1 6.9 ± 0.1
TIB02-18 170 79 0.42 0.0701 0.0103 0.0105 0.0016 0.0011 0.00002 0.0003 0.00001 0.240 36 7.0 0.1 11 2.0 931 300 6.6 0.2 7.0 ± 0.1
TIB02-28 382 186 0.44 0.0881 0.0080 0.0133 0.0013 0.0011 0.00002 0.0003 0.00001 0.290 46 7.0 0.1 13 1.0 1385 175 6.5 0.1 7.0 ± 0.1
TIB02-11 371 155 0.38 0.0986 0.0191 0.0150 0.0031 0.0011 0.00003 0.0003 0.00001 0.270 53 7.1 0.2 15 3.0 1598 368 6.5 0.3 7.1 ± 0.2
TIB02-24 130 63 0.43 0.1017 0.0098 0.0155 0.0017 0.0011 0.00004 0.0003 0.00001 0.370 56 7.1 0.3 16 2.0 1656 179 6.5 0.2 7.1 ± 0.3
TIB02-12 374 231 0.56 0.0812 0.0141 0.0239 0.0046 0.0021 0.00006 0.0006 0.00002 0.510 43 13.8 0.4 24 5.0 1227 343 12.9 0.5 13.8 ± 0.4
TIB02-10 297 290 0.88 0.0558 0.0040 0.0792 0.0063 0.0103 0.00013 0.0032 0.00004 0.290 14 66.0 0.8 77 6.0 446 154 64.6 0.7 66.0 ± 0.8
TIB02-21 855 389 0.41 0.0493 0.0014 0.0761 0.0024 0.0112 0.00007 0.0035 0.00002 0.280 3 71.7 0.5 74 2.0 163 67 71.4 0.5 71.7 ± 0.5

Weighted 206Pb/238U mean age =
MSWD =1.5; n = 20

Hole 39Ark Radiogenic 40Ar* K/Ca K/Cl Age Error
number (Moles)  Yield (%) 39Ark (Ma) (Ma)

sample TIB-09-15       Tuff of Hast Pitzcal (Ttha)       sanidine       J = 0.004411 ± 0.25%       #189KD53

15 6.27E-15 77.9 0.795 19.1 25000 6.32 ± 0.05
23 4.22E-15 88.0 0.796 19.4 3125 6.32 ± 0.07
16 5.96E-15 80.6 0.796 26.1 25000 6.33 ± 0.04
1 8.74E-15 95.9 0.797 17.3 8333 6.33 ± 0.04
21 6.08E-15 92.5 0.798 19.8 14286 6.34 ± 0.03
12 4.11E-15 95.5 0.803 22.6 4545 6.38 ± 0.09
5 4.56E-15 93.2 0.804 21.5 9091 6.39 ± 0.08
8 5.59E-15 84.5 0.804 21.4 5882 6.39 ± 0.07
13 6.19E-15 95.8 0.805 14.1 14286 6.39 ± 0.03
17 5.26E-15 96.1 0.807 13.3 6667 6.41 ± 0.04
7 5.90E-15 61.3 0.807 15.0 9091 6.41 ± 0.08
22 8.93E-15 90.3 0.808 20.7 6667 6.41 ± 0.03
2 6.70E-15 89.3 0.808 23.6 4545 6.42 ± 0.05
10 4.85E-15 92.6 0.811 23.9 7692 6.44 ± 0.08
30 5.11E-15 96.1 0.811 17.9 3448 6.44 ± 0.04
32 4.85E-15 97.1 0.811 15.7 4348 6.45 ± 0.04
4 8.16E-15 86.1 0.812 14.8 5556 6.45 ± 0.05
28 4.88E-15 89.8 0.813 17.0 2381 6.46 ± 0.04
11 5.67E-15 76.2 0.813 17.7 4545 6.46 ± 0.07
14 5.00E-15 92.4 0.813 17.1 20000 6.46 ± 0.04
9 3.59E-15 99.4 0.814 22.3 *** 6.46 ± 0.10
26 3.77E-15 88.0 0.814 16.6 11111 6.46 ± 0.05
29 6.24E-15 98.7 0.814 14.2 8333 6.47 ± 0.03
33 2.77E-15 95.2 0.815 15.7 7692 6.47 ± 0.06
36 3.17E-15 66.5 0.816 18.2 10000 6.48 ± 0.08
35 5.96E-15 92.3 0.817 16.5 2128 6.49 ± 0.04
31 3.76E-15 97.3 0.818 19.2 3448 6.50 ± 0.05
37 2.07E-15 99.5 0.821 21.5 5882 6.52 ± 0.09
19 5.55E-15 93.9 0.822 24.6 3571 6.53 ± 0.05
34 3.80E-15 96.0 0.822 17.1 9091 6.53 ± 0.05
25 5.13E-15 96.6 0.824 17.4 3333 6.55 ± 0.04
20 3.73E-15 43.0 0.825 20.2 4348 6.55 ± 0.10
27 1.99E-15 94.2 0.828 16.4 2778 6.58 ± 0.09
24 2.57E-15 97.3 0.839 16.9 2222 6.67 ± 0.08

MSWD = 1.47 6.44 ± 0.05Weighted Mean Age =

Table 3. 40Ar/39Ar laser total fusion data of single-crystal sanidine crystals from the Tuff of Hast Pitzcal, 
Southwest Isla Tiburón, México.

2Supplemental Table 2. U-Th-Pb analytical data for 
LA-ICPMS spot analyses on zircon grains for volcanic 
rocks from southwest Isla Tiburón, México. Please 
visit http:// dx .doi .org /10 .1130 /GES01153 .S3 or the 
full-text article on www.gsapubs.org to view Supple-
mental Table 2.

3Supplemental Table 3. 40Ar/39Ar laser total fusion 
data of single-crystal sanidine crystals from the tuff of 
Hast Pitzcal, southwest Isla Tiburón, México. Please 
visit http:// dx .doi .org /10 .1130 /GES01153 .S4 or the 
full-text article on www.gsapubs.org to view Supple-
mental Table 3.
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Synrift Marine and Nonmarine Deposits (SWIT Basin)

Marine sedimentary and volcanic rocks in the SWIT basin record earliest ma-
rine conditions on Isla Tiburón. Unlike the pre-marine synrift volcanic rocks, the 
majority of SWIT marine units are observed on both sides of the La Cruz fault.

A sequence of unnamed airfall tuff beds (Ttua; Fig. 8A) is discontinuously 
preserved at the base of the SWIT basin and is the oldest map unit mapped 
on both sides of the La Cruz fault (Figs. 2 and 3). No published radiometric age 
exists for Ttua; however, it conformably overlies the 6.44 ± 0.05 Ma tuff of Hast 
Pitzcal in outcrops adjacent to arroyo 1 (Fig. 2).

The oldest known marine deposits in the SWIT basin are laterally discontin-
uous, fossiliferous, ash-rich sandstone beds (Tsm) that unconformably overlie 
arc-related volcanic rocks. These strata are observed only northeast of the La 
Cruz fault, on the northeast side of arroyo 2 (Fig. 2). Deposits of Tsm are ob-
served at the same stratigraphic level as Ttua, both overlain by a distinctive 
landslide breccia deposit (e.g., east side of arroyo 2), although Tsm and Ttua 
are nowhere observed in contact. The ash-rich matrix in Tsm could be sourced 
from the underlying Tthp and/or laterally equivalent airfall tuffs (Ttua).

A landslide breccia (Tbx) overlies arc-related volcanic rocks, the tuff of Hast 
Pitzcal (Tthp), marine sandstone (Tsm), and unnamed airfall tuffs (Ttua) (Figs. 

C

A B

Figure 4B

andesite breccia clast
sampled by 

Smith et al. (1985)
12.9 ± 0.4 Ma
(83BSJ260)

and in this study
18.70 ± 0.19 Ma

(TIB-09-17)

Figure 4. (A) Typical exposure of monolithologic volcanic breccia (Tbxv). Photo
graph was taken in the upper reaches of arroyo 4; hammer is 38 cm long. (B) Ex
posure of volcanic breccia (Tbxv) in erosional window in arroyo 3, with print out 
of field photograph provided by J.T. Smith (2009, written commun.; photograph 
was also published in Carreño and Smith, 2007). Matching clasts verify that this 
is the identical exposure visited by Smith et al. (1985). Note the matching caliche 
precipitate on vertical face of clast in upper left corner. Arrow on card is 10 cm long. 
See geologic map (Fig. 2) for location. (C) View of andesitic breccia clast sampled 
by Smith et al. (1985), for which they reported a 12.9 ± 0.4 Ma (KAr) age. Relatively 
fresh, angular surfaces of clast in foreground are from sample collection by Smith 
et al. (1985). After photograph was taken, a portion of this same breccia clast was 
sampled, for which we report an 18.70 ± 0.19 Ma (U/Pb) age. Area of Figure 4B is 
shown in red rectangle. Arrow on card is 10 cm long.
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Figure 5 (on this and following page). 206Pb/238U zircon geochronologic ages calculated for volcanic rocks on southwestern Isla Tiburón (SWIT). TeraWasserburg concordia 
diagrams are on left and age spectrum diagrams are on right. MSWD—mean square of weighted deviates. (A) Andesite breccia (Tbxv) in arroyo 3 erosional window that 
underlies the SWIT marine basin. (B) Tuff of Oyster Amphitheater (Ttoa) interbedded within the marine basin.
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2 and 3). Tbx forms a distinctive marker at or ~5 m stratigraphically above the 
base of the marine deposits and is laterally continuous across the study area 
except where locally absent at paleotopographic highs between arroyos 1 and 
2 and in arroyo 4. Deposits of Tbx consist of distinctive, burgundy colored, 
clast-supported, monolithologic breccia with angular clasts of densely welded 
rhyolite tuff (Figs. 6, 8A, and 8B). The boundaries of breccia clasts truncate 
volcanic textures such as eutaxitic foliation of flattened pumice fiamme, indi-
cating that this unit is sourced from an older ash-flow tuff that was fragmented 
after cooling and welding of the original deposit, and subsequently mobilized 
and emplaced as a breccia deposit (Oskin and Stock, 2003a). Clasts in Tbx are 
identical to primary tuff outcrops of Tteb in arroyo 4, suggesting that Tteb was 
the source of the landslide breccia (Tbx) and possibly also the source of simi-
lar, but thinner breccia units interstratified with the unnamed airfall tuffs (Ttua). 
Gastil et al. (1999) reported a 9.02 ± 1.18 Ma (Ar/Ar) plateau age on plagioclase 
crystals separated from a Tbx sample collected on the northeast side of arroyo 
2. Although the error bounds for the reported ages for Tteb (6.11 ± 1.81 Ma) and 
Tbx barely overlap at ca. 7.9 Ma, they generally disagree. The spectra for the 
9.02 ± 1.18 Ma (Ar/Ar) plateau age on Tbx were not published by Gastil et al. 
(1999), making it difficult to assess its reliability.

Sedimentary breccia deposits (Tbxs) discontinuously overlie the landslide 
breccia (Tbx) and older arc-related volcanic rocks in arroyos 1 and 4 (Fig. 2). 

Deposits of Tbxs (Fig. 8C) are interpreted to be the result of a debris flow or 
rock avalanche deposited in either a nonmarine or marginal-marine setting 
(Keogh, 2010).

Lower marine conglomerate and sandstone (Tcml) conformably overlie 
older units (e.g., Tbx and arc-related volcanic rocks; Fig. 9) at or near the base 
of the SWIT marine section (Figs. 2 and 3). Tcml deposits (Figs. 10A–10D) con-
tain rare to common marine macrofossils, including the remnants of barnacle 
bases on clasts (Fig. 10E) and rare large oysters (Fig. 10F).

Shelly calcarenitic sandstone (Tcsh) locally overlies sedimentary breccia 
(Tbxs) and is observed only in the upper reaches of arroyo 4 (Fig. 2). Tcsh 
in arroyo 4 is likely laterally equivalent to lower conglomerate (Tcml), which 
is mapped at the same stratigraphic level along strike to the west-northwest 
(Figs. 2 and 3).

The tuff of Arroyo Sauzal (Ttas) overlies Tbx and forms discontinuous out-
crops of nonwelded ash-flow tuff just east of arroyo 0, in a small cove at the 
shoreline where an Ar/Ar age of 6.40 ± 1.63 Ma (Oskin, 2002) was reported 
(Fig. 9), and higher up on the western flank of Hast Pitzcal (Fig. 2). Oskin and 
Stock (2003a) interpreted that Ttas was emplaced over an irregular paleotopo-
graphic surface formed by the underlying landslide breccia (Tbx) in a shoreline 
setting amongst Tcml deposits. Oskin and Stock (2003a) also correlated the tuff 
of Arroyo Sauzal outcrops in this coastal cove to outcrops of the tuff of Hast 

Tthp

Tthp
Ttua

Ttua

Tbx
“landslide breccia”

diapir
contacts

sharp basal contact

Tcmu

dipping foreset beds

Tcnm

Tcsf

Tcsp

colluvial cover

angular unconformity

summit of Hast Pitzcal (Cerro Starship)

A B

Figure 6. View of angular unconformity between pre basin 
volcanic units (Tthp, Ttua, Tbx) and overlying marine de
posits (Tcmu), nonmarine sediments (Tcnm), and vol canic 
units (Tcsp, Tcsf) (see text). Photograph taken looking 
northwest along eastern flank of Hast Pitzcal, west of 
 arroyo 1. Circled geologists for scale.
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Pitzcal in arroyo 1, which were dated as 5.67 ± 0.17 Ma by Gastil et al. (1999) 
and redated in this study as 6.44 ± 0.05 Ma (Fig. 7A; Supplemental Table 3 [see 
footnote 3]). Our detailed mapping shows this correlation to be incorrect; the 
landslide breccia actually overlies the tuff of Hast Pitzcal in arroyo 1.

The tuff of Oyster Amphitheater (Ttoa) is an ash-flow tuff that conform-
ably overlies marine conglomerate (Tcml) and laterally equivalent shelly cal-
carenitic sandstone (Tcsh). In most localities the tuff is nonwelded. We col-
lected a sample of Ttoa from outcrops on the ridge between arroyo 3 and 
arroyo 4, adjacent to a topographic bowl that contains marine conglomerate 
with abundant oyster shell fossils. At this ridgeline, an ~20–30-m-thick interval 
of Ttoa exhibits a 5–10-m-thick core of slightly welded tuff. Ttoa is observed 
stratigraphically between marine sedimentary units, thus it is possible that it 
was emplaced in shallow marine water. Zircons separated from a sample from 
this welded zone yielded a U/Pb age of 6.01 ± 0.20 Ma (Fig. 5B; Supplemental 
Table 2 [see footnote 2]).

Marine tuffaceous sandstone (Tsmt) conformably overlies the tuff of Oyster 
Amphitheater (Ttoa). Ash-rich tuffaceous sandstone (Fig. 10G) likely represents 
the reworked portions of the underlying Ttoa. Unique grains of green, irides-
cent sanidine are commonly observed in Tsmt matrix, similar to phenocrysts 
observed in Ttoa. Previous reports of microfossil assemblages from Tsmt (unit 
Mss-Unit 4a of Cassidy, 1990; unit M8c of Gastil et al., 1999) included benthic 
and planktonic foraminifers, calcareous nannoplankton, and ostracodes that 
together restrict the age of Tsmt to 6.2–4.3 Ma (Gastil et al., 1999). Several (n = 
17) species of benthic and planktonic foraminifers from Tsmt match species 
documented in the Whitewater, Cabazon, and Fish Creek–Vallecito marine de-
posits in the Salton Trough (McDougall et al., 1999; Dorsey et al., 2007; McDou-
gall, 2008; K. McDougall, 2015, written commun.), where earliest marine depo-
sition occurred ca. 6.3 ± 0.2 Ma. Only genus-level matches can be made with 
foraminifers from 8.1–5.3 Ma marine deposits in the lower Bouse Formation 
of the Blythe basin (McDougall and Miranda Martínez, 2014). Scattered macro-
fossils are also observed in Tsmt, including fragments of oysters, pectens, 
barna cles, gastropods, and echinoid spines and fragments (Figs. 10C, 10E, 10F, 
10H; Cassidy, 1990; Gastil et al., 1999; this study). We observe abundant dis-
articulated specimens and fragments of the oyster Pycnodonte heermanni in 
Tsmt (identified by J. Smith, 2013, written commun.), which has a type locality 
near the Coyote Mountains of southern California, where marine deposits are 
demonstrably late Miocene (Dorsey et al., 2011). Stump (1979) also assigned 
a late Miocene age to this macrofossil assemblage from SWIT. Trace fossils in 
Tsmt in the form of subvertical burrows are rare (Fig. 10I).

Middle marine conglomerate and sandstone (Tcmm) conformably overlie 
tuffaceous marine sandstone (Tsmt), or, less commonly, older units where Tsmt 
is absent. Tcmm is similar to conglomeratic facies of Tsmt, but contains >50% 
conglomerate beds. Oskin (2002) reported an Ar/Ar age of 12.84 ± 0.40 Ma on a 
rounded clast of welded rhyolite tuff collected from Tcmm west of the mouth of 
arroyo 1 (Fig. 2). This clast was likely sourced from outcrops of the tuff of San 
Felipe, a ca. 12.5 Ma regional ash-flow tuff (Oskin and Stock, 2003b) exposed on 
Cerro Colorado, just southeast of the SWIT marine basin (Bennett, 2013).

C
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Tbxs

Ttua

Tbx

Tbx

Figure 8. Breccia units observed at 
base of southwestern Isla Tiburón 
(SWIT) marine basin. (A) Distinc
tive landslide breccia (Tbx) in 
sharp contact above unnamed air
fall tuffs (Ttua) (see text). Hammer 
for scale. Photograph from Neu
haus (1989). (B) Typical outcrop 
texture of distinctive landslide 
breccia deposit (Tbx).  Eutaxitic 
foliation of flattened pumice 
fiamme is visible in large breccia 
clasts, similar to intact source 
outcrops of the tuff of Ensenada 
Blanca (Tteb). Hammer handle 
width is ~3.5 cm. (C) Typical out
crop of polylithologic sedimen tary 
breccia (Tbxs) that discontinu
ously underlies marine deposits in 
 arroyos 1 and 4. Photograph taken 
in the upper reaches of arroyo 4. 
Hammer is 38 cm long. Photo
graph is from Keogh (2010).
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Upper marine conglomerate and sandstone (Tcmu) is the most widespread 
sedimentary unit in the study area (Fig. 2). Tcmu overlies all older sedimentary 
and volcanic units (e.g., Tsmt, Tbx, Ttua, arc-related volcanic rocks) across a 
subhorizontal angular unconformity. Locally, in the northern part of the study 
area, the contact between Tcmu and underlying Tsmt and Tcmm appears con-
formable. Deposits of Tcmu consist of inclined beds of fossiliferous, pebble to 
cobble conglomerate (Fig. 11). Clasts of the 6.4 Ma tuffs of Mesa Cuadrada are 
rare in Tcmu (Oskin and Stock, 2003a). Tcmu appears to have been deposited 
by subaqueous sediment gravity flows (Cassidy, 1990; Oskin and Stock, 2003a). 
Its beds consistently dip ~15°–30° (typically ~25°) to the north or northwest. No 

microfossils were previously found in samples of Tcmu (Cassidy, 1990; Gastil 
et al., 1999). Common to abundant macrofossils are present, including  oysters, 
pectens, barnacles, gastropods, echinoid spines and fragments, and small 
 corals (Cassidy, 1990; Gastil et al., 1999; this study). Fossils are typically broken 
and rounded due to sedimentary transport.

Bedding dips in Tcmu are interpreted to be a primary dip acquired during 
deposition on a steep subaqueous slope in marine foresets of a Gilbert-type 
fan delta system. Gilbert-type fan deltas commonly form on steep margins 
of fault-bounded sedimentary basins by rapid deposition of coarse gravel 
and sand where alluvial fans deliver sediment directly into a standing body 

Figure 9. (A) Panoramic view of the cove outcrops where the floor of the marine basin is well exposed (circled person for scale). (B) Annotated interpretation of panorama in A. Marine conglomerate 
deposits (Tcml) containing discontinuous exposures of the tuff of Arroyo Sauzal (Ttas) unconformably overlie the landslide breccia (Tbx) and prebasin volcaniclastic conglomerate (Tvc) (see text). 
Three previously published geochronologic ages have been reported from this cove outcrop. See geologic map (Fig. 2) for location and Supplemental Table 1 (see footnote 1) for details of units 
and ages.
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Figure 10. Field photographs of marine deposits on southwest Isla Tiburón. Hammer in each photo is 38 cm long (12.5cmwide hammer head). (A) Moderately to wellstratified lower conglomerate 
(Tcml) outcrops along coastline, northwest of Hast Pitzcal. (B) Wellstratified lower conglomerate (Tcml) outcrops in the cove (Fig. 9). (C) Fossiliferous lower conglomerate (Tcml) outcrops on the 
western flank of Hast Pitzcal. Black rectangle shows enlargement in F. (D) Poorly stratified lower conglomerate (Tcml) outcrops on the western bank of arroyo 2. Clast composition is dominated 
by locally derived arcrelated volcanic rocks with occasional clasts of the distinctive landslide breccia deposit (Tbx). (E) Boulder in lower conglomerate (Tcml) encrusted with possible remnants of 
late Miocene barnacles. (F) Enlargement of rectangle area in C showing a pair of oyster fossils. (G) Outcrop of tuffaceous marine sandstone (Tsmt) deposits on the eastern bank of arroyo 2. Lower 
massive bed contains occasional layers of conglomerate stringers and marine fossils. Upper, wellstratified part contains fossiliferous sandstone and sandy conglomerate beds. (Hammer is circled.) 
(H) Large late Miocene gastropod fossil in Tsmt conglomerate bed. (I) Subvertical burrow (arrows) in tectonically inclined Tsmt sandstone and conglomerate beds.
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Figure 11. Field photographs of upper conglomerate (Tcmu) on southwest Isla Tiburón. Hammer for scale in B and C is 38 cm long. (A) An inverse graded Tcmu conglomerate bed on the western 
bank of arroyo 4. Bed inclination is primary depositional dip. (B) Inclined Tcmu conglomerate beds on the western bank of arroyo 4 containing multiple trace fossils. Black rectangle shows enlarge
ment in C. (C) Enlargement of rectangle area in B showing multiple burrows in Tcmu sandy conglomerate bed. Subvertical burrows (black arrows) are oriented orthogonal to modernday horizontal, 
not orthogonal to bedding. This supports that the ~25° inclination in Tcmu beds is due to primary depositional dip, and not tectonic tilting. (D) Panoramic view of Tcnm (nonmarine conglomerate 
and sandstone deposits) and Tcmu outcrops in arroyo 4. Looking west at exposure where subhorizontal, nonmarine topset beds (Tcnm) laterally grade into inclined, marine foreset beds (Tcmu). 
Circled person for scale. (E) Annotated interpretation of panorama in D.
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of water (e.g., Gilbert, 1885; Gawthorpe and Colella, 1990; Postma, 1990; Falk 
and Dorsey, 1998; Ford et al., 2009). Vertical burrows observed in inclined beds 
(Figs. 11B, 11C) are consistent with this nontectonic interpretation for bedding 
dips in Tcmu.

The thickness of Tcmu was greatly overestimated (~1500 m) by Cassidy 
(1990) and Gastil et al. (1999), who interpreted that Tcmu beds were depos-
ited subhorizontally in a subaqueous delta-fan system and subsequently tilted 
~15°–30°. We disagree with their interpretation for the origin of the bedding 
dip, and instead estimate the thicknesses of Tcmu by measuring vertically 
through the undeformed foreset sequence, perpendicular to bounding topset 
strata and oblique to bedding dip in Tcmu. Tcmu is ~26 m thick in arroyo 4 
(Keogh, 2010) near the southeastern edge of the marine deposits, and likely 
has a similar thickness along strike to the west-northwest. However, Tcmu 
thickens to the north, where we mapped an ~40-m-high hill between arroyo 3 
and arroyo 4 entirely as Tcmu (Fig. 2). Gilbert-type fan delta systems of com-
parable thickness have been documented elsewhere in the Gulf of California 
(e.g., Dorsey et al., 1995; Umhoefer et al., 2007).

Nonmarine conglomerate and sandstone deposits (Tcnm) overlie all afore-
mentioned sedimentary and volcanic Miocene units (Fig. 2). Tcnm (Figs. 12A, 
12B) is mapped at higher elevation than marine deposits, and is located at the 
tops of many hills near arroyos 2, 3, and 4 (Fig. 2). Tcnm is observed near the 
top of Hast Pitzcal, stratigraphically beneath a capping lava flow (Fig. 2). The 
northeastern margin of the SWIT basin is mapped on the northeast side of 
arroyo 5, where Tcnm deposits are perched in buttress unconformity contact 
on the flanks of higher elevation hills of arc-related volcanic rocks (Figs. 12C, 
12D). Nearby, two small west-draining paleotributaries are incised into older 
arc-related volcanic rocks and filled with Tcnm deposits, illustrating the form 
of the SWIT basin (Fig. 2).

Capping and Crosscutting Volcanic Rocks (Tthm, Tcsf, Tcsp, Tcsd)

The tuffs of Hipat Mesa (Tthm) are slightly welded, pumice-rich tuffs ex-
posed near the modern shoreline (Fig. 2). Discontinuous exposures of Tthm 
between arroyos 4 and 6 overlie upper marine conglomerate and sandstone 
(Tcmu). Deposits of nonmarine conglomerate and sandstone (Tcnm) appear to 
project beneath Tthm outcrops between arroyos 5 and 6, although these units 
are not observed in contact with one another (Fig. 2). Zircons separated from 
a sample of Tthm yield a U/Pb age of 4.34 ± 0.20 Ma (Fig. 5C; Supplemental 
Table 2 [see footnote 2]). We correlate Tthm in the SWIT study area to more 
extensive and thicker tuff deposits capping Hipat Mesa (Bennett, 2013), located 
2–5 km southeast of the SWIT study area.

Our observations confirm that the rhyodacite of Cerro Starship (Tcsf) is 
a lava flow that was emplaced subaerially and caps all the marine and non-
marine strata of the SWIT basin. The lava flow forms a topographically prom-
inent north-northeast–trending elongate hill, Hast Pitzcal (Figs. 13A and 14A). 
Tcsf is underlain by a thin, discontinuous, pumice-rich pyroclastic unit (Tcsp) 

(Fig. 13B). Along the elongate Hast Pitzcal exposure, the basal Tcsf contact dips 
gently northward (Fig. 13A), similar to the underlying subhorizontal nonmarine 
deposits. The top of the flow is a continuous, weathered, undulatory surface 
that also dips gently northward (Fig. 13C). At the outcrop scale, the flow de-
posit exhibits irregular centimeter-scale foliation (Fig. 13D) that rolls over from 
subhorizontal to subvertical across 5–10 m (Fig. 13E), indicating viscous flow.

We collected a sample from the basal vitrophyre of the main flow deposit 
(Fig. 2). Zircons separated from this sample yield a U/Pb age of 4.13 ± 0.09 Ma 
(Fig. 5D; Supplemental Table 2 [see footnote 2]). Analysis of the glass matrix 
from the same sample yields an Ar/Ar isochron age of 3.51 ± 0.05 Ma (Fig. 
7B; Supplemental Table 44). The Ar/Ar isochron age may provide a better esti-
mate of the true eruption age than the U/Pb age (Simon et al., 2008). Both of 
these ages are consistent with a 4.16 ± 1.81 Ma (K-Ar) age that Neuhaus (1989) 
reported for a sample from the top of this flow. Gastil and Krummenacher 
(1977b) reported an 11.2 ± 1.3 Ma (K-Ar) age from this rhyodacite flow. This age 
is incongruent with other ages for Tcsf, and this flow being stratigraphically 
above in-place late Miocene sedimentary and volcanic units of the SWIT basin.

Parallel to and beneath the flow deposits of the rhyodacite of Cerro Starship 
(Tcsf) and its basal pyroclastic unit (Tcsp) is a system of subvertical, discon-
tinuous dikes that extend beyond the north-northeast and south-southwest 
ends of Hast Pitzcal (Fig. 2). These dikes (Tcsd) are rhyodacite in composition 
and display a pervasive subvertical foliation (Fig. 13F). Gastil and Krumme-
nacher (1977b) reported a 3.7 ± 0.9 Ma (K-Ar) age from an exposure of this 
dike on the east side of arroyo 1. South of the mapped Tcsf flow, discontinu-
ous, north-northeast–striking, steeply east-southeast–dipping en echelon Tcsd 
dikes continue to the southern shoreline of Isla Tiburón (Figs. 2 and 13G).

Quaternary Sedimentary Deposits

Two generations of nonmarine, alluvial to fluvial conglomerate and sand-
stone deposits of presumed Quaternary age are found on flat, low-lying ter-
races as much as 110 m above modern sea level (Fig. 2). The basal contact of 
these terraces is subhorizontal, and dips gently toward the Gulf of California, 
similar to its dissected upper geomorphic surfaces. Remnants of an older gen-
eration of alluvial terraces (Qoa2) are preserved within 1–2 km of the coastline, 
near the mouths of arroyos 4, 5, and 6. A more extensive, younger generation 
of alluvial terraces (Qoa) is observed in arroyos throughout the study area, 
perched as much as ~10 m above the active channels (Fig. 2). Thin benches of 
recent marine terraces (Qmt) are perched ~5–10 m above modern sea level. Be-
tween arroyos 2 and 5, subtle geomorphic evidence exists for a recent wavecut 
bench at ~8 m elevation, ~150 m inland from the modern shoreline. These ma-
rine deposits are likely coeval with the more extensive nonmarine alluvial de-
posits (Qoa, Qoa2) and could be related to a global sea-level highstand during 
a Pleistocene interglacial period (marine isotope stage 5e) (Ortlieb, 1991) or 
earlier. It is plausible that in some places the marine-nonmarine transition be-
tween Qmt and Qoa-Qoa2 is farther inland, and some of the deposits mapped 

Step Temp. %39Ar Radiogenic 39Ark
40Ar* Apparent Apparent Apparent Error

°C of total  Yield (%) (moles x 10-12) 39Ark K/Ca K/Cl Age (Ma) (Ma)

A 550 1.9 5.5 0.0007 0.393 4.95 71 3.14 ± 0.12
B 600 1.3 24.6 0.0131 0.426 5.88 99 3.41 ± 0.11
C 700 7.2 51.0 0.0176 0.413 6.03 109 3.31 ± 0.02
D 800 14.5 72.6 0.0281 0.421 5.00 108 3.36 ± 0.01
E 900 23.6 76.4 0.0338 0.434 3.14 105 3.47 ± 0.01
F 1000 29.9 71.6 0.0227 0.445 1.87 105 3.56 ± 0.01
G 1100 18.5 62.0 0.0044 0.457 1.31 107 3.65 ± 0.01
H 1200 2.3 44.5 0.0007 0.457 0.39 100 3.65 ± 0.08
I 1300 0.5 21.4 0.0003 0.426 0.11 28 3.41 ± 0.33
J 1450 0.4 17.4 0.0003 0.396 0.07 59 3.17 ± 0.57

Total Gas 100 66.7 0.1216 0.438 3.09 105 3.5

Ages calculated assuming an initial 40Ar/36Ar = 295.5 ± 0
All precision estimates are at the one sigma level of precision.
Ages of individual steps do not include error in the irradiation parameter J.
No error is calculated for the total gas age.

TIB-09-06     dacite matrix       J = 0.004439 ± 0.30%       wt = 356.1 mg      #187&188KD53

Table 4. 40Ar/39Ar step-heating data of volcanic matrix from the Rhyodacite of Cerro Starship, Southwest Isla Tiburón, México.

4Supplemental Table 4. 40Ar/39Ar step-heating data of 
volcanic matrix from the rhyodacite of Cerro Starship, 
southwest Isla Tiburón, México. Please visit http:// dx 
.doi .org /10 .1130/ GES01153 .S5 or the full-text article 
on www.gsapubs.org to view Supplemental Table 4.
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as Qoa-Qoa2 near the modern-day shoreline are instead Qmt. Younger fluvial 
sand and cobble deposits (Qal) are found in active channels (arroyos 0–6). A 
strip of unconsolidated beach sand and cobble deposits (Qb) is found along 
the modern shoreline, and a veneer of unconsolidated eolian sand deposits 
(Qae) is found inland as much as 1.5 km from the modern shoreline.

Faults and Folds

Several structures associated with the La Cruz fault system deform rocks 
on SWIT. The intensity of deformation is greatest in the older marine units 
and underlying early to middle Miocene volcanic rocks. The uppermost ma-

rine rocks (Tcmu) and superadjacent nonmarine rocks (Tcnm) are only slightly 
deformed and overlie older, deformed strata across an angular unconformity. 
The capping Pliocene volcanic units and Quaternary sedimentary units appear 
to be undeformed.

The La Cruz fault is a major northwest-striking, dextral strike-slip fault that 
parallels the southwestern coastline of the island (Fig. 1B) and cuts most late 
Miocene and older map units on SWIT (Figs. 2, 14B, and 14C). Although the 
La Cruz fault is primarily a subvertical strike-slip fault, it also has a history 
of vertical offset, with evidence for both transpressional and transtensional 
deformation. Overall displacement across the fault in the study area is dextral 
oblique normal, with down-to-the-northeast vertical offset. Crystalline base-
ment rocks are exposed southwest of the fault and are not exposed north-

foreground hills

background hills

paleo-topographic high of
pre-basin volcanic breccia (Tbxv)

Tcnmplanar bench at upper surface of non-marine congl.

Tcnm
Tcmu

foreground hills

background hills

Gulf of California
(Bahía Vaporeta)

Arroyo 5

BA

C

D

Figure 12. Field photographs of nonmarine conglomerate 
and sandstone (Tcnm) on southwest Isla Tiburón (SWIT). 
Hammer for scale in A and B is 38 cm long. (A) Moderately 
stratified exposure of Tcnm. (B) Tcnm contains subrounded 
to angular clasts of locally derived, middle Miocene arcre
lated volcanic rocks and late Miocene welded tuffs. (C) Pano
ramic view of northeastern portion of study area, looking 
northeast at  arroyo 5 where Tcnm deposits are perched upon 
and banked against paleotopographic highs of prebasin, arc 
related volcanic rocks. These exposures of Tcnm and Tcmu 
(upper conglomerate) are along the northeastern margin of 
the SWIT basin. The top of the basin is visible as a subhor
izontal geomorphic bench that dips gently toward the Gulf 
of California. (D) Annotated interpretation of panorama in C 
(cong.— conglomerate).
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Hast Pitzcal

Tcsd dikes

BA C

ED F

HG

sub-vertical foliation
in Tcsd dikes

Figure 13. Field photographs of Hast Pitzcal (Cerro Starship) hill and Pliocene volcanic units that cap and cut through the marine basin on southwest Isla Tiburón. Hammer for scale in B and D is 
38 cm long. (A) Looking northwest at Hast Pitzcal. Resistant hilltop is ~1 km in length. (B) Ash and pumicerich pyroclastic deposits (Tcsp) locally underlie the capping rhyodacite of Cerro Starship 
(Tcsf) lava flow. (C) Looking north along undulatory upper surface of Hast Pitzcal. No crosscutting dikes are observed along crest of hilltop. Circled geologist for scale. (D) Centimeterscale flow 
banding in porphyritic rhyodacite. Maroon object in center of photo is loose clast. (E) Flow banding in rhyodacite outcrops (Tcsf) shows highly variable patterns of foliation, suggesting viscous 
flow prior to cooling. (F) Looking southwest on the eastern flank of Hast Pitzcal at subvertical foliation in feeder dikes (Tcsd). Foliation in Tcsd is parallel to outcrop pattern of dike outcrops. Dike 
leads directly to base of capping rhyodacite of Cerro Starship (Tcsf) lava flow. (G) Looking north from southwestern corner of study area. Discontinuous, en echelon rhyodacite dikes (Tcsd) lead to 
capping rhyodacite of Cerro Starship (Tcsf) at Hast Pitzcal. (H) Looking north at southernmost tip of main flow body of Tcsf. Base of rhyodacite flow consists of 2–4mthick black glassy vitrophyre. 
Geologist is standing on middle Miocene arcrelated basalt flows. Basal contact of Tcsf (white arrows) is continuous and sharp. No crosscutting dikes are observed. White region in upper left 
portion of photo is recent landslide scar.

 as doi:10.1130/GES01153.1Geosphere, published online on 1 July 2015

http://geosphere.gsapubs.org


Research Paper

19Bennett et al. | Southwest Isla Tiburón marine basin, Gulf of CaliforniaGEOSPHERE | Volume 11 | Number 4

NO VERTICAL
EXAGGERATION

Tthm

GULF OF

CALIFORNIA

Tcmu
S.L.

–100

–200

100

200

300

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

?

QUATERNARY
UNITS ARE THIN

AND NOT SHOWN

 
 

Tbxv Form Line

Tcnm

Tbxs

TcshTcmu

Tthm [4.34 ± 0.20] Tcnm

Tteb
[6.11 ± 1.81 Ma]

Tcnm

TbxvTbxv

Tbxv

Tbxv

Tbxv
 

 
Tbxv Form Line?

? ? ?

24(24)

6(3)
22(15)

20(18)
21(17)

9(1)

32(30)

Tsmt
[6.2–4.3 Ma microfossils]

Tbxv
[19–11 Ma]Tbx

Ttoa
[6.01 ± 0.20 Ma]

Tthm [4.34 ± 0.20]
? ?

?

S.L.

–100

–200

100

200

300

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

Ground Surface

3 Kilometers
and ~60 m
Elevation
Change
Omitted,

Bedding From
Omitted

Section Shown

Ground Surface

Tc
nm

Tcmu

Tthm

23(22)

22(22)

25(23)
25(24)

24(23)

14(13)
22(22)

SESection D–D′NWD

HORIZONTAL DISTANCE (METERS)
0 100 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700 4800 4900 5000

Tcnm

Tbxv

Tbxv
Tcmm

Tcmm
Tbx

Ttoa

Tsmt

Tsmt Tsm
Tsmt

Tcmu

Tsm
Tbx

Tcmu

TbxvTsl
Tba

Ttua

NO VERTICAL
EXAGGERATION

QUATERNARY
UNITS ARE THIN

AND NOT SHOWN

Tsmt
Tsmt

Ttua

Tbxv

Tbxv
Tbxv

Ttoa
Ttoa

Tbx

Tbx
Tbx

Tbxv Tcnm
Tcnm

Tcmu

Tcmu

Tsmt
[6.2–4.3 Ma microfossils]Tbxv

[19–11 Ma]

Tbx

Tba
[21–15 Ma]

Ttoa
[6.01 ± 0.20 Ma]

LA     C
R

U
Z     FA

U
LT

9(9)

35(35)

59(55)

21(20)
26(24)

14(13)

17(14)

25(20)
Ground Surface

Arroyo 2

S.L.

–100

–200

100

200

300

S.L.

–100

–200

100

200

300SW NESection C–C′

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

HORIZONTAL DISTANCE (METERS)
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

C

Tbxv

Ttua
Tbx

Tcnm

Tsmt
[6.2–4.3 Ma microfossils]

Tcmu

Tcml

Tcml

Tbxv

Tbxv

Tbxv
[19–11 Ma]

Tbx Tcml
Ttoa

Tcmu Tcmu

Tcmu

TcnmTcnmTcnm

Tbxv
Tcml

Ttoa Tsmt

Tsmt

LA     C
R

U
Z     FA

U
LT

?
? ?

Tb

Tb

Tvc
Tcmu

NO VERTICAL
EXAGGERATION

QUATERNARY
UNITS ARE THIN

AND NOT SHOWN

15(14)

15(4)

25(25)

12(6)

14(9)
21(17)

25(18)

Arroyo 2

Tbx

Enlargement shown in Figure 15

Tba
[21–15 Ma]

Ttoa
[6.01 ± 0.20 Ma]

Ground Surface

ARROYO 3
Erosional
Window

S.L.

–100

–200

100

200

300

S.L.

–100

–200

100

200

300SW NESection B–B′
M

E
TE

R
S

 A
B

O
V

E
 S

E
A LE

V
E

L

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

HORIZONTAL DISTANCE (METERS)
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

B

Tsmt [6.2–4.3 Ma microfossils]

Tsmt

Tcsd
[3.7 ± 0.9 Ma]

TtuaTbx Tthp

TcmlTtoa

Tvc

Tvc

Tb

Tb
[21–15 Ma]

Tcmm

Tvc

Tcsp
Tcnm

Ttua

Tbxs
Ttoa
[6.01 ± 0.20 Ma]Tcml

Tcnm

Tcmm

Tcsf
Tcsf
[3.51 ± 0.05 Ma]
[4.13 ± 0.09 Ma]
[4.16 ± 1.81 Ma]

Ttas
[6.40 ± 1.63 Ma]

Tcnm

Tcmu

NO VERTICAL
EXAGGERATION

QUATERNARY
UNITS ARE THIN

AND NOT SHOWN

Tcsp

Tthp
Tbx

21(21)

24(16)

23(21)

20(6)
19(6)

15(15)
13(7)

24(11)
52(42) 84(82)

79(78)

25(24)

32(26)
22(20)

32(31)
33(31)

22(20)

46(38)

Contact Locations and Discontinuous Units Projected
Into Cross Section From Cove Outcrops to the West 

Hast Pitzcal
(Cerro Starship)

Tthp
[6.44 ± 0.05 Ma]
[6.67 ± 0.83 Ma]
[5.67 ± 0.17 Ma]Tbx

Tcmu
Tcmu

Ground Surface

S.L.

–100

–200

100

200

300

S.L.

–100

–200

100

200

300NW SESection A–A′

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

M
E

TE
R

S
 A

B
O

V
E

 S
E

A LE
V

E
L

HORIZONTAL DISTANCE (METERS)
0 100 200 300 400 500 600 700 800 900 1000 1100

A

contact - certain, approx., queried

inclincation of feature; true dip (apparent dip)
black - bedding
red - fault

flow banding in lava flow

primary bedding in Gilbert-type delta foreset beds

fault - certain, approx., queried
?

Contacts

Structures

?

32(26) 33(31)

normal fault, thrust fault, strike-slip fault

Figure 14. (A–D) Geologic cross sections 
for southwest Isla Tiburón. Map unit 
colors and other symbols as in Figure 2. 
S.L.—sea level. Units shaded lighter are 
above the ground surface. Dip values 
from structural measurements used to 
construct cross sections are shown near 
ground surface. Apparent dip values are 
in parentheses. Horizontal scale arbi
trarily begins at 0 m at left edge of each 
cross section. See geologic map (Fig. 2) 
for crosssection line locations. To view 
the largeformat map plate, please visit 
http:// dx .doi .org /10 .1130 /GES01153 .S6 or 
the fulltext article on www.gsapubs.org. 
Printed crosssection sheet is 19″ tall, 19″ 
wide (~48 × 48 cm).

 as doi:10.1130/GES01153.1Geosphere, published online on 1 July 2015

http://geosphere.gsapubs.org
http://dx.doi.org/10.1130/GES01153.S6


Research Paper

20Bennett et al. | Southwest Isla Tiburón marine basin, Gulf of CaliforniaGEOSPHERE | Volume 11 | Number 4

east of the fault in the study area (Fig. 2). The base of the marine section has 
~1 km of dextral separation in arroyo 2 (Fig. 2). The La Cruz fault cuts unit Tsmt 
and all older marine and nonmarine units. Adjacent faults and folds do not 
appear to deform the La Cruz fault. From this we surmise that slip on these 
secondary structures was contemporaneous with slip on the La Cruz fault in a 
 dextral-wrench shear zone.

The total dextral offset on the La Cruz fault is not well constrained, be-
cause none of the older, arc-related units match across its 28 km length across 
southern Isla Tiburón (Oskin and Stock, 2003a), suggesting that it may have 
undergone at least tens of kilometers of total dextral displacement. However, 
less dextral offset may be required if down-to-the-northeast displacement 
across the fault has obscured correlative units. Younger arc-related volcanic 
rocks northeast of the fault may conceal older arc-related units that are correla-
tive to those now exposed southwest of the fault. Bennett (2013) suggested 
only 5 ± 2 km of dextral offset for the La Cruz fault, based on correlation of 
paleovalley exposures of the 12.5 Ma tuff of San Felipe across the fault ~10 km 
southeast of SWIT.

Many map units are also deformed by folds and reverse faults. Mapped 
folds are gentle, with ~120°–155° interlimb angles (Fig. 14). The traces of 
fold axial planes are oriented approximately west-northwest–east-southeast, 
slightly more westward than the northwest-striking La Cruz fault (Fig. 2). Re-
verse faults are oriented between northwest-southeast and east-west, and dip 
20°–80° south to southwest. Displacement on these faults is minor, with tens 
to hundreds of meters of total slip. Folds and reverse faults only deform unit 
Tsmt and older units. In general, map units on both sides of the La Cruz fault 
dip north, except locally in south-dipping fold limbs. This is expressed on the 
geologic map (Fig. 2) as map units that are progressively younger from south 
to north.

Normal faults also are present in the study area (Figs. 2 and 14). Mapped 
normal faults are oriented approximately north-northwest to north-northeast 
with moderate to steep dips. Displacement on these normal faults is minor, 
with tens of meters of total displacement. Normal faults deform Tsmt and 
older units, and cut folds and reverse faults. The dike system (Tcsd) that fed 
the rhyodacite of Cerro Starship (Tcsf) is oriented approximately north-north-
east across SWIT, subparallel to the strike of many mapped normal faults in 
the study area (Fig. 2) and southeast of the study area across southern Isla 
Tiburón (Bennett, 2013). This orientation is similar to the expected orientation 
of extensional structures (e.g., fractures and faults) in the transtensional Gulf 
of California (Withjack and Jamison, 1986). The Tcsd dike system likely formed 
under a transtensional strain field.

Deformation associated with the La Cruz fault and adjacent faults and folds 
likely initiated sometime after the emplacement of the youngest arc-related 
volcanic rocks (ca. 11 Ma), and prior to the emplacement the pre-marine vol-
canic rocks (ca. 6.5 Ma) and subsidence of the SWIT basin. Activity on the 
La Cruz fault ~10 km southeast of SWIT commenced between 12 and 8 Ma 
(Bennett, 2013). Deformation was ongoing during sedimentation in the SWIT 
marine basin. The oldest marine units, Tsm, Tcml, and Tcsh, are faulted and 

folded in a manner similar to underlying arc-related volcanic rocks. Intermedi-
ate-age marine units Ttoa, Tsmt, and Tcmm are the youngest map units folded 
or cut by these faults. Younger units, including the Gilbert delta system fore-
set deposits (Tcmu) and laterally equivalent nonmarine conglomerate (Tcnm), 
appear to be undeformed and cap all faults in the SWIT study area (Fig. 2). 
We conclude that deformation associated with the La Cruz fault likely ceased 
sometime after emplacement of the 6.01 ± 0.20 Ma tuff of Oyster Amphitheater, 
around the time of emplacement of the 3.51 ± 0.05 Ma to 4.13 ± 0.09 Ma rhyo-
dacite of Cerro Starship and 4.34 ± 0.20 Ma tuffs of Hipat Mesa.

RESOLUTION OF SWIT CONTROVERSIES

The results of our new detailed geologic mapping, geochronology, and 
stratigraphic analysis support the interpretation that marine rocks on SWIT 
were deposited during latest Miocene to Pliocene time (Oskin and Stock, 
2003a). Based on these results, we address and resolve long-standing contro-
versies over the age and depositional setting of the SWIT marine basin and the 
age and emplacement mechanism of several volcanic units that provide key 
constraints on the timing of marine deposition.

Age of Marine Strata in the SWIT Basin

Smith et al. (1985) published a 12.9 ± 0.4 Ma age for a monolithologic 
andesite breccia (their sample 83BSJ260) that they interpreted to be inter-
stratified with marine deposits near the base of the SWIT basinal section, in 
deposits of the white tuffaceous marine sandstone unit (Tsmt) (Smith, 1991). 
Oskin and Stock (2003a) suggested that this breccia outcrop belongs to older 
vol caniclastic strata stratigraphically below the marine deposits but their map-
ping was insufficient to verify this notion. An enlargement of our cross-section 
B–B’ illustrates the structural and stratigraphic relationship of this exposure to 
the unconformably overlying marine deposits (Fig. 15). The andesite breccia 
sample locality (Fig. 4C) is located in the bedrock floor of arroyo 3 (Fig. 15, 
750 m on horizontal distance scale), which is surrounded by higher topogra-
phy. On the hill south of the arroyo exposure, Tcml, Tbx, and older units are all 
deformed by gentle folds (Fig. 15). A gently north-dipping fold limb is mapped 
on the north-facing dip slope of this hill, with beds dipping toward the arroyo 
exposure. The sharp, ~15° north-dipping basal contact of marine conglomerate 
(Tcml) is exposed 1–2 m above the arroyo bottom on the northeastern and 
southwestern sides of the ~20-m-wide bedrock-bottom arroyo (Fig. 15). In the 
arroyo floor, the distinctive landslide breccia (Tbx) is in contact stratigraphi-
cally above the andesitic breccia (Tbxv), and nearby, is stratigraphically below 
the marine conglomerate. Thus, as suggested in Oskin and Stock (2003a), the 
andesite breccia at this location is exposed in an erosional window carved 
through and surrounded by gently dipping marine conglomerate and land-
slide breccia that unconformably overlie the andesite breccia (Fig. 15). In fact, 
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we mapped multiple erosional windows such as this within 0.5 km of this key 
outcrop (Fig. 2). These relationships demonstrate that the isotopically dated 
andesitic breccia is stratigraphically below, rather than within, the marine de-
posits and is part of the older arc-related volcanic rocks (Tbxv).

In this study we provide new age constraints that bracket the marine de-
posits on SWIT. The lithologically distinctive landslide breccia marker (Tbx) is 
exposed almost continuously at the base of the marine section. In general, this 
breccia directly overlies, in angular unconformity, pre-marine, early rift vol-
canic rocks (e.g., Tthp) or early to middle Miocene arc-related volcanic rocks 
(e.g., Tbxv). At some locations, however, it overlies a thin (<5 m) discontinuous 
unit of marine sandstone (Tsm) that in turn overlies arc-related volcanic rocks. 
The age of this distinctive marker unit, and thus the base of the marine depos-
its, is bracketed between the 6.44 ± 0.05 Ma tuff of Hast Pitzcal that underlies 
the marine section, and the 6.01 ± 0.20 Ma tuff of Oyster Amphitheater, which is 

interbedded within the basal marine deposits. The youngest SWIT marine de-
posits predate emplacement of the 3.51 ± 0.05 Ma to 4.13 ± 0.09 Ma rhyodacite 
of Cerro Starship and the 4.34 ± 0.20 Ma tuffs of Hipat Mesa.

A latest Miocene to Pliocene age for the SWIT marine basin was previ-
ously indicated by the presence of 6.2–4.3 Ma marine microfossils described 
by Gastil et al. (1999). However, this biostratigraphic age constraint was not 
incorporated into the conclusions of the original study (Gastil et al., 1999) and 
it has been ignored in subsequent paleontological studies in the Gulf of Cali-
fornia. Carreño and Smith (2007) and Helenes et al. (2009) asserted that the 
SWIT marine basin is middle Miocene in age, referring to the 12.9 ± 0.4 Ma 
age interpretation of Smith et al. (1985) and the 11.2 ± 1.3 Ma age of Gastil 
and Krummenacher (1977b) for the rhyodacite flow that caps the marine ba-
sin, despite doubts raised about these constraints in Oskin and Stock (2003a). 
Helenes et al. (2009) cited the late Miocene microfossils of Gastil et al. (1999) 
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Figure 15. Cross section of erosional 
window exposure in arroyo 3 where 
Smith et al. (1985) collected and 
 dated (12.9 ± 0.4 Ma; KAr) a sample 
of andesitic breccia, thought to be 
interbedded in marine strata. This 
figure is an enlargement of a portion 
of our crosssection B–B’ (Fig. 14B). 
Lower left inset shows crosssection 
B–B’ by Gastil et al. (1999), drawn 
along same line as our crosssection 
B–B’ (note different scale). Extent of 
main enlargement is indicated by blue 
rectangle in inset. Gastil et al. (1999) 
showed unit M8b, the unit that Smith 
et al. (1985) dated, as a discontinu
ous, faultbounded wedge of ande
site inter bedded within marine strata 
(e.g., M8a, M8c, M8d). We map this 
unit as Tbxv (see text). The floor of the 
marine basin is highlighted by a red 
dashed line on both cross sections. 
Our detailed mapping demonstrates 
that arroyo 3 exposes an ero sional 
window through the folded floor 
of the marine basin and into older 
arcrelated volcanic rocks (Tbxv) and 
the landslide breccia (Tbx). M1–M7 
of Gastil et al. (1999) is equivalent to 
our arcrelated volcanic rocks (e.g., 
Tbxv, Tbxd). M10 is equivalent to our 
landslide breccia (Tbx), interpreted by 
Gastil et al. (1999) as a younger, cross
cutting rhyolite dike.
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as evidence for a younger marine incursion that they interpreted to be distinct 
and younger than their inferred middle Miocene seaway. That interpretation is 
untenable because it assumes a middle Miocene age for the base of the ma-
rine section on SWIT, which we show here is incorrect. The results of our study 
agree with previously published biostratigraphic evidence for a latest Miocene 
to early Pliocene age of earliest marine sedimentation and conclusively re-
solve previous age controversies for the SWIT basin.

Of more regional concern, paleontological studies of molluscan assem-
blages (e.g., Smith et al., 1985; Smith, 1991; Carreño and Smith, 2007) have 
used the fossil assemblage from SWIT as a megafossil standard for middle 
Miocene time in the Gulf of California, thus influencing age interpretations 
of marine basin deposits at other locations. These paleontological studies in-
correctly assigned a middle Miocene age to similar megafossil assemblages 
over a significant length of the Gulf of California and Salton Trough, including 
the Imperial Formation >650 km northwest of Isla Tiburón, the basal Boleo 
Formation >150 km south of Isla Tiburón, and the basal Trinidad Formation 
>650 km southeast of Isla Tiburón (Gastil et al., 1999). Marine deposits at some 
of these locations have subsequently been shown to be late Miocene in age 
(e.g., McDougall et al., 1999; Dorsey et al., 2007, 2011). Future paleontological 
studies in the Gulf of California region should discontinue use of the erroneous 
middle Miocene interpretation for the age of marine strata and fossil assem-
blages on SWIT.

Depositional Setting of the SWIT Basin

Our detailed structural and stratigraphic results require a reinterpretation 
of the controls on SWIT basin geometry, subsidence, and depositional setting. 
Most of the subsidence that formed the SWIT basin took place northeast of the 
La Cruz fault in response to down-to-the-northeast separation. The exposed 
marine deposits fill an elongate, 1.5–2.5-km-wide trough for 4 km parallel to 
the fault trace (Fig. 2). This trough continues to the southeast for at least an ad-
ditional 5 km, and is occupied by nonmarine strata that we infer to be laterally 
equivalent to the marine section (Fig. 1B; Bennett, 2013). For most of its length, 
the basin is restricted to the northeast side of the La Cruz fault, supporting the 
idea that it formed above the down-dropped, northeastern side of this dextral 
oblique fault zone. Within ~1 km of the modern shoreline, the outcrop belt of 
sedimentary rocks widens to >4 km and latest Miocene to Pliocene marine 
deposits are preserved on both sides of the La Cruz fault.

We interpret the map units Tsmt, Tcmm, Tcmu, and Tcnm to represent a 
linked fluvial-marine Gilbert-type fan delta system (e.g., Gilbert, 1885; Gaw-
thorpe and Colella, 1990; Postma, 1990; Falk and Dorsey, 1998; Ford et al., 2009) 
fed by a northwest-flowing fluvial system that drained watersheds across 
much of southern Isla Tiburón and delivered coarse gravelly sediment to the 
late Miocene Gulf of California seaway. The transport direction and architec-
ture of the Gilbert-delta system was controlled by the latest stages of deforma-
tion on the La Cruz fault; only the lower units of the delta deposits (e.g., Tsmt, 

Tcmm) are folded or faulted. Nonmarine topset deposits (Tcnm) both truncate 
(Figs. 11D, 11E; see also Fig. 1D of Oskin and Stock, 2003a) and pass laterally 
in the transport direction into inclined marine foreset deposits (Tcmu) (Figs. 
11D, 11E). Gently dipping marine tuffaceous sandstone deposits (Tsmt) are in-
terpreted to be marine turbidites formed in distal Gilbert-delta bottomsets. In 
places, coarser marine conglomerate and sandstone (Tcmm) erosionally over-
lie Tsmt, possibly recording a temporary fall in relative sea level. Marine con-
glomerate deposits (Tcmu) overlie Tsmt and Tcmm. We interpret Tcmu as a 
system of prograding marine foresets. Sediments were sourced from an updip 
fluvial system to the southeast, and prograded to the northwest across older, 
deformed marine units (e.g., Tsm, Tcml). The fan delta deposits appear to have 
filled a marine embayment that formed as a result of subsidence along the La 
Cruz fault in an area that previously hosted a more heterogeneous, isolated set 
of fault-bounded marine subbasins.

We estimate that marine deposits of SWIT have a total maximum thick-
ness of ~300 m in the study area, based on a combination of our detailed geo-
logic mapping and compilation of detailed measured sections (Keogh, 2010). 
This estimate utilizes maximum thickness measurements of ~10 m of Tsm, 
Ttua, and Tbx, ~130 m of Tbxs, Tcml, and Tcsh, ~30 m of Ttoa, ~90 m of Tsmt, 
~100 m of Tcmm, ~40 m of Tcmu, and ~50 m of Tcnm. However, marine units 
are of variable thickness across the study area and in no single section are all 
observed at their maximum thickness. Our basin thickness estimate is signifi-
cantly less than the ~1500 m estimate of Cassidy (1990) and Gastil et al. (1999), 
who incorrectly calculated thickness for the Tcmu unit of the Gilbert-type fan 
delta system, for which bed inclination is nontectonic.

Reinterpretation of Late Miocene Igneous Units

Neuhaus (1989) and Gastil et al. (1999) mapped and dated three late Mio-
cene igneous units interpreted as dikes or pods of rhyolite flows that crosscut 
and/or overlie all SWIT marine deposits (Fig. 2; Supplemental Table 1 [see foot-
note 1]). Our observations indicate that none of these igneous units crosscut 
or overlie marine strata, but rather are within the stratigraphic section, where 
they are faulted and folded similar to underlying and overlying map units.

A rhyolite from arroyo 1 was interpreted as either a flow that overlies SWIT 
marine conglomerate (Neuhaus, 1989; unit Mr) or as a crosscutting dike (Gastil 
et al., 1999; unit M10). Their petrographic descriptions are very similar to our 
description of the tuff of Hast Pitzcal (Tthp), which crops out at their sample 
location on our geologic map (Fig. 2). The previous K-Ar age of 5.67 ± 0.17 Ma 
from the west side of arroyo 1 (Neuhaus, 1989) is broadly similar to our Ar/Ar 
age of 6.44 ± 0.05 Ma for Tthp, from the opposite site of the arroyo. In this 
area, Tthp is tilted and faulted and unequivocally within the stratigraphic sec-
tion, unconformably beneath marine deposits (Figs. 2 and 14A). Locally, in a 
side canyon on the western side of arroyo 1, the upper contact of Tthp diapir-
ically intrudes overlying stratified ash and pumice beds of unit Ttua (Fig. 6). 
We observe similar diapiric relationships in outcrops just west of a coastal 
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cove, between arroyo 0 and Hast Pitzcal (Fig. 2). This contact relationship may 
have occurred as a result of the rapid deposition and overburden pressure of 
these breccia deposits onto older, unconsolidated deposits of water-saturated 
tuff. Such local diapric flow contact relationships may have led to previous 
interpretations that the emplacement of the tuff of Hast Pitzcal occurred as an 
intrusion.

Neuhaus (1989) mapped another local rhyolite unit (Mry) from an outcrop 
in arroyo 4, in the southeastern corner of the study area (Fig. 2) and reported 
a 6.11 ± 1.81 Ma (K-Ar) age for this unit (Supplemental Table 1 [see footnote 
1]). Neuhaus (1989) interpreted this unit as a rhyolite flow that overlies SWIT 
marine conglomerate. Gastil et al. (1999) also reported this age, but located 
this volcanic sample among outcrops of fluvial conglomerate (M11) on their 
geologic map. The sample location and petrographic description of Neuhaus 
(1989) are both similar to the tuff of Ensenada Blanca (Tteb) on our geologic 
map (Fig. 2), where Tteb is deposited upon older arc-related volcanic breccia 
deposits (Tbxv) and is not in contact with marine strata (Fig. 14D). Because 
Tteb is overlain by nonmarine conglomerate (Tcnm), a unit coeval with the 
youngest SWIT marine deposits (Tcmu), and is gently folded similar to the old-
est marine deposits (Tcml), Tteb is likely to predate or be coeval with marine 
conditions on SWIT.

Gastil et al. (1999) mapped a discontinuous rhyolite unit (M10) in the vicin-
ity of arroyos 1, 2, and 3, from which a 9.02 ± 1.18 Ma (Ar/Ar) age was obtained. 
They interpreted this unit as a rhyolite dike crosscutting marine conglomerate. 
Our mapping indicates that these outcrops are moderately dipping deposits 
of the distinctive landslide breccia unit (Tbx) (Fig. 2), which consists predomi-
nantly of welded rhyolite tuff clasts (Figs. 8A, 8B), and was emplaced near the 
base of the marine rocks (Fig. 14B). Breccia clasts of Tbx are identical to pri-
mary tuff outcrops of tuff of Ensenada Blanca (Tteb). We also observe angular 
to subrounded cobbles and boulders of cemented Tbx reworked into overlying 
Tcml marine conglomerate beds (Figs. 2 and 10D) that further confirm that it 
predates most marine sediments. If we take the ages from these units reported 
by Gastil et al. (1999) at face value, these data suggest that the tuff of Ensenada 
Blanca, which provided the source of clasts within Tbx, was likely emplaced ca. 
9–7 Ma, prior to marine conditions on SWIT.

Age and Emplacement of the Rhyodacite of Cerro Starship

Conflicting interpretations (Gastil and Krummenacher, 1977b; Gastil et al., 
1999; Oskin and Stock, 2003a) have been suggested for the age and emplace-
ment mechanism of the rhyodacite of Cerro Starship (Tcsf), which caps all ma-
rine deposits (Fig. 13). The basis for this conflict is in the disparity between 
the original K-Ar ages obtained by Gastil and Krummenacher (1977b) for the 
flow (11.2 ± 1.3 Ma) versus a nearby dike of similar lithology (3.7 ± 0.9 Ma), 
leading to their interpretation that these features are separate igneous events. 
A younger K-Ar age of 4.16 ± 1.81 Ma for a sample collected from the top of 
the flow by Neuhaus (1989) and reported in Gastil et al. (1999) was interpreted 

to have been accidentally collected from a younger, crosscutting dike instead. 
This interpretation was rejected in Oskin and Stock (2003a) and it was instead 
proposed that the K-Ar age of 11.2 ± 1.3 Ma from the rhyodacite flow (Tcsf) is 
erroneous, inconsistent with its stratigraphic position, and that the younger 
K-Ar ages of 4.16 ± 1.81 Ma and 3.7 ± 0.9 Ma, previously interpreted to crosscut 
this flow, were actually collected from the primary lava flow and its coeval 
feeder dike, respectively.

We revisited this capping rhyodacite flow and nearby dikes to assess their 
relative age and emplacement mechanisms. The 3.7 ± 0.9 Ma dike outcrop on 
the eastern bank of arroyo 1 (Tcsd) is at least 5 m wide and exhibits a strong 
northeast-southwest–striking vertical foliation (Fig. 2). The same dike is ex-
posed along strike to the southwest, across arroyo 1, and continues up the 
eastern flank of Hast Pitzcal. Here the dike thickens to 20–40 m wide, crosscuts 
marine and nonmarine conglomerate beds, and crops out continuously up to 
the base of the rhyodacite flow (Figs. 2, 13F, and 14A; 500–600 m on horizontal 
distance scale). The dike does not cut through the rhyodacite flow. Instead, 
we observe the subhorizontal rhyodacite flow as continuous and intact across 
this dike. In some exposures the dike exhibits continuous foliation with the 
overlying flow. Gastil et al. (1999) interpreted the flow as an ash-flow tuff that 
consists of a basal pumice bed, overlain by a breccia flow, overlain by a vitro-
phyric welded tuff, overlain by a crystal-rich effusive rhyolite. Our observations 
confirm that the base of the flow is underlain by thin and discontinuous depos-
its of pyroclastic material (unit Tcsp). The majority of the rhyodacite of Cerro 
Starship consists of a lava flow. This is supported by the observation that both 
the matrix of the basal vitrophyre and that of the main flow deposit do not 
consist of ash or other pyroclastic material (e.g., pumice, lithic fragments), and 
instead exhibit irregular flow foliation (Figs. 2, 13E, and 14A) typical of felsic 
lava flows (Cas and Wright, 1987).

We also revisited the southern end of the main, elongate flow body (Fig. 2) 
where Gastil et al. (1999) interpreted the 4.16 ± 1.81 Ma (K-Ar) age from it to be 
from a crosscutting dike. We do not observe dikes exposed along the continu-
ous, undulatory upper flow surface (Fig. 13C) or where the subhorizontal, basal 
contact of the flow is well exposed in a vertical cliff exposure (Fig. 13H). In 
summary, our observations concur with the interpretation in Oskin and Stock 
(2003a) that the dike (Tcsd) fed the capping rhyodacite flow (Tcsf). The main 
fissure-fed rhyodacite flow deposit was likely sourced from an ~600-m-long 
portion of the dike that is continuous with the dike exposure on the northeast-
ern flank of Hast Pitzcal, but is currently unexposed, beneath Hast Pitzcal. As 
additional support of this hypothesis, we find that basal pyroclastic deposits 
(Tcsp) are limited to an area immediately south of the point where this dike 
intersects the flow (Fig. 2).

To resolve disparate interpretations of the age of the rhyodacite, we dated 
a sample from basal Tcsf, away from any mapped dikes, where its sharp sub-
hori zontal basal contact is well exposed (Fig. 2). Our ages of 3.51 ± 0.05 Ma 
(Ar/Ar) and 4.13 ± 0.09 Ma (U/Pb) are consistent with previously published 
K-Ar ages of 3.7 ± 0.9 Ma on the arroyo 1 feeder dike (Gastil and Krumme-
nacher, 1977b) and 4.16 ± 1.81 Ma from the top of the flow (Neuhaus, 1989). 
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Altogether, these data confirm that the K-Ar age of 11.2 ± 1.3 Ma by Gastil and 
 Krummenacher (1977b) does not represent the age of the flow and should not 
be used as a minimum age constraint on marine sedimentation on SWIT.

REGIONAL IMPLICATIONS

A latest Miocene to Pliocene interpretation for the age of the SWIT ma-
rine basin has important regional implications for the tectonic evolution of the 
Gulf of California rift and marine incursion into it. Below, we discuss these im-
plications and develop a paleogeographic reconstruction of a narrow marine 
embayment that formed during the earliest stages of oblique opening of the 
northern Gulf of California rift. This integrated analysis illustrates the relation-
ship between marine basin formation and the geodynamic evolution of this 
portion of the Pacific–North America plate boundary.

Synchronous Marine Incursion into the Northern 
Proto–Gulf of California

A revised latest Miocene age for the earliest marine deposits on Isla Tiburón 
is consistent with a regionally synchronous marine incursion, no earlier than 
6.5 Ma, into basins of the northern Gulf of California and basins now buried by 
continental deposits in the Salton Trough (southern California) and Altar basin 
(northwestern Sonora, México). Throughout this region (Fig. 16A) all timing in-
formation for marine incursion established through clear crosscutting relation-
ships and/or confidently in situ microfossil assemblages indicates that marine 
conditions first existed here between 6.5 and 6.0 Ma (e.g., Martín-Barajas et al., 
1997, 2001; Stock, 1997; McDougall et al., 1999; Oskin and Stock, 2003a; McDou-
gall, 2008; Dorsey et al., 2011; this study). This late Miocene marine incursion 
(Fig. 16B) likely occurred along a relatively narrow and incipient set of en eche-
lon pull-apart basins formed within an ~600-km-long portion of the Gulf of 
California shear zone (Bennett and Oskin, 2014), a transtensional portion of the 
Pacific–North America plate boundary. Marine incursion into the northern Gulf 
of California and Salton Trough appears to have shortly followed the ca. 7 Ma 
marine incursion documented in the central Gulf of California (Holt et al., 2000; 
Conly et al., 2005; Miranda-Avilés et al., 2005; Miller and Lizarralde, 2013).

The question of whether latest Miocene marine incursion was preceded 
by an earlier, middle Miocene marine seaway remains controversial. Middle 
Miocene microfossils are reported from the northern Salton Trough (McDou-
gall et al., 1999), Cerro Prieto (Cotton and Vonder Haar, 1980), Laguna Salada 
(Martín-Barajas et al., 2001), near San Felipe (Boehm, 1984), from wells in the 
northern Gulf of California and southern Salton Trough (Helenes et al., 2009), 
in the coastal Sonora plains southeast of Bahía de Kino (Gómez-Ponce, 1971), 
and on Tres Marías Islands at the mouth of the Gulf of California (Figs. 1A and 
16A; Carreño, 1985) (see regional summary in Carreño and Smith, 2007). At 
most of these localities, the middle Miocene microfossils were considered 

to be reworked and not in situ specimens. For example, both middle Mio-
cene and Cretaceous microfossils were observed in Cerro Prieto geothermal 
wells (Cotton and Vonder Haar, 1980), suggesting that the deposits hosting 
these specimens likely postdate arrival of the Colorado River, which is dated 
as 5.3 Ma (Dorsey et al., 2007, 2011). In one possible exception, lower Mio-
cene specimens have been documented from depths of ~250–750 m in water 
wells in coastal southern Sonora (Fig. 16A; Gómez-Ponce, 1971). However, 
Winker (1987) discounted the in situ status of these specimens due to the un-
availability of samples and necessary documentation. In addition, Gastil and 
 Krummenacher (1977b, p.194) reported an oral communication with James 
Ingle, who believed that the identification of lower Miocene microfossils in 
the coastal Sonora water wells was not reliable, and the strata could postdate 
10 Ma. No such marine rocks occur in mountain ranges that flank the mod-
ern-day Sonora coastline, despite evidence for significant faulting, tilting, and 
basin formation ca. 9–6 Ma (Herman and Gans, 2006; Seiler et al., 2010; Darin, 
2011; Bennett et al., 2013).

A second, more widely cited report of in situ middle Miocene microfos-
sils is based on analysis of cuttings from four Petróleos Mexicanos (PEMEX, 
1985) exploration wells in the northern Gulf of California (Helenes et al., 2009) 
(Fig. 16A). Helenes et al. (2009) reported in situ dinoflagellates and calcareous 
nanno fossils that suggest the presence of as much as 3750 m of early to mid-
dle Miocene (pre–11.6 Ma) marine deposits in the Wagner and Consag pull-
apart basins, in the western part of the northern Gulf of California. This contra-
dicts other published studies that found that transtensional marine basins in 
the western Gulf rift began opening ca. 3.3–2.0 Ma, not in middle Miocene time 
(Nagy and Stock, 2000; Stock, 2000; Aragón-Arreola and Martín-Barajas, 2007). 
Helenes et al. (2009) concluded that the lower 1833 m of marine deposits in the 
upper Tiburón basin, offshore SWIT (Fig. 16), are middle Miocene age, and geo-
physical evidence indicates the presence of ~1000 m of additional sediments 
below the bottom of the well. This lower interval correlates to sedimentary 
unit A of Aragón-Arreola and Martín-Barajas (2007), and would require that a 
marine seaway, at least 50 km wide, existed between the now-submerged con-
tinental shelves of Isla Tiburón, Sonora, and northeastern Baja California prior 
to 11.6 Ma. This interpretation is at odds with onshore evidence that significant 
rift-related faulting in the region did not begin until after 12.5–11 Ma (Stock 
and Hodges, 1990; Lee et al., 1996; Lewis and Stock, 1998). The existence of a 
middle Miocene marine basin of this extent also contradicts onshore timing 
constraints for the opening of the northern Gulf of California, that restore the 
modern shorelines and outcrops of several extensive late Miocene ash-flow 
tuffs to close proximity ca. 6 Ma (Fig. 16B; Oskin et al., 2001; Oskin and Stock, 
2003b). It is important that no major intervals of ash deposits are described 
from the upper Tiburón PEMEX well, despite the presence of several hundred 
meters of these late Miocene tuffs on the basin margins.

Helenes et al. (2009) questioned the validity of the cross-gulf tie point (tuffs) 
in Oskin et al. (2001) and Oskin and Stock (2003b), suggesting that the cor-
relation of these once-proximal volcanic deposits may be erroneous because 
paleo magnetic results would not detect longitudinal (east-west) motion of Baja 
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(O)  Water wells (coastal Sonora plain), Gomez-Ponce (1971)

F

middle Miocene microfossils, considered in situ by original author(s) of cited paper
middle Miocene microfossils, reworked
earliest marine deposits of central Gulf of California, ca. 7 Ma
earliest marine deposits of northern Gulf of California and Salton Trough, ca. 6.5–6.0 Ma
earliest marine deposits ca. 6.5–6.0 Ma containing reworked middle Miocene microfossils
correlative fusilinid-rich clast conglomerate (Gastil et al., 1973)
approximate ignimbrite vent location
city
 approximate edge of thick continental crust
 (after Aragón-Arreola and Martín-Barajas, 2007; Mar-Hernández et al., 2012)

 rift-related pull-apart basins
 (after Aragón-Arreola and Martín-Barajas, 2007; Miller and Lizarralde, 2013)

Low Topographic sill along
Tiburón Fracture Zone?

6.5–6.0 Ma
Gulf of

California

~7 Ma
Gulf of

California

Figure 16. (A) Modernday location of key marine 
strata and fossil localities showing exposures of 
late Miocene (6.5–6.0) marine rocks with isotopic 
age constraints in the northern Gulf of California 
and Salton Trough (light blue squares), and  slightly 
older, late Miocene (ca. 7 Ma) marine rocks, or 
poorly constrained localities (locale 8) of the cen
tral Gulf of California (dark blue squares). Basins or 
wells containing middle Miocene microfossils that 
are either reworked (orange squares) or considered 
in situ by the original authors (green squares) are 
shown. Pullapart basins (thin black lines) are  after 
AragónArreola and MartínBarajas (2007) and 
 Miller and Lizarralde (2013). Physiographic base 
map is from GeoMapApp (www .geomapapp .org). 
Cities abbreviated in italics: LA—Los Angeles, SD—
San Diego, E—Ensenada, Y—Yuma, T—Tucson, 
SF—San Felipe, P—Puertecitos, BLA—Bahía de Los 
Angeles, H—Hermosillo, G—Guaymas, L—Loreto. 
(B) Earliest Gulf of California seaway (blue) during 
late Miocene time (ca. 6.3 Ma). Same features as 
in A are restored to their ca. 6.3 Ma position. This 
reconstruction restores the Baja California penin
sula 235 km to the southeast, matching correlative 
outcrops of the 12.5 Ma tuff of San Felipe and the 
6.4 Ma tuffs of Mesa Cuadrada (Oskin et al., 2001; 
Oskin and Stock 2003b), while honoring minimal 
overlap of the relatively thick continental crust 
and shallow basement geophysically imaged 
offshore Isla Tiburón and northeastern Baja Cali
fornia (AragónArreola and MartínBarajas, 2007; 
MarHernández et al., 2012). Tens of kilometers of 
dextral deformation in northeastern Baja California 
(Lewis and Stock, 1998) and tens of kilometers of 
pre–6 Ma dextral faulting in coastal Sonora (Ben
nett et al., 2013) are not accounted for in this re
construction. These onshore displacements play 
little to no role in the ca. 6.3 Ma position of the 
offshore and coastal features restored in this re
construction.
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 California during subsequent rifting. Helenes et al. (2009) may have miscon-
strued the paleomagnetic data presented in Oskin et al. (2001) as a direct mea-
sure of paleolatitude through its relationship to paleomagnetic inclination (e.g., 
Butler, 1992). Correlation of these tuffs across the Gulf of California is based on 
their unique paleomagnetic remanence vector directions (Lewis and Stock, 1998; 
Stock et al., 1999; Bennett and Oskin, 2014), tuff lithologies, cooling-unit stra-
tigraphy, whole-rock and phenocryst geochemistry (Oskin and Stock, 2003b), 
and geochronologic ages (Bennett et al., 2013). Their original proximity was not 
based on paleolatitude interpretations from paleomagnetic data, but rather the 
thickness and outcrop distribution of multiple tuff markers and correlation of 
internal cooling units (Oskin and Stock, 2003b). This cross-gulf tuff correlation is 
robust and must be considered in any discussion regarding the tectonic evolu-
tion of, or marine seaway incursion into, the northern Gulf of California.

A middle Miocene interpretation for basal sediments in the offshore  PEMEX 
wells is also at odds with abundant evidence for a late Miocene to Pliocene age 
of earliest marine deposits in numerous locations around the northern Gulf of 
California (e.g., Escalona-Alcázar et al., 2001) and Salton Trough region (e.g., 
McDougall et al., 1999; Pacheco et al., 2006; Dorsey et al., 2007, 2011). A geo-
chemical provenance study found that fine-grained marine deposits in deep 
PEMEX wells in the northern Gulf of California are mostly derived from the 
Colorado River watershed (Lomtatidze-Jiménez, 2013), and thus must postdate 
the 5.3 Ma first arrival of the Colorado River in the Gulf of California–Salton 
Trough basin (Dorsey et al., 2007, 2011).

To reconcile the paleontological results with onshore geologic constraints, 
we suggest that the specimens asserted to be in situ by Helenes et al. (2009) 
likely are instead reworked specimens. Reworked microfossils are observed 
at a higher interval in the upper Tiburón well, and a late Miocene calcareous 
nanno fossil (Sphenolithus neoabies) is reported at a depth of 3470 m in de-
posits interpreted by Helenes et al. (2009) to be early to middle Miocene in 
age. Age determinations of sediments bearing fossils of mixed ages must 
always be based on the youngest fossils present, because of the possibility 
that the sediments contain older reworked fossils. PEMEX (1985) considered 
S.  neoabies to be latest Miocene to Pliocene in age (6–3 Ma). Application of this 
age to basal marine deposits (unit A) that also contain this species in the Altar 
basin (Pacheco et al., 2006) would permit correlation to the lower interval in the 
upper Tiburón basin. Moreover, unit A where documented by Pacheco et al. 
(2006) in the Altar basin contains clinoforms of Colorado River delta sands, and 
thus must postdate the ca 5.3 Ma arrival of the Colorado River into the north-
ernmost Gulf of California (Dorsey et al., 2007, 2011). Although the first appear-
ance of S. neoabies may be middle Miocene (ca. 11.8 Ma) (Perch-Nielsen, 1985), 
the lower part of its range is speculative (McDougall, 2008).

Honoring age constraints from correlative tuffs (Oskin et al., 2001; Oskin 
and Stock, 2003b) and geophysical data for the extent of continental crust 
submerged beneath the northern Gulf of California (Aragón-Arreola and 
Martín-Barajas, 2007; Mar-Hernández et al., 2012; Martín-Barajas et al., 2013), 
we present a revised reconstruction of the northern Gulf of California at latest 
Miocene time with the reconstructed locations of observed Miocene marine 

strata (Fig. 16B). In order to avoid substantial overlap of relatively thick conti-
nental crust (i.e., shallow depth to basement) identified by Martín-Barajas et al. 
(2013), this reconstruction restores Baja California 235 km to the southeast, 
10 km less than the minimum distance estimated in Oskin and Stock (2003b) 
(255 ± 10 km). This reconstruction aligns the western edge of an ~25-km-wide 
submerged continental shelf offshore western Isla Tiburón with the eastern 
edge of an ~10–15-km-wide shelf offshore Puertecitos, Baja California (dis-
tances measured northwest-southeast, parallel to relative plate motion). Thus, 
in latest Miocene time during marine deposition on SWIT, the maximum possi-
ble distance between the Isla Tiburón and Baja California coastlines was ~35–
40 km (Fig. 16B), leaving little space for an extensive middle Miocene marine 
basin. In addition, an exploration well drilled on the outboard edge of the Puer-
tecitos shelf (location L in Fig. 16) encountered only late Miocene strata that 
overlie an 8 ± 1 Ma andesite directly overlying crystalline basement ( PEMEX, 
1985), further limiting the extent of a seaway here. We therefore conclude that 
the more extensive deposits of unit A in the upper Tiburón basin (line 2D of 
Aragón-Arreola and Martín-Barajas, 2007), that correlate to the middle Mio-
cene interval of Helenes et al. (2009), are unlikely to be middle Miocene age. 
Instead, these lowermost upper Tiburón basin marine deposits probably be-
gan to accumulate during late Miocene time (ca. 6.5–6.0 Ma), coincident with 
deposition of marine deposits on SWIT, when the upper Tiburón basin began 
to rapidly widen and subside due to localized oblique divergence along the 
Pacific–North America plate boundary (Oskin et al., 2001).

Possible Origins of Reworked Middle Miocene Microfossils

Although we contend that in situ middle Miocene microfossils have not 
been convincingly documented from marine deposits in or adjacent to the Gulf 
of California, the presence of reworked middle Miocene marine microfossils in 
the Gulf of California and Salton Trough (McDougall, 2008) suggests that ma-
rine conditions existed somewhere in the region during middle Miocene time. 
Here we explore three potential origins of these reworked microfossils, and 
suggest that they may have been eroded from middle Miocene strata either 
within or beyond the Gulf of California rift.

One possible source for middle Miocene reworked microfossils is a middle 
Miocene seaway that was broadly coincident with the late Miocene Gulf of 
California rift axis, as proposed by Helenes and Carreño (1999). Such a seaway 
likely would have been considerably smaller and more discontinuous than the 
well-documented late Miocene seaway (blue squares in Fig. 16B). A marine 
basin in this location could have connected to the Pacific Ocean via a seaway 
that transected the Baja California peninsula (e.g., Helenes and Carreño, 1999; 
Dolby et al., 2015). However, upon restoration of the Baja California peninsula 
(e.g., Fig. 16B) any potential middle Miocene transpeninsular seaway is located 
hundreds of kilometers southeast of the paleontological evidence for such a 
seaway. A southern connection to the Pacific is even farther, and also unlikely 
because marine deposition in the southern Gulf of California occurred later, 
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ca. 10–7 Ma (see summary by Oskin and Stock, 2003a). A northern connec-
tion to the Pacific Ocean is also doubtful due to dissimilar middle Miocene 
microfossil assemblages documented in the Los Angeles Basin (temperate) 
and the Salton Trough and northern Gulf of California (tropical) (Helenes and 
Carreño 1999). If a middle Miocene basin or embayment existed, portions of 
it that contained middle Miocene microfossils could have been exposed and 
eroded during subsequent rift-related faulting, contributing specimens to the 
late Miocene basins. However, geologic constraints that tie the margins of the 
Gulf of California into close proximity at late Miocene time (Oskin et al., 2001) 
make it difficult to argue for a middle Miocene seaway in the current location 
of the Gulf of California.

Another possible source may have been a shallow seaway that may have 
existed in an area of middle Miocene backarc extension located northeast of 
and parallel to the present-day Gulf of California, in Sonora and Sinaloa (Fig.  
17). Such a middle Miocene marine backarc basin would have existed north-
east of a northwest-southeast chain of middle Miocene volcanic centers, in 
the wake of the southwestward-migrating volcanic arc (Karig and Jensky, 
1972; Hausback, 1984; Dorsey and Burns, 1994; Ferrari et al., 1999; Umhoefer 
et al., 2001), as proposed in previous studies (Fenby and Gastil, 1991; Smith, 
1991; Helenes and Carreño, 1999). A marine backarc basin in this location 
would require simi lar connections to the Pacific Ocean, as discussed herein. 
Subsequent uplift and exposure of these marine deposits could have eroded 
and transported middle Miocene microfossils into the latest Miocene marine 
 basins in the northern Gulf of California via roughly southwest-directed drain-
ages (Fig. 17). It is important that no outcrops of middle Miocene marine strata 
are known anywhere in western Mexico, despite the documented presence of 
nonmarine strata of the appropriate age (Herman and Gans, 2006; Darin, 2011; 
Bennett et al., 2013). This does not support the concept of a middle Miocene 
seaway, whether located beneath the modern-day Gulf of California or in a 
middle Miocene backarc basin. Regionally extensive outcrops of the 12.5 Ma 
tuff of San Felipe (Fig. 16; Stock et al., 2006; Bennett and Oskin, 2014) do not 
overlie marine sedimentary rocks, as would be expected if extensive marine 
basins existed during middle Miocene time. If microfossils recorded from be-
neath the coastal Sonora plain (Gómez-Ponce, 1971) are in situ specimens, and 
if subsurface deposits beneath Yuma, Arizona (McDougall, 2008) are middle 
Miocene age, these two localities (Fig. 16) may be the only subsurface rem-
nants of this hypothetical middle Miocene backarc basin seaway, distinct from 
the late Miocene to present Gulf of California in both time and space.

A third possible source for reworked middle Miocene microfossils is the 
continental shelf on the Pacific side of the southernmost Baja California penin-
sula, adjacent to the mouth of the Gulf of California (Fig. 17). Middle Miocene 
marine strata in this area were exposed to wave-base erosion after deposi-
tion (Brothers et al., 2012) and could have contributed middle Miocene ma-
rine microfossils to late Miocene basins 700–900 km away, as marine waters 
progressively spilled northwestward into intrarift transtensional basins of the 
proto–Gulf of California. Mobilization, long-distance transport, and redeposi-
tion of microfossils are documented elsewhere, supporting interpretations for 

800 to >2000 km transport by wind (Goudie and Sperling, 1977), pyroclastic 
volcanic eruptions (Van Eaton et al., 2013), and suspended load currents ( Otvos 
and Bock, 1976). Further work is required to support this long-distance source, 
such as documentation of microfossils species at this possible source loca-
tion. Additional documentation of reworked middle Miocene microfossils in 
late Miocene marine sections throughout the Gulf of California is also nec-
essary, similar to reports of reworked middle Miocene microfossils on Tres 
Marías Islands (Carreño, 1985; McCloy et al., 1988), in the Laguna Salada basin 
(Martín-Barajas et al., 2001), and in late Miocene deposits within the upper 
Tiburón basin (Helenes et al., 2009).

Future Baja CA shoreline

BAJA

CA

SPECULATIVE SOURCES FOR
MIDDLE MIOCENE MICROFOSSILS

Sonoran backarc flooded
with seawater, sourced via 
transpeninsular seaway(s);
subsequently eroded into

late Miocene rift basins of the
northern Gulf of California

Wave-base erosion of
middle Miocene deposits

from Magdalena Shelf
eventually incorporated into

late Miocene basins of
northern Gulf of California

Future Sonoran shoreline

?

?
?

PENINSULA

?
?

Figure 17. Schematic map of northwestern Mexico during middle Miocene 
time, prior to opening of the Gulf of California (CA—California). Speculative 
sources of middle Miocene marine microfossils include a flooded backarc 
basin in modernday western Sonora or marine deposits from the southern 
Baja California shelf. See text for details.
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Tectonic Evolution of the Gulf of California

Synchronous late Miocene marine incursion along the Pacific–North Amer-
ica plate boundary is a critical event in the tectonic and paleogeographic evo-
lution of the Gulf of California rift. A major geodynamic change must have 
occurred for this region to evolve from a subaerial volcanic arc at the end of 
middle Miocene time (Hausback, 1984; Dorsey and Burns, 1994; Umhoefer 
et al., 2001) to a system of submarine pull-apart basins by the end of Mio-
cene time. Such a substantial modification of regional topography implies 
significant crustal thinning and related subsidence. The late Miocene marine 
incursion was spatially coincident with, and occurred soon after the develop-
ment of, the Gulf of California shear zone, an ~50–100-km-wide belt of localized 
strike-slip faulting and related clockwise vertical-axis block rotations, crustal 
thinning, and regional subsidence (Fig. 16B; Bennett and Oskin, 2014). The Gulf 
of California shear zone created a series of fault-bounded nonmarine transten-
sional basins ca. 9–6 Ma (Bennett and Oskin, 2014), now preserved on the con-
jugate rift margins in eastern Baja California and coastal Sonora (Seiler et al., 
2010; Bennett et al., 2013). South of Isla Tiburón, marine incursion reached the 
Guaymas basin in the central Gulf of California ca. 7 Ma (Holt et al., 2000; Conly 
et al., 2005; Miranda-Avilés et al., 2005; Miller and Lizarralde, 2013), coincident 
with this transtensional deformation (Miller and Lizarralde, 2013).

Studies from San Gorgonio Pass in the north (McDougall et al., 1999; 
McDougall, 2008) to Isla Tiburón in the south (Gastil et al., 1999; this study) 
support the widespread onset of earliest marine conditions in the northern 
Gulf of California and Salton Trough ca. 6.5–6.0 Ma, following this onset of 
significant transtensional relative plate motion across the northern Gulf of 
Cali fornia. Flooding of marine waters into the northern Gulf of California may 
have been delayed by as much as 1 m.y. by a topographic barrier formed by 
the Tiburón transform fault, which separated areas of oblique crustal thinning 
and sub sidence in the upper Tiburón basin to the northwest from the lower 
Tiburón and Guaymas basins to the southeast. As the Baja California penin-
sula was translated to the northwest along the Tiburón transform fault, a low 
topographic spill point may have formed between these areas, allowing sea-
water to enter the sub-sea-level basins of the northern Gulf of California and 
Salton Trough (Fig. 16B), similar to earlier spillover events envisioned in the 
eastern Guaymas Basin to the south (Miller and Lizarralde, 2013). Once the 
topographic barrier between the lower Tiburón basin and Guaymas Basin was 
breached, a spillover event probably resulted in very rapid marine flooding of 
basins for hundreds of kilometers along the plate boundary into the northern 
Gulf of California and Salton Trough (e.g., Umhoefer et al., 2013). Thus the 
formation of a proto–Gulf of California seaway likely was intimately linked, 
in time and space, to the onset of focused oblique rifting, which became lo-
calized in the northern Gulf of California region near the end of Miocene time 
( Oskin et al., 2001; Bennett et al., 2013). Post–6 Ma Pacific–North America rela-
tive plate motion subsequently localized into the core of the Gulf of California 
shear zone, rifted apart these regions of nonmarine transtensional basins, and 
widened the Gulf of California seaway (e.g., Oskin and Stock, 2003b).

CONCLUSIONS

Isotopic and biostratigraphic data conclusively show that marine strata on 
SWIT range in age from late Miocene to early Pliocene. The timing of earliest 
marine deposition is constrained by the 6.44 ± 0.05 Ma tuff of Hast Pitzcal that 
underlies the oldest marine deposits, and the 6.01 ± 0.20 Ma tuff of Oyster 
Amphitheater that is interbedded near the base of the marine section. Ma-
rine sedimentation in the study area ceased prior to subaerial eruption of the 
3.51 ± 0.05 Ma to 4.13 ± 0.09 Ma rhyodacite of Cerro Starship and the 4.34 ± 
0.20 Ma tuffs of Hipat Mesa. These age constraints are consistent with the 
microfossil assemblage from the same section that independently yielded 
an age of 6.2–4.3 Ma for marine deposits of SWIT (Gastil et al., 1999). A re-
vised depositional environment interpretation, that much of the SWIT marine 
deposits are inclined foreset deposits in a prograding Gilbert-type fan delta 
system, supports a total maximum basin thickness of ~300 m, rather than 
the >1500 m basin thickness suggested by previous studies that interpreted 
these inclined deposits as thick basin strata that were subsequently tectoni-
cally tilted.

New detailed geologic mapping and modern geochronologic data demon-
strate that previous interpretations for the age and depositional environment 
of marine deposits on SWIT were based on incorrect K-Ar results and mis-
interpretation of field relationships, in part due to the structural complexity of 
the area. The previously proposed upper age constraint of 11.2 ± 1.3 Ma from 
the capping rhyodacite of Cerro Starship (Gastil and Krummenacher, 1977b) is 
an erroneous age that is inconsistent with all other, newer age dates and well- 
established crosscutting relationships. The 12.9 ± 0.4 Ma age reported by Smith 
et al. (1985) (redated here to 18.70 ± 0.19 Ma) is from a volcanic unit underlying, 
rather than interstratified with, the marine deposits. Our results are at odds 
with a study that proposed widespread middle Miocene deposits in offshore 
marine basins (Helenes et al., 2009), and refute the use of the SWIT marine 
deposits as a reference section for middle Miocene macrofauna (Smith, 1991). 
A late Miocene age for the SWIT marine basin is consistent with regional ma-
rine incursion into the northern proto–Gulf of California no earlier than 6.5 Ma 
(Oskin and Stock, 2003a). Regional marine incursion occurred along a narrow, 
>500-km-long fault-bounded seaway, from at least Isla Tiburón in the south to 
San Gorgonio Pass in the north, between 6.5 and 6.0 Ma.

Middle Miocene microfossils documented at some locations in the Gulf 
of California and Salton Trough region are unlikely to be in situ. Rather, these 
specimens probably are reworked into late Miocene strata from older depos-
its, as documented in several onshore exposures (e.g., McDougall, 2008). The 
locations of sources for middle Miocene microfossils remain unclear and the 
subject of ongoing speculation. We suggest that the most likely sources for 
reworked middle Miocene microfossils are (1) a marine extensional backarc 
basin in the northwestern Mexican Basin and Range province for which out-
crops are not known, or (2) middle Miocene marine deposits along the western 
continental shelf of southernmost Baja California that were exposed to wave-
base erosion during late Miocene time (Brothers et al., 2012).
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Late Miocene marine incursion into the northern Gulf of California resulted 
from focused oblique extension, crustal thinning, and resulting tectonic sub-
sidence. This narrow, late Miocene seaway was colocated with, and flooded 
immediately following the development of, the Gulf of California shear zone, 
a narrow belt of localized strike-slip faulting, clockwise block rotation, and for-
mation of pull-apart basins (Bennett and Oskin, 2014). Resolution of the contro-
versy over the age of oldest marine deposits on SWIT provides a critical step 
forward in a long-standing debate over the age of marine sedimentation in the 
northern Gulf of California. Improved age constraints on marine deposition 
provide important new insights into late Miocene focused deformation related 
to localization of the Pacific–North America transtensional plate boundary in 
the northern Gulf of California and Salton Trough region.
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