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ABSTRACT

The Gulf of California illustrates how highly oblique rift geometries, where transform
faults are kinematically linked to large-offset normal faults in adjacent pull-apart basins, enhance
the ability of continental lithosphere to rupture and, ultimately, hasten the formation of new
oceanic basins. The Gulf of California rift has accommodated oblique divergence of the Pacific
and North America tectonic plates in northwestern Mexico since Miocene time. Due to its
infancy, the rifted margins of the Gulf of California preserve a rare onshore record of early
continental break-up processes from which to investigate the role of rift obliquity in strain
localization. Using new high-precision paleomagnetic vectors from tectonically stable sites in
north-central Baja California, I compile a paleomagnetic transect of Miocene ignimbrites across
northern Baja California and Sonora that reveals the timing and distribution of dextral shear
associated with inception of this oblique rift. I integrate detailed geologic mapping, basin
analysis, and geochronology of pre-rift and syn-rift volcanic units to determine the timing of
fault activity on Isla Tiburon, a proximal onshore exposure of the rifted North America margin,
adjacent to the axis of the Gulf of California. The onset of strike-slip faulting on Isla Tiburdn, ca.
8 - 7 Ma, was synchronous with the onset of transform faulting along a significant length of the
nascent plate boundary within the rift. This tectonic transition coincides with a clockwise
azimuthal shift in Pacific-North America relative motion that increased rift obliquity. I constrain
the earliest marine conditions on southwest Isla Tiburon to ca. 6.4 - 6.0 Ma, coincident with a
regional latest Miocene marine incursion in the northern proto-Gulf of California. This event
likely flooded a narrow, incipient topographic depression along a ~650 km-long portion of the
latest Miocene plate boundary and corresponds in time and space with formation of a newly-

constrained ~50-100 kilometer-wide transtensional belt of focused strike-slip faulting, basin



formation, and rotating crustal blocks. This proto-Gulf of California shear zone, embedded
within the wider Mexican Basin and Range extensional province and connected to the San
Andreas fault in southern California, hosted subsequent localization of the plate boundary and

rupture of the continental lithosphere.
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Chapter 1

Paleomagnetic evidence of oblique rift localization in the Gulf of California

Chapter has been submitted for publication in the journal Geology. Author list is:
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1.1 ABSTRACT

A paleomagnetic transect of Miocene ignimbrites across the Pacific-North America plate
boundary in northwest Mexico reveals the timing and distribution of dextral shear associated
with inception of the Gulf of California oblique rift. Using new high-precision paleomagnetic
vectors (alpha-95 = 1°) from tectonically stable sites in north-central Baja California, we
determine relative clockwise vertical-axis block rotations up to 76° (mean of 28°) for previous
sites within the rift, currently separated across its conjugate margins. Low reference site error
now permits isolation of intra-rift block rotation during proto-Gulf time, prior to rift localization
ca. 6 Ma (million years before present). We estimate 48% (locally 0% to 75%) of the net rotation
occurred between 12.5 Ma and 6.4 Ma. Rotated sites define a newly-constrained ~50-100
kilometer-wide transtensional belt of strike-slip faulting and clockwise block rotation, which was
embedded within the wider Mexican Basin and Range extensional province, and connected to the
San Andreas fault in southern California. After a protracted history of non-localized extension,
strike-slip faulting increased strain rates and connected areas of focused crustal thinning,

catalyzing subsequent formation of the Gulf of California.

1.2 INTRODUCTION

Mechanisms of strain localization during continental rifting play a critical role in
formation of ocean basins and the ultimate form of passive margins (Huismans and Beaumont,
2011) where large concentrations of human population and natural resources are found. Regional
subsidence of mature rifted margins conceals the history of continental break-up beneath
kilometers of water and sediment, obscuring the origins of rift architecture and processes that

lead to rift localization. In highly oblique rifts, where the divergence direction is <30° from the



regional rift trend, deformation involves significant transform (strike-slip) motion (Withjack and
Jamison, 1986). Because strike-slip faulting tends to remain localized and accumulate larger
displacements (Chester, 1995), it may counter buoyancy and flexural forces that limit normal
fault-slip and drive rift widening (Buck, 1991; Forsyth, 1992). Quantifying strike-slip
deformation of geologic markers along submerged rift margins can be particularly difficult to
document with geophysical techniques (e.g., Brothers et al., 2012; Sutherland et al., 2012).
Observation of well-exposed incipient rift systems is thus key to understanding the timing,
distribution, and three-dimensional aspects of deformation that lead to strain localization and
successful continental rupture.

The nascent Gulf of California rift formed by oblique separation across the Pacific-North
America plate boundary (Lonsdale, 1989). Due to support by warm, buoyant mantle (Wang et
al., 2009), the majority of thinned continental crust on its margins remains above sea level,
exposing the record of rift formation and localization (Fig. 1.1). Oblique plate motion across the
Gulf of California is presently accommodated by a NW-trending system of right-stepping, en
echelon, strike-slip and oblique-slip fault zones that transfer strain across shorter extensional
pull-apart basins. The Gulf of California superseded diffuse, orthogonal extension across the
Mexican Basin and Range province (Fig. 1.1 inset) that initiated in Oligocene time (Gans, 1997,
Henry and Aranda Gomez, 1992) within the Sierra Madre Occidental, and expanded westward
behind the subduction-related volcanic arc. At the onset of proto-Gulf time (12.5 Ma), with the
southward jump of the Rivera triple junction, the plate tectonic setting evolved from subduction
and back-arc extension to dextral transtension (Atwater and Stock, 1998). By the end of proto-

Gulf time (6 Ma), rifting localized (Oskin et al., 2001) along the western edge of this asymmetric






extensional province, an event broadly synchronous with marine incursion and formation of a
continuous Gulf of California seaway at ca. 6.5 - 6.3 Ma (Oskin and Stock, 2003a).

The divergent plate boundary in the Gulf of California connects northward with the San
Andreas dextral transform (strike-slip) fault system. Propagation of dextral shear into the
Mexican Basin and Range extensional province, in the form of clockwise block-rotation and
strike-slip faulting, could have promoted rift localization (Umhoefer, 2011), a prerequisite for
continental rupture and formation of oceanic crust. Dextral shear likely initiated with plate-
boundary reorganization at the beginning of proto-Gulf time (~12.5 Ma), distributed widely
across the western half of the extensional province (Fletcher et al., 2007; Gans, 1997). It is
unclear whether focused dextral shear at the rift axis preceded or followed rift localization at the
end of proto-Gulf time. Two widespread ignimbrite markers, the 12.5 Ma Tuff of San Felipe
(SF) and 6.4 Ma Tuffs of Mesa Cuadrada (MC), are both offset by similar amounts across the
northern Gulf of California (Oskin et al., 2001; Oskin and Stock, 2003b) (Fig. 1.1). However,
dextral shear via clockwise block-rotation and strike-slip faulting did occur within the rifted
margins (Bennett et al., 2013; Lewis and Stock, 1998a; Oskin and Stock, 2003b; Seiler et al.,

2010), but its extent and magnitude prior to rift localization is unknown.

1.3 PALEOMAGNETISM OF REGIONAL IGNIMBRITES

In order to quantify the extent and magnitude of dextral shear prior to rift localization, we
compile a transect of vertical-axis block rotation across the Pacific-North America plate
boundary using paleomagnetism of the extensive SF and MC tuffs. Widespread ignimbrites form
ideal markers from which to measure the distribution and timing of rotational deformation

(Wells and Hillhouse, 1989). Dextral shear results in clockwise vertical-axis rotation, detectable



with high precision by comparing paleomagnetic reference vectors preserved by the alignment of
magnetic minerals, primarily magnetite (Nagy, 2000), in the tuffs. These vectors indicate the
apparent orientation of the geomagnetic dipole field at the time the tuff cooled below the Curie
temperature (500 to 650 °C). The eruption that produced SF blanketed >4,000 km? of the western
Mexican Basin and Range (Oskin and Stock, 2003b), and was likely sourced from a vent near
Punta Chueca, Sonora (Fig. 1.1). Paleomagnetic remanence directions measured from SF have
unusually shallow inclinations (~5°) up to the southwest associated with an apparent
geomagnetic field excursion or reversal (Stock et al., 1999). MC is another regionally extensive
(>2,100 km?) ignimbrite deposit, which consists of two distinct and widespread cooling units,
Tmr3 and Tmr4 (Oskin and Stock, 2003b). Thick, near-vent deposits of MC west of Puertecitos,
Baja California grade into distal exposures that abruptly thin or pinch out at the San Pedro Martir
fault in Baja California and the Tecomate fault on Isla Tiburon. Deposits of MC have a typical
normal polarity paleomagnetic remanence direction (Lewis and Stock, 1998a).

Previous paleomagnetic studies of SF and MC in northeastern Baja California (Lewis and
Stock, 1998a; Nagy, 2000; Stock et al., 1999), on Isla Tiburon (Oskin et al., 2001; Oskin and
Stock, 2003b), and in coastal Sonora (Darin, 2011; Bennett et al., 2013) document clockwise
vertical-axis rotations relative to the Mesa Cuadrada reference site in northeastern Baja
California (Fig. 1.1). Both SF and MC are gently tilted toward the west at the Mesa Cuadrada
site, which though relatively undeformed, lies east of the rift-bounding San Pedro Martir fault,
within an accommodation zone between rift segments (Stock and Hodges, 1989). Due to the
small number of collected cores (n < 6 per tuff), this reference site yields large uncertainty that
propagates into all previous rotation calculations and prevents comparison of rotations between

deposition of SF and MC.



1.4 PALEOMAGNETIC METHODS

In order to assess the proportion of rotation accumulated during proto-Gulf time, between
eruption of the SF and MC tuffs, we drilled new high-precision paleomagnetic reference sites for
both tuffs at seven, undeformed, mesa-top sites in north-central Baja California, west of the San
Pedro Martir fault system (Fig. 1.2; Table 1). 188 samples (1”-diameter cores) were collected,
consisting of 48 samples of SF, 92 samples of the Tmr3 unit of MC, and 48 samples of the Tmr4
unit of MC. At drill sites where n>10, multiple, randomly-oriented samples were collected via a
gas-powered, water-cooled, portable paleomagnetic drill (Fig. 1.3). At drill sites where n<10,
oriented block samples were collected in the field and randomly-oriented samples were drilled
from these block samples in the laboratory. Core orientations in the field and the laboratory were
obtained with a Pomeroy orienting fixture (Fig. 1.3B).

Samples were cut into 1-cm tall specimens for demagnetization experiments. All
specimens were subjected to progressive alternating field (AF) demagnetization, typically
including 13 steps to a magnetic field strength of 80 millitesla (mT) (Fig. 1.4). AF partial
demagnetization steps gradually demagnetize the secondary low-stability component and isolate
the primary high-stability component of natural remanent magnetization (NRM) of a specimen.
This primary NRM, typically a thermoremanent magnetism, is representative of Earth’s
magnetic field at the time the sampled rock cooled below the Curie temperature. Because
ignimbrites cool much faster than significant changes in the secular variation of Earth’s magnetic
field, the NRM directions determined from multiple specimens collected from the same
ignimbrite cooling unit should agree within uncertainty (Lewis and Stock, 1998a). NRM and
low-temperature measurement steps preceded all AF steps. All experiments were conducted

using an automated 2G Enterprises superconducting rock magnetometer in a magnetically
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shielded p-metal room at the Paleomagnetics Laboratory of the California Institute of
Technology. No thermal demagnetization steps were performed, as thermal and AF
demagnetization typically yield similar results for these tuffs (Nagy, 2000).

Best-fit of lines and planes for demagnetization paths were estimated for each specimen
(Kirschvink, 1980). Typically, directions resolved from higher AF steps were utilized to obtain
best-fit lines and planes, while NRM, low-temperature, and low AF steps revealed inconsistent
vector directions, indicative of variable magnitudes of a secondary NRM component (Fig. 1.4).

At tectonically deformed sites within the rift, paleomagnetic remanence directions are
corrected for the tilt (bedding dip) of the sampled outcrop (Bennett et al., 2013; Lewis and Stock,
1998a; Oskin et al., 2001; Oskin and Stock, 2003; Stock et al., 1999). Regionally, the basal tuff
contacts in central Baja California are typically horizontal to ~1° southwest-dipping, which
reflects the gently, southwest-draining landscape that these tuffs blanketed. All SF outcrops are
horizontal (Figs. 1.5, 1.6). Many MC outcrops are also horizontal (Fig. 1.7), but some fill
southwest- to west-draining paleo-channels carved into the post-12.5 Ma landscape (Figs. 1.6,
1.8). Basal contacts and internal eutaxitic foliation of flattened pumice in these paleo-channel
fills locally dip 25° - 45° towards the center of paleo-canyons. Steeply-dipping paleo-channel
fills were avoided during sample collection, as we targeted horizontal to gently dipping (<5°)
outcrops. We assume that the observed tuff inclinations in central Baja California are primary
and formed prior to the ignimbrite cooling below the Curie temperature. Thus no tilt corrections
are performed.

For each new drill site, mean paleomagnetic remanence directions (Declination,
Inclination) and their a95 confidence cones and precision parameters (k) were determined (Table

1). The paleomagnetic remanence directions from intra-rift drill sites were then compared to

12



13



14



15



16



17



18



19



directions determined at the new reference sites in order to calculate the rotation (R), rotation

error (AR), flattening (F), and flattening error (AF) of the intra-rift site (Demarest, 1983).

1.5 PALEOMAGNETIC TRANSECT ACROSS THE GULF OF CALIFORNIA

The paleomagnetic remanence directions determined at these tectonically stable sites
(Dsp = 212.4°, Isp = -3.0°; Dmc = 15.6°, Imc = 56.2°) are consistent across tens of kilometers
(Fig. 1.2) and are assumed to have experienced no vertical-axis block rotation. Here, magnitudes
of the alpha-95 (095) confidence cones for multiple cores (SF=1.3°, MC=1.0°) are smaller than
the confidence cones at the previous Mesa Cuadrada reference sites (SF=4.1°, MC=8.9°) (Fig.
1.2 inset; Table 1). Comparisons of new paleomagnetic remanence directions from central Baja
California with directions from 19 intra-rift sites (2 new, 17 previously published) indicate
clockwise vertical-axis rotations for SF and MC up to 76 = 11° and 40 + 3°, respectively (Figs.
1.1, 1.9; Table 1). An important exception is the easternmost SF site (‘HE’) in central Sonora
where no clockwise rotation has occurred since 12.5 Ma. Although SF is tilted gently to the west
at this site, it appears to lie beyond the eastern limit of clockwise vertical-axis rotation related to
oblique rifting (Fig. 1.9). The mean magnitudes of the rotation errors (ARsr = 4.3°, ARyc = 6.3°)
using these new paleomagnetic sites are lower than the rotation errors using the previous
reference sites at Mesa Cuadrada (ARsr = 5.6°, ARyc = 13.2°), owing to the larger number of
cores (nsr = 48, nyc = 92) collected at the new reference sites (Table 1). At sites where both the
Tmr3 and Tmr4 cooling units of the MC tuff were drilled, the magnitude of rotation is similar.
However, due to higher rotation errors for Tmr4 sites (Table 1), we include only the results from
Tmr3 in our analysis. At paired sites where both SF and MC are present in the same fault block,

clockwise rotation that occurred prior to 6.4 Ma is detectable by differential rotation between SF
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and MC. At 10 of 11 paired sites across the northern Gulf of California, SF is rotated clockwise
by a greater amount than MC (Fig. 1.9). 7 of these 10 sites are precise enough to statistically
isolate differential rotation. At paired sites, up to 48° (weighted mean of 16°) of clockwise
rotation occurred prior to 6.4 Ma (Table 1). By weighting all paired site results by the differential
rotation error, we estimate that 48% (locally 0% to 75%) of the net rotation occurred during

proto-Gulf time.

1.6 DISCUSSION AND CONCLUSIONS

The results of this regional paleomagnetic study show that a narrow belt of focused
dextral shear, kinematically linked to the San Andreas fault system, was embedded within the
western Mexican Basin and Range prior to 6.4 Ma and after 12.5 Ma, during proto-Gulf time.
These data alone cannot further constrain the onset of dextral shearing. However, recent geologic
studies from both margins of the northern Gulf of California document significant transtensional
faulting and related formation of non-marine sedimentary basins after 9 Ma, during late-proto-
Gulf time (Bennett et al., 2013; Seiler et al., 2010). The development of these new strike-slip
faults may have been prompted by a ~15° clockwise shift in the direction of Pacific-North
America relative plate motion at ~8 Ma (Atwater and Stock, 1998) that increased the obliquity of
the rift.

After restoring the Baja California peninsula 245 km to its ~6 Ma position adjacent to
Isla Tiburon (Fig. 1.10), these paleomagnetic results place new spatial constraints on a ~50-100
km-wide transtensional belt of dextral strike-slip faulting and clockwise vertical-axis block
rotation that was broadly coincident, in both time and space, with rift localization (Oskin et al.,

2001) and marine seaway incursion (Oskin and Stock, 2003a; Chapter 2 of this thesis) in the
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northern Gulf of California. We hypothesize that dextral deformation progressively became more
focused within the rift near the end of the proto-Gulf period, likely along en echelon dextral
strike-slip fault zones and nascent pull-apart basins embedded within a broader area of extension
and bounded to the west by the stable Baja California microplate (Fig. 1.10). This late proto-Gulf
of California configuration (Fig. 1.10) may be analogous to the Walker Lane transtensional belt
of western Nevada and eastern California (Unruh et al., 2003), where modern-day continental
strike-slip and extensional faulting, block rotation, and syn-rift volcanism are embedded along
the western margin of the Basin and Range extensional province, adjacent to the stable Sierra
Nevada-Great Valley microplate.

Where extension is hosted within a strike-slip-dominated setting (i.e. oblique rift), the
overall higher strain rates along shear zones and across the intervening extensional regions could
ultimately enhance the potential of a rift to localize (Al-Zoubi and ten Brink, 2002) and shorten
the duration of time until continental rupture (Umhoefer, 2011). For the case of the Gulf of
California rift, a transtensional shear zone likely hosted a majority of plate-boundary dextral slip
by 6 Ma, and facilitated the transition to narrow rifting and subsequent ~250 km of NW-SE
crustal stretching via kinematically linked, large-offset normal faults (Gonzalez-Fernandez et al.,
2005). Extensional pull-apart basins bounded by large-offset strike-slip faults, as we infer were
present prior to rift localization in the Gulf of California, may focus crustal thinning and
facilitate crustal rupture more rapidly than orthogonal rifting, consistent with results from recent
numerical models of oblique rifting (Brune et al., 2012; van Wijk et al., 2011). The ~20 Myr
history of largely orthogonal extension of the Mexican Basin and Range, culminating in

lithospheric-scale oblique rift localization, demonstrates how oblique, three dimensional strain
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may catalyze the localization process, accelerate the evolution from a ‘wide’ to ‘narrow’ rift

(Buck, 1991) and lead to the formation of strongly asymmetric rifted margins.
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Chapter 2
Stratigraphy and structural development of the late Miocene to Pliocene Southwest Isla

Tiburén marine basin, and implications for the formation of the Gulf of California

Chapter is in preparation for submission to the journal Geosphere. Author list is:

Scott E.K. Bennett, Michael E. Oskin, Rebecca J. Dorsey, and Alexander Iriondo
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2.1 ABSTRACT

Accurate timing information of earliest marine incursion in the Gulf of California is
critical for models of paleogeography and for understanding the spatial and temporal evolution
of strain accommodation across this obliquely divergent plate boundary. Marine strata exposed
on Southwest Isla Tiburén (SWIT) have been cited as evidence for a middle Miocene marine
incursion at least 7 million years (Myr) prior to localization of the Pacific-North America plate
boundary. A middle Miocene interpretation for SWIT marine deposits has permeated the
literature, playing a large role in subsequent interpretations of regional tectonics and rift
evolution, the ages of fossil assemblages and marine basins along ~1,300 km of the plate
boundary, and the timing of marine incursion into the Gulf of California. We report new detailed
geologic mapping and geochronologic data from the marine and non-marine (up-dip) portions
the SWIT basin, an elongate, fault-controlled sedimentary basin associated with transpressional
and transtensional deformation along the dextral-oblique La Cruz fault. We synthesize these
results with previously published biostratigraphic and geochronologic data from SWIT. We map
and date the 6.44 + 0.05 Ma Tuff of Hast Pitzcal, an ash-flow tuff stratigraphically below the
marine rocks, and the 6.01 + 0.20 Ma Tuff of Oyster Amphitheater, an ash-flow tuff interbedded
amongst marine conglomerate, stratigraphically low in the SWIT basin. We also map and date a
dike-fed rhyodacite lava flow that caps all marine strata and report ages of 3.51 = 0.05 Ma and
4.13 £0.09 Ma from the base of the flow, consistent with previously reported ages of 4.16 £ 1.81
Ma from the flow top and 3.7 = 0.9 Ma from the feeder dike. Our new mapping and
geochronology results confirm a late Miocene to Pliocene age for the SWIT marine basin that is
consistent with previously documented late Miocene to early Pliocene (ca. 6.2 - 4.3 Ma)

planktonic and benthic foraminifera. In summary, results from microfossil biostratigraphy and
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volcanic rock geochronology constrain the earliest marine conditions on southwest Isla Tiburén
to ca. 6.4 - 6.0 Ma, coincident with a regional latest Miocene marine incursion in the northern
proto-Gulf of California. This regional marine incursion likely flooded a narrow, incipient
topographic depression along a ~650 km-long portion of the late Miocene Pacific-North America
plate boundary and corresponds in time and space with focused strike-slip faulting and

localization of transtensional plate boundary strain.

2.2 INTRODUCTION

Oblique rifting of the Baja California peninsula (Pacific plate) away from mainland
Mexico (North America plate) has created a system of marine pull-apart basins, forming the Gulf
of California-Salton Trough topographic depression (Fig. 2.1A; Lonsdale, 1989). Fragments of
the earliest marine basins, now exposed along the margins of the modern Gulf of California and
beneath Colorado River sediments in the Salton Trough, preserve an important record of the
earliest marine conditions during localization of the plate boundary (e.g. McDougall et al., 1999;
Dorsey et al., 2011; Martin-Barajas et al., 1997; Holt et al., 2000; Carrefio, 1992; Oskin and
Stock, 2003a). Marine seismic reflection data show that basin formation and subsidence has
migrated westward as the Gulf of California opened (Aragon-Arreola and Martin-Barajas, 2007).
Thus the earliest evidence of marine conditions should be preferentially preserved along the
eastern (North America) rifted margin. Marine rocks located on the southwestern corner of Isla
Tiburon (Fig. 2.1B; Gastil and Krummenacher, 1977a,b) represent the only exposed Miocene
marine record along the eastern rift margin. This Southwest Isla Tiburon (SWIT) marine basin is
located upon North American continental crust and is a small subaerial exposure of the larger

offshore Upper Tiburén marine basin (Fig. 2.1). Because of its location and interstratified
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volcanic rocks that provide age information, the SWIT marine basin is critical for understanding
the timing and tectonic controls of earliest marine conditions in the Gulf of California.

Although 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 Krummenacher, 1977a,b; Gastil
et al., 1999; Oskin and Stock, 2003a), the timing of initial marine conditions on SWIT remains
controversial. A group of studies interprets that SWIT marine deposits are middle Miocene in
age, bracketed between ~15 - 12 Ma volcanic units (Gastil and Krummenacher, 1977a,b; Gastil
et al., 1979; Smith et al., 1985; Smith, 1991; Gastil et al., 1999). Gastil et al. (1999) also
document an assemblage of marine microfossils from the SWIT marine deposits that are late
Miocene to Pliocene (6.2 - 4.3 Ma), but fail to integrate these biostratigraphic results into their
interpretation that the basin is middle Miocene. A recent reexamination of the SWIT basin by
Oskin and Stock (2003a) suggests that a middle Miocene age for SWIT marine deposits is
derived from erroneous geochronologic (K-Ar) results and crosscutting field relationships that
were interpreted inaccurately, in part due to poorly documented and complex structural and
stratigraphic relationships. Oskin and Stock (2003a) reinterpret 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). Most recently, Helenes et al. (2009) report thick middle Miocene (pre-11.2
Ma) marine deposits from deep exploration wells in the northern Gulf of California, including
one well from the Upper Tiburdén basin. These findings are at odds with the late Miocene to
Pliocene interpretation for the age of the SWIT marine basin by Oskin and Stock (2003a) and
with the age of earliest marine deposits elsewhere in the northern Gulf of California (e.g.
Escalona-Alcézar et al., 2001) and Salton Trough (e.g. McDougall et al., 1999; Pacheco et al.,

2006; Dorsey et al., 2011). The incomplete and controversial interpretations of the timing of the
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Southwest Isla Tiburén marine basin inhibits understanding of the geodynamic conditions of
oblique rifting that led to marine incursion in the Gulf of California.

In this paper we report the results of an integrated stratigraphic, structural, and
geochronologic study of the Southwest Isla Tiburon marine basin. New constraints on timing and
structural controls of basin formation, integrated with previously published results, yields a
conclusive latest Miocene age (6.4 - 6.0 Ma) for the earliest marine deposits on southwest Isla
Tiburén and an improved understanding of the role that oblique rifting played during basin
development. A latest Miocene age for earliest marine conditions on Isla Tiburén is locally
consistent with microfossil assemblages reported from the basin (Gastil et al., 1999) and
regionally consistent with the well-constrained record of a latest Miocene (6.5 - 6.3 Ma) marine
incursion into the northern Gulf of California and Salton Trough (Escalona-Alcazar et al., 2001;
Oskin and Stock, 2003a; Pacheco et al., 2006; Dorsey et al., 2011). Results from the Southwest
Isla Tiburon marine basin do not support an older, middle Miocene marine history in the
northern Gulf of California. Rather, these results fit a regional tectonic model where a late
Miocene marine incursion into the Gulf of California is coincident in both time and space with
localization of strike-slip faulting and basin development along the transtensional Pacific-North

America plate boundary.

2.3 PREVIOUS WORK AND CONTROVERSIAL 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, located at
the southernmost mouth of the Gulf near Puerto Vallarta (Fig. 2.1A), marine rocks are

interstratified with 10 Ma basalt flows (Gastil and Krummenacher, 1978). Within the southern
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half of the Gulf of California, to as far northward as Santa Rosalia, Baja California Sur, the
earliest marine strata range in age from 8.2 to 7 Ma, based upon biostratigraphic (Carrefio, 1985;
McCloy et al., 1988; Molina-Cruz, 1994), and isotopic/paleomagnetic (Holt et al., 2000) age
constraints. Earliest marine deposits exposed in Baja California Norte and southern California
are distinctly younger, with biostratigraphic and isotopic/paleomagnetic age constraints between
6.0 and 6.5 Ma (Boehm, 1984; Dean, 1996; McDougall et al., 1999; Escalona-Alcazar et al.,
2001; Pacheco et al., 2006; Dorsey et al., 2011).

Evidence for an earlier, middle Miocene (ca. 11-13 Ma) marine incursion into the central
and northern Gulf of California is sparse, and controversial (Helenes and Carrefio, 1999). In
some localities, marine strata overlie middle Miocene volcanic rocks (e.g. Delgado-Argote et al.,
2000; Eberly and Stanley, 1978 as cited in McDougall, 2008). However such a relationship
provides only a maximum constraint on the age of marine incursion. Reworked microfossils
reported both in outcrop samples (McDougall et al., 1999; McDougall, 2008) and borehole
cuttings (Helenes and Carrefio, 1999; Helenes et al., 2009) provide indirect biostratigraphic
evidence of middle Miocene marine rocks, presumably eroded from elsewhere within the Gulf of
California region. Helenes et al. (2009) also report microfossils from borehole cuttings from the
northern Gulf of California, which they interpret as in situ. If correct, erosion of these strata
could be the source of the reworked fossils. However the contention of Helenes et al. (2009) that
almost half of the stratigraphic column sampled in the northern Gulf of California may be middle
Miocene would, based on marine seismic reflection data (Aragdén-Arreola and Martin-Barajas,
2007), require a wide marine seaway by ca. 11-13 Ma. Such a conclusion contradicts onshore
constraints on the timing of rifting and opening of the Gulf of California (Oskin et al., 2001).

Another issue is where to connect a middle Miocene seaway to the Pacific Ocean when basal
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marine strata near the mouth of the Gulf of California are demonstrably younger. This has led to
the hypothesis of a marine seaway across the central Baja California peninsula near San Ignacio
(Helenes and Carrefio, 1999), the existence of which has yet to be confirmed.

The only isotopic age constraints for middle Miocene marine rocks come from
interstratified and capping volcanic rocks in the SWIT basin. The first complete geologic map of
Isla Tiburon (Gastil and Krummenacher, 1977a) documents the fundamental geologic
relationships of this basin (Fig. 2.1), including the underlying Cretaceous crystalline basement
and early to middle Miocene volcanic rocks, and the inclined, fossiliferous, marine conglomerate
beds. The marine strata are cut and modestly offset (~1 km) by a prominent dextral transform
fault, the La Cruz fault (Gastil and Krummenacher, 1977a; Neuhaus, 1989) that parallels the
southwestern coastline of the island. Gastil and Krummenacher (1977b) report 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, and a 3.7 + 0.9 Ma age for a nearby dike of
similar lithology that crosscuts the marine strata. Smith et al. (1985) later revisited the island, and
subsequently report a 12.9 + 0.4 Ma (K-Ar) age for a clast from a monolithologic andesitic
breccia deposit, interpreted to be interbedded amongst adjacent outcrops of marine
conglomerate. This age corroborated the interpretation of Gastil and Krummenacher (1977b) of a
middle Miocene age for SWIT marine deposits. Subsequent studies however failed to confirm
these age constraints. Neuhaus (1989) examined the geochemistry of volcanic rocks across
SWIT, reporting numerous K-Ar ages of ~21 - 15 Ma on arc-related volcanic rocks that underlie
the SWIT basin and ages of ~6 - 4 Ma on tuffs and dikes interpreted to intrude and/or overlie the
marine deposits. Gastil et al. (1999) summarize much of this earlier work and report additional

geochronologic and paleontological data for SWIT, including a late Miocene to Pliocene (6.2 -
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4.3 Ma) assemblage of marine microfossils. Gastil et al. (1999) conclude that marine conditions
were present in the SWIT basin as early as 13 - 12 Ma, but do not provide an explanation for the
discrepant late Miocene to Pliocene microfossils. Such a middle Miocene interpretation for
SWIT marine deposits has played an important role in the age interpretation of other basins
throughout the Gulf of California region. Smith (1991) correlates the molluscan assemblage from
SWIT to assemblages observed elsewhere, using the SWIT assemblage as a megafossil standard
for middle Miocene time. Helenes et al. (2009) prefer the middle Miocene interpretation for
SWIT by Gastil et al. (1999) as it would allow a correlation between the SWIT marine deposits
and the lowermost strata reported in the Upper Tibur6én basin exploration well, which they
interpret to be middle Miocene.

The middle Miocene age interpretation for the SWIT basin and the concept of a middle
Miocene Gulf seaway was challenged by Oskin and Stock (2003a), who suggested this
interpretation was based on a combination of incorrect dates and field interpretations. Geologic
mapping by Oskin and Stock (2003a) demonstrates that a 5.7 = 0.2 Ma age (K-Ar) reported by
Neuhaus (1989) on what was interpreted as a dike-fed rhyolite flow that crosscuts and overlies
all marine strata is instead from a pyroclastic ash-flow tuff that was emplaced at the base of
fossiliferous marine conglomerate. Oskin and Stock (2003a) suggest that the 11.2 + 1.3 Ma age
for the capping rhyolite lava flow is 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 interpreted to
have been collected from a set of younger, crosscutting dikes, are more likely representative ages
for the capping rhyodacite lava flow and its feeder dike. Oskin and Stock (2003a) also propose
that the 12.9 + 0.4 Ma andesitic breccia of Smith et al. (1985) is not interbedded amongst marine

strata, and was unknowingly collected in an erosional window into underlying volcanic units,
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possibly due to structural complexities. Oskin and Stock (2003a) conclude that the SWIT marine
basin is late Miocene to Pliocene in age. However, they did not report any new age constraints
and did not document structural and stratigraphic relationships in sufficient detail to fully
understand the 12.9 + 0.4 Ma age constraint from the base of the marine strata by Smith et al.
(1985). Here we address these unresolved and controversial relationships from new structural,

stratigraphic, and geochronologic results from the SWIT marine basin.

2.4 METHODS
2.4a Geologic, Structural, and Stratigraphic Mapping

We conducted detailed geologic, structural, and stratigraphic mapping during 27 days of
fieldwork on SWIT, during March 2009 and March/April 2011 (Figs. 2.2, 2.3). Structural
measurements include documentation of brittle fault orientations and kinematic indicators such
as fault striae preserved on polished fault planes (Fig. 2.2). Mapping was conducted at 1:10,000-
scale 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 and one
infrared bands of Quickbird imagery were pan-sharpened to generate a 0.6 m-resolution false-
color base map using spectral bands 4-2-1. 1:5,000-scale and 1:1,000-scale mapping was
conducted in many portions of the study area that contain complex structural and stratigraphic
relationships. Such high-resolution satellite imagery was not available during the previous
mapping efforts on SWIT. To assist with location descriptions, 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, expanding on the Arroyo naming system of Gastil et al. (1999). Arroyo 0 lies west of

a prominent peak, Hast Pitzcal (Fig. 2.2), held up by the rhyodacite flow that caps the marine
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strata (a peak referred to as Cerro Starship in previous publications). Arroyos 1-6 lie east of Hast

Pitzcal and occur sequentially from southwest to northeast across the study area (Fig. 2.2).

2.4b 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 collected from representative, in-place outcrops. In
the laboratory, samples were separated into their mineral constituents. Desired mineral phases for
isotopic analysis were isolated via standard magnetic, density, and hand picking mineral
separation techniques. U/Pb analysis of zircon crystals was conducted in the Stanford-USGS
SHRIMP-RG laboratory at Stanford University. Zircon rims were targeted during multiple,
single-crystal analyses to avoid older, inherited crystal cores. Typical sample spot beam locations
varied between 23 - 32 microns in diameter. Cathodoluminescence (CL) images used in defining
the zircon analytical spots will be presented in figures (currently being processed) when
submitting manuscripts for publication. Ar/Ar analysis of k-feldspar crystals and volcanic matrix
was conducted in the U.S. Geological Survey Thermochronology laboratory facility in Reston,
VA. Multiple, single-crystal analyses were conducted to allow detection of older inherited
sanidine crystal populations. For all geochronologic results, we report ages with small
uncertainties of <3%. All geochronologic rock samples were sent to collaborator Alexander
Iriondo (Universidad Nacional Auténoma de México, Juriquilla), who oversaw all mineral

separation, laboratory analysis, and data interpretation for the ages reported in this manuscript.
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2.5 STRATIGRAPHY AND GEOCHRONOLOGY
2.5a Basement Rocks

Basement rocks on SWIT consist entirely of tonalite similar to isotopically-dated
outcrops of Late Cretaceous (~80 - 90 Ma) tonalite on northern Isla Tiburon (Gastil and
Krummenacher, 1977a,b; Schaaf et al., 1999) and along the adjacent Sonora coastline near Bahia
de Kino (Gastil and Krummenacher, 1977a,b; Ramos-Veldzquez et al., 2008). Within the SWIT
study area, tonalite outcrops are observed only southwest of the La Cruz fault, and are not

exposed northeast of the fault (Fig. 2.2).

2.5b Arc-Related Volcanic Rocks

Variably thick packages of early to middle Miocene arc-related volcanic rocks
nonconformably overlie crystalline basement rocks on Isla Tiburon. Locally, on SWIT, arc-
related volcanic rocks southwest of the La Cruz fault are dissimilar in lithology and age range
than the volcanic rocks observed northeast of the fault (Figs. 2.2, 2.3). Southwest of the fault, the
succession consists of red volcaniclastic sandstone, basalt flows and breccias, and lacustrine
limestone. These are conformably overlain by additional basaltic, rhyolitic, and dacitic-andesite
lava flows and breccias. Previous workers report ages ranging from ~23 - 15 Ma for these
volcanic units (Fig. 2.2, Table 2.1; Gastil and Krummenacher, 1977b; Neuhaus, 1989; Gastil et
al., 1999). Northeast of the La Cruz fault, the volcanic succession consists of interbedded
andesite and dacite flows and monolithologic breccias (Fig. 2.4A), as well as polylithologic,
poorly stratified, andesitic ash-matrix-supported breccias. Previous workers report ages ranging
from 18 - 11 Ma for these volcanic units (Table 2.1; Gastil and Krummenacher, 1977b; Smith et

al., 1985; Gastil et al., 1999), including a 11.44 £ 2.61 Ma (Ar/Ar) plateau age on feldspars
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separated from an andesite breccia near the top of this northeastern succession. The age spectrum
for this sample was not published, however, and its large uncertainty (~23%) casts doubt on
whether a plateau was achieved.

In the upper reaches of Arroyo 3 (Fig. 2.2), we mapped an outcrop of andesitic breccia
exposed in an erosional window through younger marine deposits. Using a color copy of a field
photo provided to us by J.T. Smith (Smith, personal communication), a photo published in black
and white in Carrefio and Smith (2007), we located the exact andesitic breccia outcrop (Fig.
2.4B) and previously sampled breccia clast (Fig. 2.4C) in this Arroyo for which Smith et al.
(1985) report a 12.9 + 0.4 Ma (K-Ar) age. Zircons separated from our sample of this same
breccia clast yield an U/Pb age of 18.70 £ 0.19 Ma (Fig. 2.5A; Table 2.2), consistent with our
interpretation that this deposit is part of the early to middle Miocene arc-related volcanic section

that underlies the marine strata.

2.5¢ Pre-Basin, Syn-Rift Volcanic Rocks

An angular unconformity separates the middle Miocene arc-related volcanic rocks from
syn-rift strata. On SWIT, three tuff units occur immediately above this unconformity. Due to the
discontinuous nature of these outcrops, it is uncertain how these tuffs relate to the more
stratigraphically contiguous overlying volcanic and sedimentary rocks of the SWIT basin. Unlike
the SWIT basin strata, the pre-basin syn-rift volcanic rocks cannot be correlated across the La

Cruz fault.
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2.5¢cl Tuff of Hast Pitzcal (Tthp)

The Tuff of Hast Pitzcal (7thp), is a white, crystal-rich, rhyolitic, non-welded to slightly
welded ash-flow tuff, up to 15 m-thick, with 5 - 10% phenocrysts of alkali feldspar > quartz, 2%
white and orange pumice up to 2 cm long, and 2% angular andesite and dacite lithic fragments
up to 2 cm long. Discontinuous outcrops of 7thp unconformably overlie arc-related volcanic
rocks (Fig. 2.2) and are observed only southwest of the La Cruz fault on both sides of Arroyo 1
(Fig. 2.6) and just east of Arroyo 0, in a small cove along the shoreline (Fig. 2.2). Neuhaus
(1989) reports a K-Ar age of 5.67 + 0.17 Ma for a rhyolite observed on the western side of
Arroyo 1 (his sample ‘IN51a’), likely from Tthp. Tthp itself is nowhere in depositional contact
with marine strata. We collected a sample of Tthp from outcrops on the eastern side of Arroyo 1.
Sanidine crystals separated from this sample of 7thp yield an Ar/Ar age of 6.44 + 0.05 Ma (Fig.
2.7A; Table 2.3). This new geochronologic 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. 2.2; Table 2.1). The
isotopic age, lithology, and phenocrysts assemblage 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, non-welded
equivalent to this unit, which occurs as thick, densely welded tuff ~3 km northeast of Arroyo 6

(Fig. 2.1B; Oskin 2002).

2.5¢2 Tuff of Ensenada Blanca (Tteb)

The Tuff of Ensenada Blanca (7teb) is a ~15 - 20 m-thick, densely-welded ash-flow tuff

that is commonly burgundy-colored, but locally may be purple- or orange-colored, depending on

46



47



48



the degree of welding and vapor-phase alteration. The lower section of 7teb displays a crystal-
poor, 3 cm-thick, brown basal vitrophyre. Brown to black flattened pumice fiamme are oriented
sub-parallel to its basal contact and increase in concentration above the vitrophyre, weathering
out as elongate voids. Tteb is crystal-poor, with <1% phenocrysts of feldspar (plagioclase?) >
pyroxene > quartz. Tteb unconformably overlies arc-related volcanic rocks and is observed only
northeast of the La Cruz fault in Arroyos 4 and 5 (Fig. 2.2). Neuhaus (1989) reported a 6.11 +
1.81 Ma (K-Ar) whole rock age from Tteb outcrops in Arroyo 4 (their sample '"MC275"). Tteb is
nowhere in contact with marine strata. However, Tteb exposures in the upper reaches of Arroyos
4 and 5 underlie non-marine conglomerate deposits that we interpret to be coeval with marine

deposits (see Section 5d).

2.5¢3 Tuffs of Arroyo El Canelo (Ttec)

The Tuffs of Arroyo El Canelo (Ttec), a package of four to six distinctive cooling units
(Oskin and Stock, 2003b), locally overlies arc-related volcanic rocks northeast of the La Cruz
fault and northeast of Arroyo 6 (Fig. 2.2). 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) report a 6.1 = 0.5
Ma (Ar/Ar) age for correlative Tfec 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. Ttec is nowhere in contact with marine strata.
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2.5d Southwest Isla Tiburéon (SWIT) Marine Basin
2.5d1 Unnamed Air-Fall Tuffs (Ttua)

A sequence of tan, crystal-poor, ash and pumice lapilli air-fall tuff beds (7tua) occurs at
the base of the SWIT basin and is the oldest map unit observed on both sides of the La Cruz fault
(Figs. 2.2 and 2.3). West of Arroyo 1, some of the thickest observed deposits of 7Ttua contain thin
interbeds of angular welded tuff clast breccia, similar to an overlying, thicker landslide breccia
deposit mapped as unit 7bx. Deposits of Ttua are discontinuous, 1 - 5 m thick, and nowhere in
contact with marine strata. No published radiometric age exists for Ttua. However, the unit
conformably overlies the 6.44 + 0.05 Ma Tuff of Hast Pitzcal in outcrops adjacent to Arroyo 1

(Fig. 2.8A).

2.5d2 Marine Sandstone (Tsm)

The earliest marine deposits recognized in the SWIT basin are a <5 m-thick set of
fossiliferous ash-rich sandstone beds (7sm) 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. This unit consists of moderately stratified, light gray, coarse-grained sandstone with an
ash-rich matrix and rare fragments of marine macrofossils (e.g. bivalves). Deposits of Tsm are
discontinuous, but consistently observed at the same stratigraphic level as the unnamed air-fall
tuffs (Ttua) elsewhere in the basin, though these units are nowhere observed in contact. The ash-

rich matrix in 7sm could be sourced from the underlying 7thp and/or these air-fall tuffs.
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2.5d3 Landslide Breccia (Thx)

Landslide breccia deposits (7hx) unconformably overlie arc-related volcanic rocks, the
6.44 £ 0.05 Ma Tuff of Hast Pitzcal (7thp), marine sandstone (7sm), and the unnamed air-fall
tuffs (Ttua) and are observed on both sides of the La Cruz fault (Fig. 2.2). Thx forms a distinctive
marker at or ~5 m stratigraphically above the base of all marine rocks. 7hx outcrops are 2 - 15 m
thick and are continuous across the study area except where locally absent at paleotopographic
highs between Arroyos 1 and 2 and in Arroyo 4. Deposits of 7hx consist of distinctive,
burgundy-colored, clast-supported, monolithologic breccia with angular clasts of densely-welded
rhyolite tuff (Figs. 2.6 and 2.8A,B). The boundaries of breccia clasts truncate volcanic textures
such as eutaxitic foliation of flattened pumice fiamme, indicating 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. Breccia clasts in 7hx are identical to
primary tuff outcrops of Tteb in Arroyo 4, suggesting it was the source of the landslide breccia
(Thx) and possibly also the source of thinner breccias interstratified with the unnamed air-fall
tuffs. Gastil et al. (1999) report a 9.02 + 1.18 Ma (Ar/Ar) plateau age on plagioclase crystals
separated from a 7bx outcrop on the northeast side of Arroyo 2 (their sample 5). Although the
error bounds for the reported ages for Tteb (6.11 = 1.81 Ma) and 7hx barely overlap at 7.9 Ma,
they are quite disparate overall. The spectra for the 9.02 £ 1.18 Ma (Ar/Ar) plateau age on Thx

was not published by Gastil et al. (1999), making it difficult to assess its reliability.

2.5d4 Sedimentary Breccia (Tbxs)

Sedimentary breccia deposits (7bxs) overlie the landslide breccia (7bx) and older arc-

related volcanic rocks and are observed discontinuously on both sides of the La Cruz fault
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adjacent to Arroyo 4 and Arroyo 1 (Fig. 2.2). Thxs consists of clast-supported, very poorly
sorted, angular to sub-angular sedimentary pebble-cobble-boulder breccia (Fig. 2.8C). The unit is
massive to poorly-stratified and lacks fossils. Clasts are up to 1 m in length and include andesite,
dacite, and rhyolite. 7hxs deposits are up to ~5 m thick and are interpreted to be the result of a
debris flow or rock avalanche, likely in either a non-marine or marginal-marine setting (Keogh,

2010).

2.5d5 Lower Marine Conglomerate and Sandstone (Tcml)

Marine conglomerate and sandstone deposits (7cm/) conformably overlie older volcanic
units (e.g. Thx, and arc-related volcanic rocks; Fig. 2.9) and are observed on both sides of the La
Cruz fault near the base of the SWIT basin (Fig. 2.2). Tcml deposits consist of poorly-sorted,
conglomerate with sub-angular to sub-rounded clasts up to boulder size and matrix-supported
conglomerate, sandy conglomerate, and medium- to coarse-grained sandstone (Fig. 2.10 A-C).
Tceml clasts are arc-related volcanic rocks and welded tuff clasts derived from either Tteb, Thx, or
other units not present in the study area (Fig. 2.10D). Rare to common marine macrofossils
include the remnants of barnacle bases on clasts (Fig. 2.10E) and rare large oysters (Fig. 2.10F).
Coarse conglomerate deposits of Tcml in Arroyo 2 are estimated to be ~130 m thick (Keogh,

2010).

2.5d6 Shelly Calcarenitic Sandstone (Tcsh)
Shelly calcarenitic sandstone (7csh) deposits locally overlie sedimentary breccias
deposits (7bxs), observed only in the upper reaches of Arroyo 4 (Fig. 2.2) where they are ~12 m

thick (Keogh, 2010). Deposits of Tcsh consist of massive, poorly-sorted, pebbly calcarenitic
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sandstone with abundant shell fragments and clasts of andesite, dacite, and rhyolite (Keogh,
2010). Tcsh contains abundant burrows, which obscure most internal bedding structure. Tcsh
deposits in Arroyo 4 are likely laterally equivalent to Lower Conglomerate deposits (7cml),

which are mapped at the same stratigraphic level, along strike to the WNW (Fig. 2.2).

2.5d7 Tuff of Arroyo Sauzal (Ttas)

The Tuff of Arroyo Sauzal (7tas) overlies Thx and forms discontinuous outcrops of non-
welded ash-flow tuff just east of Arroyo 0, in a small cove at the shoreline and higher up on the
western flank of Hast Pitzcal (Fig. 2.2). In the cove exposure (Fig. 2.9), Ttas consists of a 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 (Oskin and Stock,
2003a). Oskin (2002) reports an anorthoclase Ar/Ar total gas age of 6.40 £ 1.63 Ma for Ttas
from this cove outcrop (Fig. 2.9). Oskin and Stock (2003a) interpret that 7tas was emplaced over
an irregular paleotopographic surface formed by the underlying landslide breccia (7hx) in a
shoreline setting. Ttas also occurs higher on the steep slope above the cove as a lens-shaped
exposure amongst marine conglomerate deposits. Oskin and Stock (2003a) also correlated the
Tuff of Arroyo Sauzal to outcrops of the Tuff of Hast Pitzcal in Arroyo 1, which were dated at
5.67 £ 0.17 Ma by Gastil et al., (1999) and re-dated in this study at 6.44 = 0.05 Ma (Fig. 2.7A;
Table 2.3). Our detailed mapping of these outcrops shows this correlation to be incorrect, and
that the landslide breccia actually overlies these Tuff of Hast Pitzcal outcrops in Arroyo 1,

contrary to the interpretation of Oskin and Stock (2003a).

57



2.5d8 Tuff of Oyster Amphitheater (Ttoa)

The Tuff of Oyster Amphitheater (7toa) is a tan to yellowish-orange tuff that
conformably overlies marine conglomerate (7cm/) and is observed on both sides of the La Cruz
fault. Outcrops of Tfoa are up to ~30 m-thick in Arroyo 2. In most localities the tuff is non-
welded and was probably emplaced within shallow marine water. Thicker tuff deposits display a
central low-grade welded zone with black fiamme. Tfoa contains 2 - 5% lithic fragments of arc-
related volcanic rocks and rare basement, and ~5% phenocrysts of quartz and green, iridescent
sanidine. We collected a sample of Tfoa from outcrops atop the ridgeline between Arroyo 3 and
Arroyo 4, adjacent to a topographic bowl that contains marine conglomerate with abundant
oyster shell fossils. At this ridgeline, a ~20 - 30 m-thick outcrop of Tfoa exhibits a 5 - 10 m-thick
core of slightly welded tuff. Zircons separated from a sample from this welded zone yielded an

U/Pb age of 6.01 + 0.20 Ma (Fig. 2.5B; Table 2.2).

2.5d9 Marine Tuffaceous Sandstone (Tsmt)

Marine tuffaceous sandstone deposits (7smf) conformably overlie the Tuff of Oyster
Amphitheater (Tfoa) on both sides of the La Cruz fault. Tsmt consists of gray to tan,
fossiliferous, ash-rich sandstone beds and occasional interbeds of stratified marine conglomerate
(Fig. 2.10G). Ash-rich sedimentary deposits of Tsmt are likely reworked portions of the
underlying Tuff of Oyster Amphitheater (7foa). Grains of green, iridescent sanidine are
commonly observed in Tsm¢ matrix, similar to phenocrysts observed in Ttoa. Tsmt deposits are
estimated to be 16.5 m thick in Arroyo 4 and laterally thicken to ~90 m in Arroyo 2 and along
the coast northwest of Hast Pitzcal (Keogh, 2010). Previous workers report microfossil

assemblages from Tsmt (unit ‘Mss-Unit 4a’ of Cassidy (1990); unit ‘M8c’ of Gastil et al. (1999))
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that include benthic and planktonic foraminifera, calcareous nannoplankton, and ostracods that
together restrict the age of Tsmt to 6.2 - 4.3 Ma (Gastil et al., 1999). Occasional macrofossils are
also observed in Tsmt, including fragments of oyster, pecten, barnacle, gastropod, and echinoid
spines and fragments (Fig. 2.10H; this study; Cassidy, 1990; Gastil et al., 1999). Trace fossils in
the form of sub-vertical burrows are rare (Fig. 2.10I). The age range for these macrofossils is not
known precisely enough to distinguish between middle or late Miocene (Gastil et al., 1999).

However, Stump (1979) assigned a late Miocene age to the assemblage.

2.5d10 Middle Marine Conglomerate and Sandstone (Tcmm)

Marine conglomerate and sandstone deposits (7cmm) conformably overlie the tuffaceous
marine sandstone (7smt), or, less commonly, older units where Tsmt is absent. This unit is
observed on both sides of the La Cruz fault. Temm deposits consist predominantly of poorly-
sorted conglomerate and coarse-grained sandstone similar to 7cml/, with a higher concentration
of ash matrix. Tcmm deposits may appear similar to conglomeratic portions of 7Tsm¢, but contain
>50% conglomerate beds. Coarse conglomerate deposits of Tcmm along the coastline between
Arroyos 0 and 1 are estimated to be at least 70 m thick (Keogh, 2010). Oskin (2002) reports an
Ar/Ar age of 12.84 + 0.40 Ma on a rounded clast of welded rhyolite tuff collected from 7Tcmm
(location shown on Fig. 2.2). This clast is likely sourced from outcrops of the Tuff of San Felipe,
a ~12.5 Ma regional ash-flow tuff (Oskin and Stock, 2003b) exposed just southeast of the SWIT

marine basin (Chapter 3 of this thesis).
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2.5d11 Upper Marine Conglomerate and Sandstone (Tcmu)

Marine conglomerate and sandstone deposits (7cmu) are the most extensive unit of the
SWIT basin, observed on both sides of the La Cruz fault (Fig. 2.2). In most locations, Tcmu
overlies all aforementioned sedimentary and volcanic Miocene units (e.g. Tsmt, Thx, Ttua, arc-
related volcanic rocks) across a sub-horizontal angular unconformity. Locally, at the distal,
northern extent of the exposed SWIT basin, the contact between Tcmu and underlying Tsm¢ and
Temm appears conformable. Marine conglomerate deposits of Tcmu consist of inclined beds of
fossiliferous, pebble to cobble conglomerate, with subrounded to rounded clasts of arc-related
volcanic rocks and welded tuff clasts derived from either Tteb or Thx (Fig. 2.11). Clasts of the
6.4 Ma Tuffs of Mesa Cuadrada ignimbrite, exposed ~3 km northeast of the study area (Oskin
and Stock, 2003b), appear rarely within 7cmu (Oskin and Stock, 2003a). Tcmu 1s well-stratified
with normal-graded and inverse-graded beds up to ~1 m thick (Fig. 2.11). Tcmu appears to have
been deposited via subaqueous sediment gravity flows (Cassidy, 1990; Oskin and Stock, 2003a).
The inclination of these beds ~15 - 30° (typically ~25°) to the north or northwest is interpreted to
be primary dip acquired during deposition. These beds are interpreted to be foresets of a Gilbert-
type fan delta system, which are typically constructed on relatively steep slopes via accumulation
of coarse fan material into a body of water (Gilbert, 1885). Vertical burrows observed in inclined
beds (Fig. 2.11 B,C) are consistent with this non-tectonic interpretation for 7cmu bed inclination.
Previous workers found no microfossils from samples of Tcmu (Cassidy, 1990; Gastil et al.,
1999). Common to abundant macrofossils are observed in Tcmu, including oyster, pecten,
barnacle, gastropod, echinoid spines and fragments, and small corals (this study; Cassidy, 1990;
Gastil et al., 1999). The age range for these macrofossils is not known precisely enough to

distinguish between middle or late Miocene (Gastil et al., 1999).
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Thickness of 7Tcmu was greatly exaggerated by Gastil et al. (1999) due to
misinterpretation of the inclination of the foresets as structural dip. Here we cite thicknesses
measured vertically through the undeformed foreset sequence. Tcmu deposits are ~26 m thick in
Arroyo 4 (Keogh, 2010) near the southeastern edge of the marine portion of the SWIT basin and
are likely of similar thickness along strike to the west-northwest. However, Tcmu may be thicker
further out in the SWIT basin towards the north. The thickness of Tcmu deposits at the modern-
day shoreline is difficult to assess because its basal contact with 7Tsm¢ is below modern-day sea-
level and not exposed, and its upper contact with Tcnm is not exposed due to erosion. Though,
near the shoreline, a ~40 m-high hill between Arroyo 3 and Arroyo 4 is mapped entirely as
Tcemu, which suggests that Tcmu likely exceeds 40 m in thickness at the northernmost exposure

of marine deposits.

2.5d12 Non-marine Conglomerate and Sandstone (Tcnm)

Non-marine conglomerate and sandstone deposits (7cnm) overlie all aforementioned
sedimentary and volcanic Miocene units, and is observed on both sides of the La Cruz fault (Fig.
2.2). Tcnm consists of moderately stratified, sub-horizontal beds of pebble to cobble
conglomerate, with angular to subangular clasts of arc-related volcanic rocks and welded tuffs
and no fossils (Fig. 2.12A,B). Tcnm exposures are mapped at higher elevation relative to marine
deposits, located at the tops of many topographic hills near Arroyos 2, 3, and 4. A 5 - 15 m-thick
outcrop of Tcnm 1s observed near the top of Hast Pitzcal, stratigraphically beneath a capping lava
flow (Fig. 2.2). In the upper reaches of Arroyo 4, Tcnm deposits are ~30 m-thick. The
northeastern margin of the SWIT basin is mapped on the northeast side of Arroyo 5, where Tcnm

deposits are perched upon a buttress unconformity in contact against higher elevation hills of arc-
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related volcanic rocks (Fig. 2.12C,D). Nearby, two small paleo-tributaries of the SWIT basin,
carved into older arc-related volcanic rocks, are filled with Tcnm deposits (Fig. 2.2). Further
inland to the southeast, deposits of Tcnm at least 50 m thick are observed almost continuously, in

angular unconformable contact with underlying arc-related volcanic rocks.

2.5e Capping Rhyodacite of Cerro Starship (7csf) and Related Volcanic Units (Tcsp, Tcsd)

Our observations confirm that the Rhyodacite of Cerro Starship (7csf) is a 10 - 40 m-
thick lava flow that was emplaced subaerially and caps all marine and non-marine strata of the
SWIT basin. The lava flow forms a topographically prominent, NNE-trending, elongate hill,
Hast Pitzcal (Cerro Starship) (Figs. 2.13A, 2.14A). The base of Tcsf'is a 1 - 3 m-thick, banded,
black glassy vitrophyre, underlain by a discontinuous 1 - 3 m-thick pumice-rich, pyroclastic unit
(Tesp) (Fig. 2.13B). Tcesf and Tesp overlie all sedimentary units of the SWIT basin as well as
older arc-related volcanic rocks. Along the elongate Hast Pitzcal exposure, the lower 7Tcsf contact
dips gently northward, towards the Gulf of California (Fig. 2.13A), similar to the underlying sub-
horizontal non-marine deposits. The top of the flow is a continuous, weathered, undulatory
surface that also dips gently northward (Fig. 2.13C). Tcsf consists of 10 - 30% phenocrysts of
plagioclase > hornblende > alkali feldspar > opaque minerals > biotite > zircon within a gray to
purple aphanitic groundmass that displays macroscopic flow foliation and trachytic alignment of
plagioclase phenocrysts. At the outcrop scale, the flow deposit exhibits irregular cm-scale
foliation (Fig. 2.13D) that rolls over from sub-horizontal to sub-vertical across 5 - 10 m (Fig.
2.13E), indicating viscous flow prior to cooling.

We collected a sample from the basal vitrophyre of the main flow deposit (Fig. 2.2).

Zircons separated from this sample yield an U/Pb age of 4.13 = 0.09 Ma (Fig. 2.5C; Table 2.2).
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Analysis of the glass matrix from the same sample yields an Ar/Ar isochron age of 3.51 + 0.05
Ma (Fig. 2.7B; Table 2.4). We prefer the Ar/Ar isochron age of 3.51 + 0.05 Ma for this sample,
because the Ar/Ar technique provides a better estimate of a true eruption age than the U/Pb
technique (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 (his sample ‘JNS-10).
Gastil and Krummenacher (1977b) report an 11.2 + 1.3 Ma (K-Ar) age from this rhyodacite flow
(their sample ‘S2B-27’). This age is incongruent with other ages for 7csf, and the stratigraphic
position of this flow above in-place late Miocene ash-flow tuffs (Tthp, Ttas, and Ttoa).

Mapped outcrops of 7csf on the southwestern flank of Hast Pitzcal overlie a thin patch of
inclined marine(?) conglomerate and are unusual because they are at much lower elevation and
are not co-planar with the major Tcsf flow body (Fig. 2.2). Rather, these outcrops are
approximately co-planar with the modern-day colluvial slopes of Hast Pitzcal and are likely the
eroded remnants of a relatively intact landslide block, sourced from outcrops at the summit of
Hast Pitzcal.

Parallel to and beneath the flow deposits of the Rhyodacite of Cerro Starship (7csf) and
its basal pyroclastic unit (7csp) is a system of sub-vertical, discontinuous dikes that extend
beyond the NNE and SSW ends of Hast Pitzcal (Fig. 2.2). These dikes (7csd) are rhyodacite in
composition and display a pervasive sub-vertical foliation. On the northeastern flank of Hast
Pitzcal, a Tcsd dike up to ~40 m thick is exposed continuously down into Arroyo 1 (Fig. 2.13F).
Gastil and Krummenacher (1977b) report a 3.7 £ 0.9 Ma (K-Ar) age from an exposure of this
dike on the east side of Arroyo 1 (their sample ‘S2G-13’). South of the mapped Tcsf flow,
discontinuous, NNE-striking, steeply ESE-dipping en echelon Tcsd dikes up to 15 m-thick

continue to the southern shoreline of Isla Tiburén (Figs. 2.2, 2.13G).
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2.5f Quaternary Sediments and Volcanic Rocks

Multiple Quaternary-age sedimentary and volcanic units post-date the SWIT marine
basin. Two generations of older, non-marine, alluvial to fluvial conglomerate and sandstone
deposits are found on the flat, low-lying terraces up to 110 m above modern sea-level (Fig. 2.2).
The basal contact of these terraces is sub-horizontal, and dips gently towards the Gulf of
California, similar to its dissected upper geomorphic surfaces. Remnants of an older generation
of alluvial terraces (Qoa?2) are preserved within 1 - 2 km of the coastline, near the mouths of
Arroyos 4 - 6. The Tuffs of Bahia Vaporeta (Qbv) are flat-lying welded tuffs observed either
interbedded amongst or capping terraces of Qoa2 deposits. Qbv is lithic-rich, with abundant light
and dark pumice and 1% anorthoclase phenocrysts (Oskin and Stock, 2003a). A more extensive,
younger generation of alluvial terraces (Qoa) are observed in arroyos throughout the study area,
perched up to ~10 m above the active channels (Fig. 2.2). Thin benches of recent marine terraces
are perched ~5 - 10 m above modern sea-level. Between Arroyos 2 - 5, subtle geomorphic
evidence exists for a recent wave-cut bench at ~8 m elevation, ~150 m inland from the modern
shoreline. These marine deposits are likely coeval with the more extensive non-marine alluvial
deposits (Qoa/Qoa2) and could be related to a global sea-level high stand during a Pleistocene
interglacial period (MIS 5e) (Ortlieb, 1991). It is feasible that in some places the marine--non-
marine transition between Om¢ and Qoa/Qoa2 is well inland, and some of the mapped Qoa/Qoa2
deposits near the modern-day shoreline are actually Omt. Younger fluvial sand and cobble
deposits (Qal) are found within 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, aeolian sand deposits (Qae) are found inland up to 1.5 km from the modern

shoreline.
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2.6 FAULTING AND FOLDING

Multiple structures associated with the La Cruz fault system deform rocks on SWIT. The
intensity of deformation is greatest within the older marine units and underlying early to middle
Miocene volcanic rocks. The uppermost marine rocks (7cmu) and adjacent non-marine rocks
(Tcnm) display very little deformation and overlie older strata across an angular unconformity.
The capping Pliocene-age volcanic units and Quaternary sedimentary and volcanic units appear
undeformed.

The La Cruz fault is a first-order, NW-striking, dextral strike-slip fault that deforms most
late Miocene and older map units on SWIT (Figs. 2.2, 2.14B,C). Although the La Cruz fault is
primarily a sub-vertical strike-slip structure, it has a history of vertical motion, 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 motion. Crystalline
basement rocks in the study area are sporadically exposed southwest of the fault and nowhere
exposed northeast of the fault (Fig. 2.2). The La Cruz fault juxtaposes 21 - 15 Ma arc-related
volcanic rocks to the southwest, against 18 - 11 Ma arc-related volcanic rocks of different
composition to the northeast (Gastil and Krummenacher, 1977b; Neuhaus, 1989; Gastil et al.,
1999; this study). Locally, early Miocene arc-related volcanic rocks are juxtaposed against late
Miocene marine rocks. The La Cruz fault cuts unit 7sm¢ and all older marine and non-marine
units (Fig. 2.2). Adjacent faults and folds do not appear to deform the La Cruz fault. From this it
may be surmised that slip on these second-order structures was contemporaneous with slip on the
La Cruz fault as part of a wrench zone. Total dextral offset for the La Cruz fault is not well
constrained as no known correlative units match across its 28 km length across southern Isla

Tiburén (Oskin and Stock, 2003a), indicating it may have experienced tens of kilometers of total
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dextral displacement. However, less dextral slip 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 units that are correlative to those now exposed southwest
of the fault.

Many map units are deformed by second-order folds and thrust faults. Mapped folds are
gentle, with ~120 - 155° interlimb angles (Fig. 2.14). The traces of fold axial planes are oriented
approximately NW-SE and slightly more westerly than the NW-striking La Cruz fault (Fig. 2.2).
Thrust faults are oriented between NW-SE and E-W, typically inclined 20 - 80° to the south to
southwest. Displacement along these faults is minor, with tens to hundreds of meters of total slip
(Fig. 2.14). Both folds and thrust faults deform unit 7sm¢ and older units.

In addition to the tilting related to gentle folding and faulting, the entire SWIT study area
is regionally tilted, broadly down-to-the-north (Figs. 2.2, 2.14). Generally, map units on both
sides of the La Cruz fault dip northward, except locally within ~south-dipping limbs of folds.
This tilting pattern is best demonstrated on the geologic map (Fig. 2.2), where older arc-related
volcanic rocks are exposed in the southern study area and map units are progressively younger
towards the northern portions of the study area.

Map units are also deformed by second-order normal faults (Figs. 2.2, 2.14). Mapped
normal faults are oriented approximately NNW-SSE to NNE-SSW with moderate to steep dips.
Displacement across these normal faults is minor, with tens of meters of total displacement.
Normal faults deform unit 7sm¢ and older units, and cut folds and thrust faults. The dike system
(Tesd) that fed the Rhyodacite flow of Cerro Starship (7csf) is oriented approximately NNE-
SSW across SWIT, subparallel to the strike of many mapped normal faults in the study area (Fig.

2.2) and southeast of the study area across southern Isla Tiburon (Chapter 3 of this thesis). This
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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), and the 7csd dike

system is likely a reflection of the transtensional strain field at the time of its emplacement.

2.7 DISCUSSION

The results of our new detailed geologic mapping and geochronology support the
interpretation of Oskin and Stock (2003a) that marine rocks on southwest Isla Tiburon (SWIT)
were deposited during the latest Miocene to Pliocene. Here we compare previously published
and our new timing constraints for the SWIT marine basin. This is followed by discussion of the
implications of this age for the formation of the Gulf of California seaway and its geodynamic

setting.

2.7a Timing of Marine Deposition on Isla Tiburéon

Complex stratigraphic, structural, and intrusive relationships on Southwest Isla Tiburén
underlie the long-standing debate on the age of the marine deposits here, as well as generating
confusing and conflicting interpretations of the volcanic and sedimentary processes that occurred
therein. Here, we use our detailed structural, stratigraphic, and geochronologic results to address
and clarify controversies regarding (1) the age of the base of the SWIT basin, (2) the age and
emplacement mechanism of the lava flow that caps the marine basin, (3) the relative age
relationships of late Miocene igneous units, and (4) the thickness and depositional setting of the

youngest marine strata.
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2.7al Age of the Base of Marine Strata

Smith et al. (1985) published a 12.9 + 0.4 Ma age for a monolithologic andesite breccia
(their sample ‘83BSJ260°) they interpreted to be interstratified near the base of the SWIT marine
section, within deposits of the white tuffaceous marine sandstone unit (7sm¢) (Smith, 1991).
Though Oskin and Stock (2003a) suggested that this outcrop was instead within an erosional
window into volcaniclastic strata beneath the marine basin, their mapping was insufficient to
prove this case. Our geologic mapping, constructed with the advantage of color satellite imagery
of the area (Fig. 2.2), relocated the exact outcrop that was sampled by Smith et al. (1985) (Fig.
2.4B; Smith, personal communication) and clearly delineates its structural and stratigraphic
relationships to nearby marine strata, as illustrated in an enlargement of our Cross-Section B-B’
(Fig. 2.15). The andesite breccias sample locality (Fig. 2.4C) is located within the floor of
Arroyo 3, surrounded by higher topography (Fig. 2.2). On the hill south of the arroyo exposure,
Teml, Thx and older units are all deformed by gentle folds (Fig. 2.15). A gently north-dipping
fold limb is mapped on the north-facing slope of this hill, dipping towards the arroyo exposure.
The sharp, ~15° northwest-dipping, basal contact of marine conglomerate (7cm!/) is exposed 1 - 2
m above the arroyo bottom on both the northeastern and southwestern sides of the ~20 m-wide
bedrock-bottom arroyo (Fig. 2.15). Within the arroyo floor, the distinctive landslide breccia
(Thx) 1s in contact stratigraphically above the andesitic breccia (7bxv), and nearby, is
stratigraphically below the marine conglomerate. Thus, as first suggested by Oskin and Stock
(2003a), the andesite breccia exposure occurs within an erosional window carved down through
the gently-dipping marine conglomerate and the underlying landslide breccia (Fig. 2.15). In fact,
multiple erosional windows such as this exist within 0.5 km of this key outcrop (Fig. 2.2). These

relationships clearly show that the isotopically-dated andesitic breccia is beneath, rather than

75



76



77



within, the marine strata and is part of the older, arc-related volcanic rocks (7bxv). We report an
U/Pb age of 18.70 £ 0.19 Ma from the same andesite breccia clast sampled by Smith et al. (1985)
(Fig. 2.4C). This age should supersede the 12.9 = 0.4 Ma (K-Ar) age by Smith et al. (1985).
Neither age should be used as more than a loose maximum pre-dating marine sedimentation on
SWIT.

We propose a new constraint on the age of the floor of the SWIT marine basin based on
the widespread, lithologically distinctive landslide breccia marker (7bx). This unit is exposed
almost continuously at the base of the SWIT basin, either resting directly on the angular
unconformity with the early to middle Miocene arc-related volcanic rocks, or upon a thin (< 5
m), discontinuous set of marine sandstone beds (7'sm). The age of the floor of the SWIT marine
basin and this distinctive marker are bracketed between the 6.44 + 0.05 Ma the Tuff of Hast
Pitzcal that underlies marine strata and the 6.01 £ 0.20 Ma Tuff of Oyster Amphitheater
interbedded within the earliest marine deposits.

That the age of the base of the SWIT marine basin is latest Miocene, rather than middle
Miocene as previously claimed (Smith et al., 1985; Gastil et al., 1999), was presaged by the 6.2 -
4.3 Ma marine microfossils described in Gastil et al. (1999). This microfossil dataset is all but
ignored from their conclusions and from the conclusions of subsequent paleontological studies in
the Gulf of California (e.g. Carrefio and Smith, 2007; Helenes et al., 2009). Both Carrefio and
Smith (2007) and Helenes et al., (2009) indicate that the SWIT marine basin is middle Miocene
in age, calling upon the 12.9 = 0.4 Ma age by Smith et al. (1985) and the 11.2 + 1.3 Ma age by
Gastil and Krummenacher (1977b) for the rhyodacite flow that caps the entire marine basin,
despite the doubts raised about these constraints by Oskin and Stock (2003a). Helenes et al.

(2009) also cite the late Miocene microfossils from SWIT when discussing the extent of the late
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Miocene Gulf of California, despite that these data are inconsistent with the isotopic age
constraints as interpreted by Gastil et al. (1999). The results from our study resolve this
controversy, demonstrating that both isotopic ages and microfossils are consistent with a SWIT
marine basin that is latest Miocene to early Pliocene in age.

Of more regional concern, paleontological studies of molluscan assemblages (e.g. Smith
et al., 1985; Smith, 1991; Carrefio and Smith, 2007) use the fossil assemblage from SWIT as a
standard for middle Miocene time in the Gulf of California, affecting the age interpretation of
other marine basins. These paleontological studies incorrectly assign a middle Miocene age to
correlative fossil assemblages over a significant length of the Gulf of California and Salton
Trough, including the Imperial Formation >650 km northwest of Isla Tiburdn, the basal Boleo
Formation >150 km south of Isla Tiburdn, and the basal Trinidad Formation >650 km southeast
of Isla Tiburon (Gastil et al., 1999). Marine rocks at some of these locations have subsequently
been shown to be late Miocene in age (e.g. McDougall et al. 1999). Future Gulf of California
paleontological studies should not continue to propagate the erroneous middle Miocene

interpretation for the age of marine strata and fossil assemblages on SWIT.

2.7a2 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 put forth for the age and emplacement mechanism of the
Rhyodacite of Cerro Starship (7csf) that caps all marine deposits (Fig. 2.13). The basis for this
conflict lies in 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 the interpretation of these features as separate igneous events. A younger K-Ar age of
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4.16 £ 1.81 Ma from a sample of top of the flow obtained by Neuhaus (1989) and reported in
Gastil et al., (1999) was interpreted to have been accidentally collected from a dike instead.
Oskin and Stock (2003a) rejected this interpretation, and instead propose that the K-Ar age of
11.2 = 1.3 Ma from the rhyodacite flow (7csf) 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
(Tesd) 1s at least 5 m wide and exhibits a strong NE-SW-striking, vertical foliation (Fig. 2.2).
Southwest of this outcrop, across Arroyo 1, the same dike reappears and continues up the eastern
flank of Hast Pitzcal. Here the dike thickens up to 20 - 40 m across, crosscuts marine and non-
marine conglomerate beds, and outcrops continuously up to the base of the rhyodacite flow
(Figs. 2.2, 2.13F). The dike does not cut through the rhyodacite flow. Instead, we observe the
sub-horizontal rhyodacite flow as continuous and intact across this dike. In some exposures the
dike rocks exhibit 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 vitrophyric welded tuff, overlain by a crystal-rich effusive rhyolite. Our
observations confirm that the base of the flow is underlain by pyroclastic material (unit 7csp).
However, this unit is thin and discontinuous. The majority of the Rhyodacite of Cerro Starship
consists of a lava flow. This is supported by the observation that the matrix of both the basal
vitrophyre and the main flow deposit do not consist of ash or other pyroclastic material (e.g.

pumice, lithic fragments) and instead exhibits irregular flow foliation (Figs. 2.2, 2.13E, 2.14A)
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typical of felsic lava flows (Cas and Wright, 1987). We also revisited the southern end of the
main, elongate flow body (Fig. 2.2) where Gastil et al. (1999) interpret 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
continuous, undulatory upper flow surface (Fig. 2.13C) and also none were observed where the
sub-horizontal, basal contact of the flow is well exposed in a vertical, cliff exposure (Fig. 2.13H).
In summary, our observations concur with the interpretation of Oskin and Stock (2003a) that the
dike (Tcsd) is the feeder for the capping rhyodacite flow (7csf). The main rhyodacite flow body
was likely sourced from a dike that was continuous with that exposed at its northern end. As
additional support of this hypothesis, we find that the thickest pyroclastic deposits are observed
nearby and immediately south of the point where this dike intersects the flow (Fig. 2.2).

To resolve disparate interpretations of the age of the rhyodacite, we dated a sample from
basal Tcsf, away from any mapped dikes, and where its sharp, sub-horizontal basal contact is
clearly exposed (Fig. 2.2). 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 Krummenacher, 1977b) and 4.16 = 1.81 Ma from the top of the flow (Neuhaus,
1989). 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. This capping rhyodacite flow (7csf)

is Pliocene in age.

2.7a3 Reinterpretation of Late Miocene Igneous Units

Neuhaus (1989) and Gastil et al. (1999) mapped and dated three late Miocene igneous

units interpreted as dikes or pods of rhyolite flows that crosscut and/or overlie all SWIT marine

81



deposits (Fig. 2.2; Table 2.1). Our observations indicate that none of these igneous units crosscut
or overlie marine strata, but rather, these 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 description and age (5.67 £ 0.17 Ma) is very similar to the
description and age (6.44 = 0.05 Ma) of the Tuff of Hast Pitzcal (7thp), which outcrops at their
sample location on our geologic map (Fig. 2.2). Here, Tthp is tilted and faulted and
unequivocally within the stratigraphic section, unconformably beneath marine deposits (Figs.
2.2, 2.14A). Locally, in a side canyon on the western side of Arroyo 1, the upper contact of 7thp
diapirically intrudes into overlying stratified ash and pumice beds of unit 7tua and up against the
basal contact of 7bx (Fig. 2.6). We observe similar diapiric relationships in outcrops just west of
a coastal cove, between Arroyo 0 and Hast Pitzcal (Fig. 2.2). 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 tuffs. Such diapric flow contact
relationships may have led previous authors to the incorrect interpretation that the emplacement
of the Tuff of Hast Pitzcal occurred as an intrusion.

Neuhaus (1989) also maps another local rhyolite unit (Mry) from an outcrop in Arroyo 4,
in the southeastern corner of the study area (Fig. 2.2) and reports a 6.11 + 1.81 Ma (K-Ar) age
for this unit (Table 2.1). Neuhaus (1989) interprets this unit as a rhyolite flow that overlies SWIT
marine conglomerate. Gastil et al. (1999) reports this age, but places this volcanic sample
amongst 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
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(Tteb) on our geologic map (Fig. 2.2). Here, Tteb 1s deposited upon older arc-related volcanic
breccia deposits (7bxv) and nowhere in contact with marine strata. Because Tfeb is overlain by
non-marine conglomerate (7cnm), a unit coeval with the youngest SWIT marine deposits
(Tcmu), Tteb must either pre-date or be coeval with marine conditions on SWIT.

Gastil et al. (1999) map a discontinuous rhyolite unit (M10) in the vicinity of Arroyos 1 -
3, from which a 9.02 + 1.18 Ma (Ar/Ar) age was obtained. They interpret this unit as a rhyolite
dike crosscutting marine conglomerate. Our mapping indicates that these outcrops are
moderately-dipping deposits of the distinctive landslide breccias (7hx) (Fig. 2.2), which consists
predominantly of welded rhyolite tuff clasts (Fig. 2.8A,B), and was emplaced near the base of
the marine rocks (Fig. 2.14B). We also observe angular to subrounded cobbles and boulders of
cemented 7bx reworked into overlying 7cml/ marine conglomerate beds (Figs. 2.2, 2.10D) that
further confirm that it pre-dates most marine sediments. Across the study area, breccia clasts of
Tbx are identical to primary tuff outcrops of Tuff of Ensenada Blanca, which we interpret as the
source of the landslide breccias deposit. We did not undertake re-dating of 7teb, nor its clasts
within 7bx. 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 was likely emplaced prior to marine
conditions on SWIT, ca. 7 - 9 Ma. Tteb outcrops were subsequently destabilized and deposited
the 7hx landslide breccia amongst the earliest marine deposits sometime prior to the

emplacement of the 6.01 £ 0.20 Ma Tuff of Oyster Amphitheater.

2.7a4 Tectonic-Sedimentary Setting and Thickness of Marine Strata on Southwest Isla Tiburon

Our detailed structural and stratigraphic results require a reinterpretation of SWIT basin

geometry, the controls on basin formation and subsidence, and estimates of total basin thickness.
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We interpret that the majority of tectonic accommodation that formed the SWIT basin was
produced northeast of the La Cruz fault in response to dextral oblique-normal motion (down-to-
the-northeast). The exposed marine portion of the basin fills an elongate, 1.5 - 2.5 km-wide
trough for 4 km parallel to the fault trace (Fig. 2.2). This trough continues to the southeast for at
least an additional 5 km, filled by non-marine strata (Fig. 2.1B). 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 structure. Within ~1 km of the
modern shoreline the basin widens to >4 km and deposits are preserved on both sides of the La
Cruz fault. Additional accommodation here was produced from the more regional pattern of
down-to-the-north tilting. This tilting, which affects rocks on both sides of the La Cruz fault,
may be due to a restraining geometry as strain is transferred from the La Cruz fault westward,
onto the parallel dextral Tiburon Transform fault (Fig. 2.1B). Alternatively, sagging toward the
axis of the Gulf of California may be a response to crustal thinning (Gastil and Fenby, 1991;
Gonzélez-Fernandez, 2005).

Slip along the La Cruz fault and deformation on adjacent faults and folds occurred
simultaneously with filling of the SWIT marine basin. The oldest marine units, Tsm, Tcml, and
Tcsh, are faulted and folded similar to underlying arc-related volcanic rocks. Intermediate units
Ttoa, Tsmt, and Tcmm are the youngest map units folded or cut by these faults. Deformation was
mostly complete prior to deposition of the youngest marine conglomerate (7cmu) and adjacent
non-marine conglomerate (7cnm), as these units are relatively undeformed and cap most faults.
Thus, deformation associated with the La Cruz fault likely ceased sometime after emplacement
of the 6.01 £ 0.20 Ma Tuff of Oyster Amphitheater and prior to the emplacement of the 3.51 +

0.05 Ma to 4.13 £ 0.09 Ma Rhyodacite of Cerro Starship.
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We interpret deposits of Tsmt, Tcmm, Tcmu, and Tcnm to represent a linked fluvial-
marine Gilbert-type fan delta system fed by a northwest-flowing fluvial system that drained
watersheds across much of southern Isla Tiburdn into the marine waters of the late Miocene Gulf
of California seaway. This Gilbert-type fan delta system became organized by the latest stages of
deformation, and only the lower units of the system (e.g. Tsmt, Tcmm) are folded or faulted.
Non-marine topset deposits (7cnm) both truncate (Figs. 2.11 D, E; see also Fig. 1D of Oskin and
Stock, 2003a) and grade laterally into inclined marine foreset deposits (7cmu), where individual
beds of horizontal non-marine conglomerate roll over into beds of inclined fossiliferous marine
conglomerate (Fig. 2.11 D,E). Where observed, this non-marine to marine transition represents
the approximate position of the paleoshoreline. Gently-dipping marine tuffaceous sandstone
deposits (7smf) are interpreted to be distal marine bottomset turbidite deposits. In places, coarser
marine conglomerate and sandstone deposits (7cmm) overlie Tsmt. Tcmm may represent a period
of relatively lower sea level, when coarser sediments were delivered further out into the basin
and overlie finer-grained bottomset deposits. Tsmt and Tcmm are both overlain by marine
conglomerate deposits (7cmu), which we interpret as a prograding set of marine foresets. Foreset
sediments were sourced from an up-dip fluvial system and prograded across older, deformed
marine units (e.g. Tsm, Tcml), filling the basin in a roughly southeast to northwest direction. The
delta-fan appears to have infilled an embayment formed along the La Cruz fault that had
previously hosted a more heterogeneous, isolated set of marine depositional systems. In the
northwest, a thick, fossil-poor sedimentary breccia (7hxs) was deposited at indeterminate paleo-
depths. Contemporaneously, in the southeast, there was an isolated, sediment-starved region that

was dominated by limestone deposition and rich in fossils (7csh).
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Maximum thickness of the SWIT marine basin is estimated to be ~300 m in the study
area (Fig. 2.14), from a combination of our detailed geologic mapping and from detailed
measured sections by Keogh (2010). This estimate utilizes maximum thickness measurements of
~10 m of Tsm, Ttua, and Thx, ~130 m of Thxs, Tcml, and Tcsh, ~30 m of Ttoa, ~90 m of Tsmt,
~100 m of Temm, ~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. This basin thickness estimate is drastically less than the ~1,500 m estimate by Cassidy
(1990) and Gastil et al. (1999), an estimate based only on the thickness of 7Tcmu. This
discrepancy is rooted in the different interpretations for the origin of 7cmu bedding inclination.
Cassidy (1990) and Gastil et al. (1999) interpreted that Tcmu beds were deposited sub-
horizontally in a subaqueous delta-fan system and subsequently tilted ~15 - 30° by extension-
related normal faults located beyond the SWIT study area. These previous authors calculate
basin thickness by traditional measured section techniques, summing bed thicknesses orthogonal
to bedding planes. In contrast, we estimate basin thickness via a combination of two techniques.
First, for units that are folded and faulted and bed inclination is thus clearly tectonic (e.g. Tcml,
Tsmt), we rely on the thicknesses determined in the study area by Keogh (2010) who used
traditional measured section techniques and sums bed thickness orthogonal to bedding planes.
Second, for Tcmu, for which bed inclination is non-tectonic, we determine its thickness by
measuring the height of the marine foreset package between the bottomsets (e.g. 7Tsmt) and
topsets (Tcnm). Gilbert-type fan delta systems of comparable thickness have been documented in

a similar manner elsewhere in the Gulf of California (e.g. Dorsey et al., 1995).
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2.7b Implications for Gulf of California Marine Incursion

A conclusive latest Miocene to Pliocene age for the SWIT marine basin supports
synchronous late Miocene marine incursion into the northern half of the proto-Gulf of California,
and does not support the existence of an earlier, middle Miocene seaway. Here, we integrate
paleontologic, geologic, and plate tectonic information to present a paleo-geographic
reconstruction of the seaway during the earliest oblique opening of the northern Gulf of
California rift. This integrated analysis illustrates the relationship between marine basin
formation and the geodynamic evolution of this portion of the Pacific-North America plate
boundary. We also explore the implications of this reconstruction for the interpretation of

Helenes et al. (2009) of middle Miocene marine strata in offshore boreholes.

2.7b1 Synchronous Marine Incursion Into the Northern Proto-Gulf of California

A latest Miocene age for the earliest marine deposits on Isla Tiburon 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 and Altar
desert. Throughout this region (Fig. 2.16A), all timing information for marine incursion
established through clear crosscutting relationships and/or microfossil assemblages indicates
marine conditions first existed here sometime between 6.5 - 6.0 Ma (e.g. Carreio, 1992; Martin-
Barajas et al., 1997; McDougall et al 1999; Holt et al., 2000; Oskin and Stock, 2003a;
McDougall, 2008; Dorsey et al., 2011; this study). This late Miocene marine incursion (Fig.
2.16B) likely occurred along a relatively narrow set of en echelon basins formed within a ~600
km-long transtensional segment of the Pacific-North America plate boundary (Oskin et al., 2001;

Chapter 1 of this thesis). Marine incursion in the northern Gulf of California appears to have
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shortly followed the ca. 7 Ma marine incursion documented in the central Gulf of California
(Holt et al., 2000; Miller and Lizarralde, 2013).

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 (McDougall et al., 1999), Cerro Prieto (Cotton and Vonder Haar, 1980),
Laguna Salada (Martin-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 Bahia de Kino (Gémez-Ponce, 1971), and on Tres Marias Islands at
the mouth of the Gulf of California (Figs. 2.1A, 2.15A; Carrefio, 1985) (see regional summary in
Carrenio and Smith, 2007). At most of these locales, the original authors consider the middle
Miocene microfossils to be reworked and not in situ specimens. One exception that may be in
situ 1s the lower Miocene specimens documented ~250 - 750 m deep in water wells in coastal
southern Sonora (Fig. 2.16A; Goémez-Ponce, 1971). However, McDougall (2008) reports that
Winker (1987) discounts the in situ status of these specimens due to the unavailability of samples
and additional documentation. Additionally, Gastil and Krummenacher (1977b) reports personal
communication with James Ingle in 1973 who believed the recognition of lower Miocene strata
in these Sonora water wells was not reliable and the strata could be post-10 Ma. No such marine
rocks occur in mountain ranges that flank the modern-day Sonora coastline, despite evidence of
significant faulting, tilting, and basin formation ca. 6 to 9 Ma (Herman and Gans, 2006; Seiler et
al., 2010; Darin, 2011; Bennett et al., 2013).

A second, more substantive report of in situ middle Miocene microfossils comes from
cuttings from four PEMEX exploration wells (PEMEX, 1985) analyzed by Helenes et al. (2009)

(Fig. 2.16A). These authors report in situ dinoflagellates and calcareous nannofossils that
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indicate up to 3,750 m of early to middle Miocene (pre-11.6 Ma) marine deposits are present in
the Wagner, Consag, and Upper Tiburén marine basins of the northern Gulf of California.
Within the Upper Tiburdn basin offshore SWIT, Helenes et al. (2009) conclude that the lower
1,833 m of strata within a 4,813 m-deep well (Fig. 2.16) are middle Miocene, with geophysical
evidence for ~1,000 m of additional sediments below the bottom of the well. This lower interval
correlates to the laterally extensive (~50 km-wide) sedimentary unit ‘A’ of Aragon-Arreola and
Martin-Barajas (2007) observed on geophysical profiles across the Upper Tiburén basin. This
interpretation of a substantial, pre-11.6 Ma marine basin is at odds with onshore evidence that
rift-related faulting began only after 11 - 12.5 Ma (Stock and Hodges, 1990; Lee et al., 1996;
Lewis and Stock, 1998a) and that transtensional marine basins in the western Gulf of California
(e.g. Wagner, Consag) began opening ca. 3.3 - 2.0 Ma, not during middle Miocene time (Nagy
and Stock, 2000; Stock, 2000; Aragén-Arreola and Martin-Barajas, 2007). Additionally, two
extensive late Miocene ash-flow tuffs that blanketed both rift margins of the proto-Gulf restore to
close proximity across the Upper Tiburon basin (Fig. 2.16B; Oskin and Stock, 2003b). No major
intervals of ash deposits are described from the Upper Tiburén well, despite the presence of up to
several hundred meters of these late Miocene tuffs on the basin margins.

To reconcile the paleontological results with onshore geologic constraints, we suggest
that the specimens documented as in sifu by Helenes et al. (2009) must instead be reworked.
Reworked specimens are observed at a higher interval within the Upper Tiburdn well, and a late
Miocene calcareous nannofossil (S. neoabies) is reported at depth 3,470 m, amongst deposits
interpreted to be early to middle Miocene in age. PEMEX (1985) considers S. neoabies to be
latest Miocene to Pliocene in age (6 - 3 Ma), an age applied to basal marine deposits (unit ‘A’)

that contain this species in the Altar basin (Pacheco et al., 2006) and would correlate to the lower
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interval in the Upper Tibur6n basin. Additionally, Dorsey (2010) highlights that unit ‘A’ where
documented by Pacheco et al. (2006) in the Altar basin contains clinoforms of Colorado River
delta sands and thus must post-date 5.3 Ma. Though the first appearance of S. neoabies may lie
within the middle Miocene at 11.8 Ma (Perch-Nielsen, 1985) the lower part of this range is
speculative (McDougall, 2008).

Alternatively, Helenes et al. (2009) question the validity of the cross-Gulf tie point by
Oskin et al. (2001) and Oskin and Stock (2003b), suggesting that the correlation of these once-
proximal volcanic deposits could be erroneous because paleomagnetic results would not detect
longitudinal (east-west) motion of Baja California during subsequent rifting. Helenes et al.
(2009) seem to have misconstrued the paleomagnetic data presented in Oskin et al. (2001) as a
direct measure of paleolatitude through its relationship to paleomagnetic inclination (Butler,
1992). This 1s a misunderstanding of the evidence for correlation of these tuffs, which is based
on their unique paleomagnetic remanence vector directions (Lewis and Stock, 1998a; Stock et
al., 1999; Chapter 1 of this thesis), among other evidence such as the tuff lithology, cooling-unit
stratigraphy, and whole-rock and phenocryst geochemistry (Oskin and Stock, 2003b). To this list
we also add that the geochronology of these tuffs also matches across the Gulf of California
(Bennett et al., 2013). The original proximity of the tuff deposits now separated across the Gulf
of California was not based on paleomagnetic data, but rather the thickness and outcrop
distribution of multiple tuff markers and internal cooling units (Oskin and Stock, 2003b). This
cross-Gulf tuff correlation is robust and must be considered in any discussion regarding the
tectonic evolution of, or marine seaway incursion into, the northern Gulf of California.

Honoring the constraints from correlative tuffs (Oskin et al., 2001; Oskin and Stock,

2003b) and geophysical data available on the extent of thick continental crust submerged beneath
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the northern Gulf of California (Aragon-Arreola and Martin-Barajas, 2007; Mar-Hernandez et
al., 2012), 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. 2.16B).
In order to avoid substantial overlap of relatively thick continental crust (i.e. shallow depth to
basement), this reconstruction restores Baja California 235 km towards the southeast, 10 km less
than the minimum distance estimated by Oskin and Stock (2003b) (255 + 10 km). This matches
the western edge of a ~25 km-wide submerged continental shelf offshore western Isla Tiburén
with the eastern edge of a ~10 - 15 km-wide shelf offshore Puertecitos, Baja California
(distances here measured NW-SE, parallel to the rifting direction). Thus, in latest Miocene time
coincident with marine deposition on SWIT, the maximum possible distance between the Isla
Tiburon and Baja California coastlines was ~35 - 40 km (Fig. 2.16B).

A ~35 - 40 km-wide combined Puertecitos-Isla Tiburdn shelf does not require a marine
basin of the same width, as portions of the shelf may have subsided and become submerged at a
later stage. In fact, an exploration well drilled on the outboard edge of the Puertecitos shelf
(location ‘L’ in Fig. 2.16) report only late Miocene strata that overlie an 8 = 1 Ma andesite
directly overlying crystalline basement (PEMEX, 1985). If the history for the conjugate Isla
Tiburon shelf is similar, this leaves little or no space for a middle Miocene marine basin.
Alternatively, if the Isla Tiburon shelf is different, and hosted a middle Miocene seaway between
Isla Tiburén and Baja California, it could not have been wider than ~25 km in the NW-SE
dimension, the restored distance between the Puertecitos well and the western Isla Tiburon
shoreline. Such a limited lateral extent is inconsistent with the greater extent (~50 km; SW-NE
direction) of unit ‘A’ deposits documented in the Upper Tiburén basin on line ‘2D’ of Aragon-

Arreola and Martin-Barajas (2007). Thus, we conclude that the more extensive deposits of unit
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‘A’ in the Upper Tiburdn basin (Aragon-Arreola and Martin-Barajas, 2007), that correlate to the
middle Miocene interval of Helenes et al. (2009), are unlikely to be middle Miocene in age.
Instead, these lowermost Upper Tiburon basin deposits probably began to accumulate during late
Miocene time (ca. 6.5 - 6.0 Ma), similar to marine deposits on SWIT, when the Upper Tiburén

basin began to rapidly widen due to localized oblique divergence (Oskin et al., 2001).

2.7b2 Speculative Origins of Reworked Middle Miocene Microfossils

Though concrete evidence of in sifu middle Miocene marine strata within or adjacent to
the Gulf of California has yet to be found, the presence of reworked middle Miocene marine
microfossils across the Gulf of California region (McDougall, 2008) suggests that marine water
did exist somewhere in the region during middle Miocene time and deposits from this could have
contributed the reworked fossils. Here we speculate for three potential origins of these reworked
microfossils, from middle Miocene strata both within and beyond the Gulf of California rift.

One possible source is a middle Miocene seaway that was broadly coincident with the
late Miocene Gulf of California axis (Helenes et al., 2009). Such a seaway is required to be
smaller and potentially more discontinuous than the well-documented extent of the late Miocene
seaway (blue squares on Fig. 2.16B). Portions of these basins containing middle Miocene
microfossils could have been exposed and eroded during subsequent rift-related faulting,
contributing specimens to 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 such a seaway at the current location of the Gulf of California.

Another possible location could be a shallow seaway within an area of middle Miocene

back-arc extension that existed NE of and parallel to the modern-day Gulf of California, within
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Sonora and Sinaloa. Such a middle Miocene back-arc basin would have existed northeast of a
NW-SE 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) and has been speculated previously (Smith, 1991; Fenby and Gastil,
1991; Helenes and Carrefio, 1999). Subsequent uplift and exposure of these marine deposits
could have provided the middle Miocene microfossils to the latest Miocene marine basins in the
northern Gulf of California via roughly southwest-directed drainages. Critically, however, no
outcrops of middle Miocene marine strata, or reworked material from now buried outcrops, exist
in western Mexico, despite the documented presence of non-marine strata of the appropriate age
(Herman and Gans, 2006; Darin, 2011; Bennett et al., 2013). Regionally extensive outcrops of
the 12.5 Ma Tuff of San Felipe (Fig. 2.16; Stock et al., 2006) have not been reported to overlie
marine sedimentary rocks, as would be expected if extensive marine basins existed during
middle Miocene time. If microfossils observed beneath the coastal Sonora plain (Gémez-Ponce,
1971) are in fact in situ specimens, and the strata in the subsurface beneath Yuma, Arizona
(McDougall, 2008) are in fact middle Miocene, these locales (Fig. 2.16) may be the only
potential examples of this older back-arc basin seaway, distinctive from the late Miocene to
present Gulf of California, in both time and space.

A third speculative source for older, reworked microfossils is from the continental shelf
on the Pacific side of the southernmost Baja California peninsula, adjacent to the mouth of the
Gulf of California. Here middle Miocene marine strata were exposed to wave-base erosion
during late Miocene time (Brothers et al., 2012) and could have contributed middle Miocene
specimens into late Miocene basins 700 - 900 km away, as marine waters progressively spilled

northwestward, into intra-rift transtensional basins of the proto-Gulf of California. Erosion, long
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distance transport, and redeposition of microfossils, such as foraminifera, have been documented
elsewhere that supports 800 km and >2,000 km of transport via wind (Goudie and Sperling,

1977) and suspended load currents (Otvos and Bock, 1976), respectively.

2.7b3 Tectonic Evolution of Gulf of California

A synchronous, late Miocene marine incursion along the Pacific-North America plate
boundary is a critical event in the evolution of the Gulf of California rift. A considerable
geodynamic change must have occurred for this region to evolve from a high-standing volcanic
arc at the end of middle Miocene time (Hausback, 1984; Dorsey and Burns, 1994; Umhoefer et
al., 2001) to a system of pull-apart basins at or below sea level sometime before the end of the
Miocene epoch. Such a significant modification of topography implies rapid crustal thinning and
related subsidence. The majority of timing information from near San Gorgonio Pass in the north
(McDougall et al 1999; McDougall, 2008) to Isla Tiburon in the south (Gastil et al., 1999; this
study) supports a widespread and broadly synchronous occurrence of earliest marine deposits, ca.
6.5 - 6.0 Ma, coeval with the onset of strong transtensional plate motion across the northern Gulf
of California (Oskin et al., 2001). This marine incursion is likely the consequence of crustal
thinning and subsidence related to oblique rifting. The incipient late Miocene seaway was
spatially coincident with, and occurred immediately following the development of, a ~50 - 100
km-wide belt of localized strike-slip faulting and related clockwise vertical-axis block rotations
(Fig. 2.16B; Chapter 1 of this thesis), including formation of related non-marine transtensional
basins ca. 6 - 9 Ma (Seiler et al., 2010; Bennett et al., 2013). South of Isla Tiburén, marine
incursion had reached the Guaymas basin in the central Gulf of California ca. 7.1 Ma (Holt et al.,

2000; Miller and Lizarralde, 2013). Flooding of marine waters into the northern Gulf of
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California may have been delayed by a topographic barrier formed along the Tiburén transform
fault, which separated areas of crustal thinning and subsidence in the Upper Tiburon basin, to the
northwest, from the Lower Tiburon and Guaymas basins, to the southeast. As the Baja California
Peninsula translated northward along the Tiburon Transform fault, a low topographic spill point
likely formed between these areas, allowing seawater to enter the sub-sea level basin of the
northern Gulf of California and Salton Trough. The formation of a proto-Gulf of California
seaway was thus likely to have been intimately linked, in both time and space, to the onset of
focused oblique rifting, which became established toward the end of Miocene time (Oskin et al.,

2001; Bennett et al., 2013).

2.8 CONCLUSIONS

Isotopic and biostratigraphic data from the southwest Isla Tiburén (SWIT) marine basin
conclusively show that earliest marine conditions there occurred during late Miocene time, and
marine sedimentation ceased by early Pliocene time. Earliest marine conditions are constrained
by the 6.44 + 0.05 Ma Tuff of Hast Pitzcal that underlies the marine basin and the 6.01 = 0.20
Ma Tuff of Oyster Amphitheater that is interbedded near the base of the earliest exposed marine
deposits. Marine sedimentation in the study area ceased prior to the subaerial eruption of the 3.51
+ 0.05 Ma to 4.13 + 0.09 Ma Rhyodacite of Cerro Starship. These timing constraints are all
remarkably consistent with microfossils assemblages collected from SWIT marine deposits,
independently constrained to 6.2 - 4.3 Ma (Gastil et al., 1999).

New, detailed geologic mapping and modern geochronologic results demonstrate that
previous interpretations of timing of the marine basin on SWIT were based on incorrect K-Ar

results and misinterpreted field relationships in part due to the structural complexity of the area.
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The upper age constraint of 11.2 + 1.3 Ma from the capping Rhyodacite of Cerro Starship (Gastil
and Krummenacher, 1977b) is an erroneous age inconsistent with other ages and clear
crosscutting relationships. The 12.9 = 0.4 Ma age by Smith et al. (1985) is from an underlying,
rather than interstratified deposit, redated here to 18.70 + 0.19 Ma. The SWIT marine rocks do
not reinforce middle Miocene strata proposed in offshore marine basins (Helenes et al. 2009),
nor do they serve as a reference section for middle Miocene macrofauna (Smith, 1991).

A late Miocene age for the SWIT marine basin is consistent with a regional marine
incursion into the proto-Gulf of California, no earlier than 6.5 Ma (Oskin and Stock, 2003a;
McDougall, 2008). This regional marine incursion occurred from at least Isla Tiburén in the
south to near San Gorgonio pass in the north, a distance of ~650 km, and is regionally
constrained to between 6.5 and 6.0 Ma. This relatively narrow, incipient seaway was co-located
with an active portion of the transtensional Pacific-North America plate boundary.

Middle Miocene microfossils documented at some locations in the Gulf of California-
Salton Trough region are unlikely to be in situ. Rather, these specimens are likely reworked into
late Miocene strata, as documented in several onshore exposures (McDougall, 2008), contributed
from erosion of middle Miocene deposits, the location of which is unclear. Speculative sources
for these reworked specimens include a seaway that may have occupied a back-arc extensional
basin in the western Mexican Basin and Range province, for which outcrops have not been
discovered, or from 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).

Late Miocene marine incursion into the northern Gulf of California is likely the

consequence of crustal thinning and tectonic subsidence related to focused oblique rifting. The
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incipient late Miocene seaway was spatially coincident with, and flooded immediately following
the development of, a narrow belt of localized strike-slip faulting and formation of non-marine
transtensional basins (Chapter 1 of this thesis). Improved timing information for the SWIT
marine basin helps address a long-standing debate over the age of marine incursion in the
northern Gulf of California and its association with focused crustal deformation related to

localization of the Pacific-North America transtensional plate boundary.
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TABLE 2.1

Pre-Quaternary map units of the Soutwest Isla Tiburdn study area, including correlation to previously published mapping efforts. Geochronologic

and biostratigraphic ages shown for this and previous studies.

Rock Unit This Study Oskin and Stock (2003a), Oskin (2002)
. Technicque & . Technicque &
Unit Name Age (Ma) Material Sample # Unit Name Age (Ma) Material Sample #
Crystalline Basement (Tonalite) Kt Mzg
Arc-Related Volcanic Rocks b
b
Tvc @ cove
Tvc @ cove
Tbxv
Tbxv
Tba
Tba
Tba
b
Tvc @ cove Tvc, Tb,Ta(SW of LCF = Tmvic)
Tbxv 18.70 £ 0.19  U/Pb zircon TIB-09-17 Tbxv(NE of LCF) = Tmal
Tbxv Tvc(NE of LCF) = Tmvs
Pre-basin, Syn-rift Volcanic Rocks
Tuff of Hast Pitzcal Tthp 6.44 £ 0.05 Ar/Ar sanidine TIB-09-15 Tmprszl 6.67 £ 0.83 Ar/Ar SWT-99-28
Tuff of Ensenada Blanca Tteb Tmrec
Tuffs of Arroyo El Canelo Ttec Tmrec 6.1 £ 0.5 Ar/Ar
correlated from Baja; Nagy et al. (1999)
Southwest Isla Tiburén Marine Basin
Unnamed Air-fall Tuffs Ttua n/m
Marine Sandstone Tsm n/m
Landslide Breccia Tbx Tmbr
Sedimentary Breccia Tbxs n/m
Tuff of Arroyo Sauzal Ttas Tmprszl 6.40 £ 1.63 Ar/Ar TIB-98-11
Lower Marine Conglomerate and Sandstone | Tcm/ Tmpm clast 12.84 = 0.40 Ar/Ar SWT-99-25
(rounded welded rhyolite tuff)
Tuff of Oyster Amphitheater Ttoa 6.01 £ 0.20 U/Pb zircon TIB-09-02
Marine Tuffaceous Sandstone Tsmt Tmpm
Middle Marine Conglomerate and Sandstone|Tcmm
Upper Marine Conglomerate and Sandstone |Tcmu Tmpm
Non-marine Conglomerate and Sandstone |Tcnm Tmpal
Capping & Crosscutting Volcanic Units
5 . 3.51 £ 0.05  Ar/Ar matrix TIB-09-06
Rhyodacite of Cerro Starship Tcsf, Tcsp 2.13 £ 0.09 U/Pb zircon TIB-09-06 Tprcs
(Flow, Basal Pyroclastic, Feeder Dike) Tcsd

n/m = unit not mapped by previous study
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TABLE 2.1 (cont.)

Geochronologic and biostratigraphic ages shown for this and previous studies.

Pre-Quaternary map units of the Soutwest Isla Tiburdn study area, including correlation to previously published mapping efforts.

Rock Unit

Gastil et al. (1999)

Cassidy (1990)

Technicque &

Technicque &

Unit Name Age (Ma) Material Sample # Unit Name Age (Ma) Material Sample #
Crystalline Basement (Tonalite)
M1-M7
Arc-Related Volcanic Rocks M1-M7
M1-M7
M1-M7
M1-M7
M1-M7
M1-M7
M1-M7
M5 17.91 £ 0.36  Ar/Ar;horn- 284
M5 17.68 = 0.15 blende plateau 284
M1-M7
M1-M7
M1-M7
M1-M7
M1-M7
M1-M7
M1-M7
M1-M7 Mvm - Unit 4b
M7 11.44 + 2.61 Ar/Ar; feldspar- 276
plateau
Pre-basin, Syn-rift Volcanic Rocks
Tuff of Hast Pitzcal M10
Tuff of Ensenada Blanca M11
Tuffs of Arroyo El Canelo
Southwest Isla Tiburén Marine Basin
Unnamed Air-fall Tuffs n/m n/m
Marine Sandstone n/m n/m
Landslide Breccia "dike" 9.02 £ 1.18  Ar/Ar;plagio- 5 Mr - Unit 4c
cutting Unit clase-plateau
Sedimentary Breccia
Tuff of Arroyo Sauzal M10
Lower Marine Conglomerate and Sandstone |M8a
Tuff of Oyster Amphitheater
Marine Tuffaceous Sandstone M8c Mss-Unit 4a 6.2-4.3 microfossils
Middle Marine Conglomerate and Sandstone
Upper Marine Conglomerate and Sandstone |M8d Mcgl - Unit 5, Unit 6; Mss - Unit 7
Non-marine Conglomerate and Sandstone |M11

Capping & Crosscutting Volcanic Units
Rhyodacite of Cerro Starship
(Flow, Basal Pyroclastic, Feeder Dike)

n/m = unit not mapped by previous study
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TABLE 2.1 (cont.)

Pre-Quaternary map units of the Soutwest Isla Tiburdn study area, including correlation to previously published mapping efforts.

Geochronologic and biostratigraphic ages shown for this and previous studies.

Rock Unit

Neuhaus (1989)

Gastil & Krummenacher, (1977a,b)

Technicque &

Technicque &

10

Unit Name Age (Ma) Material Sample # Unit Name Age (Ma) Material Sample #
Crystalline Basement (Tonalite) gd
Mb - Unit 3 21.0 £ 0.5 K-Ar; feldspar IN4-15(274a) |T1/T2
Arc-Related Volcanic Rocks Ma - Unit 2 20.5 £ 0.5 K-Ar; hornblende INA-1 T1/T2
Ma - Unit 2 19.1 £ 0.6 K-Ar; whole rock JN150 T1/T2
Mb - Unit 4 19.0 £ 0.4  K-Ar; feldspar JIN223 T1/T2
Mb - Unit4 17.67 £ 1.4 K-Ar; whole rock JIN223 T1/T2
T1/T2 18.8 £ 2.4 K-Ar; hornblende S2G-12
T1/T2 22.7 £ 1.1 K-Ar; plagioclase S2G-12
Mb - Unit 4 18.52 £ 0.68 K-Ar; whole rock IN274 T1/T2
T1/T2
T1/T2
Mb - Unit 4 17.8 £ 0.6 K-Ar; whole rock IN145 T1/T2
Mb - Unit 4 17.7 £ 0.5 K-Ar; feldspar JIN252 T1/T2
Mad - Unit5 17.4 £ 0.4 K-Ar; feldspar IN237 T1/T2
Mb - Unit 4 15.3 £ 1.3 K-Ar; whole rock IN106 T1/T2
Mba - Unit 6 15.24 + 0.54 K-Ar; whole rock IN272 T1/T2
Mad - Unit 5 14.96 = 2.17 K-Ar; whole rock JIN219 T1/T2
Mry - Unit 7e 14.92 £ 0.8 K-Ar; whole rock IN216B T1/T2
T1/T2
T1/T2
Pre-basin, Syn-rift Volcanic Rocks
Tuff of Hast Pitzcal Mr - Unit 9 5.67 £ 0.17 K-Ar; feldspar JN51a n/m
Tuff of Ensenada Blanca Mry - Unit9 6.11 £ 1.81 K-Ar; whole rock  MC275 n/m
Tuffs of Arroyo El Canelo n/m
Southwest Isla Tiburén Marine Basin
Unnamed Air-fall Tuffs n/m n/m
Marine Sandstone n/m n/m
Landslide Breccia Mr - Unit 9 n/m
Sedimentary Breccia n/m
Tuff of Arroyo Sauzal n/m
Lower Marine Conglomerate and Sandstone T3m
Tuff of Oyster Amphitheater n/m
Marine Tuffaceous Sandstone T3m
Middle Marine Conglomerate and Sandstone
Upper Marine Conglomerate and Sandstone T3m
Non-marine Conglomerate and Sandstone |Unit 11 T3
Capping & Crosscutting Volcanic Units
Rhyodacite of Cerro Starship Unit 8 T4 11.2 = 1.3 K-Ar; plagioclase S2B-27
rhyolite
(Flow, Basal Pyroclastic, Feeder Dike) "dike" - Unit 4.16 + 1.81 K-Ar whole rock  INS-10 T5 3.7 £ 0.9 K-Ar; plagioclase S2G-13

n/m = unit not mapped by previous study
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TABLE 2.1 (cont.) Pre-Quaternary map units of the Soutwest Isla Tiburén study area, including correlation to previously published mapping efforts.
Geochronologic and biostratigraphic ages shown for this and previous studies.

Rock Unit Smith et al. (1985)

Technicque &

Unit Name Age (Ma) Material Sample #
Crystalline Basement (Tonalite)
Arc-Related Volcanic Rocks

non-marine

andesitic

X K-Ar;
volcani- 129+ 0.4 . 83BSJ260
3 plagioclase
clastic
debris flow

Pre-basin, Syn-rift Volcanic Rocks
Tuff of Hast Pitzcal

Tuff of Ensenada Blanca

Tuffs of Arroyo El Canelo

Southwest Isla Tiburén Marine Basin
Unnamed Air-fall Tuffs

Marine Sandstone

Landslide Breccia

Sedimentary Breccia

Tuff of Arroyo Sauzal

Lower Marine Conglomerate and Sandstone
Tuff of Oyster Amphitheater

Marine Tuffaceous Sandstone

Middle Marine Conglomerate and Sandstone
Upper Marine Conglomerate and Sandstone

Non-marine Conglomerate and Sandstone

Capping & Crosscutting Volcanic Units
Rhyodacite of Cerro Starship
(Flow, Basal Pyroclastic, Feeder Dike)

n/m = unit not mapped by previous study
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Table 2.3 “’Ar/*°Ar laser total fusion data of single-crystal sanidine crystals from the Tuff of Hast Pitzcal,
Southwest Isla Tiburdn, México.

Hole PAr, Radiogenic OAr* K/Ca K/Cl1 Age Error
number (Moles) Yield (%) YAr, (Ma) (Ma)
sample TIB-09-15 Tuff of Hast Pitzcal (Ttha) sanidine J=0.004411 +0.25% #189KD53

15 6.27E-15 779 0.795 19.1 25000 632 =+ 0.05
23 4.22E-15 88.0 0.796 194 3125 632 += 0.07
16 5.96E-15 80.6 0.796 26.1 25000 633 x= 0.04
1 8.74E-15 959 0.797 17.3 8333 633 = 0.04
21 6.08E-15 925 0.798 19.8 14286 634 + 0.03
12 4.11E-15 955 0.803 22.6 4545 638 =+ 0.09
5 4 .56E-15 93.2 0.804 21.5 9091 639 + 0.08
8 5.59E-15 84.5 0.804 214 5882 639 += 0.07
13 6.19E-15 95.8 0.805 14.1 14286 639 + 0.03
17 5.26E-15 96.1 0.807 13.3 6667 641 x= 0.04
7 5.90E-15 613 0.807 15.0 9091 641 =+ 0.08
22 8.93E-15 90.3 0.808 20.7 6667 641 = 0.03
2 6.70E-15 89.3 0.808 23.6 4545 642 + 0.05
10 4 85E-15 92.6 0.811 239 7692 644 + 0.08
30 5.11E-15 96.1 0.811 17.9 3448 644 =+ 0.04
32 4 85E-15 97.1 0.811 15.7 4348 645 x= 0.04
4 8.16E-15 86.1 0.812 14.8 5556 645 += 0.05
28 4 88E-15 89.8 0.813 17.0 2381 646 =+ 0.04
11 5.67E-15 76.2 0.813 17.7 4545 646 =+ 0.07
14 5.00E-15 924 0.813 17.1 20000 646 =+ 0.04
9 3.59E-15 994 0.814 22.3 HokE 646 =+ 0.10
26 3.77E-15 88.0 0.814 16.6 11111 646 =+ 0.05
29 6.24E-15 98.7 0.814 14.2 8333 647 += 0.03
33 2.77E-15 952 0.815 15.7 7692 647 x= 0.06
36 3.17E-15 66.5 0.816 18.2 10000 648 + 0.08
35 5.96E-15 923 0.817 16.5 2128 649 =+ 0.04
31 3.76E-15 973 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-15 939 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 0.824 174 3333 6.55 = 0.04
20 3.73E-15 430 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-15 973 0.839 16.9 2222 6.67 = 0.08
MSWD =147 Weighted Mean Age= 644 = 0.05
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Table 2.4 “*Ar/*Ar step-heating data of volcanic matrix from the Rhyodacite of Cerro Starship, Southwest Isla Tiburén, México.

Step Temp. % Ar Radiogenic YAr, DA Apparent  Apparent  Apparent Error
°C of total Yield (%)  (moles x 10 P Ar, K/Ca K/Cl Age (Ma) (Ma)
TIB-09-06 dacite matrix J =0.004439 +0.30% wt =356.1 mg  #187&188KD53

A 550 19 55 0.0007 0.393 495 71 3.14 = 0.12

B 600 13 24.6 0.0131 0.426 5.88 99 341 = 0.11

C 700 72 51.0 0.0176 0413 6.03 109 331 = 0.02

D 800 14.5 72.6 0.0281 0.421 5.00 108 336 = 001

E 900 23.6 76.4 0.0338 0434 3.14 105 347 = 001

F 1000 29.9 71.6 0.0227 0.445 1.87 105 356 = 001

G 1100 18.5 62.0 0.0044 0.457 1.31 107 365 = 001

H 1200 2.3 44.5 0.0007 0.457 0.39 100 365 = 0.08

1 1300 0.5 214 0.0003 0.426 0.11 28 341 = 033

J 1450 04 174 0.0003 0.396 0.07 59 3.17 = 057

Total Gas 100 66.7 0.1216 0.438 3.09 105 35

Ages calculated assuming an initial “’Ar/**Ar =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.
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Chapter 3
Onset of transform faulting in the northern Gulf of California: Implications for oblique

rifting and late Miocene localization of the Pacific-North America plate boundary

Chapter is in preparation for submission to the journal Geosphere. Author list is:

Scott E.K. Bennett, Michael E. Oskin, and Alexander Iriondo

108



3.1 ABSTRACT

The Gulf of California rift has accommodated oblique divergence of the Pacific and
North America tectonic plates in northwestern Mexico since Miocene time. Due to its infancy,
the rifted margins of the Gulf of California preserve a rare onshore record of early continental
break-up processes from which to investigate the role of rift obliquity in strain localization. We
document and map rift-related structures and syn-tectonic basins on Isla Tiburon, a proximal
onshore exposure of the rifted North America margin, adjacent the axis of the Gulf of California.
We integrate basin analysis of syn-tectonic sedimentary basins and mapped cross-cutting
relationships with geochronology of pre-rift and syn-rift volcanic units to estimate the timing of
fault activity and basin formation. On southern Isla Tibur6on, an early phase of east-west
extension initiated sometime after ~19 Ma and was ongoing by ~12.2 Ma. Extensional faults and
basins were subsequently buried by younger, less-deformed deposits of the La Cruz basin, which
formed due to 5 = 2 km of dextral motion on the La Cruz fault ca. ~7 - 4 Ma. On northeastern
Isla Tiburén, extension commenced later, recorded by ~7.1 - <6.4 Ma syn-tectonic deposits in
the Tecomate basin. Strike-slip faulting along the Yawassag fault subsequently cut and truncated
Tecomate basin-fill and related normal faults via >8 km of post-6.4 Ma dextral strike-slip. Latest
Miocene onset of strike-slip faulting on Isla Tiburén was synchronous with the onset of
transform faulting along a significant length of the Pacific-North America plate boundary ca. 9 —
6 Ma. This transition coincides with a clockwise azimuthal shift in Pacific-North America
relative motion that increased the obliquity of the rift. The record from the proto-Gulf of
California illustrates how highly oblique rift geometries, where transform faults are

kinematically linked to large-offset normal faults in adjacent pull-apart basins, enhance the
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ability of continental lithosphere to rupture and, ultimately, hasten the formation of new oceanic

rift basins.

3.2 INTRODUCTION

Continental rifts require focused strain to successfully rupture and form a new ocean
basin (Buck, 1991). Rift localization may occur via a variety of processes, such as lithospheric
necking (Buck, 1991, Lavier and Manatschal, 2006) heating and magmatism from
asthenospheric upwelling (Kusznir and Park, 1987; Hopper and Buck, 1996; Buck et al., 1999),
formation of large-offset, translithospheric detachment faults (Tucholke et al., 1998; Lavier and
Manatschal, 2006), thermal weakening beneath thick rift sedimentation (Lavier and Steckler,
1997; Bialas and Buck, 2009), or an increase in extensional strain rate (England, 1983; Kusznir
and Park, 1987; Bassi, 1995; Huismans and Beaumont, 2003). Fully three-dimensional numerical
modeling of rifting indicates the degree of rift obliquity may also enhance localization (van
Wijk, 2007; Brune et al., 2012). Highly oblique rifts accommodate a significant component of
deformation on transform (strike-slip) structures (Withjack and Jamison, 1986), which tend to
remain more localized (Chester, 1995) than normal faults (Buck, 1991, Forsyth, 1992), and may
catalyze continental rupture along linked pull-apart basins (van Wijk, 2007; Bennett et al., 2013).
Testing the role of obliquity in rift localization requires knowledge of the spatio-temporal history
of deformation, and particularly the timing of transform fault formation and activity. Such
records are readily accessible in sedimentary basins formed adjacent to strike-slip faults that
preserve a signature of fault activity in their architecture, subsidence history, sediment
provenance, and facies relationships (Christie-Blick and Biddle, 1985; Ingersoll, 1988; Xie and

Heller, 2009).
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The nascent Gulf of California rift is an active oblique rift (Lonsdale, 1989) where strain
localization (Oskin et al., 2001; Oskin and Stock, 2003b), marine basin formation (Oskin and
Stock, 2003a), and continental rupture (Lizarralde et al., 2007; Martin-Barajas et al., 2010) have
each recently occurred, preserving a fresh record from which to investigate the role of obliquity
in rift localization. The Gulf of California rift is located within the western portion of the
Mexican Basin and Range, a diffuse continental extensional province that initiated within the
Sierra Madre Occidental (Fig. 3.1 inset) during Oligocene time (Gans, 1997; Henry and Aranda-
Gomez, 1992; Gonzalez-Leén et al., 2010) and expanded westward behind the subduction-
related volcanic arc. By ~12.3 Ma (chron 5a of Atwater and Stock, 1998), the plate tectonic
setting evolved from subduction and back-arc extension to a broad region of integrated
transtensional dextral shearing between the Pacific and North America plates both east and west
of the stable Baja California microplate (Gans, 1997; Fletcher et al., 2007). This transtensional
strain was accommodated across a heterogeneous, incompletely documented system of dextral,
normal, and oblique-slip faults kinematically linked to the southern San Andreas fault in
southern California. Following a relatively brief duration of oblique motion, this diffuse region
of deformation coalesced within the NNW-trending axis of an early to middle Miocene volcanic
arc (Umhoefer, 2011), and by latest Miocene time (ca. 6 Ma) Pacific-North America (PAC-
NAM) plate motion localized into the Gulf of California (Oskin et al., 2001; Oskin and Stock,
2003b).

Regional models for the post-12.3 Ma tectonic evolution of the PAC-NAM plate
boundary provide variable estimates for the onset, magnitude, and location of earliest dextral
deformation. Early geologic and global plate circuit models (Stock and Hodges, 1989; Atwater

and Stock, 1998) invoke little to no dextral faulting within the Gulf of California region east of
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the Baja California microplate (Fig. 3.1 inset) prior to the ~6 Ma localization event, a period
loosely referred to as the proto-Gulf of California (Karig and Jensky, 1972). In contrast, other
tectonic models (e.g. Gans, 1997; Fletcher et al., 2007; Seiler et al., 2010) invoke significant
magnitudes (150 - 250 km) of dextral deformation here during the proto-Gulf time period.
Importantly, because restorations of correlative cross-Gulf Miocene ignimbrites (Fig. 3.1; Oskin
et al., 2001; Oskin and Stock, 2003b), suggest that the ~250 km of NW-SE dextral-oblique
divergence across the northern Gulf of California occurred largely after ~6.4 - 6.1 Ma, any
substantial earlier dextral deformation must be preserved on the fringes of the modern Gulf
basin, within the rifted continental margins of eastern Baja California or western Sonora and
Sinaloa.

Recent studies of the rifted continental margins of the Gulf of California (Fig. 3.1)
document evidence of significant dextral deformation (up to tens of kilometers) during proto-
Gulf time (Herman and Gans, 2006; Seiler et al., 2010; Bennett et al. 2013; Chapter 1 of this
thesis). Timing constraints from these flanking regions suggest this deformation and related
basin formation post-dates ~9 Ma, a few million years after the ~12.3 Ma plate tectonic
reorganization that formed the dextral-oblique PAC-NAM plate boundary at the latitude of the
Gulf of California (Stock and Molnar, 1988). It is not currently well understood if this delay
indicates an evolution to a more oblique rifting phase, perhaps due to a change in PAC-NAM
plate motion ca. 8 Ma (Atwater and Stock, 1998), or alternatively, if earlier dextral deformation
was unevenly distributed in time and space across the Mexican Basin and Range extensional
province and thus not well preserved. Consequently, it is unclear what role this dextral faulting
may have played in focusing a broad region of continental extension into a localized rift and led

to the formation of the Gulf of California ocean basin.
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In this paper, we report the results of an integrated stratigraphic, structural, and
geochronologic study of transform faults and related basins exposed on Isla Tiburén, a large
(1,200 km?) island in the Gulf of California that constitutes the outboard, exposed edge of the
Sonora (North America) rifted margin. We incorporate our results with previous findings from
coastal Sonora and the northeastern Baja California conjugate margin to synthesize the tectonic
evolution of the northern Gulf of California, and draw connections to similar activity previously
documented in the Salton Trough and southern Gulf of California. We document an early phase
of normal faulting, block tilting, and related extensional basin formation on southern Isla
Tiburon that initiated sometime after ~19 Ma and was active by ~12.2 Ma. From constraining the
timing of tectonically related basins, we find that two dextral transform faults, the La Cruz fault
and Yawassag fault, became active ~8 - 7 Ma. These faults crosscut older normal faults and their
basin deposits. Strike-slip faulting and basin sediment accumulation ceased by ~4 Ma along the
La Cruz fault; termination of activity is poorly constrained for the Yawassag fault. The late
Miocene onset of dextral-oblique strike-slip faulting and related basin formation on Isla Tiburon
is regionally consistent with findings from adjacent coastal Sonora to the east (Herman and
Gans, 2006; Bennett et al., 2013), on the conjugate rift margin in northeastern Baja California
(Lewis and Stock, 1998a; Seiler et al., 2010), and at great distances to the north and south along
plate boundary strike (e.g. Dorsey et al., 2011). This regional onset supports the contention that
increasing obliquity of PAC-NAM plate motion triggered a reorganization of faulting within the
proto-Gulf of California, leading to formation of major transform faults in coastal Sonora and
Isla Tiburon, and development of a belt of transrotational deformation and basin formation

within the western portion of the Mexican Basin and Range province (Seiler et al, 2010; Chapter
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1 of this thesis). We propose that the development of this zone of focused transtensional strain

facilitated subsequent rift localization and formation of the Gulf of California ocean basin.

3.3 TECTONIC SETTING
3.3a Gulf of California

Formation of the Gulf of California occurred due to oblique-divergent separation of the
Pacific and North America plates (Hamilton, 1961; Larson et al., 1968; Lonsdale, 1989; Fenby
and Gastil, 1991), which initiated along the length of the Baja California peninsula ca. 12.3 Ma
(Atwater and Stock, 1998). Evidence for the earliest dextral-oblique deformation east of Baja
California is documented onshore, across a broad zone of transtensional deformation (Chapter 1
of this thesis), preserved within the continental margins of Baja California (Lewis and Stock,
1998a; Seiler et al., 2010) and Sonora (Bennett et al., 2013). This proto-Gulf dextral deformation
was commonly associated with formation of non-marine tectonic basins.

Rifting became localized within the core of this early-formed transtensional belt by ~6.4 -
6.1 Ma (Oskin et al., 2001; Oskin and Stock, 2003b). By ~6.3 Ma, coeval with localization of the
plate boundary, a permanent continuous marine seaway was established (Oskin and Stock,
2003a; Chapter 2 of this thesis), connecting slightly older (~8.5 - 7.0 Ma) marine basins in the
southern Gulf of California (e.g. Carrefio, 1992; Molina-Cruz, 1994; Holt et al., 2000) with
marine basins in the northern Gulf of California and the Salton Trough (e.g. Escalona-Alcéazar et
al., 2001; Pacheco et al., 2006; Dorsey et al., 2011; Chapter 2 of this thesis). Large marine
depocenters, which contain thick (>4 km) sequences of marine sediments (Gonzélez-Fernandez

et al., 2005; Pacheco et al., 2006), developed within a NNW-trending belt of en echelon pull-
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apart basins, now located in the eastern part of the modern-day Gulf of California (Fig. 3.1;
Aragén-Arreola and Martin-Barajas, 2007).

By late Pliocene time, transtensional strain in the northern Gulf of California migrated
(Aragoén-Arreola and Martin-Barajas, 2007), abandoning the eastern marine basins and initiating
new marine pull-apart basins to the west (see also Lonsdale, 1989). This westernmost system of
faults remains the primary PAC-NAM plate boundary, with oblique plate motion accommodated
along a system of long, NW-striking, right-stepping, en echelon, transform faults connected by
short (<50 km-wide), NW-SE-extending, pull-apart basins. Many of these basins have proceeded
to seafloor spreading in the southern half of the Gulf of California, where the plate boundary
eventually connects with the East Pacific Rise at the mouth of the Gulf of California (Fig. 3.1
inset; Larson et al., 1968; Lonsdale, 1989; Fenby and Gastil, 1991; Aragon-Arreola and Martin-

Barajas, 2007; Kluesner, 2011).

3.3b Sonoran Margin

In the northern Gulf of California, the largely submerged Sonoran continental margin
serves as the western, rifted edge of North America continental crust (Fig. 3.1). Here, a detailed
offshore seismic reflection study (Mar-Hernédndez et al., 2012) demonstrates that the irregular
edge of the margin is structurally controlled by a system of NW-striking en echelon dextral-
oblique faults kinematically linked to major N-striking normal faults (Fig. 3.1). These first-order
structures define the eastern edges of deep rhomb-shaped marine pull-apart basins, which have
accommodated NW-SE extension related and parallel to the NW-striking dextral-oblique faults.

Together, these structures and basins form a series of NW-SE-elongate structural rift segments:
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Wagner-Consag--Adair-Tepoca, Upper Delfin-Upper Tibur6on, and Lower Delfin-Lower
Tiburon-Yaqui rift segments (Fig. 3.1).

The southeastern reaches of these offshore transform faults bound the eastern, now-
abandoned marine pull-apart basins that were the site of rapid divergence immediately following
rift localization ca. 6.4 - 6.1 Ma (Oskin and Stock, 2003b; Aragon-Arreola and Martin-Barajas,
2007). At the latitude of Isla Tiburon, NW-striking dextral-oblique faults that bound the Upper
Delfin-Upper Tiburon rift segment appear to continue to the southeast within the Sonoran
continental margin (Gastil and Krummenacher, 1977a, b). Here, the total length of these
transform fault zones each exceeds multiple tens of kilometers, suggesting they were significant,
plate boundary-scale structures prior to rift localization.

The southwestern edge of the Upper Delfin-Upper Tiburon rift segment is bound by the
Tiburon transform fault offshore southern Isla Tiburén (Figs. 3.1 and 3.2A; Lonsdale, 1989;
Fenby and Gastil, 1991). Approximately 9 km to the northeast, the dextral La Cruz fault runs
parallel to the Tiburon transform fault across southern Isla Tiburdn (Gastil and Krummenacher,
1977a; Oskin, 2002; Oskin and Stock, 2003a,b; Chapter 2 of this thesis), both continuing
offshore ~150 km southeast of the island (Aragon-Arreola et al., 2005). Although the Tiburon
transform fault is the primary transform structure along the southwestern edge of this rift
segment, the La Cruz fault is considered to be a less-significant, but related dextral fault (Oskin
and Stock, 2003a,b). Thick sequences of middle Miocene arc-related volcanic deposits exposed
on both sides of the La Cruz fault (Fig. 3.2A) do not match, suggesting large amounts of dextral
and/or normal displacement (Oskin and Stock, 2003b). Reconstructions by Oskin and Stock
(2003b) suggest minimum total dextral offset of ~28 km, based on the total onshore distance of

these mismatched volcanic rocks along the La Cruz fault. The oldest rocks known to directly
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correlate across the La Cruz fault are late Miocene (6.4 - 6.0 Ma) marine deposits (Fig. 3.2A),
which display no more than 1 km of dextral displacement (Oskin and Stock, 2003a; Chapter 2 of
this thesis). This correlation suggests that most of the significant fault activity on the La Cruz
fault occurred prior to rift localization. Thus the La Cruz fault preserves a relatively intact record
of how strike-slip faulting evolved within the rift during proto-Gulf time.

The northeastern edge of the Upper Delfin-Upper Tiburoén rift segment is bound offshore
by the De Mar transform fault (Fig. 3.1; Aragon-Arreola and Martin-Barajas, 2007; Mar-
Hernandez et al., 2012). This transform fault likely connects via a right step to the Coastal
Sonora Fault Zone, exposed on northeastern Isla Tiburon and the Sonoran mainland (Fig. 3.1).
On northeastern Isla Tiburdn, the only onshore exposure of the Coastal Sonora Fault Zone
consists of the Yawassag fault (Fig. 3.2A; Gastil and Krummenacher, 1977a). Along the ~8 km-
long exposed portion of the fault, basement units do not directly correlate and Miocene volcanic
rocks do not match, suggesting at least 8 km of dextral displacement. Additional, sub-parallel
branches of the Coastal Sonora Fault Zone may be present offshore northeastern Isla Tiburon,
beneath the northern end of the Canal de Infiernillo (Fig. 3.2). On mainland Sonora to the
southeast, the Coastal Sonora Fault Zone consists of the Sacrificio, Bahia Kino, and Infiernillo
faults (Fig. 3.1; Oskin, 2002; Bennett et al., 2013). Previous regional tectonic models, informed
by geologic results along the PAC-NAM plate boundary and knowledge of total PAC-NAM
post-12.3 Ma dextral offset, postulate that dextral faults in coastal Sonora have accommodated
significant displacement (150 - 250 km) since 12.3 Ma (Nicholson et al, 1994; Gans, 1997;
Wilson et al, 2005; Fletcher et al., 2007; Seiler et al., 2010). However, detailed mapping suggests
a more modest amount. Along the Sonoran coast directly east of Isla Tiburon, Bennett et al.

(2013) report a minimum of 41 £ 11 km of displacement across the Coastal Sonora Fault Zone,
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with the majority of deformation and basin formation initiating ca. 7 Ma. This minimum estimate
is close to the maximum of 60 + 30 km of displacement permitted from matching pre-15 Ma
distinctive conglomerate exposures across the Gulf of California (Fig. 3.1; Gastil et al., 1973)

after restoration of post-6.1 Ma divergence (Oskin et al., 2001; Oskin and Stock, 2003b).

3.4 METHODS
3.4a Geologic, Structural, and Stratigraphic Mapping

Building upon the reconnaissance work by Gastil and Krummenacher (1977a) and Oskin
(2002) (Fig. 3.2A), we present geologic mapping and analysis of the La Cruz and Yawassag
dextral faults where these first-order structures are exposed across southern and northeastern Isla
Tiburdn, respectively. These first-order structures divide each study area into two structural
domains (Fig. 3.2B). We also document well-exposed sedimentary basins that are adjacent and
intimately related to these structures. These syn-tectonic basins contain rift-related rocks and
second-order structures that preserve a record of fault-related subsidence and deformation.

We conducted detailed geologic, structural, and stratigraphic mapping along 5 - 10 km-
wide swaths straddling the La Cruz and Yawassag faults (Figs. 3.3 and 3.4). Structural
measurements include documentation of brittle fault orientations and kinematic indicators such
as fault striae preserved on polished fault planes (Fig. 3.3). Mapping was conducted at 1:10,000-
scale 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 and one
infrared bands of Quickbird imagery were pan-sharpened to generate a 0.6 m-resolution false-

color base map using spectral bands 4-2-1.
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3.4b Geochronology

To provide age constraints for faulting and basin formation along the La Cruz and
Yawassag faults, we analyzed samples of volcanic units that underlie and are interbedded within
basin deposits (Figs. 3.5, 3.6, and 3.7). Samples consisted of 2 - 5 kg of fresh rock collected from
representative, in-place outcrops. In the laboratory, samples were separated into their mineral
constituents. Desired mineral phases for isotopic analysis were isolated via standard magnetic,
density, and hand picking mineral separation techniques. U/Pb analysis of zircon crystals was
conducted in the Stanford-USGS SHRIMP-RG laboratory at Stanford University. Zircon rims
were targeted during multiple, single-crystal analyses to avoid older, inherited crystal cores.
Typical sample spot beam locations varied between 23 - 32 microns in diameter.
Cathodoluminescence (CL) images used in defining the zircon analytical spots will be presented
in figures (currently being processed) when submitting manuscripts for publication. Ar/Ar
analysis of k-feldspar crystals and volcanic matrix was conducted in the U.S. Geological Survey
Thermochronology laboratory facility in Reston, VA. Multiple, single-crystal analyses were
conducted to allow detection of older inherited sanidine crystal populations. For all
geochronologic results, we report ages with small uncertainties of <3%. All geochronologic rock
samples were sent to collaborator Alexander Iriondo (Universidad Nacional Autéonoma de
México, Juriquilla), who oversaw all mineral separation, laboratory analysis, and data

interpretation for the ages reported in this manuscript.

3.5 LA CRUZ FAULT STUDY AREA

The La Cruz fault study area encompasses southern Isla Tiburon (Fig. 3.3A). Here, the

NW-striking La Cruz fault separates the La Cruz and Sauzal structural domains (Fig. 3.2B).
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These domains consist of arc-related volcanic rocks of broadly similar age (~21 - 12 Ma) (Gastil
and Krummenacher, 1977b; Neuhaus, 1989; Gastil et al., 1999; this study), though in detail, the
arc-related volcanic rocks immediately juxtaposed along the La Cruz fault trace are dissimilar.
We correlate deposits of early to middle Miocene arc-related rocks and two latest middle
Miocene ash-flow tuffs across the La Cruz fault. Younger, late Miocene sedimentary and
volcanic units also correlate across the La Cruz fault and were emplaced syn-tectonically with

dextral-oblique faulting.

3.5a Stratigraphy and Geochronology
3.5al Basement Rocks

Basement rocks exposed adjacent to the La Cruz fault on southern Isla Tiburdn consist of
metamorphic units that serve as the host rock for younger plutonic bodies (Fig. 3.4A).
Metamorphic basement rocks consist of slate, quartzite, and phyllite and are observed only
southwest of the La Cruz fault, east of Arroyo Sauzal (Fig. 3.3A), including the adjacent small
islands of Isla Datil and Isla Cholludo (Gastil and Krummenacher, 1977a). These host rocks are
thought to be pre-Cambrian to Cambrian in age (Gastil and Krummenacher, 1977b). Plutonic
basement rocks in the La Cruz fault study area consist entirely of tonalite and related, typically
felsic, dikes. These plutonic rocks have not been dated, but are similar to isotopically-dated
outcrops of Late Cretaceous (~80 - 90 Ma) crystalline basement units on northern Isla Tiburon
(Gastil and Krummenacher, 1977b; Schaaf et al., 1999) and along the adjacent Sonora coastline
(Gastil and Krummenacher, 1977b; Valencia-Moreno, 2003; Ramos-Velazquez et al., 2008). In

our mapping we also discovered an exposure of tonalite approximately one kilometer northeast
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of the La Cruz fault (Fig. 3.3A) that was not known to previous studies (Gastil and

Krummenacher, 1977a; Gastil et al., 1999; Oskin, 2002; Oskin and Stock, 2003a).

3.5a2 Early to Middle Miocene Volcanic and Sedimentary Rocks

A thick sequence of volcanic and sedimentary rocks of early to middle Miocene age
nonconformably overlies basement rocks on southern Isla Tibur6n (Figs. 3.3A and 3.4A). These
units are heterogeneous along strike and appear to be concentrated into three, compositionally
diverse volcanic centers. We observe concentrations of basaltic units in the west, andesitic and
dacitic units to the north, and rhyolitic units to the southeast (Fig. 3.3A). Deposits of these
volcanic centers appear to be interstratified over large, along strike distances. Previous studies
that focused on the southwestern corner of Isla Tiburén document early to middle Miocene
volcanic and sedimentary units of different lithology and age juxtaposed across the La Cruz fault
(Gastil and Krummenacher, 1977a; Neuhaus, 1989; Gastil et al., 1999; Oskin, 2002; Oskin and
Stock, 2003a; Chapter 2 of this thesis), a pattern that persists along the entire fault trace (Fig.
3.3A; Gastil and Krummenacher, 1977a; this study). Here, we summarize this volcanic and
sedimentary sequence, spatially from west to east, within both the La Cruz and Sauzal domains.

From the western tip of the island to Hast Hinamj (sometimes referred to as Cerro
Colorado), the early to middle Miocene sequence in the La Cruz domain consists of red
volcaniclastic sandstone (7vs/), basalt flows and breccias (7b), and lacustrine limestone (7sr)
(Neuhaus, 1989; Gastil et al., 1999; Chapter 2 of this thesis). These are conformably overlain by
additional basaltic- and dacitic-andesite lava flows and breccias (7ha and Tda) (Fig. 3.3A and
8A). Several of these volcanic units have been isotopically dated in previous studies, and range

in age from 23 - 15 Ma (Fig. 3.3A; Gastil and Krummenacher, 1977b; Neuhaus, 1989; Gastil et

133



al., 1999). Beneath Hast Hinamj and east towards the Arroyo Sauzal drainage, equivalent La
Cruz domain units consist of basalt flows and breccias (7h) with occasional interbedded red
volcaniclastic sandstone (7vs/) conformably overlain by an andesite lava flow (7ha) (Figs. 3.3A
and 3.8B). East of the Arroyo Sauzal drainage in the La Cruz domain, the interbedded basalt (75)
and red volcaniclastic sandstone (7vs/) persist at the base of the Miocene section. Gastil and
Krummenacher (1977b) report a K-Ar (whole rock) age of 7.0 = 0.3 Ma from a basalt just east of
Arroyo Sauzal (Fig. 3.3A). This sample location is amongst moderately inclined basalt flows
(Th) that we confidently map immediately overlying the regional basement nonconformity and
100’s of meters stratigraphically below an extensive latest middle Miocene tuff marker discussed
below (Fig. 3.3A and 3.8C). Thus, this reported K-Ar age is either erroneously young, or the
sample was mislocated on their map. It is possible that a younger basalt flow, located ~1 km to
the east of their locality, was sampled instead. The basal basalt flows (7h) and volcaniclastic
sandstone and conglomerate (7vs/) units gradually thin to the east where they are conformably
overlain by thick deposits of red volcaniclastic sandstone (7vs). Further to the east, in the
footwall of the Hihitiij fault, the basal basalt flows (7bh) are no longer present and this relatively
younger red volcaniclastic sandstone (7vs) rests directly upon basement rocks (Figs. 3.3A and
3.8D). Tvs is conformably overlain by another andesite flow (7al), distinct in lithology and
location from andesite units mapped to the west. East of Arroyo de La Cruz, La Cruz domain
units of this early to middle Miocene sequence include a volcaniclastic breccia (7vb) and
volcaniclastic conglomerate (7vc) locally mapped near the southeastern corner of Isla Tiburén
(Fig. 3.3A). We assign these two units to the early to middle Miocene sequence, but these units
are mapped only in fault contact with more widespread units and thus their relative age is

unknown.
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In the Sauzal domain, northeast of the La Cruz fault, units from this early to middle
Miocene sequence exposed west of Hipat Mesa consist of interbedded monolithologic
volcaniclastic breccia (7hxv), dacite flows (7d), and dacitic breccia (7hxd) (Neuhaus, 1989;
Gastil et al., 1999; Oskin and Stock, 2003a; Chapter 2 of this thesis). Many volcanic units here
have been isotopically dated and range in age from 19 - 11 Ma (Fig. 3.3A; Smith et al., 1985;
Neuhaus, 1989; Gastil et al., 1999; Chapter 2 of this thesis). Units from this sequence continue
beneath and are again exposed east of Hipat Mesa, where they are undated and have only been
mapped in reconnaissance (Gastil and Krummenacher, 1977a; Oskin, 2002). Between Hipat
Mesa and the Sauzal fault, the oldest units in this sequence consist of monolithologic
volcaniclastic breccia (7hxv) conformably overlain by laterally discontinuous dacite (7d) and
andesite flows (7ah) (Figs. 3.3A, 3.8B, and 3.8E). East of the Sauzal fault and towards Arroyo
de La Cruz, Sauzal domain units of this early to middle Miocene sequence are notably distinct
from those west of this structure. East of the Sauzal fault, the oldest units in this sequence consist
of a thick stack of andesite flows (Tha-r, Tha) with subordinate rhyolite flows (77). These flows
are conformably overlain by interbedded deposits of red-gray, andesitic breccia and
volcaniclastic sandstone and conglomerate (77b), basalt flows (7b), additional andesite flows
(Tha-r, Tha), and stratified deposits of red volcaniclastic sandstone and white lacustrine
limestone (7'sr) (Figs. 3.3A, 3.8C, 3.8D, and 3.8E). We report a new “’Ar/*’Ar (volcanic matrix,
isochron) age of 20.68 + 0.20 Ma from exposures of 7ha <1 km northeast of the La Cruz fault
(Fig. 3.5A; Table 3.1). East of Arroyo de La Cruz, Sauzal domain units of this sequence consist
of interbedded dacite breccia (7db), andesite flows (7a), and andesitic basalt flows (7ab) (Fig.
3.3A). The relative age of these units with units of this sequence to the west is unknown due to

younger conglomerate and alluvial deposits that conceal this relationship.
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3.5a3 Latest(?) Middle Miocene Syn-Rift Rocks

A sequence of syn-rift volcanic and sedimentary rocks of latest(?) middle Miocene age
overlies the early to middle Miocene arc-related volcanic and sedimentary rocks on southern Isla
Tiburén (Figs. 3.3A and 3.4A). These syn-rift units consist of non-marine sandstone and
conglomerate, interstratified ash-flow tuffs, and a sequence of effusive and pyroclastic volcanic
rocks. These syn-rift rocks are observed either conformably above the older early to middle
Miocene sequence, or above an angular unconformity that separates these sequences. Here, we
summarize this syn-rift volcanic and sedimentary sequence, spatially from west to east, within
both the La Cruz and Sauzal domains.

In the La Cruz domain, beneath Hast Hinamj, syn-rift rocks overlie older early Miocene
basalt (7h) and volcaniclastic sandstone (7vs/) above an angular unconformity (Figs. 3.3A and
3.8A). Here, syn-rift rocks consist of non-marine conglomerate (7cg/) with up to ~45 m of an
interbedded ash-flow tuff (7%sf). Oskin (2002) reports an “’Ar/*’Ar (K-feldspar, total gas) age of
9.58 £ 2.66 Ma from the lower of two cooling units in this tuff, a densely welded, crystal- and
pumice-rich, ash-flow tuff, which he names the Tuffs of Cerro Colorado. We report a new
P Ar/* Ar (K-feldspar, multiple crystals) age of 12.20 + 0.05 Ma from the basal vitrophyre of this
same ash-flow tuff, ~1.5 km along strike to the northwest (Fig. 3.6A; Table 3.2). Based on its
broadly similar lithology and age, we tentatively correlate this tuff with the Tuff of San Felipe
(Stock et al., 1999), a regionally extensive tuff that blanketed >4,000 km” of the Mexican Basin
and Range and is now observed in Baja California (Lewis and Stock, 1998a; Stock et al., 1999;
Stock et al., 2008; Olguin-Villa, 2010; Chapter 1 of this thesis), on Isla Angel de la Guarda
(Stock et al., 2008; Skinner et al., 2012), across western and northern Isla Tiburén (Oskin et al.,

2001; Oskin, 2002; Oskin and Stock, 2003b; this study), in coastal Sonora (Oskin, 2002; Darin,
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2011; Bennett et al., 2013), and in central Sonora (Oskin, 2002; Vidal-Solano et al., 2005; Stock
et al., 2006; Hernandez-Méndez et al., 2008; Gomez-Valencia and Vidal-Solano, 2010; Vidal-
Solano et al., 2010; Chapter 1 of this thesis).

From Arroyo Sauzal to the southeastern corner of Isla Tiburdn, coeval syn-rift rocks
appear to conformably overlie older early to middle Miocene volcaniclastic sandstone (7vs) and
an andesite flow (7al) (Figs. 3.3A, 3.8C, and 3.8D). The oldest syn-rift unit here is the Tuff of
Ensenada de La Cruz (Tlc), an extensive, densely welded, crystal-rich, ash-flow tuff. Oskin
(2002) reports an “’Ar/*’Ar (K-feldspar, total gas) age of 11.25 + 1.98 Ma for Tlc exposures
immediately west of Ensenada de la Cruz (Fig. 3.3A). We report a new “’Ar/’Ar (K-feldspar,
multiple crystals) age of 12.21 + 0.09 Ma (Fig. 3.6B; Table3) from the same strike-ridge of 7lc,
~150 m to the northwest (Fig. 3.3A). Tlc is conformably overlain by a diverse volcanic sequence
that consists of the >400 m-thick Rhyolite Flows of Punta Amarillo (7rpal, Trpa2, Trpa3), a
basaltic andesite flow up to 100 m-thick (7ha), and up to ~80 m of bedded ash and pumice
deposits (7ty) and a local vesicular basalt flow (7%y-b) (Figs. 3.8C and 3.8D).

In the Sauzal domain, between Hipat Mesa and the Sauzal fault, syn-rift rocks overlie
gently tilted older volcanic units (e.g. 7bxv, Td, Tah) (Figs. 3.3A, 3.8B, and 3.8E). These syn-rift
rocks consist of volcaniclastic conglomerate (7cg/) and several intercalated, discontinuous
volcanic units, including a resistant, brick-red, andesitic block and ash deposit (7bar), basalt
breccias (7bxb), a welded tuff we correlate to the Tuff of San Felipe (7%sf), and undated, thin
airfall ash beds (Fig. 3.3A). Here, northeast of the La Cruz fault, we report a new **Ar/*’Ar (K-
feldspar, multiple crystals) age of 12.12 £ 0.08 Ma from exposures of 7tsf (Fig. 3.6C; Table 3.2).
This age is ~400 ka younger than ages obtained from coastal Sonora (Bennett et al., 2013) and

central Sonora (Vidal-Solano et al., 2005), but is consistent with our isotopic age for Ttsf
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southwest of the La Cruz fault and with the range of reported ages (12.0 - 12.7 Ma) for 7tsf in
northeastern Baja California (Stock, et al., 2008). The true age of the Tuff of San Felipe is not
settled, and may be biased by contamination from older xenocrystic material liberated from
rhyolite inclusions that were partially molten at the time of eruption. Stock et al. (2008) suggest
that ~12.3 Ma may represent the most probable age for the Tuff of San Felipe. For the purpose of
this study, we will use an age of ~12.2 Ma when referring to the Tuff of San Felipe, an age
consistent with our two *’Ar/*’Ar ages.

In the Sauzal domain, east of the Sauzal fault and towards Arroyo de La Cruz, syn-rift
rocks are only locally exposed and overlie older early Miocene volcanic units (e.g. Thf-r, Thf,
Trb, Th, Tha) above an angular unconformity (Figs. 3.3A and 3.8E). These syn-rift units consist
of non-marine conglomerate (7cg/) interstratified with deposits of the Tuff of Ensenada de la
Cruz (Tlc). In this area, we report two new ‘’Ar/*’Ar (K-feldspar, multiple crystals) ages for Tlc,
12.14 + 0.08 Ma (Fig. 3.6D; Table 3.2) from 7lc exposures ~1.5 km northeast of the La Cruz
fault (Fig. 3.3A) and 12.26 + 0.07 Ma (Fig. 3.6E; Table 3.2) from steeply titled 7/c exposures
within the La Cruz fault zone (Fig. 3.3A), consistent with isotopic ages for T/c southwest of the
La Cruz fault. East of Arroyo de La Cruz, syn-rift deposits are only exposed at a small, isolated
mesa-top of non-marine conglomerate (7cg/), capped by 10 - 15 m-thick densely welded tuff
(Fig. 3.3A). From its lithology and stratigraphic position, we tentatively correlate this isolated

tuff exposure to the Tuff of San Felipe (7tsf).

3.5a4 Late Miocene to Pliocene(?) La Cruz Basin

Across southern Isla Tiburdn, a sequence of volcanic and sedimentary units of the La

Cruz sedimentary basin discontinuously overlie the early to middle Miocene sequence in angular
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unconformable contact. These La Cruz basin deposits are typically located immediately adjacent
to the La Cruz fault (Fig. 3.3A) and consist of non-marine coarse conglomerate and sandstone
with intercalated volcanic rocks. We subdivide the conglomeratic infill of the La Cruz basin into
three units: 7cg2, Tcg3, and Tcg4, which are progressively less deformed up-section. These
deposits, and the volcanic rocks and angular unconformities that separate them, record the
history of deformation along the La Cruz fault. The overall geometry of the La Cruz basin
appears to be controlled by an elongate structural depression formed by both vertical fault
motion and block tilting down towards the fault (Figs. 3.8B, 3.8C, and 3.8D). In contrast to the
older units, La Cruz basin rocks are commonly exposed continuously across the La Cruz fault
(Fig. 3.3A).

The lowest preserved portion of the La Cruz basin is exposed east of the Arroyo Sauzal
delta, and west of the Hihitiij fault (Fig. 3.3A). Here, up to ~40 m of non-marine conglomerate
(Tcg2) and an andesite flow up to 25 m-thick (7a2), discontinuously overlie deposits of the
~12.2 Ma Tuff of Ensenada de La Cruz (7lc) and the upper flow unit of the Rhyolite Flows of
Punta Amarillo (7rpa3). The lowermost 7cg2 beds are conformable with the underlying units,
both inclined 31 - 34° (Fig. 3.8C). Conglomerate and sandstone beds within 7cg?2 are gradually
less inclined up-section, with the uppermost 7cg2 beds inclined 13 - 17°, similar to the basal
contact of the overlying Basalt Breccia of Alta Sauzal (7bas), a vesicular basalt breccia deposit
(Fig. 3.8C). Thas deposits are at least ~90 m-thick, but appear to dramatically thin to <10 m-
thick across a north-striking normal fault (Fig. 3.3A). The extent of Thas deposits appears to be
restricted to ~1- 2 km along strike, similar to and coincident with Tcg2 sediments. We report a
new “Ar/*’Ar (volcanic matrix, isochron) age of 7.86 + 0.33 Ma on a breccia clast sample

collected from this exposure of Thas (Fig. 3.5B; Table 3.1). Thas is interpreted to be a breccia
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deposit, possibly of landslide origin, and not a primary volcanic deposit, and thus this age is
considered to be a maximum age for its emplacement.

The intermediate generation of non-marine conglomerate and sandstone (7cg3) is much
more widespread on southern Isla Tiburon than 7cg? (Fig. 3.3A). Deposits of Tcg3 overlie an
angular unconformity, where Tcg3 strata are inclined up to 25° less steep than underlying units,
including Tcg?2 and Thas (Figs. 3.3A, 3.8B, 3.8C, and 3.8D). Southeast of Hipat Mesa, within the
La Cruz fault zone, a white airfall tuff, up to 5 m-thick, is intercalated with Tcg3 deposits just
above its basal angular unconformity (Figs. 3.3A and 3.8B). We report a new U/Pb (zircon,
multiple crystals) age of 6.87 = 0.07 Ma from a sample of this tuff (Fig. 3.7A; Table 3.3).

Northwest of Hipat Mesa, younger La Cruz basin deposits (7cg3) correspond to and are
coeval with the extensively studied marine strata of the Southwest Isla Tiburon basin (Gastil and
Krummenacher, 1977a,b; Smith et al., 1985; Cassidy, 1990; Gastil et al., 1999; Oskin and Stock,
2003a; Chapter 2 of this thesis), which locally preserve a record of regional marine incursion into
the northern Gulf of California, ca. 6.4 - 6.0 Ma (Chapter 2 of this thesis). Similar to the La Cruz
basin, all isotopically dated deposits within the Southwest Isla Tiburdn basin are latest Miocene
in age (Neuhaus, 1989; Gastil et al., 1999; Chapter 2 of this thesis). Based upon the architecture
of marine and non-marine strata on southwest Isla Tiburén (Chapter 2 of this thesis), it appears
that these marine rocks were sourced from a stream system that flowed along the axis of La Cruz
basin.

The La Cruz basin is capped by a sequence of relatively undeformed volcanic and
sedimentary units. Exposures of these capping deposits are concentrated in the central and
western portions of southern Isla Tiburén (Fig. 3.3A). An andesitic-dacite volcano complex

(Tdhh) forms the topographically prominent peak, Hast Hinamj (sometimes referred to as Cerro
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Colorado) (Fig. 3.8A). The basal flows of Tdhh directly overlie deposits of 7Tcgl/ and Ttsf and
pinch out abruptly to the east and northeast beneath younger, sub-horizontal non-marine
conglomerate and sandstone deposits (7cg4) (Figs. 3.3A and 3.4A). Tcg4 deposits straddle the
La Cruz fault beneath Hipat Mesa and are in buttress unconformable contact against deposits of
Tcgl, Ttsf, and Tdhh along the northeastern edge of Hast Hinam;j (Figs. 3.3A and 3.4A). Non-
marine deposits of 7cg4 continue to the north and northeast beyond the map area, towards the
Valle de Tecomate (Fig. 3.2A; Gastil and Krummenacher, 1977a; Oskin, 2002). These Tcg4
deposits also continue northwest of Hipat Mesa, where they laterally grade (down-dip) into a
system of Gilbert-delta marine foreset and bottom set deposits that represent the youngest,
undeformed marine strata in the Southwest Isla Tiburdn basin (Fig. 3.3A; Chapter 2 of this
thesis).

Stratigraphically above Tcg4 and capping Hipat Mesa are sub-horizontal deposits of the
Tuffs of Hipat Mesa (7thm) (Fig. 3.3A). Deposits of Tthm consist of three, distinct, crystal-poor,
ash and pumice units (7thml, Tthm2, Tthm3). Though Tthm is undated, isotopically dated flat-
lying volcanic rocks are observed at a similar stratigraphic position and topographic elevation at
Hast Pitzcal (Cerro Starship), ~7 km northwest of Hipat Mesa (Gastil and Krummenacher,
1977a; Gastil et al., 1999). At Hast Pitzcal, the Southwest Isla Tiburdn basin is capped by the
Rhyodacite of Cerro Starship, a late Pliocene (~4 Ma) dike-fed lava flow (Gastil and
Krummenacher, 1977a,b; Neuhaus, 1989; Chapter 2 of this thesis). The precise age of the
youngest La Cruz basin deposits across southern Isla Tibur6n is unknown and could be latest

Miocene to early Pliocene, similar to the adjacent and related Southwest Isla Tiburdn basin.
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3.5a5 Quaternary Deposits

Many young, likely Quaternary age deposits are observed across southern Isla Tiburén
(Fig. 3.3A). The oldest Quaternary deposits consist of non-marine alluvium (Qoa) and
fossiliferous marine terrace deposits (Qm). Thin marine terrace deposits (<5 m-thick) are located
along the coastline, perched up to ~10 m above modern sea-level, above a sub-horizontal wave-
cut bedrock platform. Perched Om deposits are probably related to a global sea-level high stand
during a Pleistocene interglacial period (MIS 5e or earlier) (Ortlieb, 1991). Deposits of Qoa are
more abundant than Om, and observed inland from the coastline filling valley bottoms with
alluvium and capped by topographically smooth, inactive terrace tread surfaces. Deposition of
Qoa may have been coeval with Om, during a significant increase in base level (sea-level) that
allowed sediment accumulation to occur. Modern, active channels ubiquitously incise into these
Qoa deposits. Younger fluvial sand and cobble deposits (Qal) are commonly found within active
channels. A discontinuous strip of unconsolidated beach sand and cobble deposits (Qb) is found
along the modern shoreline. Patches of coastal areas seasonally flooded by marine water contain

marine playa deposits (Op/) just inland of beach-deposit berms.

3.5b Faulting and Folding

Numerous Late Cenozoic structures deform rocks on southern Isla Tiburon. The intensity
of deformation is greatest within the early to middle Miocene volcanic and sedimentary
sequence, which is deformed by thrust faults and folds, normal faults, and strike-slip faults. La
Cruz basin deposits (e.g. Tcg3), which overlie older strata across a significant, widespread

angular unconformity, display relatively less deformation, bury older structures, and are cut by
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structures related to strike-slip faulting. Capping sedimentary and volcanic units (e.g. 7Tcg4,

Tthm) display very little to no deformation.

3.5b1 La Cruz fault

The La Cruz fault is a first-order, NW-striking, vertical, dextral strike-slip fault that
transects the southern part of Isla Tiburdn, parallel to the offshore dextral Tiburén transform
fault (Figs. 3.1 and 3.2A). All sub-parallel splays of the La Cruz fault deform late Miocene and
older map units, commonly juxtaposing early to middle Miocene volcanic and sedimentary units
(e.g. Tha) against latest Miocene non-marine conglomerate (7cg3) (Fig. 3.3A). Small-offset
brittle faults with sub-horizontal (strike-slip) slickenlines oriented parallel to strands of the La
Cruz fault are observed in all pre-Quaternary units, including the capping Tuffs of Hipat Mesa
(Tthm). Northwest of Hipat Mesa, internal tuff stratigraphy within 7thm is offset vertically ~2 - 4
meters across the primary northwest-striking branch of the La Cruz fault and the basal contact of
the Tthm is offset a few tens of meters across a nearby northwest-dipping normal fault. Adjacent
faults and folds do not appear to deform the La Cruz fault. From this it may be surmised that slip
on these second-order structures was contemporaneous with slip on the La Cruz fault as part of a
wrench zone.

Although the La Cruz fault is primarily a sub-vertical dextral fault, evidence suggests the
fault has accommodated significant down-to-the-northeast dip slip. Relatively deeper structural
levels are exposed southwest of the fault where outcrops of crystalline basement rocks are
common. In contrast, in the Sauzal domain northeast of the fault, basement rocks are exposed
only in an isolated, fault-bounded block in the southeastern portion of the island (Fig. 3.3A).

Fault juxtaposition of disparate early to middle Miocene units across the La Cruz fault is thus
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likely a result of both dextral strike-slip and normal dip-slip motion. This vertical motion likely
caused the tectonic subsidence necessary for formation of syn-tectonic sedimentary basins along
the La Cruz fault. The La Cruz fault is co-located with the Southwest Isla Tibur6n basin on the
southwestern portion of the island (Cassidy, 1990; Gastil et al., 1999; Oskin and Stock, 2003a;
Chapter 2 of this thesis), and with the La Cruz basin across the south-central (Oskin, 2002; this

study), and southeastern (this study) portions of the island (Fig. 3.3A).

3.5b2 Additional Strike-slip Faults

Additional strike-slip faults, both dextral and sinistral, deform rocks on southern Isla
Tiburdn. One notable such fault is a NW-striking, sub-vertical (81°) dextral fault that cuts across
the Punta Amarillo headland (Fig. 3.3A). This fault does not continue much more than 1 km to
the northwest, as it is not observed in the prominent Hihitiij sea cliff ~2 km to the northwest.
Middle Miocene volcanic units generally correlate across this structure. Total dextral offset on
this fault likely does not exceed its 1 km exposed length and it may have also accommodated
~300 m of down-to-the-southwest dip-slip displacement (Fig. 3.8D). Sinistral strike-slip faults
are uncommon overall. Where observed northeast of the LLa Cruz fault, sinistral faults are ENE-
striking, and cut the early to middle Miocene sequence of rocks at high angle to their undulatory
contacts. Here, one well-exposed sinistral fault dips moderately to the north-northwest (62°) and
displays a strong set of sub-horizontal slickenlines (rake of 013°). Displacement on this sinistral-
oblique normal fault is minor, with ~160 m of apparent sinistral offset of the 7rb-Th contact (Fig.

3.3A).
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3.5b3 Sauzal Fault

The Sauzal fault is a significant normal fault (Oskin, 2002; this study) in the Sauzal
domain with a structurally related half-graben in its hanging wall (Figs. 3.3A and 3.8E). It strikes
NE-SW and dips moderately to gently (~30 - 40°) to the northwest. North of the study area, the
strike of this fault turns to more N-S (Fig. 3.2A; Oskin, 2002). Across the Sauzal fault, hanging
wall units of syn-tectonic middle Miocene non-marine conglomerate (7cg/) and the ~12.2 Ma
Tuff of San Felipe (7tsf) are juxtaposed against footwall units of mostly andesitic (7hf-r, Thf,
Tha-r) and mafic (7b) lava flows. We estimate that the Sauzal fault here has accommodated ~1.7
km of dip-slip displacement by measuring the positions of coeval, but not correlative, tuff
deposits: the ~12.2 Ma Tuff of San Felipe in its hanging wall and the ~12.2 Ma Tuff of Ensenada
de La Cruz in its foot wall (Fig. 3.8E). However these units may not have been emplaced at the
same elevation, and the offset could be less than 1.7 km as a result. In this area, exposures of
younger, La Cruz basin deposits (e.g. Tcg3) are not preserved along the Sauzal fault, and thus the
timing of cessation of its activity is poorly known, but must post-date middle Miocene time.
However, this fault may cut younger, late Miocene(?) units north of this study area (Oskin,

2002). The Sauzal fault appears to be truncated by the dextral La Cruz fault.

3.5b4 Colorado Fault

The Colorado fault is a significant, previously unmapped normal fault in the La Cruz
domain (Fig. 3.3A). It strikes NE-SW and dips moderately to gently (~30 - 40°) to the northwest.
Immediately along the mapped trace of the Colorado fault, hanging wall units of early Miocene
basalt (7h) and Cretaceous tonalite (K?¢) are juxtaposed against Cretaceous tonalite (K7) in the

foot wall (Fig. 3.8A). Similar to the Sauzal fault, middle Miocene non-marine conglomerate
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(Tcgl) and the ~12.2 Ma Tuff of San Felipe (7tsf) are exposed in the hanging wall of the
Colorado fault, ~3 - 4 km northwest of its mapped trace. Preservation of these units is limited to
just beneath the overlying, resistant dacitic volcano (7dhh) (Fig. 3.8A). These hanging wall units
are likely syn-tectonic and accumulated due to motion on the Colorado fault. We estimate that
the Colorado fault here has accommodated ~1.5 km of dip-slip displacement of the basement
nonconformity (Fig. 3.8A). However, this estimate is only loosely constrained due to limited
exposure of the basement nonconformity in the foot wall block, where bedding attitudes in the
overlying basalt flows and volcaniclastic sediments indicate folding along a SE-plunging axis.
The hanging wall block is cut by several NNE- to NNW-striking normal faults that structurally
duplicate the basement nonconformity. These faults do not cut the Colorado fault and likely
merge with the Colorado fault at depth (Fig. 3.8A). The timing of activity on the Colorado fault
is poorly known, but must post-date middle Miocene time. Similar to the Sauzal fault, the

Colorado fault appears to be truncated by the dextral La Cruz fault.

3.5b5 Hihitiij Fault

The Hihitiij fault is a significant, previously unmapped normal fault in the La Cruz
domain (Fig. 3.3A). It strikes N-S and dips steeply (~70°) to the west. Along the Hihitiij fault,
early to middle Miocene units of volcaniclastic sediments (7vs), the Tuff of Ensenada de La Cruz
(Tlc), and the Rhyolite Flows of Punta Amarillo (77pa2,3) in the hanging wall are juxtaposed
against metasedimentary rocks (Pzms) and Miocene volcaniclastic sediments (7vs) in the foot
wall. At the shoreline, we map three splays of the fault that bound wedges of 7vs and Kt. We
estimate that the Hihitiij fault at the shoreline has accommodated at least 1 km of dip-slip from

displacement of the basement nonconformity. Total fault slip likely diminishes northward, where

147



the Hihitiij fault juxtaposes the same rock unit (7vs) (Fig. 3.3A). Along strike to north, the
Hihitiij fault may either end at a fault tip or bend to the northwest where it may accommodate
minor dextral displacement. The Hihitiij fault is cut and offset by a younger, NW-striking
dextral-oblique normal fault with ~100 m of apparent dextral displacement. The timing of
activity on the Hihitiij fault is poorly known, but must post-date middle Miocene time and pre-

date this younger fault.

3.5b6 Additional Normal Faults and Related Folds

Additional, less significant normal faults deform rocks throughout southern Isla Tiburdn,
but are most abundant in the La Cruz domain, between the La Cruz fault and the offshore
Tiburon transform fault (Fig. 3.3A). Here, N- to NNW-striking normal faults structurally
duplicate tilted blocks of early to middle Miocene volcanic and sedimentary units (e.g. 7b, Tvs,
Tlc, Trpa) and underlying basement (e.g. Pzms, Kt). These faults are typically inclined
moderately to steeply towards the west, although a few east-dipping, antithetic(?) faults are also
observed. This style of faulting is most common southeast of Arroyo Sauzal (Fig. 3.3A).
Displacement across these normal faults ranges up to ~500 m (Fig. 3.8). Late Miocene non-
marine conglomerate deposits of the La Cruz basin (7cg3) bury these normal faults. Another
common style of normal faulting within the La Cruz domain is NE-SW-striking normal faults.
This is the predominant style of faulting west of Arroyo Sauzal, where these faults juxtapose
early middle Miocene volcanic units (e.g. 7h) against crystalline basement (K?). Nowhere are
exposures of younger, La Cruz basin deposits (e.g. Tcg3) preserved along these faults, and thus
the timing of activity on these faults is poorly known, but must post-date early middle Miocene

time. NE-SW-striking, NW-dipping normal faults are less common southeast of Arroyo Sauzal,
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but where such faults are observed, these deform and offset deposits of late Miocene non-marine
conglomerate (7cg3) within the La Cruz basin (Fig. 3.3A). Locally, some NE-SW-striking, NW-
dipping normal faults appear to kinematically link with NW-striking dextral-oblique splays of
the La Cruz fault.

Normal faults are less abundant in the Sauzal domain, northeast of the La Cruz fault (Fig.
3.3A). Where observed, these faults are typically NE- to ENE-striking and inclined moderately
to steeply to the northwest. One SE-dipping, antithetic normal fault is observed near the Arroyo
Sauzal drainage, just northeast of the La Cruz fault. One N-striking, west-dipping normal fault is
observed just east of Sauzal Spring. Displacement across the majority of normal faults mapped
northeast of the La Cruz fault is minimal (a few tens of meters each).

Extension-related folds also deform rocks on southern Isla Tiburon. In the La Cruz
domain, a gentle syncline with an interlimb angle of ~130° is observed in the hanging wall of the
Hihitiij fault, immediately west of and parallel to the fault trace (Fig. 3.3A). This syncline
deforms middle Miocene volcanic and sedimentary units (e.g. 7vs, Tlc, Trpa). The axial plane
trace of this syncline displays ~100 m of apparent dextral displacement along a NW-striking
dextral-oblique normal fault. Additional folds are observed in the Sauzal domain, just southeast
of Sauzal Spring. Here, a gentle to open syncline and anticline are observed in the hanging wall
and foot wall, respectively, of a west-dipping normal fault (Fig. 3.8E). This fault and related
folds deform middle Miocene units (e.g. Tcgl, Ttsf) and displays a few tens of meters of total

displacement.
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3.5b7 Thrust Faults and Related Folds

Second-order thrust faults deform rocks on southern Isla Tiburén adjacent to the La Cruz
fault (Fig. 3.3A). Northeast of the La Cruz fault, a pair of E-W-striking, oppositely-dipping
thrust faults bound the only known basement exposure in the Sauzal domain (Figs. 3.3A and
3.8D). Another thrust fault is observed southwest of the La Cruz fault adjacent to a subtle left
fault bend (Fig. 3.3A). This thrust fault strikes NW-SE, sub-parallel to the La Cruz fault, and
dips gently (30°) to the northeast, juxtaposing latest middle Miocene Rhyolite Flows of Punta
Amarillo (Trpa?2) structurally above younger, late Miocene non-marine conglomerate (7cg3) of
the La Cruz basin. Additional thrust faults are present on both sides of the La Cruz fault on
southwest Isla Tiburon (Chapter 2 of this thesis).

Second-order folds also deform rocks on southern Isla Tiburén. South and west of Hast
Hinamj, axial plane traces of gentle folds (~140 - 160° interlimb angles) are oriented
approximately NE-SW and E-W (Figs. 3.3A and 3.8A). These folds appear to be basement-
cored, and involve the entire early to middle Miocene stratigraphic section: early Miocene basalt
(7h), non-marine conglomerate (7cgl), and the ~12.2 Ma Tuff of San Felipe (7%sf). On the
southwest flank of Hast Hinamj, one of these folds may be cut by a younger, east-dipping normal
fault. It is unclear if this fold deforms the undulatory, sub-horizontal basal contact of the Dacite
of Hast Hinamj (7dhh). This set of folds marks a key structural transition in the La Cruz domain,
where to the northwest units are typically inclined down to the north and northwest, and
southeast of here units are typically inclined down to the northeast (Figs. 3.3A and 3.8A). Folds
are also observed northeast of the La Cruz fault, in the Sauzal domain, where red volcaniclastic
sandstone and lacustrine limestone strata (7sr) are folded across ~E-W-striking axial planes

(Figs. 3.3A and 3.8D). One fold pair appears to be parallel and likely related to an adjacent
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south-dipping thrust fault. Additional folds are observed within the La Cruz fault zone just west
of the Arroyo Sauzal drainage (Fig. 3.3A). These folds deform middle Miocene non-marine
conglomerate (7cg/) and the ~12.2 Ma Tuff of San Felipe (7tsf) within a zone of left-steps

between several dextral splays of the La Cruz fault.

3.6 YAWASSAG FAULT STUDY AREA

The Yawassag fault study area encompasses northeastern Isla Tiburon (Fig. 3.3B). Here,
the NW-striking Yawassag fault separates the Sierra Kunkaak and Hinzime structural domains
(Fig. 3.2B) and juxtaposes all pre-Quaternary map units southwest of the fault against
predominantly crystalline basement northeast of the fault. Within each domain is a significant
west-dipping normal or dextral-normal fault (Fig. 3.3B). The Sierra Kunkaak domain preserves
an uplifted and eroded portion of the northeasternmost Tecomate basin in the hanging wall of the
Kunkaak fault (Oskin and Stock, 2003b). These late Miocene sedimentary and volcanic units do

not appear to correlate across the Yawassag fault.

3.6a Stratigraphy and Geochronology
3.6al Basement Rocks

Similar to southern Isla Tiburon, basement rocks on northeastern Isla Tiburdn consist of
plutonic and metamorphic rocks (Fig. 3.4B) and are observed on both sides of the Yawassag
fault (Fig. 3.3B). Metamorphic rocks consist of meta-carbonate (Pz-carb) and other meta-
sedimentary units (Pzms), including slate, quartzite, and phyllite. These metamorphic host rocks
are thought to be pre-Cambrian to Cambrian in age, though a Mesozoic age for carbonate units is

also possible (Gastil and Krummenacher, 1977b). Plutonic basement rocks in the Yawassag fault
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study area consist predominantly of tonalite and related, typically felsic, dikes, similar to the
basement rocks on northwest Isla Tiburon and an adjacent small island, Isla Patos (Gastil and
Krummenacher, 1977a). Subordinate exposures of granodiorite and diorite composition are
observed in the southernmost portion of the study area, southwest of the Yawassag fault (Fig.
3.3B). Gastil and Krummenacher (1977b) report a K-Ar (hornblende) age of 90.4 + 2.7 Ma from
a tonalite exposure in the southernmost portion of the study area (Fig. 3.3B). Schaaf et al. (1999)
report two Rb-Sr (biotite-whole rock) cooling ages of 81.4 + 3.2 Ma on tonalite and 77.7 + 3.1
Ma on granodiorite from nearby basement exposures in the southern portion of this study area
(Fig. 3.3B). These isotopic results are similar to a K-Ar (hornblende) age of 84.5 + 7.9 Ma from
tonalite on northwestern Isla Tiburon (Gastil and Krummenacher, 1977b) and to Late Cretaceous
tonalite ages reported along the adjacent Sonora coastline (Gastil and Krummenacher, 1977b;

Valencia-Moreno, 2003; Ramos-Velazquez et al., 2008).

3.6a2 Middle Miocene Volcanic and Sedimentary Rocks

A sequence of volcanic and sedimentary rocks of middle Miocene age nonconformably
overlies basement rocks on northeastern Isla Tiburon. Overall this sequence is thinner than that
present adjacent to the La Cruz fault on southern Isla Tiburon (Fig. 3.4) and likely consists of
only middle Miocene units. Previous studies correlate Miocene volcanic and sedimentary units in
the Sierra Kunkaak domain, southwest of the Yawassag fault, to units in the Hinzime domain,
northeast of the fault (Gastil and Krummenacher, 1977a; Oskin, 2002). Here, we summarize this
volcanic and sedimentary sequence in both domains and demonstrate that these units only
broadly correlate across the Kunkaak dextral-normal fault within the Sierra Kunkaak domain,

and do not correlate across the Yawassag dextral fault.
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In the Sierra Kunkaak domain, southwest of the Yawassag fault, early to middle Miocene
volcanic and sedimentary rocks largely differ across the Kunkaak fault (Fig. 3.3B). West of the
Kunkaak fault, the lowest observed unit from this sequence is a basal non-marine conglomerate
and sandstone unit (7cb), observed discontinuously in angular and buttress unconformably
contact with basement rocks (Figs. 3.3B and 3.8G). This unit likely correlates to unit ‘Tcg’ in the
Sierra Menor of northwestern Isla Tiburdon (Oskin, 2002) and unit ‘Tcb’ in coastal Sonora
immediately east of Isla Tiburon (Bennett, 2009), both observed at a similar stratigraphic
position. A basaltic andesite flow (7ha) conformably(?) overlies 7cb. Along strike to the
southeast, an andesite flow (7ha) is observed at the same stratigraphic position as Tch and Tha,
in nonconformable contact with basement rocks. We tentatively assign a middle Miocene age to
Tcb, Tha, and Tha. However, these units are not isotopically dated and could possibly be early
Miocene in age. Discontinuous deposits of the ~12.2 Ma Tuff of San Felipe (7tsf) overlie these
units and are locally in nonconformable contact with basement rocks as well (Fig. 3.3B).
Outcrop quality is insufficient to determine whether these contact relationships are the result of
an angular unconformity between 7%sf and underlying units or due to paleotopography of
basement rocks and discontinuous emplacement of 7ha and Tha. The uppermost unit of this
sequence is a discontinuous vesicular basalt flow (7bv). East of the Kunkaak fault, the lowest
observed units from this sequence are a basalt flow (7bh/) and the lower flow of the Rhyolite
Flows of Sepoc Hancaap (7rshl), a purplish-red aphanitic rhyolite with 1 - 2 cm-spaced foliation
(Figs. 3.3B and 3.8G). We tentatively assign a middle Miocene age to 7h/ and Trshl, but these
units are undated and could possibly be early Miocene in age. These units are overlain by the

~12.2 Ma Tuff of San Felipe (7tsf), non-marine conglomerate and sandstone (7cg/), another,
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similar flow of the Rhyolite Flows of Sepoc Hancaap (7rsh2), another basalt flow (752), and
ash- and pumice-rich, greenish-yellow volcaniclastic sandstone (75sg).

In the Hinzime domain, northeast of the Yawassag fault, two undated volcanic units are
mapped (Fig. 3.3B). We tentatively assign these rocks to the middle Miocene sequence. These
units are sparsely exposed due to the relatively deep exhumation northeast of the Yawassag fault,
where basement rocks are the predominant surface lithology (Fig. 3.3B). These volcanic units
include the Rhyolite of Hast Hinzime (774/) and an overlying silicified rhyolite tuff and breccia
(Thhh) that may be the top of the underlying flow. Gastil and Krummenacher (1977a) and Oskin
(2002) mapped the Hinzime domain in reconnaissance, incorrectly correlating the exposures of
these two volcanic units with younger volcanic and sedimentary deposits of the Tecomate basin

discussed below.

3.6a3 Late Miocene to Pliocene(?) Tecomate Basin

In the Sierra Kunkaak domain, a thick sequence of late Miocene to Pliocene(?) volcanic
and sedimentary units are exposed within the Tecomate basin and overlie the early to middle
Miocene sequence (Figs. 3.3B and 3.4B) above an angular unconformity with up to ~20°
difference in dip. These Tecomate basin deposits accumulated in a structurally related half-
graben in the hanging walls of the Kunkaak fault and Tecomate fault (Figs. 3.8F and 3.8G).

The lowest portion of the Tecomate basin is exposed just east of the Tecomate fault
where deposits of non-marine coarse conglomerate and sandstone (7cg3) overlie volcanic units
of the middle Miocene sequence that are more steeply inclined (Fig. 3.3B). Deposits within the
Tecomate basin display a fanning-dip geometry, where the structural tilt of basin fill shallows

up-section from >50° near its base to 15 - 20° near its top (Figs. 3.8F and 3.8G). The uppermost
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Tcg3 deposits of the Tecomate basin are observed immediately west of the Kunkaak fault, in
fault contact with basement rocks and older volcanic units in the foot wall. Within this study
area, at least 2.0 km of non-marine conglomerate (7cg3) and volcanic deposits (7mr3, T3t, Tmr4)
accumulated in the hanging wall, above the Kunkaak fault (Figs. 3.8F and 3.8G).

Three distinct volcanic units are interbedded amongst 7cg3 sedimentary deposits of the
Tecomate basin. A 2 m-thick, white, reworked ash deposit is mapped interbedded within 7cg3, ~
60 - 70 m above the basal angular unconformity (Figs. 3.3B and 3.8G). We report a new
PAr°Ar (K-feldspar, multiple crystals) age of 7.11 + 0.09 Ma (Fig. 3.6F; Table 3.2) and a
similar U/Pb (zircon, multiple crystals) age of 7.03 + 0.19 Ma (Fig. 3.7B; Table 3.3) for this ash
deposit. We prefer the **Ar/’Ar age of 7.11 + 0.09 Ma for this sample, because the Ar/Ar
technique provides a better estimate of a true eruption age than the U/Pb technique (Simon et al.,
2008). Further up-section a thick sequence of pyroclastic deposits is observed interbedded
amongst 7cg3 deposits (Fig. 3.3B). The base of this sequence is a 110 - 120 m-thick, crystal- and
lithic-rich, orangish, moderately- to densely-welded ash-flow tuff (7mr3). Above this is 100 -
240 m of primary and reworked air-fall and volcaniclastic debris-flow deposits (73f), capped by
25 - 40 m of a crystal- and lithic-poor, maroon, densely-welded ash-flow tuff (7mr4). Following
earlier reconnaissance mapping by Oskin and Stock (2003b), we correlate this volcanic sequence
with the ~6.4 Ma Tuffs of Mesa Cuadrada, a regionally extensive tuff sequence that blanketed
>2,100 km” of present-day northeastern Baja California (Stock, 1989; Lewis, 1996; Nagy et al.,
1999), western and northern Isla Tiburon (Oskin et al., 2001; Oskin, 2002; Oskin and Stock,
2003b; this study), and coastal Sonora (Oskin and Martin-Barajas, 2003; Bennett et al., 2013).
An additional, 2 m-thick interval of white, cross-bedded, crystal-poor, reworked ash beds occur

amongst Tcg3 conglomerate beds ~30 m stratigraphically above 7Tmr4 (Figs. 3.3B and 3.8F).
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Neither conglomerate nor pyroclastic rocks of the Tecomate basin-fill are observed east of the
Kunkaak fault. However, these deposits may exist here in the subsurface, obscured beneath

Quaternary deposits (Fig. 3.3B).

3.6a4 Quaternary Deposits

Similar to southern Isla Tiburén, many young, likely Quaternary age deposits are
observed across northeastern Isla Tiburon (Fig. 3.3B). The oldest Quaternary deposits consist of
non-marine alluvium (Qoa) and fossiliferous marine deposits (QOm). Thin deposits of Om are
observed along the lower 2 - 3 m of the 10 - 25 m-high sea cliff along Playa Tecomate. The
upper portion of this sea cliff consists of stratified non-marine alluvial deposits (Qoa), which
include capping cross-stratified dune deposits. Inland, deposits of Qoa fill valley bottoms and are
widespread across alluvial plains with inactive upper terrace tread surfaces. Younger fluvial sand
and cobble deposits (Qal) are commonly found within active channels. A discontinuous strip of
unconsolidated beach sand and cobble deposits (Qb) is found along the modern shoreline, and a
veneer of unconsolidated, aeolian sand deposits (Qae) are found inland up to 5.5 km from the

modern northwestern shoreline.

3.6b Faulting and Folding

Several Late Cenozoic structures deform rocks on northeastern Isla Tiburon. Tecomate
basin deposits (e.g. Tcg3) accumulated in a structurally related half-graben in the hanging wall of
the Kunkaak fault and Tecomate fault (Figs. 3.8F and 3.8G). These basin deposits overlie older
strata across an angular unconformity and are cut by structures related to strike-slip faulting. The

onset of slip on the Kunkaak fault is best constrained from tilting relationships preserved within
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this basin, though slip may have initiated prior to the accumulation of the oldest exposed
sediments. The Yawassag fault appears to have initiated later, because it cross-cuts the Kunkaak
fault and the Tecomate basin. The termination of activity on these faults cannot be determined

because no undeformed, capping units are observed.

3.6b1 Yawassag fault

The Yawassag fault is a first-order, NW-striking, SW-dipping, dextral strike-slip fault
that transects the northeastern part of Isla Tiburon (Fig. 3.3B). The trace of the Yawassag fault is
slightly undulatory owing to its moderate (~50°) southwest dip. At one exposure, the fault dips
53¢ to the southwest with sub-horizontal slickenlines (rake of 011°) (Fig. 3.3B). Prominent, well-
exposed, NNW-striking strike-ridges of Tecomate basin deposits (e.g. Tmr4, ash marker in Tcg3)
are deflected in a clockwise sense and are NNE-striking proximal to the dextral Yawassag fault
(Fig. 3.3A). The Kunkaak fault and these basin deposits are both truncated by the fault and not
observed northeast of the fault. Both the slickenline orientation and bed deflection suggest that
dextral strike-slip is the dominant type of motion on the Yawassag fault, despite its moderate dip.
Near the northwestern shoreline of this study area, we map a right step in the Yawassag fault,
connected by a northwest dipping normal fault (Fig. 3.3B). The lack of any correlative Miocene
units along the ~8 km onshore exposure of the Yawassag fault, suggests at least that much
dextral displacement since late Miocene time.

Although Gastil and Krummenacher (1977b) considered the Yawassag fault to primarily
be a dextral fault, they also considered it to have accommodated significant down-to-the-
southwest dip slip. The relatively deeper structural levels exposed northeast of the fault (Fig.

3.3B) is consistent with this notion. Here, in the Hinzime domain, exposures predominantly
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consist of crystalline basement rocks with very few exposures of middle(?) Miocene volcanic
rocks. In contrast, in the Sierra Kunkaak domain southwest of the fault, middle to late Miocene

sedimentary and volcanic units are more common.

3.6b2 Additional Strike-slip Faults

Additional strike-slip faults, both dextral and sinistral, deform rocks on northeastern Isla
Tiburén (Fig. 3.3B). Near the southern end of its mapped trace, the Kunkaak fault is cut by a
zone of second-order, NW-striking, dextral-oblique normal faults that dip moderately to the
southwest, with <1 km of apparent dextral displacement (Figs. 3.3B and 3.8G). Although the
area of fault intersection is poorly exposed, concealed by Quaternary deposits, this NW-striking
fault zone disrupts and rotates the otherwise continuous strike-ridge exposures in both the
hanging wall and foot wall of the Kunkaak fault. The easternmost splay of this zone appears to
kinematically link with the Kunkaak fault, where it may have reactivated the Kunkaak fault with
dextral-oblique slip. Such reactivation could be responsible for the presence of fault-bounded
slivers of 7tsf and Kt along the Kunkaak fault that are difficult to explain via solely dip-slip
motion (Figs. 3.3B and 3.8G). This dextral-oblique fault zone could be a branch of the Infiernillo
fault, the southwesternmost branch of the Coastal Sonora Fault Zone postulated to exist between
Isla Tiburén and the mainland to the southeast (see Bennett et al., 2013). Three NE-striking
sinistral faults also cut basin fill rocks with apparent sinistral displacements of up to ~500m.
These adjacent faults and extension-related folds do not appear to deform the Yawassag fault.
From this it may be surmised that either the Yawassag fault post-dates these other faults, or that

slip on these second-order structures was contemporaneous with slip on the Yawassag fault as
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part of a wrench zone, similar to the structural relationship observed along the La Cruz fault

across southern Isla Tiburdn.

3.6b3 Kunkaak fault

The Kunkaak fault is a significant, north-northwest striking, gently- to moderately-
dipping dextral-normal fault that intersects the Yawassag fault (Fig. 3.3B). This fault juxtaposes
latest Miocene volcanic and sedimentary units (e.g. Tcg3, Tmr3, Tmr4) in the hanging wall
against mostly metasedimentary basement (e.g. Pzms) in the foot wall. The fanning-dip geometry
observed in the Tecomate basin fill suggests basin accumulation was coeval with dip-slip on the
Kunkaak fault and tilting of its hanging wall. This geometry also suggests that the dip of the
Kunkaak fault may shallow with depth in a listric sense (Figs. 3.8F and 3.8G). However, because
pre-rift units (e.g. 7tsf) in the foot wall of the Kunkaak fault are tilted by a similar amount, the
foot wall and hanging wall blocks may also have experienced domino-style block tilting. Total
dip-slip displacement on the Kunkaak fault is estimated to be up to ~2.7 km, measured on

correlative basement nonconformity surfaces across the fault (Fig. 3.8G).

3.6b4 Tecomate fault

The Tecomate fault is another significant, north-northwest-striking, west-dipping normal
fault exposed along the westernmost exposures of the Yawassag fault study area (Fig. 3.3B).
This fault is structurally related to Kunkaak fault, as dip-slip on both structures created tectonic
accommodation for Tecomate basin fill. The Tecomate fault juxtaposes latest Miocene volcanic
and sedimentary units (e.g. 7cg3, Tmr3, Tmr4) and older Quaternary alluvium (Qoa) in the

hanging wall against similar units in the foot wall, structurally duplicating tilt blocks of
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Tecomate basin fill. Fault scarps up to 10 m-high are observed in older Quaternary alluvial
deposits (Qoa). This fault also appears to cut through basement exposures at the southernmost
mapped reaches in this study area (Fig. 3.3B). Oskin (2002) estimates ~3 km of total dip-slip
displacement across the Tecomate fault. Along strike to the south, the Tecomate fault serves as
the bounding structure between the Sierra Kunkaak and the Tecomate basin (Fig. 3.2A; Oskin,
2002). Significant dip-slip on the Tecomate fault has formed the large, topographically

prominent modern-day central valley of Isla Tiburdn, Valle de Tecomate.

3.6b5 Hinzime fault

The Hinzime fault is a normal fault in the Hinzime domain, northeast of the Yawassag
fault (Fig. 3.3B). This NNE-striking structure dips westward and juxtaposes Miocene volcanic
units (e.g. Trhh, Thhh) against crystalline basement (K?). Total dip-slip displacement on the
Hinzime fault is loosely constrained to be ~2.7 km, measured on correlative basement

nonconformity surfaces across the fault.

3.6b6 Additional Normal Faults and Related Folds

Smaller-scale west-dipping normal faults are mapped in the western and northwestern
portions of this study area (Fig. 3.3B). Recent aeolian deposits (Qae) commonly obscure the
precise location and connectivity of these normal faults. These faults must juxtapose isolated
exposures of Tecomate basin units of broadly similar age (e.g. Tcg3, Tmr3, Tmr4) and may
represent a zone of normal faulting related to the northern reaches of the Tecomate fault. Dip-slip
displacement on any of these normal faults is unlikely to exceed tens to a few hundred meters.

One NE-striking fault is observed near the southern end of the mapped Tecomate basin deposits
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(Fig. 3.3B). This fault appears to be sub-vertical or may dip steeply to the southeast.
Approximately 200 m of down-to-the-southeast dip-slip motion on this structure may be the
cause of the ~500 m apparent dextral offset across this NE-striking fault.

Extension-related folds also deform rocks on northeastern Isla Tiburon. A gentle syncline
with an interlimb angle of ~150° is observed in the hanging wall of the Kunkaak fault,
immediately west of and parallel to the fault trace (Fig. 3.3B). This syncline deforms deposits of
latest Miocene non-marine conglomerate (e.g. Tcg3) that overlie the Tuffs of Mesa Cuadrada
(Figs. 3.8F and 3.8G). The axial plane trace of this syncline displays ~100 m of apparent sinistral

displacement along a NE-striking strike-slip fault.

3.7 DISCUSSION
3.7a Timing of Faulting and Basin Formation on Isla Tiburon
3.7al Middle to Late(?) Miocene Normal Faulting and Basin Formation

Evidence for the earliest extension-related faulting comes from the La Cruz fault study
area on southern Isla Tiburon (Fig. 3.3A). Here, several down-to-the-west normal faults are
observed cutting early Miocene volcanic rocks and controlling deposition of overlying middle
Miocene pyroclastic rocks and sedimentary strata. This early normal faulting includes the Sauzal,
Colorado, and Hihitiij normal faults, each of which displays at least 1 km of dip slip. Additional
N to NE-striking normal faults appear to be coeval with slip on these more significant faults,
particularly in the southeastern portion of the La Cruz domain (Figs. 3.3A and 3.8D).

It appears that relative motions across the Colorado and Sauzal faults were similar during
this early phase of normal faulting. For both, their hanging wall blocks tilted and rotated by

greater amounts relative to their foot wall blocks, forming an angular unconformity only within
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their hanging wall blocks. Kinematics of slip on these normal faults is constrained from syn-rift
sediments (7cg/) that accumulated in sedimentary basins above the hanging walls of the Sauzal
fault and Colorado fault, both northeast and southwest of the La Cruz dextral fault. Thick
sections of these syn-rift sediments appear to be restricted to a 5 - 8 km-wide region immediately
adjacent and west of these faults (Fig. 3.3A). Both hanging wall basins contain up to 60 m-thick
deposits of the ~12.2 Ma Tuff of San Felipe (7%sf). In the hanging wall of the Colorado fault,
middle Miocene conglomerate and Tuff of San Felipe overlie early Miocene basalt flows above
an angular unconformity (Fig. 3.8A), suggesting faulting and tilting had commenced prior to
~12.2 Ma. In the hanging wall of the Sauzal fault, middle Miocene sediments and the Tuff of San
Felipe overlie poorly-stratified volcanic breccia and lava flows, where the presence of a similar
angular unconformity is likely, but difficult to verify (Fig. 3.8E). In the foot wall of the Colorado
fault the contact between early Miocene volcanic rocks and middle Miocene strata correlative to
the syn-rift strata appears to be conformable. Though the Tuff of San Felipe is absent, the
slightly younger ~12.2 Tuff of Ensenada de La Cruz and the overlying Rhyolite Flows of Punta
Amarillo are present and are tilted approximately the same amount as the underlying early
Miocene rocks (Figs. 3.8C and 3.8D). In the foot wall of the Sauzal fault, exposures of these syn-
rift sediments and the ~12.2 Ma Tuff of Ensenada de La Cruz are very limited. Where exposed,
these overlie early Miocene volcanic rocks above an erosional unconformity, and are tilted by a
similar amount as the underlying units (Fig. 3.8E).

The age of onset of normal faulting on the Sauzal fault and Colorado fault is poorly
constrained, but post-dates ~19 Ma, the age of the youngest dated pre-rift units (e.g. 7b) that are
cut by these normal faults. These normal faults were certainly active by ~12.2 Ma, as thick

deposits of the Tuff of San Felipe appear to be restricted to the hanging wall of these faults (Fig.
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3.3A), suggesting that a west-facing, fault-controlled escarpment controlled the spatial extent of
ash-flow tuff emplacement (Figs. 3.8A and 3.8E). A minimum age for this normal faulting is

~6.9 Ma, the age of the La Cruz basin fill that consistently buries and caps these normal faults.

3.7a2 Late Miocene to Pliocene(?) Strike-slip Faulting and Basin Formation

In both the La Cruz and Yawassag fault study areas (Fig. 3.3), we document structural
relationships that constrain the onset of activity on the first-order, NW-striking, La Cruz and
Yawassag strike-slip faults. Slip on the La Cruz fault commenced between 12 and 8 Ma, based
on cross-cutting relationships and the age of strata at the base of the La Cruz basin that formed
adjacent to the fault. The La Cruz fault cross-cuts older sedimentary basins formed in the
hanging wall of the Sauzal and Colorado faults. This relationship shows that strike-slip faulting
commenced after ~12.2 to 12.3 Ma, the ages of the Tuff of Ensenada de La Cruz and Tuff of San
Felipe, respectively, that are present within these, and related basins. Additional information on
the age of faulting is preserved within syn-tectonic deposits of the La Cruz basin. Dips within the
oldest of these deposits (7cg?2) shallow progressively up-section from 31 - 34°, conformable with
underlying middle Miocene strata, to 13 - 17° beneath the Basalt Breccia of Alta Sauzal (7bas),
with a ~7.9 Ma maximum age of emplacement. Slightly younger, more widespread conglomerate
(Tcg3) overlies these earliest basin deposits above a minor (5 - 10°) angular unconformity (Fig.
3.8C). Along strike to the northwest, we document a ~6.9 Ma ash bed interstratified near the base
of a highly deformed section of 7cg3 within the La Cruz fault zone (Fig. 3.8B). Along the
northwesternmost onshore exposure of the La Cruz fault, adjacent marine strata accumulated
above an angular unconformity cut across early Miocene volcanic rocks. Here, Oskin and Stock

(2003a) and I (Chapter 2 of this thesis) document a ~6.4 Ma ash-flow tuff at the base of this
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basin, below the marine strata, which supports a similar history of latest Miocene activity on the
La Cruz fault.

Slip on the La Cruz fault appears to have ceased largely by 4 Ma. At Hipat Mesa,
relatively undeformed deposits of non-marine conglomerate (7cg4) and the Tuffs of Hipat Mesa
(Tthm) bury and cap syn-tectonic La Cruz basin fill (Figs. 3.3A and 3.4A). No isotopic ages exist
for these capping units. However, these units lie at the same stratigraphic and topographic
position as a ~4.0 Ma dike-fed lava flow near the southwestern tip of the island (Chapter 2 of this
thesis).

On northeastern Isla Tiburon, syn-tectonic deposits of the Tecomate basin preserve a
record of activity on the Kunkaak and Tecomate normal faults, and indirectly constrain slip on
the Yawassag fault (Fig. 3.3B). At least 2 km of syn-tectonic conglomerate and pyroclastic
material accumulated within the adjacent Tecomate basin, coeval with 5 - 6 km of combined dip-
slip on the Kunkaak and Tecomate normal faults. Non-marine sandstone and conglomerate
deposits in the Tecomate basin overlie older middle Miocene volcanic rocks, such as the ~12.2
Ma Tuff of San Felipe, above an angular unconformity. Conglomerate within the Tecomate basin
displays a continuous, up-section fanning-dip geometry, indicative of its syn-tectonic association
(Fig. 3.8G). Near the base of this conglomerate a ~7.0 Ma interstratified ash bed constrains the
onset of this tilting and basin formation. From this it is inferred that slip on the Kunkaak fault
commenced shortly before 7 Ma, broadly synchronous with the onset of strike-slip faulting on
the La Cruz fault. Though the direct association of subsidence of the Tecomate basin with dextral
motion on the Yawassag fault is unclear, the northern end of the Kunkaak fault must either
merge or be cross-cut by the Yawassag fault. This relationship indirectly constrains the onset of

slip on the Yawassag dextral fault to have begun in latest Miocene time, either shortly before or
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after 7 Ma. If the latter is true, at least 8§ km of dextral slip occurred on the Yawassag fault and
this motion post-dates formation of the Tecomate basin (post-6.4 Ma). However, paleomagnetic
results (Chapter 1 of this thesis) indicate that up to ~70% of the total ~30° of clockwise vertical-
axis block rotations in this study area occurred prior to 6.4 Ma, suggesting that a form of dextral
deformation (block rotation) was active by that time. An additional, less significant zone of
dextral-oblique normal faults also cuts obliquely through this study area and likely also
reactivated the Kunkaak fault with dextral-normal slip (Figs. 3.3B and 3.8G). No undeformed
units cap these faults and related basin deposits. Thus, the cessation of transtensional fault
activity on northeastern Isla Tiburo6n is poorly constrained, but must post-date the ~6.4 Ma age of
the Tuffs of Mesa Cuadrada, which are present within the Tecomate basin fill and cross-cut by
strike-slip faults.

The kinematic history and timing of activity for the Tecomate basin and the Kunkaak,
Tecomate, and Yawassag faults are strikingly similar to the history of events that Bennett et al.
(2013) document for the Coastal Sonora Fault Zone, 30 -50 km to the southeast along strike of
this rift-segment-bounding transform fault system (Fig. 3.1). Here on the Sonora mainland, syn-
tectonic basin-fill accumulation and clockwise vertical-axis block rotation commenced between
11.5 and 7 Ma, with nearly all fault-related basin subsidence and most of the tectonic tilting
occurring after 7 Ma. Similar to northeastern Isla Tiburdn, the Kino basin was subsequently cut
and dextrally offset by NW-striking dextral faults, while this late-stage dextral shear was
accommodated by further clockwise vertical-axis rotation of the Punta Chueca basin (Bennett et

al., 2013).
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3.7b New Constraints for Total Dextral Offset Along the La Cruz Fault

Prior to this study, total dextral displacement along the La Cruz fault was not well
constrained (Oskin and Stock, 2003b). The results of our detailed mapping (Fig. 3.3A) reveal
new correlative rock units that may be used to constrain its slip. We use a simplified geologic
and structural map (Fig. 3.9A) of the present-day distributions of these units to draw connections
between the La Cruz and Sauzal structural domains southwest and northeast of the fault,
respectively, and to justify estimates of total dextral displacement (Fig. 3.9B). These units may
also prove useful in a future study to determine offset between Isla Tibur6én and Isla Angel de al
Guarda, across the Tiburon transform fault.

The broadest and oldest correlative units we document across the La Cruz fault are two
sequences of early Miocene volcanic and sedimentary rocks (Fig. 3.9A). The first sequence
consists of basalt flows and discontinuous beds of reddish volcaniclastic sandstone and lacustrine
limestone. Over much of the La Cruz domain, these units lie near the base of the early Miocene
section (Fig. 3.3A). The second sequence consists of andesitic flows and breccias, which are
consistently found to stratigraphically overlie the basalt flows. The basaltic sequence is observed
across the western and central portions of the La Cruz domain, where it is relatively thick and
widespread. It also occurs within the eastern portion of the Sauzal domain, where it is relatively
thin (Fig. 3.3A), and overlies older andesitic rocks that are not exposed in the La Cruz domain.
The overlying sequence of andesitic flows and breccias is observed primarily within the Sauzal
domain, but importantly it also occurs within the La Cruz domain adjacent to the La Cruz fault.
We document that exposures of the basalt and sediment sequence thins from west to east (Fig.
3.3A) and speculate that this thinning pattern continues across the La Cruz fault, where it

explains the relatively thin layer of basalt exposed within the Sauzal domain (Fig. 3.8C).
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Oppositely, the andesitic sequence appears thickest to the northeast (Figs. 3.8C, 3.8D, and 3.8E)
and is relatively thinner to the southwest (Figs. 3.3A and 3.8B). Direct correlation of individual
lava flows or map units of the same thickness is complicated by unknown amounts of subsequent
down-to-the-northeast vertical motion across the La Cruz fault and moderate amounts of block
tilting. Such vertical motion has juxtaposed disparate levels and thicknesses of volcanic
stratigraphy of adjacent basaltic and andesitic volcanic complexes to the southwest and
northeast, respectively. These factors preclude a robust and unique estimate of dextral offset
across the La Cruz fault using these sequences. However, restorations of ~5 -15 km of dextral
motion bring these similar regions into general juxtaposition (Fig. 3.9). Thus, the total post-early
Miocene dextral offset on the La Cruz fault is likely less than the minimum of 28 km predicted
by Oskin and Stock (2003Db).

We document a more robust correlation of latest middle Miocene units across the La
Cruz fault (Fig. 3.9). Northeast of the fault, we map and date exposures of the ~12.2 Ma Tuff of
San Felipe (7tsf), which are exposed in an ~4.5 km-long, ENE-striking, south-dipping belt that is
gradually deflected in a clockwise sense to more ESE-striking proximal to the dextral La Cruz
fault (Figs. 3.3A and 3.8E). These Ttsf exposures are underlain by non-marine conglomerate
(Tcgl). Ttsf is overlain by additional coarse conglomerate (7cg/), which contains up to two
interbedded, discontinuous, white and yellow ash beds just above its basal contact with Ttsf.
Southwest of the La Cruz fault, we map and date similar exposures of 7tsf, discontinuously
exposed in a ~4 km-wide, gently NE-dipping belt (Figs. 3.3A and 3.8A). Here, coarse
conglomerate deposits (7cg/) both underlie and overlie 7tsf, similar to the sequence observed
northeast of the La Cruz fault. Locally, we observe similar, discontinuous ash beds intercalated

within the lowest, Tcgl deposits immediately above Ttsf. These 4 - 5 km-wide belts of Ttsf
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(measured along strike in a ~NN'W-SE direction) may be correlative exposures of an elongate, NE-
SW trending, fault-controlled paleovalley that accumulated deposits of the Tuff of San Felipe.
An edge of this paleovalley is observed in only one location, at its eastern end, northeast of the
La Cruz fault, where 60 m-thick 7tsf deposits abruptly pinch out over a distance of ~150 m (Fig.
3.3A). The other edge of this paleovalley northeast of the La Cruz fault, and both edges of this
paleovalley southwest of the fault, are not directly observed. At these locations, exposures of
thick Ttsf end, either buried beneath younger deposits (e.g. Tcg3, Tthm) or project into the air
above the Gulf of California. Using the mapped extent of the 7tsf belts on each side of the La
Cruz fault as minimum widths of this NE-SW-trending paleovalley, we estimate that it has been
dextrally offset 5 £ 2 km across the La Cruz fault (Fig. 3.9). Restoration of this dextral motion
brings the Colorado fault and Sauzal fault into close alignment (Fig. 3.9B), suggesting that these
faults, which share similar kinematic and timing histories, may be correlative structures and were
subsequently offset by dextral slip on the La Cruz fault. This fault correlation remains uncertain
as it i1s complicated by subsequent dip-slip motion on the La Cruz fault that exposes different
structural levels across it. The fault-controlled paleovalley of Ttsf likely connected to a more
widespread and continuous sheet of 7tsf deposits documented by Oskin et al. (2001) and Oskin
and Stock (2003b) in the Sierra Menor and beneath Valle de Tecomate to the northwest and
north, respectively (Fig. 3.2A). This paleovalley also likely continued to the southwest, toward
the Tiburon transform fault. We speculate that 7tsf exposures documented on Isla Angel de la
Guarda (Stock et al., 2008; Skinner et al., 2012), ~90 - 100 km to the northwest (Fig. 3.1), may
correlate to the Ttsf exposures on southern Isla Tiburdn, providing a potential tie-point for

constraining post-12.3 Ma dextral displacement across the Tiburén transform fault.
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We also identify correlative exposures of the ~12.2 Ma Tuff of Ensenada de la Cruz (7lc)
across the La Cruz fault (Fig. 3.3A). Southwest of the La Cruz fault, outcrops of 7lc vary along
strike from ~50 m-thick, densely-welded deposits in the southeast (Fig. 3.8D) to thin (<10 m)
and discontinuous, slightly- to non-welded deposits in the northwest (Fig. 3.8C). Northeast of the
La Cruz fault, Tlc deposits are very discontinuous, observed only ~5 - 10 m-thick in isolated
exposures (e.g. Fig. 8E). Thus, due to its discontinuous exposure across the fault, 7lc is a poor
marker for estimating total dextral displacement across the La Cruz fault. However, its limited
distribution is a useful datum that corroborates our estimates of dextral displacement of the 7tsf
paleovalley (Fig. 3.9).

Younger, late Miocene (post-8 Ma) units also correlate across the La Cruz fault,
including the La Cruz basin deposits (7cg3). The basal contact of these deposits is cut and offset
by the multiple strands of the dextral La Cruz fault and 7cg3 deposits are commonly highly
faulted and folded within the La Cruz fault zone (Fig. 3.3A). Corresponding, highly deformed
marine strata in the Southwest Isla Tibur6on basin accumulated between 6.4 Ma and 6.0 Ma and
are dextrally offset no more than 1 km along the La Cruz fault (Chapter 2 of this thesis). Thus,
the majority of the 5 + 2 km of dextral displacement along the La Cruz fault must have occurred
between ~12.2 and ~6.0 Ma, and the majority of syn-tectonic basin accumulation occurred after

~7.9 Ma.

3.7¢ Synchronous Onset of Transform Faulting in the Gulf of California
Dextral strike-slip faults and related sedimentary basins on Isla Tiburon initiated during
latest Miocene time, regionally consistent and synchronous with the onset of transform faulting

and more focused and oblique transtensional deformation along a significant length of the
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Pacific-North America plate boundary in northwest Mexico and southernmost California (Fig.
3.10). Tectono-stratigraphic records from both conjugate rifted margins of the Gulf of California
preserve a history of transform faulting that initiated in the latter half of proto-Gulf time, ca. 9 - 6
Ma (cf. Seiler et al., 2011; Fig. 10).

Direct evidence for latest Miocene onset of focused transtension in the form of mapped
strike-slip faults and/or documentation of clockwise vertical-axis block rotation is restricted to a
few onshore exposures adjacent to the northern Gulf of California. On the eastern, Sonoran rift
margin, the majority of strike-slip faulting, clockwise block rotation, and transtensional basin
formation took place after ca. 7 Ma in the Coastal Sonora Fault Zone (Fig. 3.1; Bennett et al.,
2013). The Yawassag fault and related Tecomate basin on northeastern Isla Tibur6on is the
northwesternmost onshore exposure of this transtensional belt of deformation, which we
demonstrate here also initiated ca. 7 Ma or later. These findings are consistent with latest
Miocene to Pliocene (7 - 4 Ma) apatite fission track ages documented throughout coastal Sonora,
which are interpreted as a minimum age for the onset of exhumation related to transtensional
shearing (Lugo-Zazueta et al., 2010). Further to the southeast, along structural strike, Herman
and Gans (2006) document a zone of significant late Miocene (~9 Ma) dextral deformation and
clockwise vertical-axis block rotation in the Sierra el Aguaje (Fig. 3.10) that Bennett et al. (2013)
speculate may be related to the Coastal Sonora Fault Zone. Structurally outboard of the Coastal
Sonora Fault Zone, to the southwest, we document similar timing for the La Cruz fault on
southern Isla Tiburdn, with activity by 7 Ma, which was complete by 4 Ma.

On the western, Baja California rift margin (Fig. 3.1), direct geologic evidence suggests
that the majority of transtensional deformation also commenced in latest Miocene time ca. 9 -7

Ma. In northeastern Baja California, on the conjugate rift margin to Isla Tiburéon and coastal
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Sonora (Fig. 3.10), Lewis and Stock (1998a,b) and Seiler et al. (2010) document a series of syn-
tectonic basins related to regional dextral shear, which was accommodated via clockwise
vertical-axis block rotation, sinistral slip on NE-striking strike-slip faults, and east- to southeast-
directed extension above detachment faults. Basins formed adjacent to and above these faults,
respectively, host growth strata with basal depositional ages between 6 and 7 Ma (Boehm, 1984;
Seiler et al., 2010). Low-temperature thermochronologic analysis of normal faults that controlled
basin formation indicates an onset of exhumation related to oblique rifting between 9 - 7 Ma
(Fig. 3.10; Seiler et al., 2011).

Indirect evidence for the onset of transform faulting comes from geological and
geophysical examination of pull-apart basins kinematically linked to significant dextral strike-
slip faults. These data are also relatively sparse, but examples exist along a >1,000 km-long
length of the Gulf of California (Fig. 3.10). At the northwestern end, subsidence in the Salton
Trough, in the hanging wall of the West Salton Detachment fault, presumably linked to dextral
motion south of the southern San Andreas fault, began at 8.0 = 0.4 Ma (Dorsey et al., 2007;
2011). In the Altar desert of northwesternmost Sonora, southeast of the Salton Trough, (Fig.
3.10), Pacheco et al. (2006) document the onset of syn-tectonic sediment accumulation in the
Altar pull-apart basin ca. 7 - 6 Ma. This basin formed above the hanging wall of the Altar
detachment fault, coeval with top-to-the-northwest extension that was kinematically linked to
dextral strike-slip motion on the NW-striking Altar fault, a southeastward continuation of the San
Andreas fault. Approximately 350 km southeast of Isla Tiburdn, offshore Sinaloa and along
strike with the Ballenas transform fault, Miller and Lizarralde (2013) document ~7 Ma deposits
of marine evaporite that floor transtensional marine basins that formed during oblique opening of

the Guaymas rift segment (Fig. 3.10). In the southernmost Gulf of California, across the Alarcon
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rift segment (Fig. 3.10), Sutherland et al. (2012) document a phase of oblique extension ca. 8 - 5
Ma, supported by the presence of syn-rift deposits that overlie volcanic rocks as young as 11 - 9
Ma, and are located adjacent to related strike-slip faults. The timing of this transtensional
deformation is broadly synchronous with the ~9 - 8 Ma onset of basement exhumation
documented on the adjacent rift margin in southernmost Baja California (Fig. 3.10; Kohn et al.,
2010). Sutherland et al. (2012) also suggest an earlier phase of transtension ca. 14 -11 Ma,
though direct evidence for its association with dextral strike-slip faulting is lacking from their
geophysical data. Alternatively, formation of these middle Miocene basins could be due to east-
west extension, similar to that accommodated by the Sauzal and Colorado normal faults on Isla
Tiburon.

In summary, there is widespread evidence of a tectonic reorganization in the Gulf of
California rift in the late Miocene, between 7 and 9 Ma (Fig. 3.10). This transition led to
formation of a more intensive, localized, and oblique rift, characterized by the development of
long transform faults, linked pull-apart basins, and a 50 to 100 km-wide belt of clockwise
vertical-axis block rotations (Chapter 1 of this thesis). This zone accrued several tens of km of
dextral displacement in a few million years — a strain rate comparable to that of the plate
boundary that eventually developed here. Though earlier proto-gulf deformation was likely
transtensional in character (c.f. Gans, 1997; Fletcher et al., 2007), it was probably more diffuse,
more akin to the back-arc extension that preceded it within the Mexican Basin and Range than

the nascent plate-boundary dextral shear zone that followed.
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3.7d Implications for Latest Miocene Rift Localization in Northwestern Mexico

Based on regional synchronicity of intense oblique deformation on the margins of the
northern Gulf of California, beginning only 1 to 3 Myr prior to full rift localization, it appears
that localization was facilitated by the development of long transform faults. Slip on these
transform faults, opening of intervening pull-apart basins, and crustal thinning in flanking
regions of large-magnitude extension and block rotation, set the stage for subsequent crustal
rupture and opening of the Gulf of California. The timing and kinematic setting of this transition
from diffuse transtension to focused and highly oblique rifting is conspicuously similar to a
significant azimuthal change in PAC-NAM relative plate motion predicted by the global plate
circuit model by Atwater and Stock (1998). During chron 4, a magneto-chron time interval from
8.8 - 7.5 Ma (Lourens et al., 2004), the PAC-NAM relative plate motion vector rotated 15 - 20°
clockwise at the latitude of the Gulf of California. This effectively increased the obliquity of
rifting by reducing the angle between the relative plate motion and the regional trend of the plate
boundary, drawn from the Salton Sea to the Rivera triple junction at the mouth of the Gulf of
California. Analog clay models of oblique rifts illustrate the diverse structural styles that develop
from variable angles of rift obliquity (Withjack and Jamison, 1986; Clifton et al., 2000; Clifton
and Schlische, 2001). Importantly, only highly oblique rifts, with <30° between relative plate
motion and the plate boundary, develop significant strike-slip faults in these models (Clifton et
al., 2000). The clockwise shift for a reference point that tracks this relative motion across the
central Gulf of California alters the angle of rift obliquity from ~30° to <15° during chron 4.
Thus, the Gulf of California appears to have crossed a critical structural threshold during latest

Miocene time, at ~ 8 Ma, when an increase in rift obliquity spurred the synchronous
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development of major dextral transform faults along much of the rift, resulting in a focused zone
of oblique divergence along which rifting eventually proceeded to full localization by 6 Ma.
Thus, although a global plate circuit model indicates that rapid (~5 cm/yr) PAC-NAM
dextral-oblique motion was underway by ~12.3 Ma at the latitude of Baja California (Atwater
and Stock, 1998), development of significant, embedded dextral transform faults within the rift
was delayed by 3 - 4 Myr, until ~9 - 8 Ma. The proto-Gulf shear zone that eventually developed
probably bore similarities to the Walker Lane belt of the western Basin and Range province of
California and Nevada (Faulds et al., 2005; Henry and Faulds, 2006). In both areas, the shear
zone developed along the axis of the former, subduction-related volcanic arc (Hausback, 1984;
Umbhoefer et al., 2001; Busby et al., 2012). This zone of thermally weakened and gravitationally
unstable lithosphere was slightly oblique (more northerly) to the azimuth of Pacific-North
America relative plate motion. The en echelon patterns of oblique deformation that developed
resemble model predictions of oblique extension across pre-existing weak zones (van Wijk,
2005; Brune et al., 2012). If this proto-Gulf shear zone was only active for 1 - 2 Myr, then no
more than ~100 km of PAC-NAM dextral shear could have accrued during proto-Gulf time. This
is consistent with our estimates of total dextral shear across Isla Tiburén and with estimates in
coastal Sonora by Bennett et al. (2013) and northeastern Baja California (Lewis and Stock,
1998a), while in conflict with tectonic models that invoke much larger magnitudes (150 - 250
km) of proto-Gulf dextral deformation here (e.g. Nicholson et al, 1994; Gans, 1997; Wilson et al,
2005; Fletcher et al., 2007; Seiler et al., 2010). Older, distributed transtension across the western
Mexican Basin and Range (Fig. 3.1 inset) likely contributes additional dextral slip to the full
plate-boundary budget (e.g. Gans, 1997), but no significant, pre-9 Ma strike-slip faults have been

discovered to date that compare with the proto-Gulf transform faults in westernmost Sonora and
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on Isla Tiburdn. Additional proto-Gulf-age dextral faulting related to PAC-NAM relative motion
has been documented offshore, west of Baja California (e.g. Fletcher et al., 2007; Brothers et al.,
2012).

Following the development of this proto-Gulf shear zone, the Gulf of California
progressed to a localized rift, became host to a marine seaway, and proceeded to continental
rupture. Intense oblique-divergent motion throughout latest Miocene time caused lithospheric
thinning and subsidence that formed incipient pull-apart basins at or below sea level. Sufficient
thinning and subsidence within this proto-Gulf shear zone allowed the regionally synchronous
marine flooding of the northern Gulf of California ca. 6.5 - 6.3 Ma (Oskin and Stock, 2003a;
Chapter 2 of this thesis). Full rift localization in the Gulf of California occurred within the core
of this proto-Gulf shear zone, but was delayed until ~6 Ma (Oskin et al., 2001; Oskin and Stock,
2003b), at least 1 to 2 Myr after the onset of transform faulting. Eventually, within the northern
Gulf of California, extreme crustal thinning across pull-apart basin detachment faults (Gastil and
Fenby, 1991; Gonzalez-Fernandez et al., 2005) facilitated Pliocene-Pleistocene continental
rupture along its western edge (Martin-Barajas et al., 2010). Consequently, protracted, Oligo-
Miocene westward-migrating extension (cf. Aragon-Arreola and Martin-Barajas, 2007),
culminating with a late Miocene increase in rift obliquity, led to the present-day strongly
asymmetric rifted margins flanking the northern Gulf of California (Aragon-Arreola and Martin-
Barajas, 2006). The Baja California margin is relatively narrow, <50 km, while the Sonora
margin encompasses a ~300 km-wide extensional province (Fig. 3.1 inset; Stock and Hodges,
1989). This asymmetric geometry resembles other, more mature, rifted continental margins

(Louden and Chian, 1999) and model predictions of continental break-up (Bassi, 1995;
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Huismans and Beaumont, 2003). But in the case of the Gulf of California, this end result was
strongly influenced by the evolving rift obliquity.

Continental rupture and formation of new oceanic rift basins requires focused strain
(Buck, 1991). Due to its infancy, the Gulf of California preserves a rare onshore record of early
continental break-up processes, and serves as an example of how rift obliquity and formation of
transform faults helps facilitate continental rupture. Intrinsically, oblique rifts develop en echelon
patterns of transform faults and connected pull-apart basins (Withjack and Jamison, 1986; van
Wijk, 2005). Sub-vertical strike-slip faults are relatively unaffected by buoyancy and flexural
forces (e.g. Forsyth, 1992) that otherwise restrict fault-slip on non-vertical, normal faults;
restrictions that can drive rift widening during orthogonal rifting (Buck, 1991). Thus, strike-slip
faults tend to be longer-lived and susceptible to fault weakening and shear heating (Leloup et al.,
2002), processes that allow shear zones to further persist in their location (Kaus and
Podladchikov, 2006) and accumulate larger displacements. Furthermore, normal faults typically
experience horizontal axis rotation and evolve to more shallow dips with continued slip, leaving
them in non-optimal orientation for accumulation of large displacement (c.f. Brady et al., 2000).
Sub-vertical strike-slip faults, on the other hand, can tolerate such fault plane rotation across
releasing or restricting bends, allowing them to be long-lived, grow in length, and accommodate
large displacements. Additionally, unlike strike-slip faults, the length of any single normal fault
found in a traditional, orthogonal rift setting may be limited in its growth by the thickness of the
brittle crust (Jackson and White, 1989).

Highly oblique rift geometries, where the strike-slip faults that bound rift segments
(transform faults) are kinematically linked to adjacent pull-apart basins, may favor the formation

of large-offset, translithospheric detachment faults (e.g. Tucholke et al., 1998) and are likely
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more efficient at localizing the strain necessary for continental rupture than orthogonal rifting
(Brune et al., 2012). Several structural and geophysical studies throughout the Gulf of California
and Salton Trough demonstrate the abundance of large-offset normal faults kinematically linked
to zones of transform faults with high transtensional strain rates (e.g. Axen and Fletcher, 1998;
Gonzélez-Fernandez et al., 2005; Pacheco et al., 2006; Martin-Barajas, 2010; Seiler et al., 2010;
Dorsey et al., 2011; Bennett et al., 2013), consistent with the notion that an oblique, en echelon
rift architecture enhances the ability for rupturing continental lithosphere and formation of a new

oceanic rift basin.

3.8 CONCLUSIONS

The Gulf of California preserves a rare, youthful onshore record of oblique continental
break-up processes, where transform faults kinematically linked to adjacent pull-apart basins
appear to have efficiently localized the strain necessary for continental rupture, consistent with
numerical modeling studies (e.g. Brune et al., 2012). Rift-related structures and syn-tectonic
basins on Isla Tiburén, a proximal onshore exposure of the rifted North America margin in the
Gulf of California, preserve a two-phase record of fault activity and basin formation. On
southern Isla Tibur6n, an early phase of east-west extension on the Sauzal and Colorado normal
faults initiated sometime after ~19 Ma and was ongoing by ~12.2 Ma. Extensional faults and
related basin deposits were subsequently buried by younger, syn-tectonic sediments of the non-
marine La Cruz basin and cross-cut by the northwest-striking La Cruz strike-slip fault, which
was active ~7 - 4 Ma. Reconstruction of the distribution of pre-rift and syn-rift volcanic units
permits an estimate of 5 + 2 km of total dextral slip across the La Cruz fault (Fig. 3.9). On

northeastern Isla Tiburdn, the Tecomate basin accumulated syn-tectonic sediments above the
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hanging wall of the Kunkaak normal fault. The Tecomate basin is floored by the ~12.2 Ma Tuff
of San Felipe, and contains deposits of non-marine conglomerate and intercalated 7.1 - 6.4 Ma
volcanic rocks. The Yawassag fault and other minor strike-slip faults subsequently cut and
truncated the Kunkaak fault and Tecomate basin-fill via >8 km of post-6.4 Ma dextral strike-slip.
The La Cruz and Yawassag faults were significant NW-striking, strike-slip structures that
developed during latest Miocene time and are likely representative components of transform
fault systems that bound the Upper Delfin-Upper Tiburon rift segment (Fig. 3.1). These
structures were later lengthened offshore, to the northwest, and acted as plate boundary
transform faults that accommodated earliest (late Miocene-Pliocene) oblique opening and pull-
apart basin formation in the northern Gulf of California (Oskin and Stock, 2003b; Martin-Barajas
etal., 2010).

Latest Miocene (~8 - 6 Ma) onset of strike-slip faulting and related basin formation on
Isla Tiburén i1s synchronous with tectono-stratigraphic records of oblique rifting and pull-apart
basin formation from both conjugate rifted margins in the northern Gulf of California and along
a significant length of the Pacific-North America plate boundary in northwest Mexico and
southernmost California. At several locations along the >1,000 km-long reconstructed plate
boundary, evidence for the onset of transform faulting and related, focused oblique rifting appear
to concentrate, in both time and space, along a narrow, NNW-trending proto-Gulf of California
shear zone, where earliest transform faulting initiated in the latter half of proto-Gulf time, ca. 9 -
6 Ma (cf. Seiler et al., 2011; Fig. 10). Earlier proto-gulf deformation, which was possibly
transtensional in character (c.f. Gans, 1997; Fletcher et al., 2007) and probably more diffuse,
transitioned to more intensive, localized, and oblique rifting, characterized by the development

of long transform faults, linked pull-apart basins, and a 50 to 100 km-wide belt of clockwise
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vertical-axis block rotations (Chapter 1 of this thesis). Strain localization and recent continental
rupture in the Gulf of California was likely facilitated by this transition to highly oblique rifting
and the development of transform faults. The timing of this transition corresponds to a clockwise
azimuthal shift in Pacific-North America relative motion ca. 8.8 - 7.5 Ma, which reorganized
plate motions (Atwater and Stock, 1998) and amplified the effects of rift obliquity within the
Gulf of California. Consequently, the Gulf of California rift crossed a critical structural threshold
that prompted the synchronous development of major dextral transform faults along its length,
resulting in a focused zone of oblique divergence. Shortly following (1 - 3 Myr) the development
of this proto-Gulf shear zone, the Gulf of California became host to a marine seaway ca. 6.5 - 6.0
Ma (Oskin and Stock, 2003a; Chapter 2 of this thesis) co-located and coeval with full
localization of the incipient plate boundary (Oskin et al., 2001; Oskin and Stock, 2003b). Thus,
although rapid (~5 cm/yr) PAC-NAM dextral-oblique motion commenced ~12.3 Ma at the
latitude of Baja California (Atwater and Stock, 1998), localization of the plate boundary was
delayed until ~6 Ma, following a transition to more oblique rifting and upon the development of
major transform faults. The record from the proto-Gulf of California illustrates how highly
oblique rift geometries enhance the ability of continental lithosphere to rupture and, ultimately,

lead to the formation of new oceanic rift basins.
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Table 3.1 ““Ar/*Ar step-heating data for Isla Tiburén samples.

Step Temp. %> Ar Radiogenic P Ar, DA Apparent  Apparent  Apparent Error
°C of total Yield (%)  (moles x 107'%) PAr K/Ca K/Cl Age (Ma) (Ma)
TIB-10-34  basalt matrix J =0.004767 +0.30% wt=2762mg  #282&283KD57

A 600 1.1 32 0.0373 0.627 124 28 538 = 0.74

B 700 8.6 13.5 0.3066 1.006 1.78 43 863 + 0.16

C 800 120 25.6 0.4259 0.992 0.78 52 851 + 0.08

D 850 7.6 25.7 0.2722 0.969 0.37 61 832 + 0.16

E 900 7.1 271 0.2532 1.109 0.24 72 951 + 083

F 950 6.6 20.3 0.2336 1.028 0.21 67 882 + 0.12

G 1000 6.6 139 0.2364 1.154 0.26 51 9.89 + 0.10

H 1050 7.0 12.8 0.2490 1.249 0.28 46 1071 = 0.69

1 1100 35 11.0 0.1258 1.120 0.28 43 9.60 + 048

J 1150 3.8 11.7 0.1360 1.201 0.23 41 1030 = 0.21

K 1200 3.1 115 0.1118 1.137 0.17 40 9.75 + 0.28

L 1250 22 12.1 0.0780 1.119 0.10 40 960 + 024

M 1350 16.2 115 0.5782 1.607 0.11 39 13.77 + 0.14

N 1450 12.8 11.9 04554 1.627 0.11 42 1394 + 046

(6] 1650 1.7 1.2 0.0611 2.107 0.09 39 1803 + 1.74

Total Gas 100 164 3.5605 1.247 042 49 10.69

TIB-10-3  dacite-andesite matrix ~ J = 0004712 +0.30%  wt = 867.0 mg  #284&285KD57

A 600 02 0.6 0.0047 5.064 0.86 12 4254 = 1435
B 700 1.1 42 0.0248 2252 1.04 48 19.04 + 242
C 800 4.1 20.2 0.0958 1.633 0.87 175 1383 = 0.20
D 850 45 60.0 0.1050 2432 0.71 447 2055 + 0.14
E 900 73 80.6 0.1701 2.546 0.72 1635 21.51 += 0.07
F 950 189 89.1 0.4395 2.529 0.78 0 2137 + 0.05
G 1000 179 88.7 04168 2461 0.76 0 20.80 + 0.04
H 1050 15.5 84.8 0.3598 2437 0.64 4371 2060 = 0.05
I 1100 9.7 751 0.2259 2.446 0.55 1176 20.67 + 0.06
J 1150 64 61.0 0.1480 2.465 0.50 424 2083 = 0.09
K 1200 53 527 0.1238 2.460 0.56 217 20.79 £ 0.14
L 1250 38 46.8 0.0883 2.460 0.51 134 20.79 = 0.16
M 1350 38 243 0.0893 2701 031 40 2281 + 0.20
N 1450 0.7 52 0.0161 5.169 0.09 12 4341 =+ 336
O 1650 0.8 32 0.0187 7451 0.08 11 6225 + 2.16
Total Gas 100 72.1 2.3266 2.406 0.66 983 20.34

Ages calculated assuming an initial **Ar/**Ar = 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.
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Table 3.2 ““Ar/*Ar laser total fusion data of single-crystal k-feldspar from volcanic rocks from Isla Tiburén.

Hole PAr, Radiogenic OArE K/Ca K/Cl Age Error
number (Moles) Yield (%) PAr, (Ma) (Ma)
TIB-10-36b  Sonora, Mexico  sanidine  J = 0.004606 +025%  #204KD57
8 5.73E-14 28.7 1.436 32 2632 11.89 = 0.20
9 2.29E-14 72.1 1.438 30 20000 1191 = 0.24
17 8.54E-14 36.3 1.448 4.1 2174 1200 = 0.16
18 6.45E-14 59.6 1.457 5.0 2778 1206 *= 0.16
19 6.57E-14 431 1.459 39 3704 1209 += 0.17
14 227E-14 634 1.461 55 4762 12.10 = 0.26
13 3.23E-14 389 1.468 4.7 3571 12.15 = 0.30
6 2.16E-14 52.1 1471 53 2439 12.19 = 0.28
11 5.48E-14 77.8 1.472 2.7 3571 1219 =+ 0.11
10 4.06E-14 53.1 1.473 4.2 4348 1220 = 0.17
3 6.71E-14 54.8 1.473 3.6 4762 1220 %= 0.15
7 3.64E-14 64.7 1481 4.7 4545 1226 = 0.19
12 3.22E-14 873 1.483 29 1724 1228 += 0.17
5 2.46E-14 242 1.483 39 2041 1228 = 0.37
15 7.16E-14 81.9 1.485 37 20000 1230 = 0.09
16 1.12E-13 610 1.496 55 10000 1239 = 0.10
2 6.17E-14 96.1 1.501 7.1 Hokok 1243 += 0.09
1 6.97E-14 543 1.510 2.3 2632 1251 = 0.15
4del 38IE-14 555 1.529 4.5 5263 1266 + 0.19
MSWD =1.20 Weighted Mean Age = 1226 = 0.07
TIB-10-41 Sonora, Mexico sanidine J = 0.004607 +0.25% #202KD57
3 4.83E-14 79.8 1423 48 4348 1178 = 032
13 1.36E-13 374 1.431 93 7692 1185 = 0.14
14 8.61E-14 478 1.433 5.0 9091 1187 = 0.18
4 7.30E-14 92.8 1.435 95 *ok* 1189 = 0.24
8 5.54E-14 52.9 1.446 9.6 *ok* 1198 += 0.26
5 3.84E-14 654 1.450 52 7692 1201 = 042
11 1.46E-13 443 1.453 5.0 5556 12.04 = 0.12
16 1.34E-13 61.6 1.456 6.2 9091 1205 = 0.12
15 8.29E-14 80.9 1.469 34 5556 1217 %= 0.16
17 9.77E-14 340 1.472 6.5 2174 1219 = 0.18
2 1.35E-13 89.5 1.475 8.5 50000 1222 = 0.11
18 6.28E-14 28.8 1.477 44 2128 1223 = 0.27
10 1.27E-13 70.2 1.480 55 *ok* 1225 = 0.12
12 947E-14 77.0 1.481 58 11111 1227 = 0.15
9 4.28E-14 20.7 1.490 3.8 2564 1234 = 038
6 951E-14 73.8 1.503 8.2 25000 1244 = 0.15
1 8.67E-14 71.8 1.506 93 ok 1247 = 017
MSWD =1.31 Weighted Mean Age = 1214 = 0.08
(Cont.)
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Table 3.2 (cont.) “’Ar/*Ar laser total fusion data of single-crystal k-feldspar from volcanic rocks from Isla Tiburén.

Hole PAr, Radiogenic OArE K/Ca K/Cl Age Error
number (Moles) Yield (%) PAr, (Ma) (Ma)
TIB-9-12 Sonora, Mexico sanidine J = 0.004497 +0.25% #205KD57
12del 127E-13 79.7 1487 10.2 5882 12.02 = 007
5 5.74E-14 78.5 1.488 18.0 11111 1203 += 0.11
10 1.18E-13 79.1 1.502 13.8 11111 1215 = 0.07
2 442E-14 68.3 1.504 42 5882 1216 = 0.14
14 1.29E-13 69.6 1.505 8.0 4762 1216 = 0.09
15 1.71E-13 75.1 1.508 7.1 4167 1219 = 0.06
11 1.67E-13 69.3 1.510 90 4762 1221 = 0.07
4 6.62E-14 72.3 1.512 39 2273 1222 = 0.11
3 1.27E-13 73.0 1.512 92 5000 1223 = 0.06
6 8.68E-14 75.6 1.514 84 5556 1224 = 0.09
16 1.30E-13 71.6 1.515 6.7 7692 1225 = 0.07
13 1.03E-13 66.0 1.517 70 3226 1226 = 0.10
9 4.58E-14 58.0 1.518 4.7 3571 1227 = 0.16
8 6.44E-14 70.8 1.518 40 2564 1228 = 0.12
ldel 6.87E-14 79.0 1.540 58 4000 1245 + 0.10
7del 9.09E-14 33.1 1.572 4.9 2041 1271 = 0.14
MSWD =041 Weighted Mean Age = 1220 = 0.05
TIB-10-10 Sonora, Mexico sanidine J =0.004495 +0.25% #206KD57
2del 533E-14 54.9 1431 4.3 9091 1157 = 0.18
ldel 3.54E-14 452 1451 3.1 4000 1173 = 022
3 3.86E-14 52.0 1.483 4.0 4167 1198 = 0.19
8 4 .86E-14 439 1.488 4.1 7143 1202 = 0.19
13 6.91E-14 46.8 1.495 43 33333 1208 = 0.13
15 8.09E-14 61.5 1.498 4.1 11111 1211 = 0.10
14 5.03E-14 464 1.502 40 2778 1214 = 0.16
16 3.34E-14 52.5 1.502 0.6 3571 1214 = 0.21
18 3.67E-14 50.6 1.506 4.7 5263 1217 = 0.20
9 4.39E-14 37.7 1.508 42 4167 1219 = 0.20
12 422E-14 35.6 1.519 1.3 3704 1227 = 0.24
7 5.30E-14 75.9 1.524 3.1 oAk 1231 = 0.14
5 5.99E-14 425 1.524 49 3125 1232 = 0.17
4 4.02E-14 438 1.529 30 3704 1236 = 0.20
11 3.86E-14 52.3 1.533 37 2857 1239 + 0.22
10 507E-14 333 1.537 42 5000 1242 = 0.20
17 5.59E-14 514 1.550 4.1 1667 1252 = 0.16
MSWD =0.85 Weighted Mean Age = 1221 = 0.09
TIB-10-49 Sonora, Mexico sanidine J = 0.004498 +0.25% #203KD57
6 5.96E-14 234 1.452 8.6 2000 11.74 = 0.24
14 442E-14 533 1.454 8.6 2439 1176 + 0.17
12 9.30E-14 34.8 1.470 6.3 3448 1189 = 0.15
9 3.79E-14 55.9 1.479 50 3030 1196 = 0.19
11 5.05E-14 69.7 1.481 6.2 6250 1198 = 0.13
3 4.64E-14 46.5 1.490 4.7 2000 1205 = 0.18
(Cont.)
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Table 3.2 (cont.) “’Ar/*Ar laser total fusion data of single-crystal k-feldspar from volcanic rocks from Isla Tiburén.

Hole PAr, Radiogenic OArE K/Ca K/Cl Age Error
number (Moles) Yield (%) PAr, (Ma) (Ma)
TIB-10-49 (Cont.)
8 5.70E-14 56.0 1.493 43 5263 1208 + 0.14
10 1.09E-13 67.6 1.500 9.5 5000 1213 += 0.08
5 3.64E-14 614 1.512 45 4348 1223 + 0.18
15 1.27E-13 50.5 1.521 10.9 4545 1230 = 0.10
4 4.05E-14 50.2 1.522 4.8 2703 1231 += 0.19
13 540E-14 54.6 1.527 34 5556 1235 + 0.15
7 3.48E-14 63.8 1.531 39 5882 1238 + 0.19
1del 2.66E-14 50.7 1.567 34 4167 1267 + 027
2del 3.28E-14 34.2 1573 3.1 Hork 1272 + 025
MSWD =1.71 Weighted Mean Age = 1212 = 0.08
TIB-09-25  Sonora, Mexico sanidine  J = 0.004398 +0.25% #190KD53
3 1.18E-14 95.8 0.870 59.7 4000 689 + 0.03
29 321E-15 97.1 0.881 74.9 14286 698 + 0.07
31 5.26E-15 96.7 0.882 55.6 33333 698 + 0.03
7 8.80E-15 96.3 0.886 62.5 7692 702 + 0.04
4 7 40E-15 833 0.891 66.1 8333 7.05 £+ 0.05
37 4 46E-15 914 0.892 52.8 10000 707 £ 0.05
19 4.62E-15 970 0.897 79.3 5556 710 = 0.04
1 8.63E-15 91.2 0.898 67.3 10000 711 = 0.04
13 8.86E-15 994 0.899 81.3 8333 712 £ 0.02
12 9.04E-15 95.7 0.901 50.5 5556 713 £+ 0.04
20 9.65E-15 99.1 0.903 794 ook 715 £ 0.03
40 401E-15 98.9 0.904 57.3 9091 715 £ 0.05
30 2.64E-15 99.3 0.904 347 4545 716 £+ 0.07
2 9.82E-15 99.8 0.907 873 0 718 + 0.03
18 7 45E-15 99.1 0.908 152.9 11111 719 + 0.03
38 6.62E-15 98.3 0.908 188.7 25000 719 £+ 0.03
6 1.01E-14 96.7 0911 70.9 2273 721 £ 0.03
41 1.40E-15 89.3 0.926 104 .4 12500 733 + 0.14
22 8.21E-15 97.5 1.465 73.8 5556 1159 + 0.03
MSWD =346 Weighted Mean Age = 711 = 0.09
TIB-09-25  Sonora, Mexico  plagioclase  J = 0.004398 +0.25%  #190KD53
28 5.70E-16 674 0.751 0.6 koK 595 + 031
5 1.35E-15 77.6 0.799 0.6 5263 633 + 027
24 6.75E-16 57.7 0.801 0.8 2778 634 + 029
9 1.16E-15 58.9 0.804 0.6 2857 637 + 026
8 9.78E-16 74.7 0.810 0.7 3846 642 + 031
10 2.74E-15 46.1 0.820 1.5 2941 649 + 0.15
26 6.82E-16 81.1 0.825 0.6 ook 6.53 + 0.26
25 9.62E-16 830 0.838 0.6 ook 6.63 + 0.19
15 7.72E-16 874 0.847 0.8 ok 671 + 025
14 1.59E-15 88.6 0.857 09 3125 6.79 £ 0.15
36 9.24E-16 80.6 0.872 0.5 3846 690 + 0.21
(Cont.)
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Table 3.2 (cont.) “’Ar/*Ar laser total fusion data of single-crystal k-feldspar from volcanic rocks from Isla Tiburén.

Hole PAr, Radiogenic OArE K/Ca K/Cl Age Error
number (Moles) Yield (%) PAr, (Ma) (Ma)
TIB-09-25 (Cont.)

17 1.08E-15 914 0.883 0.7 2703 699 + 0.18
27 1.08E-15 67.8 0.883 0.6 1299 699 + 0.23
21 1.24E-15 83.2 0.889 0.5 wkx 704 + 0.16
42 8.77E-16 97.9 0918 0.6 2632 727 £ 0.22
23 6.51E-16 89.8 0951 04 6250 753 + 0.28
34 5.72E-16 94.3 0.963 0.6 8333 763 = 031
16 9.03E-16 100.0 0.964 04 wk® 763 = 0.20
33 6.26E-16 88.3 0972 0.8 2703 769 = 0.27
32 1.06E-15 879 0.983 0.6 6667 779 = 0.18

1 7.34E-16 66.5 0.993 0.8 1587 786 = 042

39 5.62E-16 100.0 1.047 0.5 2273 829 + 033
35 497E-16 100.0 1.049 0.8 4000 830 = 035
MSWD =593 Weighted Mean Age = 7.00 = 050

Analyses in gray italics are not used to calculate the weighted mean age
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