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ABSTRACT

Mid-Tertiary metamorphic core complexes in the Basin and Range province of
the western North American Cordillera are characterized by large-magnitude extensional
deformation. Numerous models have been proposed for the kinematic evolution of these
metamorphic core complexes. Such models generally invoke footwall isotatic rebound
due to tectonic denudation, and the presence of a weak middle crust capable of flow at
mid-crustal levels. In popular models of Cordilleran-style metamorphic core-complex
development, initial extension occurs along a breakaway fault, which subsequently is
deformed into a synform and abandoned in response to isostatic rebound, with new faults
breaking forward in the dominant transport direction. In southeast Arizona, the Catalina
and Pinaleño Mountains core complexes have been pointed to as type examples of this
model. In this study, the “traditional” core-complex model is tested through analysis of
field relations and geochronological age constraints, and by interpretation of seismic
reflection profiles along a transect incorporating these core complexes. Elements of these
linked core-complex systems, from southwest to northeast, include the Tucson Basin, the
Santa Catalina-Rincon Mountains, the San Pedro trough, the Galiuro Mountains, the
Sulphur Springs Valley, the Pinaleño Mountains, and the Safford Basin. A new digital
compilation of geological data, across highly extended terranes, in conjunction with
reprocessing and interpretation of a suite of industry 2-D seismic reflection profiles
spanning nearly sub-parallel to regional extension, illuminate subsurface structural
features related to Cenozoic crustal extension and provide new constraints on evolution
of core complexes in southeast Arizona.
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The main objective is to develop a new kinematic model for mid-Tertiary
extension and core complex evolution in southeast Arizona that incorporates new
geological and geophysical observations. Geological and seismological data indicate that
viable alternative models explain observations at least as well as previous core-complex
models. In contrast to the “traditional” model often employed for these structures, our
models suggest that the southwest- and northeast-dipping normal-fault systems on the
flanks of the Galiuro Mountains extend to mid-crustal depths beneath the San Pedro
trough and Sulphur-Springs Valley, respectively. In our interpretations and models, these
oppositely vergent fault systems are not the breakaway faults for the Catalina and
Pinaleño detachment systems.
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INTRODUCTION
Mid-Tertiary metamorphic core complexes in western North America are
manifestations of large-magnitude extensional deformation that are thought to have
developed during collapse of a thick, hot crustal welts as intraplate compressive stress
and crustal viscosity were reduced during rollback of the Farallon plate (Armstrong,
1972; Coney, 1980; Crittenden et al., 1980; Coney and Harms, 1984; Nourse et al.,
1994). Collapse of overthickened crust is accommodated by various types of brittle
deformation in upper crustal rocks with a transition to ductile deformation of rocks in the
middle and lower crust (e.g., Hamilton and Myers, 1966; Stewart, 1978; Gans, 1987).
One style of upper crustal extension is typified by slip along moderate- to low-angle
detachment faults in which extensional strains of 100% or more can take place in
conjunction with tectonic unloading. Slip along the faults results in isostatic uplift and
exposure of mid-crustal rocks in the footwall of the system, placing these rocks adjacent
to upper-crustal rocks (e.g., Coney, 1980; Crittenden et al., 1980). Another style of
deformation is imbricate extension along domino-style, regularly spaced high-angle
normal faults that have similar tilt directions (e.g., Proffett, 1977). Unlike deformation
along moderate- to low-angle detachment faults, domino-style imbricated extensional
deformation exhibits much less extension along individual faults; however, total
extensional strains over the imbricate series can display moderate extension (Stewart,
1978).
In southeastern Arizona, mid-Tertiary extension was dominated by largemagnitude, moderate- to low-angle fault systems leading to formation of regionally
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distinctive metamorphic core complexes that were later (<15 Ma) overprinted by highangle Basin-and-Range-style fault systems (e.g., Dickinson, 1991; Davis et al., 2004;
Wagner and Johnson, 2006). In this dissertation, I explore Cenozoic crustal extension in
southeastern Arizona and related metamorphic core complex emplacement by analyzing
reflection seismic data in conjunction with geological and geochronological constraints.
The focus of this research is to make kinematic models for mid-Tertiary extension as
compared to earlier models of core-complex development. The main objective is to
understand the implications for regional-scale deformational mechanisms behind regional
Cenozoic extensional processes, and to evaluate the kinematic evolution of metamorphic
core complexes in the southern Basin and Range province of southeastern Arizona.
Numerous models have been proposed for the kinematic evolution of
metamorphic core complexes (Davis, 1980; Davis and Hardy, 1981; Wernicke, 1981;
Coney and Harms, 1984; Spencer, 1984; Wernicke, 1985; Buck, 1988; Wernicke and
Axen, 1988; Lister and Davis, 1989; Spencer and Reynolds, 1989), although most invoke
footwall isostatic rebound due to tectonic denudation, and the presence of a weak middle
crust capable of flow, to explain their domal geometries (Gans, 1987; Block and Royden,
1990; Wernicke, 1990; McKenzie et al., 2000). Typical models of core-complex
development define a breakaway normal fault along which extension is initially
accommodated in the upper crust (Davis and Hardy, 1981; Spencer, 1984; Lister and
Davis, 1989; Spencer and Reynolds, 1989). This initial breakaway fault is subsequently
abandoned and may get deformed into a synform, as new normal faults break forward in
the direction of transport and the lower plate rebounds isostatically in response to tectonic
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unloading. The distinguishing geometric features of a synformal breakaway fault and
strongly tilted hanging-wall rocks are commonly buried beneath basin fill in proposed
breakaway zones.
Reprocessing and interpretation of a regional suite of industry 2-D seismic
reflection profiles across highly extended terranes in southeastern Arizona illuminate
subsurface structural features related to Cenozoic crustal extension (Fig. 1). Seismic
reflection profiles, spanning nearly 180 km sub-parallel to regional extension, coupled
with a new digital compilation of geologic data and well control, highlight extensional
processes and document a detailed view of subsurface fault geometries and related
extensional features in the southern Basin and Range. Specifically, some of the
extensional features include: the east-dipping Altar Valley fault, the southwest-dipping
Avra Valley fault, the southwest-dipping Catalina detachment fault, the southwest-andnortheast-dipping range-bounding normal faults of the Galiuro Mountains, and the
northeast-dipping detachment fault beneath the Safford basin. Analyses of seismic
reflection data coupled with geological constraints indicate that these fault systems
probably merge with a broad zone of mid-crustal deformation at a transition zone from
brittle to ductile deformation, and represent related aspects of regional extensional events
in the middle-Tertiary. In particular, some of these faults were responsible, in large part,
for core-complex exhumation.
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Figure 1. Simplified geologic map of the Baboquivari Mountains, Altar Valley,
Avra Valley, Tucson Mountains, Tucson Basin, Santa Catalina-Rincon Mountains, San
Pedro trough, Galiuro Mountains, Aravapai Sulphur-Springs Valley, Pinaleño Mountains,
Safford Basin, and the Gila Mountains, and surrounding regions (modified from Haxel et
al., 1984; Thorman and Naruk, 1987; Hirschberg and Pitts, 2000; Wagner, 2005). Seismic
reflection profile locations (blue lines) shown, with associated profile numbers.
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Geologic Setting
In southeastern Arizona, mountain ranges and adjacent basins lie within a zone of
large-scale crustal extension. Some of the ranges include the Baboquivari, Tucson, Santa
Catalina-Rincon, Galiuro, and Pinaleño Mountains (Fig. 1). The timing of mid-Tertiary
extension causing the formation of the Santa Catalina-Rincon and Pinaleño Mountains
core complexes and other core-complexes in the region is constrained to have taken place
during 28 to 17 Ma (Dickinson, 1991). This extension occurred along moderate- to lowangle detachment faults and was directed largely NE-SW (Spencer and Reynolds, 1989;
Dickinson, 1991; Spencer and Reynolds, 1991). Mylonitic rocks deformed within a
dominantly ductile regime, at an estimated depth of 10 to 12 km, were brought to surface
in the footwalls of the detachments due to flexural isostatic uplift of the footwall in
response to tectonic denudation (Coney, 1980; Davis, 1980; Crittenden et al., 1980; Davis
and Hardy, 1981). The detachment faults juxtapose different crustal levels forming the
boundary between mylonitized rocks, in which mylonitic fabric dips gently in the
direction of extension and overprints footwall rocks, and unmetamorphosed upper plate
rocks (Coney, 1980; Davis, 1980; Crittenden et al., 1980; Davis and Hardy, 1981; Coney
and Harms, 1984; Spencer, 1984; Wernicke, 1985; Wernicke and Axen, 1988; Davis and
Lister, 1989; Spencer and Reynolds, 1989; Dickinson, 1991). The hanging- wall rocks of
the detachment systems, which are extensively faulted, contain nonmylonitic rocks with
numerous tilt-blocks of upper-plate material.
Following mid-Tertiary extensional deformation, Basin and Range block faulting
was active from about 15 to 10 Ma (Eberly and Stanley, 1978; Menges and Pearthree,
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1989; Spencer and Reynolds, 1989; Dickinson, 1991; Spencer and Reynolds, 1991), in
which lower-magnitude extension was accommodated along high-angle normal faults.
These high-angle normal faults dissect the earlier, low-angle detachment faults and
metamorphic core complexes (Dickinson, 1991; Spencer and Reynolds, 1991; Davis et
al., 2004).
Two distinct phases of sedimentary sequences beneath basins adjacent to uplifted
mountain ranges were observed on the seismic data. Sedimentary units associated with
these extensional deformations are separated by a mid-Miocene depositional hiatus
(Eberly and Stanley, 1978; Scarborough, 1989; Houser, 1990; Johnson and Loy, 1992;
Kruger et al., 1995; Wagner and Johnson, 2006). The age of this unconformity surface
near the Santa Catalina-Rincon Mountains is constrained by ~20 Ma tuff layers lying
beneath the unconformity (Dickinson, 1991), whereas the regional equivalent of this
unconformity around the Pinaleno Mountains is constrained by ~17 Ma volcanic deposits
(Houser, 1990; Kruger et al., 1995).
The oldest sedimentary rock units below the unconformity consist of tilted and
faulted middle Oligocene to lower Miocene conglomeratic redbeds of alluvial-fan,
braidplain and lacustrine facies alternating with volcanic rocks. These rocks are
interpreted to record normal faulting and unroofing during emplacement of metamorphic
core complexes (Eberly and Stanley, 1978; Kruger et al., 1995; Houser and Gettings,
2000). These oldest basin-fill units are divided into three subunits including a lower unit
associated with fluvial sedimentary deposits, a middle unit composed of volcanic rocks
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alternating with sedimentary units, and an upper unit of extrusive volcanic rocks and
interbedded sediments (Eberly and Stanley, 1978; Houser, 1990).
Above the unconformity are mid-Miocene to Pliocene sedimentary units
associated with alluvial and fluvial deposits lacking lacustrine facies in some basins, but
overall, these younger units in most of the basins in the study area are characterized by
interbedded lacustrine and fluvial basin-fill units that were deposited during subsequent
Basin and Range block faulting (Eberly and Stanley, 1978; Menges and Pearthree, 1989;
Spencer and Reynolds, 1989; Houser, 1990; Dickinson, 1991; Kruger et al., 1995; Houser
and Gettings, 2000).
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PRESENT STUDY
The methods, results and conclusions of this research are presented in the papers
appended to this dissertation. The following is a summary of these papers, with a brief
description of techniques that are used for seismic reflection data analysis and U-Pb
zircon geochronology utilized in this study and finally, important findings of each paper.

Methods
Seismic reflection profiles and geologic constraints are the primary data used in
this dissertation. Sparse well-log data from deep exploration wells in the study area are
used for correlation of mid-Tertiary and younger units near adjacent basins. Additionally,
U-Pb zircon dating utilized in this study constrains the minimum age of faulting on a
possibly key fault in the Catalina-Rincon metamorphic core complex. These data,
coupled with field relations, were compared to other studies that serve to constrain the
interpretations of structures within this region. A brief description of each technique is
summarized here.

Seismic reflection data
Reflection seismology uses man-made sources to create elastic waves. The
product of density and velocity in individual rock layers defines their acoustic
impedances, and the elastic waves reflect off boundaries between rock layers having
different acoustic impedances. These reflected waves, which can be recorded at the
earth's surface, provide travel times to changes in acoustic impedance between rock
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layers. Raw seismic data recorded in the field require detailed signal processing. After
processing, the resulting seismic reflection profiles provide subsurface images to help
constrain structural and stratigraphic interpretations of the subsurface.
Most of the seismic reflection profiles (D36, D42, D31, CX12A, CX12C, CX16
and CX13; Fig. 1) were acquired in the late 1970’s to early 1980’s and were released to
the University of Arizona by Phillips Petroleum Corporation. Line 2, in the Tucson
Basin, was acquired by Exxon in the late 1970’s. Released raw field data were
reprocessed by the University of Arizona Reflection Seismology group. The acquisition
parameters, which were used to record these seismic lines, are listed in Table 1.
Table 1. Acquisition Parameters for Seismic Reflection Profiles

Acquisition Parameters

Source
Source interval
Receiver interval
CDP* interval
Receiver layout pattern
Number of channels
Maximum offset
Nominal fold
Nominal data length
Recording length
Sample rate
Geophone natural
frequency
* Common depth point

Exxon
Profile #: Line 2

Phillips Petroleum Co.
Profile #: D42, D36, D31,
CX12A, CX12C, CX16, CX13

Vibroseis® 8-32 Hz, 11 s
100.5 m
100.5 m
67 m
split-spread
48
2.5 km
24
6s
16 s
4 ms
10 Hz

Vibroseis® 10-48 Hz, 14 s
100.5 m
100.5 m
67 m
split-spread
48
1.8 km
24
6s
24 s
4 ms
10 Hz

2-D seismic processing software, Promax™, was used in the data analyses. The
final stacks of seismic profiles were enhanced through closely spaced, careful velocity
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analyses (see Table 2 for description of the processing flow). Furthermore, to observe
dipping units in their correct locations, dip-moveout correction (DMO) and post-stack
finite-difference time migrations were applied to some of the lines (D42, D36, D31, and
Line 2). Post-stack filtering techniques were applied to some of the data in the final
stacks to help remove residual noise. Also, for interpretation, a final automatic gain
control (AGC) was applied with a 1500 ms moving window and the time sections were
converted to depth utilizing smoothed stacking velocities. Meanwhile, an image of deep
crustal structure is available from Line 2, in which the seismic data were extended to12 s
two-way travel-time (TWTT) by extended Vibroseis® correlation (Wagner, 2005).
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Table 2. Generalized Seismic Data Processing Flow

Exxon Line 2
(modified from Wagner, 2005)

 SEGY in
 Extended Vibroseis
correlation to 12 s
 Geometry apply
 Trace kill
 Mute by offset
 Apply elevation statics
 Velocity analysis
(velocities picked every
25 CDPs)
 Refraction statics
 Dip-moveout (DMO)
correction
 Velocity analysis after
DMO
 Bandpass filter (10-32 Hz)
 Brute stack
 Flat datum correction
 Finite difference migration
 Lateral coherency filter
 Time-to-depth conversion
with smoothed stacking
velocities
 Automatic gain control
(AGC) (1500 ms) for
display
 SEGY out

Phillips Petroleum Co. Lines
D42, D36, D31, CX12A, CX12C, CX16, CX13























SEGY in
N/A
Geometry apply
Elevation statics
Tv Spectral whitening
Air-blast attenuation
Time and space variant band-pass
filters (10-45 Hz, 10-65 Hz)
F-X Deconvolution
Trace kill
Mute by offset
Velocity analysis (velocities picked
every 15 CDPs)
Normal-moveout (NMO) correction
Stretch mute after NMO (applied for
lines CX12A, CX12C and CX16)
Bandpass filter (10-32 Hz)
Stack by CDP
Flat datum correction
Finite difference migration (for lines
D42, D36, D31 and CX13)
Lateral coherency filter (for lines
D42, D36, D31)
Time-to-depth conversion with
smoothed stacking velocities
Automatic gain control (AGC) (1500
ms) for display
SEGY out
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Well-log data
Well-log data were obtained from the 3827-m-deep Exxon State 32-1 exploration
well located in the Tucson Basin (Eberly and Stanley, 1978; Houser and Gettings, 2000;
Wagner, 2005) (see Fig. 1 for location) and the 2746-m-deep Phillips Petroleum Co.
Redondo State A-1 wildcat well located in Altar Valley (see Fig. 1 for location). Among
the available well curves, only the interval transit time and density curves are interpreted
from the study of Wagner (2005) to constrain the thicknesses of mid-Tertiary sediments
and late Cenozoic basin fill units.

U-Pb geochronologic data
In order to constrain the age of faulting on the San Pedro fault on the northeast
flank of the Catalina metamorphic complex, U-Pb zircon geochronology was conducted
on twenty-six zircon crystals, from four samples collected from the same outcrop, by
laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MCICPMS) at the University of Arizona LaserChron Center. The analyses involve ablation
of zircon crystals with a New Wave/Lambda Physik DUV193 Excimer laser (operating at
a wavelength of 193 nm) using a spot diameter of 35 microns. Common Pb correction is
accomplished by using the measured 204Pb and assuming an initial composition from
Stacey and Kramers (1975) (with uncertainties of 1.0 for 206Pb/204Pb and 0.3 for
207Pb/204Pb). Fractionation was monitored using a Sri Lankan zircon standard with a
concordant age determined by isotope dilution thermal ionization mass spectrometry
(IDTIMS) of 564±4 Ma after every 5 unknown zircons. The uncertainties reported are
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2σ, and include known analytical and systematic errors. The analyses yield upper- and
lower-concordia-intercept ages; from the samples analyzed, the intercepts can be used to
interpret the minimum age of crystallization of the zircon crystals.

Major Results
Results from different parts of this study are presented in the appendices.
Appendix A documents features of a newly compiled geologic map, at a scale of
approximately 1:250,000, which extends from the Baboquivari Mountains in the
southwest to the Gila Mountains in the transition zone of the Colorado Plateau to the
northeast. No single map of the region contained both contact and structural data needed
to develop constraints for seismic interpretations and kinematic models. Thus this map
was produced for a regional-scale structural analysis and to provide insights and
constraints on regional structures, geologic history and key stages in the tectonic
evolution of this area. In particular, this compilation was used to construct a schematic
cross-section along a transect from the Baboquivari Mountains to the Gila Mountains to
define the geometries of various structural features in the area and to evaluate their styles
of deformation and the evolution of Cordilleran-style metamorphic-core complexes.
Appendix B documents findings regarding implications for models of core
complex development. In particular, seismic reflection analysis across the San Pedro
trough and Catalina core complex, integrated with geologic and geochronologic data,
reveal important constraints with special attention placed on testable predictions of
“traditional” core complex models that involve the timing and subsurface geometry of the
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breakaway detachment fault. Major findings of this manuscript can be described as: 1)
New U-Pb zircon dating of a sill that was emplaced within and parallel to the San Pedro
fault zone provides a minimum age constraint on faulting, and other geochronological
studies (Dickinson, 1987; Dickinson and Shafiqullah, 1989; Dickinson, 1991; Waldrip,
2008) suggest that the Galiuro detachment and Catalina detachment were coeval. These
timing constraints preclude early abandonment of the up-dip Galiuro detachment fault
while the down-dip Catalina segment continued to move, as was inferred in “traditional”
core-complex models. 2) Surface geologic data and 2-D seismic data show gently to
moderately northeast-dipping rocks along the northeastern flank of the Catalina core
complex and beneath the San Pedro trough. Major rotation of rock units in the hanging
wall of the Galiuro detachment fault would be required in response to greater movement
and back rotation of this fault along the eastern flank of Catalina core complex. This is
essentially precluded by the flat-on-flat relationships exposed in outcrop and imaged in
seismic reflection data. 3) The Galiuro and Catalina breakaways initiated at about the
same time and these breakaways likely have been eroded due to isostatic compensation
and uplift. Hence, the southwest-dipping, range-bounding Galiuro detachment fault is
coeval with the Catalina detachment fault in this evolutionary process. These findings
suggest that extension was accommodated by a pair of top-to-the-southwest normal-fault
systems, with the only major difference between the two (Catalina and Galiuro
detachment faults) being the magnitude of displacement, which was greater for the
Catalina detachment.
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Appendix C documents the analysis of 2D seismic reflection profiles, which span
~180 km along a transect from the Baboquivari Mountains to the transition zone of the
Colorado Plateau, coupled with surface geologic and well data. In particular, different
styles of deformation, modes of extension, and timing behind Cenozoic extensional
processes are investigated. Major findings of this manuscript can be described as: 1)
Analyses of the kinematic evolution of metamorphic core complexes indicate that the
structural features, including the east-dipping listric Altar Valley fault, the southwestdipping Catalina detachment fault, the northeast-dipping San Pedro fault, the southwestand northeast-dipping range-bounding Galiuro normal faults, the southwest-dipping
Eagle Pass detachment fault, and the northeast-dipping detachment fault beneath the
Safford Basin, may be a part of the same extensional system during the mid-Tertiary. 2)
These faults probably merge with a broad zone of mid-crustal deformation that represents
a transition zone where brittlely deformed rocks are underlain by ductilely deformed
rocks. Also, the uplifted mid-crustal shear zones beneath the Catalina and Pinaleño
Mountains core complexes may project beneath the Galiuro Mountains. Since relatively
little upper crustal extension is evident at the surface in the Galiuro Mountains,
heterogeneous upper-crustal deformation beneath the Galiuro Mountains and beneath the
highly extended terranes lying at either side can be accommodated by decoupling-zone of
extension in the middle-to lower crust. Additionally, shear zones projecting beneath the
Galiuro Mountains suggest that local isostatic compensation may be taking place at midto lower-crustal depths beneath the Galiuro Mountains. 3) Relatively flat Moho geometry
in this area may suggest a zone of decoupling between the upper-crust and the mantle
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through a mid-to-lower crust that is capable of flowing. 4) The Galiuro detachment fault
on the southwestern flank and the range-bounding normal fault on northeastern flank of
the Galiuro Mountains probably are not the breakaway faults for the Catalina and the
Pinaleño Mountains core complexes; neither are these range-bounding faults related to
the San Pedro fault and the Eagle Pass detachment fault, respectively.
Metamorphic core complexes in southeastern Arizona form type-examples and
their intensive study contributed to the development of “traditional” core-complex
models (Davis, 1980; Davis and Hardy, 1981; Wernicke, 1981; Coney and Harms, 1984;
Wernicke, 1985; Buck, 1988; Wernicke and Axen, 1988; Lister and Davis, 1989; Spencer
and Reynolds, 1989; Dickinson, 1991; Livaccari and Geismann, 2001). Models
explaining evolution of metamorphic core complexes in different parts of the world often
have been strongly influenced by these “traditional” models. Necessarily, models of corecomplex development in any area should explain field relations and timing constraints.
However, our analysis suggests that geological and geophysical observations in
southeastern Arizona may be inconsistent with at least some aspects of "traditional"
breakaway-detachment core-complex models, or may be equally well explained by
alternative models, even in one of the type localities.
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1. Introduction
This study documents features of a newly compiled geologic map (Plate 1), at a
scale of approximately 1:250,000, which extends from the Baboquivari Mountains in the
southwest to the Gila Mountains in the transition zone of the Colorado Plateau to the
northeast (Fig. 1). This map, which includes additional structure data from earlier
published geologic studies in the area (e.g., Haxel et al., 1984; Drewes, 1996), was
produced for a regional-scale structural analysis and to provide insights and constraints
on regional structures, geologic history and key stages in the tectonic evolution of this
area. In particular, this compilation was used to construct a schematic cross-section along
a transect from the Baboquivari Mountains to the Gila Mountains to define the
geometries of various structural features in the area and to evaluate their styles of
deformation and the evolution of Cordilleran-style metamorphic-core complexes.
The map is compiled from the published USGS digital geologic map of Arizona
(Hirschberg and Pitts, 2000), the geologic map of the Safford Quadrangle (Houser et al.,
1985), the Geology of Coronado National Forest (Drewes, 1996), the Geology of the San
Pedro River Basin (Bolm et al., 2002), the Arizona Geological Survey Geologic Map of
the Catalina Core Complex and the San Pedro Trough (Dickinson, 1992), and from the
generalized tectonic map of the Baboquivari Mountains (Haxel et al., 1984). Additional
data (i.e., strike and dip of bedding and foliation) included in this compilation have been
mapped previously by Richard et al., (2000), Skotnicki and Pearthree, (2000), Ferguson
et al., (2003), Richard et al., (2003), and Spencer et al., (2003).

37

Non-digital geologic maps (all but the USGS base map by Hirschberg and Pitts,
2000) were scanned and digitized using vector drawing software. The compiled geologic
map was georeferenced using ARCGIS software (ESRI, ArcMap 9.2) and maintained in a
Universal Transverse Mercator map projection: Projection, UTM; Zone, 12; Datum,
NAD83; Units, meters; and Spheroid, Clark 1866.

2. Regional Tectonic Setting
The regional geology and deformational history from Precambrian to Late
Tertiary time are briefly summarized here to accompany the geologic map. Geologic
evolution of the study area is primarily presented through sequential models of regional
tectonic development showing a general overview of the key stages in the tectonic
evolution of southeast Arizona (Plate 2A). From oldest to youngest, the sequence of
major events and relations unfolds as follows:
Successive accretion of primary Proterozoic island-arc assemblages to the North
American craton was accompanied by repeated closure of back-arc basins and large-scale
translation and deformation by wrench tectonics to form a broad zone of Proterozoic
rocks that trends roughly northeast–southwest and extends from the central United States
into northwestern Mexico (Karlstrom, et al., 1987). Rocks in southeastern Arizona lie
within the Mazatzal Province and date to about 1.7 to 1.6 Ga. The Mazatzal Province is
bounded to the northwest by relatively older rocks of the Yavapai Series (1.8 to 1.7 Ga);
younger rocks of Grenville age (1.2 to 1.0 Ga) bound this belt east and southeast of
Arizona.
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In southeast Arizona, Proterozoic basement rocks, which are composed
dominantly of strongly folded and transposed metasedimentary rocks, experienced both
deformation and intrusion in the Middle and Late Proterozoic. During the Late
Proterozoic, basement rocks were deformed by steeply dipping, north- to northwesttrending high-angle normal faults (Plate 2A). Concurrent with this deformation was the
intrusion of granodiorite bodies that show no evidence of major ductile deformation
(Davis, 1981; Dickinson, 1989).
Paleozoic rocks in southeastern Arizona, which are dominated by relatively thick
carbonate platform deposits, unconformably overlie the Proterozoic basement rocks
(Plate 2A). From latest Proterozoic to late Mississippian time, southeastern Arizona was
part of a continental shelf region in which mild tectonism and passive subsidence resulted
in accumulation of generally conformable sequences of shelf-carbonate deposits
(Dickinson, 1989).
From early Jurassic to Middle- to- late Jurassic, Paleozoic and Proterozoic strata
were covered by a thick sequence of Jurassic volcanic rocks and were intruded by their
associated plutonic equivalents (Dickinson, 1989). Recurrently active west- northwesttrending high-angle normal faults controlled the areal extent of the thick volcanic piles
(Plate 2A). These faults formed structural half grabens into which volcanic rocks and
clastic deposits accumulated (Busby-Spera, 1988; Hardy, 1997).
During Late Jurassic to Early Cretaceous time, west- northwest-trending highangle normal faults continued to be active (Plate 2A). Normal faulting resulted in a series
of grabens and half grabens, eventually forming a rifted region of fault-block topography
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in which deposits of the Bisbee Basin began to develop. Basin-fill units of the Bisbee
Group are composed of sandstones and mudstones with subordinate siltstone and
conglomerates (Bilodeau, 1982; Bilodeau and Lindberg, 1983; Goodlin and Mark, 1987;
Dickinson, 1989). Bisbee Group rocks form prominent structural and stratigraphic
markers in SE Arizona, and often crop out in fault contact with younger rock units
especially in the southwestern flank of the southern Galiuro Mountains (Goodlin and
Mark, 1987).
Between Late Cretaceous and Early Tertiary time, a major change in tectonic
environment occurred in the area. Successive phases of extensional deformation,
dominating the region since the Proterozoic, were superimposed by a contractional
tectonic regime with intense periods of compressive deformation (Laramide Orogeny),
which were followed by regional calc-alkaline magmatism (Plate 2A) (Coney and
Reynolds, 1977; Dickinson, 1989). Earlier high-angle normal faults were reactivated and
inverted, producing a variety of structures such as basement-cored uplifts (Davis, 1979)
and thrust decollements (Drewes, 1978) representing thick-skinned- and thin-skinnedstyle shortening, respectively.
Middle-Tertiary deformation started at the end of the Laramide deformation and
continued until the middle-Miocene (Dickinson, 1989). Characteristic of middle-Tertiary
deformation in SE Arizona was the formation of Cordilleran-style metamorphic core
complexes, which are characterized by domal uplifts consisting of mylonitic and plutonic
rocks that lie structurally below unmetamorphosed upper-plate rocks and were exposed
by tectonic denudation (Coney, 1980; Crittenden et al., 1980). Detachment faults
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associated with extensional tectonism overprint older compressional structures in both the
upper and lower plates (Davis, 1980). Mylonites, brought into contact with
unmetamorphosed upper-plate rocks across a detachment fault, were brought to the
surface by isostatic rebound in response to tectonic denudation, and exhibit generally
shallow-dipping foliations. Therefore, the detachment fault, which separates lower-grade
rocks in the hanging wall from mylonites in the footwall, forms the boundary between
rocks showing very different structural styles (Plate 2A). Middle-Tertiary synextensional
sedimentary and volcanic rocks were deposited in basins formed in the hanging walls of
the detachment faults (Plate 2A) (Eberly and Stanley, 1978; Dickinson, 1991).
Another change in tectonic environment, which was characterized by extensional
deformation and development of the modern Basin and Range province, occurred during
Late Cenozoic time. High-magnitude mid-Tertiary crustal extension gave way to lowermagnitude crustal extension that was controlled by high-angle, north-northwest trending
Basin-and-Range-style faults (Dickinson, 1989). These faults dissected the earlier
metamorphic core complexes and gave the region its present characteristic appearance
(Davis et al., 2004). Basin subsidence and accumulation of thick sequences of Late
Cenozoic basin-fill took place during this time (Plate 2A) (Eberly and Stanley, 1978;
Dickinson, 1991), and have been exposed by ongoing erosion.

3. Cross-section
A schematic cross-section was constructed perpendicular to the average strike of
tilted pre-Oligocene units and Tertiary strata along the section line, which probably is a
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reasonable estimate of the regional extension direction (Figure 1, Plate 2B and 2D).
Subsurface control is aided by discontinuous 2D seismic reflection profiles and well
control along transect from the Baboquivari Mountains to the transition zone of the
Colorado Plateau (Plate 2C and 2D). Detailed explanation of the structural features,
seismic data interpretations and sequential deformation along the line of section can be
found in Appendix D.
Most prominently, this cross-section indicates that mid-Tertiary normal-fault
systems along the transect probably merge with a broad zone of mid-crustal deformation,
and represent related aspects of regional extensional events in the middle-Tertiary. These
faults were responsible, in large part, for core complex formation and exhumation. See
Appendices B and D for a detailed discussion on the implications for models of corecomplex development.

Acknowledgements
We thank Steve Richard, Jon Spencer and Michael Conway of the Arizona
Geological Survey for contribution of geological maps to be scanned and digitized for
this compilation. Steve Richard (AZGS) and Doug Hirschberg (USGS) provided very
valuable help on geographic information system technical issues and their assistance is
greatly appreciated.

42

References Cited
Bilodeau, W.L., (1982), Tectonic models for Early Cretaceous rifting in southeastern
Arizona: Geology, v. 10, p. 466-470.
Bilodeau, W.L., and Lindberg, F.A., (1983), Early Cretaceous tectonics and
sedimentation in southern Arizona, southwestern New Mexico, and northern
Sonora, in Reynolds, M.W., and Dolly, E.D., eds., Mesozoic paleogeography of
the west-central United States: Society of Economic Paleontologists and
Mineralogists, Rocky Mountain Section, Rocky Mountain Paleogeography
Symposium 2, p. 173-188.
Bolm, K.S., Lewis, T., Hirschberg, D.M., Pitts, G.S., and Dickinson, W.R., (2002),
Spatial digital database for the geology of the San Pedro River basin in Cochise,
Gila, Graham, Pima, and Pinal Counties, Arizona: U.S. Geological Survey OpenFile Report 02-393, U.S. Geological Survey, Menlo Park, CA.
Busby-Spera, C.J., (1988), Speculative tectonic model for the early Mesozoic arc of the
southwest Cordilleran United States: Geology, v. 16, p. 1121-1125.
Crittenden, M. D., Coney, Jr., P. J., et al., (1980), Cordilleran metamorphic core
complexes, Boulder, CO, United States, Geological Society of America (GSA).
Coney, P.J., and Reynolds, S.J., (1977), Codilleran Benioff zones: Nature, v. 270, p. 403406.

43

Coney, P.J., (1980), Cordilleran metamorphic core complexes; an overview. Cordilleran
metamorphic core complexes, D. Crittenden Max, Jr., J. Coney Peter and H.
Davis George. Boulder, CO, United States, Geological Society of America
(GSA), v. 153, p. 7-31.
Davis, G.H., (1979), Laramide folding and faulting in southeastern Arizona: American
Journal of Science, v. 279, p. 543-569.
Davis, G. H., (1980), Structural characteristics of metamorphic core complexes, southern
Arizona, Cordilleran metamorphic core complexes. D. Crittenden Max, Jr., J.
Coney Peter and H. Davis George, Boulder, CO, United States, Geological
Society of America (GSA), v. 153, p. 35-77.
Davis, G.H., (1981), Regional strain analysis of the superposed deformations in
southeastern Arizona and the eastern Great Basin, in Dickinson, W.R., and Payne,
W.D., eds., Relations of tectonic to ore deposits in the southern Cordillera:
Arizona Geological Society Digest 14, p. 155-172.
Davis, G. H., Constenius, K.N., et al., (2004), Fault and fault-rock characteristics
associated with Cenozoic extension and core-complex evolution in the CatalinaRincon region, southeastern Arizona, Geological Society of America Bulletin,
116(1-2), p. 128-141.
Dickinson, W.R., (1989), Tectonic Setting of Arizona Through Geologic Time, Geologic
evolution of Arizona, in J. P. Jenney and J. Reynolds Stephen. Tucson, AZ,
United States, Arizona Geological Society Digest v. 17, p. 1-16.

44

Dickinson, W. R., (1991), Tectonic setting of faulted Tertiary strata associated with the
Catalina core complex in southern Arizona, Boulder, CO, United States,
Geological Society of America Special Paper 264, 106 p.
Dickinson, W.R., (1992), Geologic Map of Catalina Core Complex and San Pedro
Trough, Pima, Pinal, Gila, Graham and Cochise Counties, Arizona, Arizona
Geological Survey, Contributed Map CM-92-C.
Drewes, H., (1978), The Cordilleran orogenic belt between Nevada and Chihuahua:
Geological Society of America Bulletin, v. 89, p. 641-657.
Drewes, H., (1996), Geology of Coronado National Forest, Mineral Resource Potential
and Geology of Coronado National Forest, southeastern Arizona and
southwestern New Mexico, Edited by Edward A. du Bray, U.S. Geological
Survey Bulletin 2083-B, p. 19-41.
Eberly, L.D., and Stanley, T.B., (1978), Cenozoic Stratigraphy and Geologic History of
Southwestern Arizona, Geological Society of America Bulletin, 89(6), p.921-940.
Ferguson, C.A., Johnson, B.J., and Shipman, T.C., (2003), Geologic Map of the
Batamote Hills 71/2' Quadrangle, Pima County, Arizona: Arizona Geological
Survey Digital Geologic Map 32 (DGM-32), 31 p., 1 sheet, scale 1:24.000.
Goodlin, T.C., and Mark, R.A., (1987), Tectonic Implications of Stratigraphy and
Structure of Cretaceous Rocks and Overlying Mid-Tertiary cover in Hot Springs
Canyon, Galiuro Mountains, Southeastern Arizona, Arizona Geological Society
Digest v. 18, p.1 77-188.

45

Hardy, J.J., (1997), Superimposed Laramide and Middle Tertiary deformations in the
northern Santa Rita mountains, Pima County, Arizona, [PhD. Dissertation],
Colorado School of Mines, Department of Geology and Geological
Engineering, Golden, Colorado, p. 182.
Haxel, G., Tosdal, R.M., May, D.J., and Wright, J.E., (1984), Latest Cretaceous and early
Tertiary orogenesis in south-central Arizona; thrust faulting, regional
metamorphism, and granitic plutonism, GSA Bulletin, 95 (6), p. 631-653.
Hirschberg, D. M., and G. S., Pitts (2000), Digital geologic map of Arizona; a digital
database derived from the 1983 printing of the Wilson, Moore, and Cooper
1:500,000-scale map, U. S. Geological Survey. Reston, VA, United States, p. 67.
Houser, B.B., Richter, D.H., and Shafiqullah, M., (1985), Geologic map of the Safford
Quadrangle, Graham County, Arizona, U.S. Geological Survey, Miscellaneous
Investigations Series, MAP I-1617.
Karlstrom, K.E., Bowring, S.A., Conway, C.M., (1987), Tectonic significance of an
Early Proterozoic two-province boundary in central Arizona: Geological Society
of America Bulletin, v. 99, p. 529-538.
Richard, S.M., Ferguson, C.A., Spencer, J.E., Youberg, A., and Orr, T.R., (2000),
Geologic Map of the Waterman Peak and northern La Tortuga Butte 7.5'
Quadrangles, Pima County Arizona: Tucson, Arizona Geological Survey Digital
Geologic Map 2 (DGM-2), scale 1:24,000.

46

Richard, S.M., Spencer, J.E., Youberg, A., and Johnson, B.J., (2003), Geologic Map of
the Twin Buttes 71/2' Quadrangle, Pima County, Arizona: Arizona Geological
Survey Digital Geologic Map 31 (DGM-31), 1 sheet, scale 1:24.000.
Skotnicki, S.J., and Pearthree, P.A., (2000), Geologic map of the Cocoraque Butte 7.5'
quadrangle, Pima County, Arizona: Tucson, Arizona Geological Survey Digital
Geologic Map 6 (DGM-06), scale 1:24,000.
Spencer, J.E., Ferguson, C.A., Richard, S.M., and Youberg, A., (2003), Geologic Map of
the Esperanza Mill 71/2' Quadrangle, Pima County, Arizona: Arizona
Geological Survey Digital Geologic Map 33 (DGM-33), 10 p., 1 sheet, scale
1:24,000.

47

Figures and Plates

Figure 1. Simplified geologic map of the study area (modified from Hirschberg and Pitts,
2000). Seismic profile locations (solid blue lines), with associated profile
numbers, and well locations are shown. Black lines indicate cross-section profiles
referred to in text.
Plate 1. Compiled geologic map from the Baboquivari Mountains to the transition zone
of the Colorado Plateau (modified from Haxel, et al., 1984; Dickinson, 1992;
Drewes, 1996; Hirschberg and Pitts, 2000; Bolm et al., 2002).
Plate 2. A. Sequential model of regional tectonic development along transect (X-Y, see
Plate 2D for location of the line) from the Tucson Basin to the Galiuro Mountains.
B. Schematic cross-section constructed perpendicular to the average strike of
tilted pre-Oligocene units and Tertiary strata along the section line (A-E). C.
Generalized stratigraphic columns for correlation of rock units constrained by
field relations, seismic reflection profiles, and well log data along transect from
the Baboquivari Mountains to the transition of the Colorado Plateau. D. Shaded
relief map of southeastern Arizona, overlaid with compiled geologic map. Seismic
profile locations (solid blue lines), with associated profile number and well
locations are shown. White lines indicate profiles from which schematic cross
sections were constructed along transect (A-E).
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Abstract
In popular models of Cordilleran-style metamorphic core-complex development,
initial extension occurs along a breakaway fault, which subsequently is deformed into a
synform and abandoned in response to isostatic rebound and new faults breaking forward
in the dominant transport direction. The Catalina core complex and associated geology in
southeastern Arizona have been pointed to as a type example of this model. From
southwest to northeast, the region is characterized by the NW-SE trending Tucson basin,
the Catalina core complex, the San Pedro trough and the Galiuro Mountains. The
Catalina core complex is bounded by the top-to-the-southwest Catalina detachment fault
along its southwestern flank and the low-angle, northeast-dipping San Pedro fault along
its northeastern flank. The Galiuro Mountains expose non-mylonitic rocks and are
separated from the San Pedro trough to the southwest by a system of low- to moderateangle southwest-dipping normal faults. This Galiuro fault system (referred to as Galiuro
detachment fault in this study) is widely interpreted to be the breakaway zone for the
Catalina core complex. It is inferred to be folded into a synform beneath the San Pedro
trough, to resurface to the southwest as the San Pedro fault, and to have been abandoned
during slip along the younger Catalina detachment. This study aimed to test this model
through analysis of field relations and geochronological age constraints, and reprocessing
and interpretation of 2-D seismic reflection data from the Catalina core complex and San
Pedro trough. In contrast to predictions of the traditional breakaway zone model, we raise
the possibility of a moderate-angle, southwest-dipping detachment fault beneath the San
Pedro trough that could extend to mid-crustal depths beneath the eastern flank of the
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Catalina Mountains. We present an alternative kinematic model in which extension was
accommodated by a pair of top-to-the-southwest normal fault systems (the Catalina and
Galiuro detachment faults), with the only major difference between the two being the
magnitude of displacement, which was greater for the Catalina detachment.

Keywords: Metamorphic core complex, breakaway zone, crustal extension, San Pedro
trough, detachment fault
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1. Introduction
Mid-Tertiary metamorphic core complexes of the western North American
Cordillera are manifestations of, large-magnitude extensional deformation and are
thought to have developed during collapse of a thick, hot crustal welt as intraplate
compressive stress and crustal viscosity were reduced during rollback of the Farallon
plate (Armstrong, 1972; Coney, 1980; Crittenden et al., 1980; Coney and Harms, 1984;
Nourse et al., 1994). While numerous, contrasting models have been proposed for the
kinematic evolution of metamorphic core complexes (Davis, 1980; Davis and Hardy,
1981; Wernicke, 1981; Coney and Harms, 1984; Spencer, 1984; Wernicke, 1985; Buck,
1988; Wernicke and Axen, 1988; Lister and Davis, 1989; Spencer and Reynolds, 1989),
most invoke footwall isostatic rebound and the presence of a weak middle crust capable
of flow to explain their domal geometries and why they stand relatively high
topographically despite major vertical thinning of overlying rocks (Gans, 1987; Block
and Royden, 1990; Wernicke, 1990; ter Voorde et al., 1998; McKenzie et al., 2000).
Typical models of core-complex development define a breakaway normal fault
along which extension is initially accommodated in the upper crust (Fig. 1A). This initial
breakaway fault is subsequently abandoned and may get deformed into a synform, as new
normal faults break forward in the direction of transport and the lower plate rebounds
isostatically in response to tectonic unloading. This "traditional” model remains to be
rigorously tested, likely because the distinguishing geometric features of a synformal
breakaway fault and strongly tilted hanging-wall rocks (Fig. 1A) are commonly buried
beneath basin fill in proposed breakaway zones.
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The Santa Catalina – Rincon metamorphic core complex (here termed the
"Catalina core complex" after Rehrig and Reynolds, 1980, and for brevity) is located
northeast of Tucson in southeastern Arizona (Fig. 2). It provides an ideal testing ground
because of its status as an archetype of the “traditional” model (Davis, 1980; Davis and
Hardy, 1981; Spencer, 1984; Wernicke, 1985; Wernicke and Axen, 1988; Spencer and
Reynolds, 1989; Dickinson, 1991; Livaccari and Geismann, 2001), and the availability of
industry seismic reflection data from its proposed breakaway zone along the San Pedro
trough to the Tucson Basin through Redington Pass, lying between the Santa Catalina and
Rincon mountains of the Catalina core complex (Fig. 2).
In this study, we processed and interpreted three NE-SW 2-D seismic reflection
profiles across the proposed breakaway zone and Catalina core complex, with additional
constraints provided by surface geology. Furthermore, new U-Pb zircon dating, coupled
with the results of previous geochronological studies (Dickinson et al., 1987; Dickinson
and Shafiqullah, 1989; Waldrip, 2008), further constrain the regional significance of
faulting and provide minimum age constraints on key faults. The seismic data show that
stratigraphic units beneath the San Pedro trough dip gently to moderately eastward in the
hanging wall of a southwest-dipping normal fault (Galiuro detachment fault). In this
context, we interpret the Galiuro detachment to project to the middle crust beneath the
Catalina core complex rather than to be folded into a synform beneath the San Pedro
trough and to resurface to the southwest as the San Pedro fault. Geologic, seismic and
age-constraint data suggest an alternative, and potentially more broadly applicable
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kinematic model (Figure 1B) of core complex development, is required for the Catalina
core complex.

2. Geologic Setting
The focus of this study is the Catalina core complex and adjacent geology near
Tucson, Arizona (Figs. 2 and 3). Elements of the core-complex system, from southwest
to northeast, include the approximately NW-SE trending Tucson basin, the Santa
Catalina-Rincon Mountains, the San Pedro trough, and the Galiuro Mountains (Fig. 2).
The regional geology and Cretaceous – Tertiary deformation history of the region are
briefly summarized here.

2.1. Tucson Basin
The Tucson Basin is bounded to the north and northeast by the Catalina core
complex, to the west by the Tucson Mountains, and to the southwest by the Sierrita
Mountains (Fig. 2). The Tucson Basin contains two different phases of sedimentary
sequences bounded by a mid-Miocene depositional hiatus (Eberley and Stanley, 1978).
The oldest basin filling units below the unconformity consist of tilted and faulted middle
Oligocene to lower Miocene sedimentary and volcanic rocks. These rocks are interpreted
to record normal faulting and unroofing during development of the Catalina core complex
(Eberly and Stanley, 1978; Houser and Gettings, 2000). Above the unconformity are
~2,000 m of mid-Miocene to Pliocene sedimentary strata that were deposited during
subsequent Basin and Range block faulting (Coney, 1980; Davis, 1980; Coney, 1987;
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Dickinson, 1989; Menges and Pearthree, 1989; Spencer and Reynolds, 1989; Dickinson,
1991; Constenius, 1996; Davis et al., 2004; Wagner and Johnson, 2006). The midMiocene unconformity and post unconformity sedimentary rocks filling the basin show
little evidence of faulting and appear from seismic reflection results to “sag” into the axis
of the basin subsidence (Johnson and Loy, 1992; Wagner and Johnson, 2006).

2.2. Southwestern Flank of Catalina Core Complex
The Catalina core complex displays all of the characteristics typical of
Cordilleran-style metamorphic core complexes (e.g., Coney, 1980; Davis, 1980;
Crittenden et al., 1980; Coney and Harms, 1984; Lister and Davis, 1989; Kruger and
Johnson, 1994, 1995; Nourse et al., 1994; Livaccari and Geismann, 2001). The core
complex is composed mainly of Tertiary and Proterozoic granites and mylonitic rocks
derived from these granites (Fig. 2) (Spencer and Reynolds, 1989). Along the
southwestern flank of the core complex, the mylonites exhibit generally shallow-dipping
foliations, stretching lineations trending 245°-250° (Fig. 3A), and S-C and other ductile
fabrics indicating top-to-the-southwest sense-of-shear. These mylonitic rocks are
separated from lower-grade rocks in the hanging wall by the regionally southwestdipping (20°-35°) Catalina detachment fault, which shows the same sense-of-shear as
underlying shear-zone rocks (Coney, 1980; Crittenden et al., 1980; Davis, 1980; Davis
and Hardy, 1981; Wernicke, 1981; Davis, 1983; Wernicke and Axen, 1988). The Catalina
detachment fault is inferred to have a total offset of 20-30 km (Dickinson, 1991) and
exhumed mylonitic rocks from mid-crustal levels (~10-15 km) in its footwall during the
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30-20 Ma time interval (Eberly and Stanley, 1978; Dickinson, 1991; Fayon et al., 2000;
Houser and Gettings, 2000).

2.3. Northeastern Flank of Catalina Core Complex
Late Cretaceous-Early Tertiary contractional structures, associated with mylonites
and other ductile fabrics, have been documented along the northeastern flank of the Santa
Catalina-Rincon Mountains and juxtapose rocks ranging in age from Proterozoic to
Cretaceous (Thorman and Drewes, 1981; Lingrey, 1982; Janecke, 1987; Krantz, 1989;
Gehrels and Smith, 1991). In many places along the northeastern flank of the core
complex, it is unknown whether major exposed faults and shear zones are related to
Cretaceous – early Tertiary shortening or mid-Tertiary extension. Especially enigmatic is
the low-angle, northeast-dipping San Pedro fault, which has been interpreted to be a
normal fault because it in most places juxtaposes lower-grade on higher-grade rocks
(Figs. 2, 3A and 3B) (Lingrey, 1982; Dickinson, 1991; Gehrels and Smith, 1991).
Furthermore, the San Pedro fault is proposed to have originally been a southwest-dipping
and top-to-the-southwest fault (possibly the up-dip extension of the Catalina detachment
fault) prior to being backtilted/folded during later normal faulting and doming (Davis and
Hardy, 1981; Spencer, 1984; Dickinson, 1991). In this "traditional" model interpretation,
the San Pedro fault must resurface somewhere to the southwest as a breakaway fault,
presumably along the northeastern flank of the Catalina core complex (Fig. 1).
Unfortunately, information necessary to test this hypothesis, such as the age, down-dip
geometry, and kinematics of the San Pedro fault, is lacking.
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2.4. San Pedro Trough
The San Pedro trough largely exposes undeformed, post-mid Miocene deposits
that show alluvial fan and fluvial lacustrine facies (Dickinson, 1991, 2003). Locally, eastand west-dipping high-angle normal faults, attributed to late Tertiary Basin and Range
extension have exhumed tilted mid-Tertiary deposits in their footwalls (Menges and
Pearthree, 1989; Spencer and Reynolds, 1989; Dickinson, 1991). The subsurface
structure of the San Pedro trough is largely unknown. Given its importance for
interpretation of seismic reflection data, we briefly summarize here information about
Miocene and older rock units that are exposed along the flanks of the San Pedro trough
and are likely present in the subsurface beneath it. The rock units are of Proterozoic,
Paleozoic, Cretaceous, and Tertiary age; lower Mesozoic strata are absent (Dickinson,
1991). The subsurface stratigraphy is constrained in the southern San Pedro trough by
geophysical and geological log data from a 2595-m-deep Phillips Petroleum exploration
well approximately 50 km to the southeast along the trough axis (out of the study area).
Borehole data from the Phillips well progressively penetrated Tertiary, Mesozoic, and
Paleozoic rock units (Gettings and Houser, 2000) and supports our generalized
stratigraphic column (Fig. 4) showing the rock units that may be present beneath the San
Pedro trough. Approximate sequence thicknesses are assigned to the Paleozoic, the
Mesozoic, and the mid-Tertiary sedimentary and volcanic rocks (the Mineta Formation
and the Galiuro volcanics) based on field relations and outcrop data.
Proterozoic basement rocks consist of strongly folded and cleaved (i.e.
transposed) phyllitic metasedimentary rocks that are extensively intruded by granodiorite
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bodies that show no evidence of major ductile deformation. Where not bounded by a fault
contact, this basement is unconformably overlain by ~2000 m of Paleozoic platform
deposits (Cambrian sandstone overlain by dominantly limestone/dolomite sequences) of
the Cordilleran miogeocline (Fig. 4).
Cretaceous rocks are divided into three units (Goodlin and Mark, 1987). The
oldest unit consists of lower Cretaceous (120-130 Ma) Bisbee rift-basin sandstones and
mudstones with subordinate siltstone and conglomerate that were deposited in distal
alluvial-fan and braided-stream environments. This sequence is in most places strongly
deformed, showing isoclinal folding, pervasive cleavage, and transposed bedding. Where
less deformed, it has been estimated to range in thickness from 1000 to 2300 m (Mark,
1985; Goodlin and Mark, 1987; Waldrip, 2008). These clastic deposits are
unconformably overlain by a 500 to 1000 m sequence of compositionally variable (i.e.,
mafic to felsic) volcanic and volcaniclastic rocks - the uppermost part of which has been
dated by K-Ar as ~77 Ma. This volcanic unit grades upward into a sequence of
syncontractional conglomeratic red beds that include ~73 Ma interbedded tuffs in its
upper part (Mark, 1985; Goodlin and Mark, 1987) (Fig. 4).
Deformed Tertiary rock units consist of the mid-Oligocene Mineta Formation, the
upper Oligocene-lower Miocene Galiuro Volcanics, and the lower Miocene San Manuel
Formation (Fig. 4). The ~1,000-m-thick Mineta Formation consists of conglomeratic red
beds of alluvial, braidplain, and lacustrine facies (Grover, 1982; Dickinson, 1991) that
were deposited on an erosional surface produced during Late Cretaceous to early
Tertiary contractional deformation (Scarborough, 1989; Dickinson and Shafiqullah,
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1989). The Mineta Formation shows growth strata indicating that the deposition occurred
coeval with extension and deposition of ~28 Ma tuff layers in its upper part. The ~1000m-thick Galiuro Volcanics are intermediate to felsic in composition, form the highlands
of the Galiuro Mountains, and were deposited at 29-24 Ma (Creasey and Krieger, 1978;
Dickinson and Shafiqullah, 1989). These volcanic rocks are also exposed in the San
Pedro trough along the crests of normal-fault-related tilt-blocks (Dickinson, 1991). The
younger (lower Miocene) San Manuel Formation is widely exposed along and adjacent to
the San Pedro trough and consists of clastic alluvial fan, braidplain, and local
megabreccia deposits (Dickinson, 1991). Tuffs within the formation yielded K-Ar ages in
the 18-20 Ma range, indicating deposition prior to Late Miocene block faulting
(Dickinson and Shafiqullah, 1989)

2.5. Galiuro Mountains
A system of south- to west-dipping normal faults (referred to as the Galiuro
detachment in this study) exposed along the southwestern flank of the Galiuro Mountains
(Fig. 2) has been interpreted to be the primary breakaway zone for the Catalina core
complex (Dickinson et al., 1987; Dickinson, 1991; Figs. 1, 2 and 3A). From east to west
and older to younger based on cross-cutting relationships, these normal faults are the
Sierra Blanca (not shown on the map), Soza Mesa (also referred to as Teran Basin), and
Teran Wash faults. The Sierra Blanca fault dips 30° to the south. It was active during the
Oligocene as evidenced by growth strata of this age in the hanging wall and became
inactive by ~24 Ma, when it was buried by Galiuro Volcanics (Dickinson et al., 1987;

62

Waldrip, 2008). The low-angle (10-45°) Soza Mesa fault cuts the Sierra Blanca fault as
well as Galiuro Volcanics in its hanging wall and therefore must be post-Oligocene. A
minimum-age constraint on fault slip is provided by mid-Miocene and younger deposits
that unconformably overlie the fault (Dickinson et al., 1987; Goodlin and Mark, 1987;
Dickinson, 1991). The Teran Wash fault dips moderately (25º to 55º) and offsets the
Galiuro volcanic rocks by 1 to 2 km. Growth strata in the hanging wall indicate that this
fault was active during the early Miocene (Dickinson et al., 1987; Goodlin and Mark,
1987; Dickinson and Shafiqullah, 1989; Dickinson, 1991; Waldrip, 2008).
Also exposed along the southwestern flank of the Galiuro Mountains in the
footwall of the mid-Tertiary normal fault system are major thrust faults of Late
Cretaceous to early Tertiary age (Davis, 1979; Drewes, 1981; Goodlin and Mark, 1987;
Krantz, 1989; Waldrip, 2008). In the Hot Springs area (Fig. 3A) is the folded Hot Springs
thrust, which places transposed Lower Cretaceous Bisbee rift-basin strata on top of
synorogenic conglomerates of latest Cretaceous age. To the south, a folded thrust sheet
comprised of Proterozoic schist lies structurally above the transposed Lower Cretaceous
strata. Structural studies indicate that the transport direction on both of these thrust faults
was top-to-the-east and that large-magnitude, thin-skinned-style shortening characterized
the region prior to mid-Tertiary extension (Waldrip, 2008).

2.6. High-angle Basin and Range block faulting
Basin and Range high-angle (50º -65º) normal faults dissect the Catalina core
complex and include the N-S-striking Pirate and Martinez Ranch faults (Figs. 2 and 3A).
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The Pirate fault flanks the northwestern side of the Catalina core complex and separates
Neogene basin fill in the hanging wall from crystalline rocks of the Catalina core
complex in the footwall. The Pirate fault was active after ~12 Ma (Dickinson, 1991;
Davis et al., 2004). The southwestern end of the fault projects beneath the Neogene basin
cover, and is inferred to cut the Catalina detachment fault (Dickinson, 1991; Davis et al.,
2004; Wagner and Johnson, 2006). Displacement along the Pirate fault occurred
primarily during the interval 12-6 Ma based on ages from sedimentary units within Oro
Valley (Davis et al., 2004). The east-dipping Martinez Ranch fault bounds the
northwestern margin of Happy Valley basin within the Rincon Mountains and clearly
truncates the Catalina detachment fault (Dickinson, 1991, 1998; Davis et al., 2004).

3. Geologic relations and U-Pb geochronologic data
In the northeastern Rincon Mountains, the low-angle northeast-dipping San Pedro
fault juxtaposes the lower Cretaceous Bisbee Group on top of Paleozoic rocks (Lingrey,
1982; Dickinson, 1991, 1992; Spencer et al., 2008). We conducted a U-Pb
geochronologic study on one part of the San Pedro fault near the eastern Rincon
Mountains, where “traditional” models imply an early abandonment of the up-dip part of
the Galiuro breakaway system (see Figs. 3A, 3B and 5A for the location of U-Pb zircon
dating). Asymmetric, mesoscopic folds in Paleozoic strata within ~1 m of the fault
indicate a top-to-the-southwest sense-of-shear (Fig. 5B). Emplaced within and parallel to
the San Pedro fault zone is a 0.5-1.5-m-thick by 150-m-long intrusive quartzofeldspathic
sill (Figs. 5A and 5C). The contact between the sill and the hanging-wall Bisbee Group is
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well exposed and generally is associated with a thin zone of hydrothermal alteration. No
deformational fabrics were identified in the sill in outcrop or petrographic thin section.
The contact between the sill and footwall Paleozoic rocks is not well exposed in the same
location. However, intrusive rocks of similar composition were observed to intrude
Paleozoic rocks within ~100 m from the trace of the San Pedro fault. Collectively, these
field observations lead us to conclude that the sill was emplaced after major fault
displacement and therefore its age provides a minimum age constraint on faulting.
Samples were collected from the sill intruded along the San Pedro fault (see Figs.
3A, 3B, 5A and 5C for sample locations). The U-Pb zircon geochronology was conducted
on twenty-six zircon crystals, from four samples collected from the same outcrop, by
laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MCICPMS) at the University of Arizona LaserChron Center. The analyses involve ablation
of zircon crystals with a New Wave/Lambda Physik DUV193 Excimer laser (operating at
a wavelength of 193 nm) using a spot diameter of 35 microns. Common Pb correction is
accomplished by using the measured 204Pb and assuming an initial composition from
Stacey and Kramers (1975) (with uncertainties of 1.0 for 206Pb/204Pb and 0.3 for
207

Pb/204Pb). Fractionation was monitored using a Sri Lankan zircon standard with a

concordant age determined by isotope dilution thermal ionization mass spectrometry (IDTIMS) of 564 ± 4 Ma after every 5 unknown zircons. The uncertainties reported are 2σ,
and include known analytical and systematic errors.
Zircon samples dated from the intruded sill (Figs. 3A, 3B, 5A and 5C) yield
highly discordant ages, with an upper U-Pb concordia-intercept of 1464 ± 36 Ma and a
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lower intercept of 27 ± 1.1 Ma (Fig. 6). The lower intercept is defined by 13 (50%) of the
total zircons analyzed and is interpreted as the crystallization age (Table 1). The upper
intercept is interpreted as the average age of zircon components inherited from adjacent
country rocks.

4. Seismic reflection data
The seismic reflection data analyzed in this study were acquired by Phillips
Petroleum in the late 1970’s to early 1980’s and were reprocessed by the University of
Arizona Reflection Seismology group. The data were processed following common 2-D
techniques using Promax™ 2-D seismic data processing software. Standard pre-stack
processing techniques such as bandpass filter (10-40 Hz), trace edit, and mute by offset
were applied to suppress noise in the data. For display, a final automatic gain (AGC) was
applied over a 1000 ms window. Acquisition parameters and 2-D seismic reflection data
processing flow are illustrated in Table 2.

5. Analysis of seismic reflection profiles
Three 2-D seismic reflection profiles, one across the Catalina core complex
through Redington Pass and two across the San Pedro trough, were selected for analysis
on the basis of their cross-strike orientations and central locations (see Figs. 2 and 3 for
the locations of these lines). From the seismic profiles, the gross structure of the San
Pedro trough is that of a complex half-graben buried at the surface by essentially
undeformed basin-fill units consisting of the 5-6 Ma Quiburis Formation and Holocene
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Quaternary alluvium. Rock units that may be present beneath the trough and their
approximate thicknesses are shown in Fig. 4. In seismic interpretations, thicknesses of
Tertiary volcanic and sedimentary rocks are assumed based on surface geologic data
because no deep well control exists to constrain the thicknesses of units. Generally,
seismic data quality is not sufficient to extrapolate interpretations to depths greater than
3-5 km.
Profile CX16 extends northeast from the northeastern flank of the Catalina core
complex to the western edge of the Galiuro Mountains, spanning a distance of ~ 27 km
(Fig. 2 and 3). The profile generally is characterized by coherent, but often disrupted,
layered reflection sequences in the upper 1 – 2 km (Fig. 7). Based on stratigraphic
thicknesses in outcrops, Tertiary sedimentary and volcanic rocks are interpreted to extend
to a depth of ~2.5 km in profile CX16. Deeper in the profile, reflection quality diminishes
significantly, presumably in crystalline rocks, but some weakly coherent events can be
identified. Near kilometer 16 along the profile (Fig. 7), a “notch” in the data occurs at the
location of the San Pedro River, which represents the approximate axis of the trough. To
the southwest, the profile ascends the northeastern flank of the Catalina core complex.
Here the data exhibit somewhat higher-frequency reflections dipping gently to the
northeast.
At its northeasternmost end, profile CX16 lies within or immediately adjacent to
the presumed Galiuro breakaway fault zone. The most salient features on the
northeastern half of profile CX16 are gently to moderately northeast-dipping rock units
beneath the San Pedro trough, which are disrupted by numerous, but relatively low-

67

displacement (< 300 m), high-angle normal faults (Fig. 7). Moderately northeast-dipping
homoclinal sedimentary and volcanic rock sequences rest depositionally on tilt-blocks of
older rocks. Near km 19-20, northeast of the San Pedro River, the profile passes
outcropping Paleozoic sedimentary rocks and Galiuro volcanic rocks dipping ~ 40˚ NE
(Fig. 3A). Towards the Catalina core complex, thin, gently northeast-dipping reflections
probably representing the Quiburis Formation, overlie higher-frequency, somewhat
steeper northeast-dipping reflections between km 5 and km 11, which are truncated by a
high-angle fault at about km 11. These reflections may be from rocks of the lower
Miocene San Manuel Formation or Oligocene sedimentary and volcanic rocks of the
Mineta Formation and Galiuro volcanics. The high-angle fault at km 11 and another at
about km 12.5, bound outcropping Paleozoic sedimentary rocks that dip ~ 40˚ NE (Fig
3A). These Paleozoic tilt blocks form a buttress to the inferred sequences of the San
Manuel and/or Mineta Formations just to the southwest (Fig. 7). Most significantly,
throughout the entire profile, Tertiary sedimentary and volcanic rock units exhibit only
moderate dips and do not show evidence of progressive steepening or rotation from the
breakaway zone, across the trough, or to the southwest.
Although it is offset ~ 19 km to the south of line CX16 along the trough axis,
seismic profile CX12C (Fig. 8) between the San Pedro River and the eastern flank of the
Catalina core complex (Fig. 2 and 3) is quite similar to the image provided in the
southwestern half of CX16. Low- to moderate-angle reflections dip to the northeast
below outcrops of Precambrian and tectonized Paleozoic metasedimentary rocks with
dips of 20º - 35º (Dickinson, 1992). At about km 2, the profile continues across mid-
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Miocene to Pliocene units of the Quiburis Formation to the San Pedro River. Distinct
coherent reflections in the profile extend to less than 2.0 s two-way-travel time (TWTT).
Northeast of km 3.7, weakly coherent and incoherent reflections appear above a strong,
irregular reflection dipping gently northeast to km 6.7 at ~ 0.9 s; from this point, the
reflection apparently merges with or continues as a reflection segment that dips slightly
to the southwest or is subhorizontal (Fig. 8). Below this event, segments of strong,
apparently higher frequency events dip northeast to near the San Pedro River.
Moderately southwest-dipping events at the end of the profile may represent reflections
from real structure, but may also be artifacts due to termination and low fold of the data.
Precambrian, Paleozoic, and Mesozoic metasedimentary rocks, exposed along the
eastern flank of the Catalina core complex dip northeast at about 25º to 40º (Dickinson,
1991, 1992) and are disrupted by bedding-parallel, northeast-dipping thrust faults of Late
Cretaceous to early Tertiary age (Lingrey, 1982; Janecke, 1987; Krantz, 1989; Gehrels
and Smith, 1991; Dickinson, 1992). These metasedimentary rocks are interpreted to
project northeastward in the subsurface beneath the San Pedro trough and can be seen in
the both seismic sections CX16 and CX12C (Figs. 7 and 8, respectively) as moderately to
shallowly northeastward-dipping reflections. It is likely that at least some of the
northeast-dipping reflections seen in CX12C can be attributed to rock units juxtaposed by
Late Cretaceous thrust decollements exposed in the northeastern flank of the Catalina
core complex.
Profile CX12C crosses the projected subcrop of the San Pedro fault (Fig. 3A) at ~
km 2.0. In the seismic profile, this structure may be imaged as the strong irregular
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reflection described above, or may be attributed to slightly deeper, northeast-dipping
reflections (Fig. 8). It is also possible that this structure could have little or no reflection
response in the subsurface. Northward projections of rocks mapped in the hanging wall of
the San Pedro fault suggest that shallow, incoherent events above the strong reflection
event could be correlative with northeast-dipping units of the Mineta Formation, Galiuro
volcanics and pre-Oligocene bedrock. Northward projection of a high-angle (70º E)
normal fault, which cuts these units basinward of the San Pedro fault, suggests that it
should be imaged in the seismic profile. However, no such fault relation is uniquely
interpretable in the profile. No distinct angular discordance between any of the reflections
is definitively imaged in the profile.
The northeastern end of profile CX12A (Fig. 9) is situated ~ 5 km southeast of
line CX12C and the profile extends southwest from its terminus on the eastern flank of
the Catalina core complex through Redington Pass to the Tucson Basin (Figs. 2 and 3).
Roughly two-thirds of the extent of this profile traverses mylonitized middle Eocene and
Precambrian igneous rocks (Fig. 3A), but crosses the Catalina detachment fault at the
western margin of the Tucson Basin, and then continues westward above basin-fill
sedimentary rocks.
Although strongly mylonitized rocks occur along the profile, and are inferred to
extend to a depth of 1 to 2 km (Davis 1980; Davis, 1983; Reynolds and Lister, 1990;
Dickinson, 1991), a distinct reflection signature attributable to the mylonite zone is not
well imaged on profile CX12A where these rocks crop out. However, from ~ km 11,
where the profile crosses the Catalina detachment fault, a strong, low-frequency,
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reflection interpreted as the contact between unmetamorphosed, tilted, basin-fill
sedimentary rocks and underlying mylonitic rocks, extends to the near the western end of
the profile. The Catalina detachment fault dips to the southwest with an apparent west
dip in profile CX12A of ~20º. Moderately east-dipping reflections, interpreted from
nearby outcrops (Fig. 3A) to be the Oligocene to lower Miocene Pantano Formation, dip
~ 45º E and are truncated by the detachment fault (Fig. 9).
In seismic profile CX16 (Fig. 7), no strong evidence of the Galiuro detachment in
the breakaway zone is resolved. A very weak, but fairly coherent reflection may
represent a detachment fault into which higher angle faults above sole, but this
interpretation is speculative. This very weak reflection feature appears to continue into
the subsurface with moderate southwest dip; if it is a breakaway detachment, it does not
appear to be strongly rotated into a synform beneath the San Pedro Valley as would be
expected in a traditional core-complex interpretation. In seismic profile CX12C, no
evidence of reflection for the deeper depth extent of the detachment could be picked
beneath the San Pedro River from the center of the trough to the northeast flank of
Catalina core complex. Assuming that the geology is fairly similar along strike, the
detachment is assumed to have extended beneath the San Pedro River in profile CX12C
(Fig. 8). Although we can not unequivocally exclude the possibility that the San Pedro
trough is underlain by a synformal breakaway fault, there is no hint in the seismic data
for such a feature. Rather, we argue that the data are more suggestive that the Galiuro
detachment fault system extends at moderate angles beneath the eastern flank of the
Catalina core complex.
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Figure 10 shows subsurface structure of the Catalina core complex, and buried
normal faults beneath the San Pedro trough interpreted by Gettings (1994) from gravity
data (Gettings, 1996) and a truck-mounted magnetometer across the Santa Catalina
Mountains to the southwestern Galiuro Mountains (see Fig. 3A for location). In the San
Pedro trough, the interpreted structures of the model (Fig. 10) show homoclinal
successions of the sedimentary sequences that rest depositionally on tilt-block of older
rocks. Neither this model nor the seismic data suggest that progressive rotation or steep
dips of tilt blocks exist beneath the San Pedro trough and, as already described, are not
evident in outcrop at the northeast flank of the Catalina core complex.

6. Discussion
6.1. Implications for models of core complex development
“Traditional” models of Cordilleran metamorphic core-complex development are
characterized by a breakaway zone in which extension is initially accommodated by
moderate-to-high-angle normal faults, which coalesce to form a master detachment fault.
As extension progresses, the breakaway fault is rotated and deformed into a synform as
the lower plate isostatically rebounds due to tectonic denudation—ultimately leading to
abandonment of the initial fault system and formation of a new breakaway that soles into
the detachment where displacement is still favorable (Coney, 1980; Davis, 1980;
Crittenden et al., 1980; Davis and Hardy, 1981; Wernicke, 1981; Spencer, 1984;
Wernicke, 1985; Wernicke and Axen, 1988; Spencer and Reynolds, 1989; Dickinson,
1991). A schematic cross-section (Fig. 1A) illustrates metamorphic core-complex
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structure due to movement along a single detachment system. If this idealized corecomplex evolutionary diagram is applied to the Catalina-Rincon metamorphic core
complex (from which the generic model was originally partly derived), then the Galiuro
detachment fault would be the breakaway fault in this evolutionary process and the San
Pedro fault would be its originally down-dip equivalent that was folded and rotated
during isostatic uplift.
Testable predictions of “traditional” core complex models involve the timing and
subsurface geometry of the breakaway detachment fault and can be describes as: 1) time
difference on fault motions and age relations between the first breakaway and the second
breakaway, 2) initial fault-to-bedding angles should be preserved along the detachment,
and 3) back rotation of the detachment into a synform due to isostatic adjustment would
lead to high dip angles in hanging-wall units.
Integration of geologic information in the northeastern flank of the Catalina core
complex (Figs. 2 and 3) with seismic reflection profiles across the Catalina core complex,
through Redington Pass and across the San Pedro trough provides new constraints on the
evolution of the Catalina core complex. The Catalina detachment fault is interpreted to
have been active during the 30-20 Ma time interval (Eberly and Stanley, 1978;
Dickinson, 1991; Fayon et al., 2000; Houser and Gettings, 2000). Similarly, the Galiuro
detachment fault is constrained to have been active during 29-18 Ma (Dickinson 1987;
Dickinson and Shafiqullah, 1989; Dickinson, 1991). The ages of faulting on the Catalina
detachment (30-20 Ma) and the Galiuro normal fault system (29-18 Ma) show these
structures to be essentially coeval, which precludes an early abandonment of the up-dip
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Galiuro detachment fault of the system while the down-dip Catalina segment continues to
move. This presents interpretive difficulties for the Galiuro fault system to be the main
breakaway. We suggest that the Galiuro and Catalina breakaways initiated at about the
same time, and hence, the Galiuro detachment fault is not the main breakaway to the
Catalina core complex.
Based on structural relations and our U-Pb zircon dating of a sill within the San
Pedro fault zone in the northeast flank of the Catalina core complex, we interpret the sill
to have been emplaced after significant slip on the fault, and therefore its lower intercept
age, 27 ± 1.1 Ma, constrains the minimum age of faulting. This argues that the San Pedro
fault was active at the latest during early movement on the Catalina detachment fault, but
could have been active much earlier. In this context, the San Pedro fault could be a thrust
fault that was active during Late Cretaceous to early Tertiary time. Younger-on-older
structural relations on the San Pedro fault can be speculated to have been inherited from
contractional deformation as a roof-thrust system (Banks et al., 1986; Price, 1986;
Wallace, 1993; Cooper, 1996; Jones, 1996).
The northeast-dipping San Pedro fault along the eastern flank of the Catalina core
complex should be imaged above ~1.5 s on line CX12C (Fig. 8) and, as noted earlier,
must subcrop on this profile. Mid-Tertiary sedimentary and volcanic rock units and preOligocene bedrock in the hanging wall of the San Pedro fault (in the San Pedro trough)
should be very steeply dipping if the San Pedro fault is the breakaway fault (assuming
regionally typical cut-off angles on normal faults). However, the seismic data show that
reflections from the northeast flank of the Catalina core complex and beneath the western
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half of the San Pedro trough dip gently to moderately to the northeast (profiles CX16 and
CX12C, Figs. 7 and 8, respectively) subparallel to the San Pedro fault. Thus, any
successful model also must explain the flat-on-flat relationship observed along the San
Pedro fault in the surface geology and corroborated in the subsurface by seismic data.
The only way to explain these field relationships in the “traditional” model is if the San
Pedro fault represents a portion of the breakaway fault, downdip of the listric portion,
where it became bedding parallel (Fig. 11). Although we can not exclude the possibility
that the San Pedro trough is underlain by a synformal breakaway fault that links the
Galiuro and San Pedro faults, there is no hint in the seismic data for such a feature.
Rather, a simple interpretation of both the surface and subsurface data is that the Galiuro
detachment fault extends at a moderate angle beneath the eastern flank of the Catalina
core complex, and is independent of the San Pedro fault (Fig. 1B).
We suggest the possibility of an alternative kinematic model in which extension
was accommodated by two distinct top-to-the-southwest normal fault systems—the
Catalina detachment system in the southwest and the Galiuro detachment system in the
northeast (Fig. 12). With increased extension, progressive backrotation and isostatic
rebound of the footwall leads to abandonment of the up-dip portion of the initial
breakaway fault and initiation of new basinward-stepping breakaway faults in the
hanging wall (Lister and Davis, 1989; Spencer and Reynolds, 1989; Kapp et al., 2008).
Starting with the Catalina detachment fault, and the relatively younger Teran Wash Fault
(Fig. 12) related to earlier stages of this evolutionary process, the Catalina core complex
exposed a relatively younger detachment fault (the Catalina detachment fault, Fig. 12),
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with the only major difference between the two (the Catalina detachment fault and
Galiuro detachment fault) being the magnitude of displacement, which was greater for
the Catalina detachment. In our model, the initial breakaway systems have been uplifted
and eroded (Fig. 12).
Metamorphic core complexes in southeastern Arizona form type-examples and
their intensive study contributed to the development of “traditional” core-complex
models (Davis, 1980; Davis and Hardy, 1981; Wernicke, 1981; Coney and Harms, 1984;
Wernicke, 1985; Buck, 1988; Wernicke and Axen, 1988; Lister and Davis, 1989; Spencer
and Reynolds, 1989; Dickinson, 1991; Livaccari and Geismann, 2001). Models
explaining evolution of metamorphic core complexes in different parts of the world often
have been strongly influenced by these “traditional” models. Necessarily, models of corecomplex development in any area should explain field relations and timing constraints.
However, our analysis suggests that geological and geophysical observations in
southeastern Arizona may be inconsistent with at least some aspects of "traditional"
breakaway-detachment core-complex models, or may be equally well explained by
alternative models, even in one of the type localities.

7. Conclusions
New U-Pb zircon dating of a sill that was emplaced within and parallel to the San
Pedro fault zone provides a minimum age constrain on faulting, and other
geochronological studies (Dickinson, 1987; Dickinson and Shafiqullah, 1989; Waldrip,
2008) suggest that the Galiuro detachment and Catalina detachment were coeval. Then,
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relations preclude early abandonment of the up-dip Galiuro detachment fault while the
down-dip Catalina segment continues to move, as was inferred in “traditional” corecomplex models.
Surface geologic data and 2-D seismic data show gently to moderately northeastdipping rocks along the northeastern flank of the Catalina core complex and beneath the
San Pedro trough. Major rotation of rock units in the hanging wall of the Galiuro
detachment fault would be required in response to greater movement and back rotation of
this fault along the eastern flank of Catalina core complex. This is essentially precluded
by the flat-on-flat relationships exposed in outcrop and imaged in seismic reflection data.
The only way to explain these observations in the “traditional” model is if the San Pedro
fault represents a portion of the breakaway fault downdip of the listric portion, where it
has become bedding parallel within sedimentary units (Fig. 11).
We suggest that the Galiuro and Catalina breakaways initiated at about the same
time and that these breakaways likely have been eroded due to isostatic compensation
and uplift. Hence, the southwest-dipping, range-bounding Galiuro detachment fault is
coeval with the Catalina detachment fault in this evolutionary process. We infer that the
Galiuro detachment fault dips moderately towards the southwest, offsetting earlierformed pre-Oligocene structures in the San Pedro trough, and finally projects beneath the
Catalina core complex and merges with a broad zone of mid-crustal deformation. Our
alternative kinematic model simply explains the observations and suggests that the San
Pedro fault is not directly linked to the Galiuro detachment fault. Collectively, these
findings suggest that extension was accommodated by a pair of top-to-the-southwest
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normal-fault systems, with the only major difference between the two (Catalina and
Galiuro detachment faults) being the magnitude of displacement, which was greater for
the Catalina detachment.
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Tables and Figures
Table 1. U-Pb zircon dating results
Table 2. A) Seismic data acquisition parameters, and B) generalized seismic data
processing flow for 2-D seismic reflection data (modified from Wagner and
Johnson, 2006)

Figure 1. A. Schematic representation of the “traditional” core complex model, in which
the breakaway fault is rotated and deformed into a synform as the lower plate
isostatically rebounds due to tectonic denudation, B. suggested alternative model,
in which the Galiuro detachment fault dips moderately towards the southwest,
offsetting earlier-formed pre-Oligocene structures in the San Pedro trough, and
finally projects beneath the Catalina core complex and merges with a broad zone
of mid-crustal deformation. This model more simply explains the observations
and suggests that the San Pedro fault is not directly linked to the Galiuro
detachment fault (cross sections are vertically exaggerated).
Figure 2. Simplified geologic map of the Tucson Basin, Santa Catalina-Rincon
Mountains, San Pedro Trough, Galiuro Mountains, and surrounding regions.
Seismic profile locations (solid green lines) are shown with associated profile
number (modified from Hirschberg and Pitts, 2000; Wagner and Johnson, 2006).
Figure 3.A. Color shaded relief geologic map of the Catalina core complex, San Pedro
trough, and the Galiuro Mountains. Seismic profile locations shown with
associated profile numbers. Blue numbers on the seismic profiles denote
horizontal distance in kilometers along each profile. Abbreviations: Qts,
Quaternary-Tertiary sedimentary units; Tpa, Pantano Formation; Tsz, San Manuel
Formation; Tgv, Galiuro Volcanics; Tmi, Mineta Formation; Twm, Tertiary
Wilderness granite-mylonitic; Tw, Tertiary Wilderness granite; Kb, Bisbee
Group; Km, Bisbee Group-metamorphosed; Ps, Paleozoic rocks; Pm, Paleozoic
rocks-metamorphosed; Yom, Precambrian Oracle granite-mylonitic; Yo,
Precambrian Oracle granite; Xp, Precambrian metasedimentary rocks-Pinal Schist
(modified from Dickinson, 1992). B. Part of a detailed geologic map of the Soza
Canyon 71/2’ Quadrangle, Cochise and Pima Counties, AZ, showing sample
location for U-Pb zircon dating. Abbreviations: Qal, Quaternary alluvium; QTg,
Quaternary-Tertiary gravels; Tqc, Late Tertiary Quiburis Formation; Tgl, Tertiary
leucogranite; Tr, Tertiary rhyolite lava; TKm, Mafic intrusive rocks (Tertiary to
Cretaceous); Kjb, Bisbee Group, undivided (Cretaceous to Jurassic); Jg, Glance
conglomerate member of the Bisbee Group (Jurassic); MzPzt, Metasedimentary
tectonite, undivided ( Mesozoic to Paleozoic); PPe, Earp Formation of the Naco
Group (Paleozoic); YXg, Biotite Granite, undivided (Precambrian); Xp, Pinal
Schist (Precambrian) (modified from Lingrey, 1982; Spencer et al., 2008).
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Figure 4. Generalized stratigraphic column of the rock units in the San Pedro trough and
adjacent areas with stratigraphic relationships, description of rock units, and
major tectonic events through time. Major unconformities are indicated by wavy
horizontal lines representing non-depositional or erosional hiatuses.
Figure 5. A. Low-angle northeast-dipping San Pedro fault, where it has been mapped as
an early abandonment of the up-dip part of the Galiuro breakaway system. Fault
juxtaposes the lower Cretaceous Bisbee Group on top of Paleozoic rocks in the
northeastern Rincon Mountains. B. Close-up view of asymmetric, mesozcopic
folds in Paleozoic strata within ~ 1 m of the San Pedro fault, which indicate topto-the-southwest sense-of-shear. C. Emplaced within and parallel to the San Pedro
fault zone is an intrusive quartzofeldspathic sill along the contact in the wash.
Abbreviations: KJb, Lower Cretaceous Bisbee Group; Pz, Paleozic rocks
Figure 6. U-Pb concordia diagram for a sill emplaced within and parallel to the San
Pedro fault zone. See Figs. 3A and 3B for sample location. Numbers along
concordia are ages in Ma. MSWD – mean square of weighted deviations.
Figure 7. A. Upper 3 s (~6-8 km) from uninterpreted stacked time section of seismic
profile CX16 across the San Pedro trough (See Figs. 2 and 3A for location). B.
Interpreted Section. Horizontal scale in kilometers, used for horizontal
referencing in the text. Red solid lines represent interpreted faults, dashed
portions are inferred. Yellow dashed line is the inferred unconformity between
mid-Tertiary and late Cenozoic units. Abbreviations: MP, Miocene-Pliocene
sedimentary units; Ts, mid-Tertiary sedimentary deposits; Tv, Tertiary volcanic
rocks; Pz: Paleozoic limestone. Red arrows indicate inferred subsurface geometry
of Galiuro detachment fault beneath San Pedro trough.
Figure 8. A. Upper 3 s from uninterpreted stacked time section of seismic profile CX12C
across the western half of the San Pedro trough (See Figs. 2 and 3A for location).
B. Interpreted section. Horizontal scale in kilometers, used for horizontal
referencing in the text. Red dashed lines are inferred high-angle normal faults.
Blue dashed lines are northeast-dipping reflections which can be attributed to rock
units juxtaposed either by Laramide thrust decollements or by the San Pedro fault,
both exposed in the northeastern flank of the Catalina core complex.
Abbreviations: Ts, mid-Tertiary sedimentary deposits; Tv, Tertiary volcanic
rocks; Xp, Precambrian metasedimentary rocks; Pm, metamorphosed Paleozoic
rocks; Km, metamorphosed Bisbee Group.
Figure 9. A. Upper 3 s (~6-8 km) from uninterpreted stacked section of seismic profile
CX12A across the Redington Pass area of the Catalina core complex (See Figs. 2
and 3A for location). B. Interpreted section. Horizontal scale in kilometers, used
for horizontal referencing in the text. Brown solid lines represent the Catalina
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detachment fault (CDF), dashed where inferred. Black solid lines represent highangle normal faults disrupting the hanging wall of the detachment, dashed where
inferred. Abbreviations: QTs, Quaternary-Tertiary sedimentary units; Ts, midTertiary sedimentary rocks (Pantano Formation); Twm, Eocene Wilderness
granite-mylonitic; Yom, Precambrian Oracle granite-mylonitic; Tw, Eocene
Wilderness granite.
Figure 10. Model showing interpretation of magnetic anomaly profile collected by a
truck-mounted magnetometer from the Tucson Basin to “16-to-1” Mine in the
Galiuro Mountains (modified from Gettings, 1994). See Fig. 3A for location of
magnetic anomaly profile (cross section is vertically exaggerated).
Figure 11. Interpretive southwest-northeast schematic structural evolutionary diagrams,
along transect from the Tucson Basin in the southwest to the Galiuro Mountains
in the northeast, documenting core-complex development and gently dipping units
in the hanging wall of the San Pedro fault. This model can explain flat-on-flat
relationships, observed in the field, in the traditional model where the San Pedro
fault represents a portion of the breakaway fault, downdip of the listric portion,
where it was bedding parallel.
Figure 12. Schematic kinematic model for the evolution of the Catalina core complex. a)
Initial stage of middle Tertiary extension in which the region is blanketed by a
pulse of magmatism. Future fault locations are shown as dashed breakaways for
the Galiuro and the Catalina detachment systems. b) With increased extension,
upper-plate deformation has occurred above the Catalina detachment in the
southwest and the Galiuro detachment in the northeast. Synextensional
sedimentation takes place in their hanging wall. Progressive upwarping and
isostatic rebound of the footwall cause abandonment of the initial breakaway fault
and initiation of new breakaways in the hanging wall. c) Catalina core complex
has been exhumed to upper crustal levels. Onset of mid-Miocene to Pliocene
extensional deformation includes initiation of high-angle Basin-and-Range
normal faults and formation of relatively undeformed sedimentary packages in the
evolving basins.
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Table 2.

A)

B)
Acquisition Parameters
Phillips Petroleum Co. Lines
CX12A, CX12C, CX16,

 Source: Vibroseis® 10-48 Hz,
14 s
 Source interval: 100.5 m
 Receiver interval: 100.5 m
 CDP* interval: 67 m
 Receiver layout pattern:
split-spread
 Number of channels: 48
 Maximum offset: 1.8 km
 Nominal fold: 24
 Nominal data length: 6 s
 Recording length: 24 s
 Sample rate: 4 ms
 Geophone natural
frequency: 10 Hz
* Common depth point

2D Seismic Reflection Data Processing Flow
Phillips Petroleum Co. Lines
CX12A, CX12C, CX16




















SEGY in
N/A
Geometry apply
Elevation statics
Tv Spectral whitening
Air-blast attenuation
Time and space variant band-pass
filters (10-45 Hz, 10-65 Hz)
F-X Deconvolution
Trace edit
Mute by offset
Velocity analysis (velocities picked
every 15 CDPs)
Normal-moveout (NMO) correction
Stretch mute after NMO (applied for
lines CX12A, CX12C and CX16)
Bandpass filter (10-32 Hz)
Brute stacks
Flat datum correction
Automatic gain control (AGC)
(1500 ms) for display
SEGY out

94

Figure 1.

95

Figure 2.

Figure 3.

96

97

Figure 4.

Figure 5.

98

99

Figure 6.

Figure 7.

LINE CX16

100

101

Figure 8.

Figure 9.

102

.

Figure 10.

103

Figure 11.

104

Figure 12.

105

106

APPENDIX C

SEISMIC INTERPRETATION AND STRUCTURAL ANALYSIS ALONG A
TRANSECT FROM THE BABOQUIVARI MOUNTAINS TO THE TRANSITION
ZONE OF THE COLORADO PLATEAU

M. Serkan Arca1, Roy A. Johnson1, Paul Kapp1, Frank H. Wagner2, III (Trey), and
Joseph M. Kruger3

1

Department of Geosciences, University of Arizona, Tucson, AZ 85721, USA

Tel.: +1-520-621-4890, Fax: +1-520-621-2672, email: serkan@email.arizona.edu
2

ConocoPhillips, Houston, TX 77079, USA

3

Earth and Space Sciences, Lamar University, P.O. Box 10009, Beaumont, Texas 77710

107

Abstract
Reprocessing and interpretation of a regional suite of industry 2-D seismic
reflection profiles along a transect from SW to NE across highly extended terranes in
southeastern Arizona illuminate subsurface structures and various styles of extensional
deformation related to Cenozoic crustal extension in the southern Basin and Range
province of western the North American Cordillera. From southwest to northeast, major
tectonic/structural elements crossed by the transect include the Baboquivari Mountains,
Altar Valley, Avra Valley, Tucson Mountains, Tucson basin, Catalina core complex, San
Pedro trough, Galiuro Mountains, Aravapai-Sulphur Springs Valley, Pinaleño Mountains
core complex, Safford Basin, and the Gila Mountains.
A new digital compilation of geological data along the transect, coupled with
discontinuous seismic reflection profiles and well control, indicate that the Altar Valley
fault, Avra Valley fault, Catalina detachment fault, the bounding normal faults of the
Galiuro Mountains, and the detachment fault beneath the Safford basin, probably merge
with a broad zone of mid-crustal deformation, and represent related aspects of regional
extensional events in the middle-Tertiary. These faults were responsible, in part, for core
complex exhumation.
The main objective of this analysis is to make a kinematic model for mid-Tertiary
extension as compared to earlier models of core complex development. Geological and
seismological data indicate that viable alternative models explain observations at least as
well as previous core-complex models. Our model suggests that the southwest- and
northeast-dipping normal-fault system on the flanks of Galiuro Mountains may not be the
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breakaway faults for the Catalina and Pinaleño detachment systems; in fact, the
breakaway zones for these systems likely have been eroded. Additionally, our kinematic
model suggests that major shear zones from the southwestern and northeastern parts of
the core-complexes apparently project beneath the Galiuro Mountains. Since relatively
little upper crustal extension is evident at the surface in the Galiuro Mountains,
heterogeneous upper-crustal extension beneath the Galiuro Mountains may be
accommodated by a more uniformly deforming, ductilely deformed middle-crustal shear
zone with differential movement above and below the brittle-ductile transition zone.

Keywords: crustal extension, low-angle fault, metamorphic core complex, mid-crustal
shear zone, isostatic compensation
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1. Introduction
Cenozoic crustal extension in the Basin and Range province of western North
America is characterized by various types of extensional deformation (e.g., Hamilton and
Myers, 1966; Proffett, 1977; Stewart, 1978; Gans, 1987). One style of crustal extension is
typified by slip along low-angle detachment faults, in which extensional strains of 100 %
or more can take place with tectonic unloading. This process results in isostatic uplift
and exposure of mid-crustal material in the footwall of the system, placing it adjacent to
upper-crustal material. Another style of deformation is imbricate extension along
domino-style, regularly spaced high-angle normal faults, which have similar tilt
directions. Unlike deformation along low-angle detachment faults, domino-style
imbricated extensional deformation exhibits much less extension along individual faults;
however, the total extensional strains over the imbricate series can display moderate
extension (Stewart, 1978). Interestingly, the low-angle detachment systems and dominostyle imbricated faults occur in adjacent areas in southeastern Arizona, and are
interpreted to have been coeval in most of the area (Titley, 1982; Dickinson, 1991;
Wagner, 2005).
Reprocessing and interpretation of a regional suite of industry 2-D seismic
reflection profiles along a transect from SW to NE across highly extended terranes in
southeastern Arizona illuminate subsurface structures related to Cenozoic crustal
extension. Seismic reflection profiles, which span nearly 180 km sub-parallel to regional
extension, coupled with a new digital compilation of geologic data and well control,
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highlight extensional processes and give a detailed view of subsurface fault geometries
and related extensional features in the southern Basin and Range.
In particular, some of the extensional features include: the Catalina detachment
fault, the Altar Valley fault, the Avra Valley fault, the bounding normal faults of the
Galiuro Mountains, and the detachment fault beneath the Safford basin. These fault
systems probably merged with a broad zone of mid-crustal deformation at a transition
zone from brittle to ductile deformation, and represent related aspects of regional
extensional events in the middle-Tertiary. In this area, observations support a
subhorizontal decoupling-zone model for crustal extension in which heterogeneous
upper-crustal brittle extension occurs over a more uniformly, ductilely extending middle
and lower crust (Gans, 1987; Block and Royden, 1990; Wernicke, 1990; Kruger and
Johnson, 1994; Kruger et al., 1998; McKenzie et al., 2000).
The main focus of this paper is to observe different deformational styles and
modes of crustal extension in the region, and to analyze the kinematic evolution of
metamorphic core complexes by integrating seismic reflection profiles with surface
geologic and well data along a transect from the Baboquivari Mountains to the transition
zone of the Colorado Plateau. In this context, we present a kinematic model for the
development of metamorphic core complexes, and discuss the implications for the
mechanisms behind regional Cenozoic extensional processes.
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2. Geologic Setting
2.1. Regional Geology
The Baboquivari, Tucson, Santa Catalina-Rincon, Galiuro, and Pinaleño
Mountains in southeastern Arizona (Figs. 1 and 2) lie within a zone of large-scale crustal
extension in the southern Basin Range. The focus of this study is along a transect from
the Baboquivari Mountains in the southwest, through the Catalina and Pinaleño
Mountains core complexes, to the transition zone of the Colorado Plateau in the northeast
(Figs. 1 and 2). The timing for mid-Tertiary extension causing the formation of the Santa
Catalina and Pinaleño Mountains core complexes and other core-complexes in the region
is constrained to have taken place during 28 to 17 Ma (Dickinson, 1991). This extension
occurred along moderate- to low-angle detachment faults and was directed mainly NESW (Spencer and Reynolds, 1989; Dickinson, 1991; Spencer and Reynolds, 1991).
Mylonitic rocks deformed within a dominantly ductile regime, at an estimated depth of
10 to 12 km, were brought to surface in the footwalls of the detachments due to flexural
isostatic uplift of the footwall in response to tectonic denudation. The detachment faults
juxtapose different crustal levels forming the boundary between mylonitized rocks, in
which mylonitic fabric dips gently in the direction of extension and overprints the
footwall rocks, and unmetamorphosed upper plate rocks (Coney, 1980; Davis, 1980;
Crittenden et al., 1980; Davis and Hardy, 1981; Coney and Harms, 1984; Spencer, 1984;
Wernicke, 1985; Wernicke and Axen, 1988; Lister and Davis, 1989; Spencer and
Reynolds, 1989; Dickinson, 1991). The hanging-wall rocks of the detachment systems,
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which are extensively fractured and faulted, contain nonmylonitic rocks with numerous
tilt-blocks of upper-plate material.
Mid-Tertiary low-angle faulting was followed by Basin and Range block faulting,
active from about 15 to 10 Ma (Eberly and Stanley, 1978; Menges and Pearthree, 1989;
Spencer and Reynolds, 1989; Dickinson, 1991; Spencer and Reynolds, 1991) in which
lower-magnitude extension was accommodated along high-angle normal faults. These
high-angle normal faults dissect the earlier, low-angle detachment faults and
metamorphic core complexes (Dickinson, 1991; Spencer and Reynolds, 1991;
Constenius, 1996; Davis et al., 2004; Wagner and Johnson, 2006).
Sedimentary deposits associated with these extensional processes contain two
distinct phases of sedimentary sequences bounded by a mid-Miocene depositional hiatus
(Eberly and Stanley, 1978; Scarborough, 1989). The oldest basin-fill units below the
unconformity consist of tilted and faulted middle Oligocene to lower Miocene
sedimentary and volcanic rocks. These rocks are interpreted to record normal faulting and
unroofing during development of the metamorphic core complexes (Eberly and Stanley,
1978; Houser and Gettings, 2000). These oldest basin-fill units are divided into three
subunits including a lower unit associated with fluvial sedimentary deposits, a middle
unit composed of volcanic rocks alternating with sedimentary units, and an upper unit of
extrusive volcanic rocks and interbedded sediments (Eberly and Stanley, 1978; Houser,
1990). Distinct phases of sedimentary deposits are separated by an early-to-mid Miocene
depositional hiatus forming a regional unconformity. The age of this unconformity
surface is constrained to have yielded ages of ~20 Ma from tuff layers lying beneath the
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unconformity near the Catalina core complex (Dickinson, 1991), whereas an age of ~17
Ma has been assigned to this unconformity from volcanic rocks of intermediate
composition deposited during the mid-Tertiary near the Pinaleño Mountains core
complex (Houser, 1990; Kruger et al., 1995).
Above the unconformity are mid-Miocene to Pliocene sedimentary strata
characterized by alluvial and fluvial units, and interbedded lacustrine and fluvial units
that were deposited during Basin and Range block faulting (Eberly and Stanley, 1978;
Menges and Pearthree, 1989; Spencer and Reynolds, 1989; Houser, 1990; Dickinson,
1991; Kruger et al., 1995; Houser and Gettings, 2000).

2.1.1. Baboquivari Mountains and Altar Valley
The Baboquivari Mountains is a nearly north-south trending range forming the
western edge of the Altar Valley in the southwestern end of the study area (Figs. 1 and 2).
The rock units of the Baboquivari range are mostly composed of Mesozoic
metasedimentary and plutonic rocks (Haxel et al., 1984; Davis et al., 1987; Goodwin and
Haxel, 1990; Wagner, 2005). However, early-Tertiary granites are exposed in the
northern and southern ends of the range. Exposed mylonitic rocks derived from the earlyTertiary granites are overlain by low-angle detachment faults in the northern and southern
parts of the Baboquivari Mountains (Davis et al., 1987; Goodwin and Haxel, 1990). The
Coyote detachment fault, where top-to-the-north sense of shear is documented, is
exposed on the northern flank of the Baboquivari range. Faulting and mylonitization are
loosely constrained to have been active between 58 and 28 Ma (Davis et al., 1987).
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Additionally, mid-Tertiary extension is documented along a detachment fault in the
southern Baboquivari Mountains and the NNE-SSW-oriented extension is interpreted to
have taken place around 24 Ma (Goodwin and Haxel, 1990) with the upper plate material
of the detachment moving towards south relative to the footwall.
The Altar Valley, which contains mid-Tertiary units overlain by late Cenozoic
sedimentary strata (Figs. 3 and 4), is located to the northeast of the adjacent Baboquivari
Mountains (Figs. 1 and 2) and is separated from the eastern flank of the Baboquivari
Mountains by a major east-dipping range-bounding normal fault, termed the Altar Valley
fault, inferred from seismic reflection data (Wagner, 2005).

2.1.2. Tucson Mountains and Avra Valley
The north-northwest trending Avra Valley, which is bounded by the Tucson
Mountains to the east and the Sierrita Mountains to the south, joins the Altar Valley
toward the south. The Avra Valley contains similar accumulations of sedimentary rocks
as occur beneath the Altar Valley, where mid-Tertiary units are overlain by late Cenozoic
basin-fill units.
The Tucson Mountains, bordering the eastern edge of the Avra Valley, and
bounded on their eastern flank by the Tucson basin (Figs. 1 and 2), are composed mainly
of Cretaceous volcanic and sedimentary rocks except on the northwestern and
northeastern ends where exposure of late Cretaceous granites and Tertiary volcanics
occur, respectively (Dickinson, 1991, 1992).
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2.1.3. Catalina Core Complex and Tucson Basin
The Santa Catalina – Rincon metamorphic core complex (here termed the
"Catalina core complex" after Rehrig and Reynolds, 1980) is located east and northeast of
Tucson in southeastern Arizona (Figs. 1 and 2); this complex is typical of Cordilleranstyle metamorphic core complexes that extend in a narrow belt from western Canada to
northern Mexico (e.g., Coney, 1980; Davis, 1980; Crittenden et al., 1980; Coney and
Harms, 1984; Lister and Davis, 1989; Kruger and Johnson, 1994, 1995; Nourse et al.,
1994; Livaccari and Geismann, 2001). It is composed mainly of Tertiary and Proterozoic
granites and mylonitic rocks derived from these granites (Figs. 1 and 2) (Spencer and
Reynolds, 1989). Along the southwestern flank of the core complex, the mylonitic
fabrics, which occur in a belt ~10 km wide, exhibit generally shallow-dipping foliations,
stretching lineations trending 245° -250° (Fig. 1), and S-C and other ductile fabrics
indicating top-to-the-southwest sense-of-shear. These mylonitic rocks are separated from
lower-grade rocks in the hanging wall by the regionally southwest-dipping (20°-35°)
Catalina detachment fault, which shows the same sense-of-shear as underlying shearzone rocks (Coney, 1980; Crittenden et al., 1980; Davis, 1980; Davis and Hardy, 1981;
Davis, 1983). The Catalina detachment fault is inferred to have a total offset of 20-30 km
(Dickinson, 1991) and to have exhumed mylonitic rocks from mid-crustal levels (~10-15
km) in its footwall during the 30-20 Ma time interval (Eberly and Stanley, 1978; Fayon et
al., 2000; Houser and Gettings, 2000). Syntectonic or older sedimentary units in the
upper plate of the detachment, often dipping towards the detachment fault, are cut by
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synthetic and antithetic normal faults soling into the master detachment fault (Dickinson,
1991).
Laramide deformation along late Cretaceous-early Tertiary and older
contractional structures, associated with mylonites and other ductile fabrics, have been
mapped along the northeastern flank of the Catalina core complex, and are hosted by
rocks ranging in age from Proterozoic to Cretaceous (Thorman and Drewes, 1981;
Lingrey, 1982; Janecke, 1987; Krantz, 1989; Gehrels and Smith, 1991). In many places
along the northeastern flank of the core complex, it is unknown whether exposed faults
and shear zones are related to late Cretaceous-early Tertiary shortening or mid-Tertiary
extension. Typifying this uncertainty is the low-angle, northeast-dipping San Pedro
detachment fault, which has traditionally been interpreted as a normal fault (Figs. 1 and
2) (Lingrey, 1982; Dickinson, 1991; Gehrels and Smith, 1991). By this interpretation, the
San Pedro detachment fault is proposed to have originally been southwest-dipping with
top-to-the-southwest tectonic transport (possibly the up-dip extension of the Catalina
detachment fault) prior to being backtilted/folded during later normal faulting and
doming (Davis and Hardy, 1981; Spencer, 1984; Dickinson, 1991). In this interpretation,
the San Pedro detachment fault must resurface somewhere to the northeast as a
breakaway fault, presumably along the northeastern flank of the San Pedro trough (Figs.
1 and 2).
Dissecting the Catalina core complex are a series of younger Basin and Range
high-angle (50°-65° ) normal faults including the N-S-striking Pirate and Martinez Ranch
faults (Figs. 1 and 2). The Pirate fault flanks the northwestern side of the Catalina core
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complex and separates Neogene basin fill in the hanging wall from crystalline rocks of
the Catalina core complex in the footwall. The southwestern end of the fault projects
beneath the Neogene basin cover, and is inferred to cut the Catalina detachment fault
(Dickinson, 1991; Davis et al., 2004; Wagner and Johnson, 2006). Displacement along
the Pirate fault occurred primarily during the interval 12-6 Ma based on ages from
sedimentary units within Oro Valley (Davis et al., 2004). The east-dipping Martinez
Ranch fault bounds the northwestern margin of the Happy Valley basin within the Rincon
Mountains and clearly truncates the Catalina detachment fault (Dickinson, 1991, 1998;
Davis et al., 2004). These younger high-angle Basin-and-Range faults are considered to
have been responsible for the late-stage phase of deformation and existing topographic
relief of the Catalina core complex by means of flexural isostatic uplift of the core
complex (Dickinson, 1991; Davis et al., 2004; Wagner and Johnson, 2006).
The Tucson Basin, located within a zone of highly extended terranes, is bounded
to the north and northeast by the Catalina core complex, to the west by the Tucson
Mountains, and to the southwest by the Sierrita Mountains (Figs. 1 and 2).The Tucson
Basin contains ~1200-m-thick mid-Tertiary and ~2000-m-thick post-mid-Miocene
sedimentary strata deposited in large structural depressions created by Cenozoic
extension (Figs. 3 and 4) (Eberly and Stanley, 1978).

2.1.4. San Pedro Trough and Galiuro Mountains
The San Pedro trough forms an elongated structural depression bounded on the
southwest by the Catalina core complex and on the northeast by the faulted range front of

118

the relatively unextended Galiuro Mountains (Dickinson, 1991). The San Pedro trough
largely exposes undeformed, post-mid Miocene deposits (Quiburis Formation) that show
alluvial-fan and fluvial-lacustrine facies (Dickinson, 1991, 2003). Locally, east- and
west-dipping high-angle normal faults, attributed to late Tertiary Basin and Range
extension, have exhumed tilted mid-Tertiary deposits in their footwalls (Menges and
Pearthree, 1989; Spencer and Reynolds, 1989; Dickinson, 1991). The rock units that are
exposed along the flanks of the San Pedro trough and that are likely present in the surface
beneath it include Proterozoic, Paleozoic, Cretaceous, and Tertiary rocks. Proterozoic
basement rocks consist of strongly folded and cleaved phyllitic metasedimentary rocks,
which are unconformably overlain by ~2000 m of Paleozoic platform deposits (Cambrian
sandstone overlain by dominantly limestone/dolomite sequences) of the Cordilleran
miogeocline (Dickinson, 1991) (Fig. 3). Cretaceous rocks are divided into three units: 1)
lower Cretaceous Bisbee rift-basin sandstones and mudstones overlain by 2) volcanic and
3) volcaniclastic rocks. These volcanic units grades upward into a sequence of
syncontractional conglomeratic redbeds (Mark, 1985; Goodlin and Mark, 1987). MidTertiary rock units consist of the middle-Oligocene Mineta Formation, the upper
Oligocene-lower Miocene Galiuro Volcanics, and the lower Miocene San Manuel
Formation (Fig. 3). The ~1,000-m-thick Mineta Formation shows growth relations
indicating that deposition occurred coeval with extension and deposition of ~28 Ma tuff
layers in its upper part. The ~1000-m-thick Galiuro Volcanics form the highlands of the
Galiuro Mountains, and were deposited at 29-24 Ma (Creasey and Krieger, 1978;
Dickinson and Shafiqullah, 1989). These volcanics are also exposed in the San Pedro
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trough along the crests of normal-fault-related tilt-blocks (Dickinson, 1991). The younger
(lower Miocene) San Manuel Formation is widely exposed along and adjacent to the San
Pedro trough. Tuffs within the formation yielded K-Ar ages in the 18-20 Ma range,
indicating deposition prior to Late Miocene block faulting (Dickinson and Shafiqullah,
1989). (See Appendix B for further details).
The Galiuro Mountains form a relatively stable block located within a zone of
highly extended terranes represented by the Catalina core complex in the southwest and
the Pinaleño Mountains core complex in the northeast (Figs. 1 and 2) (Dickinson, 1991).
The Galiuro Mountains, composed mainly of gently east-dipping mid-Tertiary volcanic
rocks, are bounded by normal faults at its flanks, separating faulted extensional terranes
of opposing vergence on both sides (Davis and Hardy, 1981; Spencer and Reynolds,
1989; Dickinson, 1991). The range-bounding west-dipping normal fault system (referred
to here as the Galiuro detachment) exposed along the southwestern flank of the Galiuro
Mountains (Figs. 1 and 2) has been interpreted to be the primary breakaway zone for the
Catalina core complex (Crittenden et al., 1980; Davis and Hardy, 1981; Lingrey, 1982;
Spencer, 1984; Dickinson et al., 1987; Dickinson, 1991). From east to west, and older to
younger based on cross-cutting relationships, these normal faults are the Soza Mesa fault
(also referred to as the Teran Basin fault) and the Teran Wash fault. The low-angle (10°45°) Soza Mesa fault cuts the Galiuro Volcanics in its hanging wall and therefore must be
post-Oligocene. A minimum-age constraint on fault slip is provided by mid-Miocene and
younger deposits that unconformably overlie the fault (Dickinson et al., 1987; Goodlin
and Mark, 1987; Dickinson, 1991). The Teran Wash fault dips moderately (25° to 55°)
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and offsets the Galiuro volcanic rocks by 1 to 2 km (Dickinson et al., 1987; Dickinson,
1991). Growth strata in the hanging wall indicate that this fault was active during the
early Miocene (Dickinson et al., 1987; Goodlin and Mark, 1987; Dickinson and
Shafiqullah, 1989; Dickinson, 1991; Waldrip, 2008). (See Appendix B for further
details).

2.1.5. Pinaleño Mountains Core Complex, Safford Basin and Gila Mountains
The northwest-southeast-trending Pinaleño Mountains core complex shows
aspects similar to other Cordilleran metamorphic core complexes in the Basin and Range
Province (Coney, 1980; Davis, 1980; Rehrig and Reynolds, 1980; Davis and Hardy,
1981; Coney and Harms, 1984; Naruk, 1987; Lister and Davis, 1989; Dickinson, 1991;
Kruger and Johnson, 1994; Nourse et al., 1994; Livaccari and Geismann, 2001) and
consists mainly of Precambrian granites and mylonitic gneiss derived from these granites
on the northeast flank of the Pinaleño Mountains (Rehrig and Reynolds, 1980; Thorman
and Naruk, 1987). Tertiary granites are exposed in the southern Pinaleño Mountains near
Stockton Pass and in the Santa Teresa Mountains north of Eagle Pass area (Figs. 1 and 2)
(Thorman, 1981; Drewes et al., 1985;, Kruger, 1991; Drewes, 1996).
Along the northeastern flank of the Pinaleño Mountains, lineated mylonitic
fabrics occur in a belt less than 3-km wide and exhibit northeast-trending, generally
gently northeast-dipping foliations. Similarly, the mylonitic fabrics that are exposed on
the southeast flank of Jackson Mountain, located southeast of the Santa Teresa Mountains
(Fig. 1), exhibit northeast-striking, gently southeast-dipping foliations (Davis, 1980;
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Rehrig and Reynolds, 1980; Naruk, 1986, 1987; Thorman and Naruk, 1987; Kruger,
1991). During formation of mylonites, the occurrence of a minimum ~7-km top-to-thenortheast sense-of-shear is estimated from kinematic indicators in the mylonitic fabrics,
which are interpreted to have been created by a normal sense of movement along
detachment faults (Naruk, 1987). A K-Ar whole-rock age of 28.3 ± 2.0 Ma (Rehrig and
Reynolds, 1980) was inferred as the age of mylonite formation in the Pinaleño Mountains
core complex. In addition, 40Ar/39Ar and U-Pb analyses of footwall rocks from the
Pinaleño and Jackson Mountain were conducted to constrain the age of mylonitization to
have taken place during the 29-19 Ma time interval in the Pinaleño Mountains core
complex (Long et al., 1995).
Detachment faults exposed in the Pinaleño Mountains core complex include the
Oak Draw detachment fault in the southern Pinaleño Mountains (Thorman, 1981; Drewes
et al., 1985), the Eagle Pass detachment fault on the southwestern flank of the Pinaleño
Mountains (Davis and Hardy, 198; Naruk, 1987; Kruger, 1991), and the multiple
detachment faults in Jackson Mountain (Blacet and Miller, 1978; Gehrels et al., 1990)
(Figs. 1 and 2). The rocks associated with the upper-plates of these detachment faults are
composed of mid-Tertiary volcanic and sedimentary rocks, volcaniclastic rocks and
dikes, and Precambrian granites and metamorphic rocks (Rehrig and Reynolds, 1980;
Davis and Hardy, 1981; Naruk, 1987).
The Eagle Pass detachment fault in the southwestern flank of the Pinaleño
Mountains core complex documents northeastward tectonic transport and juxtaposes midTertiary volcanic and sedimentary rocks against Precambrian granites in the Eagle Pass
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area (Rehrig and Reynolds, 1980; Davis and Hardy, 1981; Kruger, 1991); it is inferred to
have a minimum offset of 6-9 km (Naruk, 1987). Additionally, the Eagle Pass
detachment fault is proposed to have originally initiated on the northeast flank of the
Galiuro Mountains as a northeast-dipping fault with top-to-the-northeast sense-of-shear
(Crittenden et al., 1980; Davis and Hardy, 1981; Spencer, 1984; Dickinson, 1991), and
may possibly be the up-dip extension of the buried detachment fault beneath the Safford
Basin prior to being backtilted/folded during later normal faulting and doming (Coney,
1980; Davis, 1980; Davis and Hardy, 1981; Spencer, 1984; Dickinson, 1991).
The Safford Basin, bounded to the northwest by the Santa Teresa Mountains, to
the west and southwest by the Pinaleño Mountains core complex, and to the northeast by
the Gila Mountains, is a northwest-southeast trending Tertiary to Recent depositional
basin (Figs. 1 and 2). Separating the Safford Basin from the eastern flank of the Pinaleño
Mountains core complex is a major buried northeast-dipping normal fault, which is
inferred from seismic reflection data (Kruger, 1991; Kruger and Johnson, 1994; Kruger et
al., 1995). The Safford Basin contains two distinct phases of sedimentary sequences
bounded by a mid-Miocene unconformity (Houser, 1990; Kruger, 1991; Kruger et al.,
1995). The older units below the unconformity consist of middle Oligocene and lower
Miocene sedimentary and volcanic rocks (Fig. 3), which are interpreted to have been
deposited during mid-Tertiary low-angle normal faulting (Davis and Hardy, 1981;
Houser, 1990; Dickinson, 1991; Kruger, 1991; Kruger et al., 1995). The younger units
are late Cenozoic interbedded lacustrine and fluvial basin-fill units that were deposited
above the unconformity during Basin and Range block faulting (Houser, 1990; Kruger,
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1991; Kruger and Johnson, 1995). In particular, fine-grained lacustrine sediments of
claystone and mudstone are interbedded with fine- to coarse-grained fluvial deposits of
sandstone and conglomerate showing cross-bedding (Houser, 1990). The combined
thickness of these mid-Tertiary and late Cenozoic deposits is constrained to be about
6500 m, which is inferred from seismic reflection data (Kruger et al., 1995).
The Gila Mountains, located to the northeast of the Safford Basin, primarily are
underlain by Oligocene and Miocene volcanic and sedimentary rocks, volcanoclastics
and dikes, and late Cretaceous to early Tertiary volcanic and intrusive rocks (Fig. 1)
(Drewes et al., 1985; Houser et al., 1985; Kruger, 1991). Syntectonic or older
sedimentary units of the Gila Mountains, which occupy the upper plate of the buried
detachment fault beneath the Safford Basin, are cut by synthetic and antithetic midTertiary or younger normal faults (Kruger, 1991; Drewes, 1996).

3. Seismic reflection data
Most of the seismic reflection profiles (D36, D42, D31, CX12A, CX12C, CX16
and CX13; Fig. 1) were acquired in the late 1970’s to early 1980’s and were released to
the University of Arizona by Phillips Petroleum Corporation. Line 2, in the Tucson
Basin, was acquired by Exxon in the late 1970’s. Released raw field data were
reprocessed by the University of Arizona Reflection Seismology group. The acquisition
parameters, which were used to record these seismic lines, are listed in Table 1.
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The processing of data was done using Promax™ 2-D seismic processing software. Line
2 was extended to 12 s by extended correlation techniques in order to image deeper
crustal structure (Wagner, 2005). The final stacks of seismic profiles can be enhanced
through closely spaced, careful velocity analysis (see Table 2 for description of the
processing flow). Furthermore, to observe the dipping units in their correct locations, dipmoveout correction (DMO) and post-stack finite-difference time migrations were applied
to some of the lines for which better velocity modeling was applied. Post-stack filtering
techniques were applied to some of the data in the final stacks to help remove residual
noise. Also, for interpretation, a final automatic gain control (AGC) was applied with a
1500 ms moving window and the time sections were converted to depth utilizing
smoothed stacking velocities.
Additionally, well-log data were available to help constrain the seismic data
interpretations from the 3827-m-deep Exxon State 32-1 exploration well located in the
Tucson Basin (Eberly and Stanley, 1978; Houser and Gettings, 2000; Wagner, 2005) (see
Fig. 1 for location) and the 2746-m-deep Phillips Petroleum Co. Redondo State A-1
wildcat well located in Altar Valley (see Fig. 1 for location). Among the available well
curves, only the interval transit time and density curves are interpreted from the study of
Wagner (2005) to constrain the thicknesses of mid-Tertiary sediments and late Cenozoic
basin fill units (Fig. 4).
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4. Interpretation of seismic reflection profiles
Interpretation of seismic reflection profiles can illuminate subsurface features
related to Cenozoic extensional deformation of older structures. In this context, the
subsurface extensional features are mid-Tertiary normal faults that include: the eastdipping listric fault beneath the Altar Valley, the southwest-dipping listric fault beneath
the Avra Valley, the Catalina detachment fault, the San Pedro fault, Galiuro detachment
fault, Eagle Pass detachment fault, and the east-dipping normal fault beneath the Safford
Basin.

4.1. East-dipping fault beneath Altar Valley
Two 2-D seismic reflection profiles document the subsurface geometry of the
eastward-dipping fault beneath the Altar Valley, located at the western end of the survey
area. The Altar Valley fault, which is not seen at the surface, is buried beneath
undisturbed Quaternary alluvial cover and is interpreted to project to the surface ~1 km
from the eastern flank of the Baboquivari Mountains (Figs. 1 and 2). Profile D36 extends
southeast from the northeastern flank of the Baboquivari Mountains across the Altar
Valley to northwest of the Sierrita Mountains (Figs. 1 and 2). Similarly, profile D42 starts
~9 km southwest of line D36 and extends from the northeastern flank of the Baboquivari
Mountains across the Altar Valley and ends at the northwest flank of the Sierrita
Mountains (Figs. 1 and 2). Uninterpreted and interpreted stacked sections of profiles D36
and D42 are shown in Figs. 5 and 6, respectively.
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Seismic reflection profiles D36 and D42 illuminate the listric subsurface
geometry of the Altar Valley fault, which extends from the western end of both profiles
with an approximate near surface dip of 30°, dips gently towards the east beneath the
Altar Valley, and becomes nearly horizontal at a depth of ~11 km (Figs. 5 and 6). The
Altar Valley fault is inferred to have an offset of at least ~5 km from restoration of units
back to horizontal in the hanging wall (Wagner, 2005). Both seismic reflection profiles
(profiles D36 and D42) document a rollover-anticline geometry in the hanging wall of the
Altar Valley fault where the top of pre-Oligocene units dips towards the fault (Figs. 5 and
6). Additionally, laterally coherent reflectivity is visible splaying off from the main Altar
Valley fault in the footwall between km markers ~5-22 along the profile and at a depth of
~7-13 km (Fig. 6). This coherent reflectivity has an undulatory geometry that extends to
depth beneath the Baboquivari Mountains (Wagner, 2005).
A thick package of basin sedimentation beneath the Altar Valley is evident on the
northwestern ends of both profiles D36 and D42, near the eastern flank of the
Baboquivari Mountains. The thickness of sedimentary units (~ 2500 m) beneath the
Altar Valley can be obtained from the Phillips Redondo State A-1 well (Figs. 3 and 4).
As in other basins in southeast Arizona, two distinct phases of sedimentation can be
inferred from the seismic data. High-amplitude dipping reflections are attributed to the
lower sedimentary sequence, which shows growth relations that dip into the Altar Valley
fault. Available sonic and density well-log curves are consistent with the ~ 1500-m-thick
lower sedimentary sequence consisting of sedimentary and volcanic rocks (Figs. 3, 4, 5
and 6). Based on growth relations in this lower unit, it can be inferred that the lower
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sedimentary sequence beneath the Altar Valley is coeval and similar in character with
mid-Tertiary sedimentary rocks observed in the hanging wall of the detachment system in
the central Tucson Basin that consist of tilted and faulted middle Oligocene to lower
Miocene sedimentary and volcanic rocks (Eberly and Stanley, 1978; Houser and
Gettings, 2000; Wagner, 2005; Wagner and Johnson, 2006).
The relatively thin (~ 1000 m) upper sedimentary sequence is characterized on the
seismic data by lower-amplitude reflections and little internal deformation (Figs. 5 and
6). Additionally, these units overlying the faulted mid-Tertiary sedimentary units are
discerned in the well-log data (Fig. 4). These younger units are similar to the midMiocene to Pliocene upper sedimentary units of the Tucson Basin, which are constrained
to have been deposited during Basin and Range block faulting (Fig. 4) (Eberly and
Stanley, 1978; Scarborough, 1989; Houser and Gettings, 2000; Wagner, 2005; Wagner
and Johnson, 2006).

4.2. Southwest-dipping fault beneath Avra Valley
A single seismic reflection profile (D31) images the subsurface geometry of a
southwest-dipping listric normal fault beneath the Avra Valley. Profile D31 starts ~12 km
northwest of Line 2 and extends southeast from the southwestern end of the Tucson
Mountains to the northern Altar Valley (Figs. 1 and 2). Uninterpreted and interpreted
migrated stacked sections of Profile D31 are shown in Fig. 7.
The listric Avra Valley fault, which is not exposed at the surface, is buried
beneath undisturbed Quaternary to Recent sedimentary cover and is interpreted to project
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to the surface ~5 km southwest of the Tucson Mountains (Fig. 7). It has an average nearsurface apparent dip of ~55°, dips gently toward the southwest beneath the Avra Valley,
and becomes nearly horizontal at a depth of ~10 km (Fig. 7). Profile D31 shows a
rollover-anticline geometry in the hanging wall of the main fault where pre-Oligocene
units dip toward the fault (Fig. 7). Above this surface, lower mid-Tertiary units show
growth relations in the hanging wall of the fault, which is disrupted by synthetic highangle normal faults probably merging into the main fault (Fig. 7). These stratigraphic
patterns suggest that sedimentary units beneath the Avra Valley were deposited
synextensionally and are similar to mid-Tertiary sedimentary rocks in the hanging walls
of the Altar Valley fault and the Catalina detachment fault. The relatively thin
sedimentary cover sequence is characterized in the seismic data by relatively lowamplitude reflections with little internal deformation (Fig. 7).

4.3. Catalina detachment fault
Two 2-D seismic reflection profiles were selected for analysis on the basis of their
cross-strike orientations, and central locations. These profiles illuminate the subsurface
geometry of the Catalina detachment fault and related extensional features. Profile
CX12A extends northeast from the Tucson Basin through Redington Pass to the northeast
flank of the Catalina core complex (Figs. 1 and 2). Profile Line 2, which is located ~18
km southwest of line CX12A, starts in Tucson Basin and extends eastward to within
several km of the southern exposure of the Catalina detachment fault, which is exposed
along the western flank of the Catalina core complex (Figs. 1 and 2). Uninterpreted and
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interpreted stacked sections of these lines (CX12A, Line 2) are shown in Figs. 8, 9a and
b, respectively.
In profile CX12A and Line 2, the Catalina detachment fault can be interpreted
initiating from the southwestern end of profile CX12A and from the eastern end of Line
2, where it starts, as gently to moderately dipping discontinuous reflections beneath the
Tucson Basin (Figs. 8 and 9a). Additionally, the interpretation of the subsurface structure
of the Catalina detachment fault was corroborated with an extensive grid of seismic
profiles in the Tucson Basin, which were used to constrain the geometry of the fault
nearly three dimensionally (Wagner, 2005; Wagner and Johnson, 2006). Shallow- level
coherent, discontinuous zones of moderate-amplitude reflectivity on the fault surface
perhaps result from the juxtaposition of brittlely deformed unmetamorphosed upper-plate
rocks against metamorphosed, mylonitic lower-plate rocks (Figs. 8 and 9a). These
coherent fault-plane reflections can be followed down to at least 9-10 km depth, where
horizontal, parallel reflections are visible (Figs. 8 and 9a). Deeper reflections can be
interpreted as a broad zone of ductilely deformed mid-to-lower crustal metamorphic
fabric (Smithson et al., 1978; Fountain et al., 1984; Wang et al., 1989; Reynolds and
Lister, 1990; Kruger and Johnson, 1994), where the detachment is believed to merge into
anastomosing shear zones at mid-crustal depths.
The depth to the Moho can be estimated from a zone of laterally discontinuous
reflectivity representing the base of the crust which occurs at about ~ 31.5 km from the
surface on the depth section of Line 2 (Wagner, 2005) (Fig. 9b). The Moho geometry is
relatively flat based on reprocessed reflection results and reported Moho depths in the
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southern Basin and Range from reflection imaging (Kruger, 1991) and passive seismic
experiments by Myers and Beck (1994) and Frasetto et al. (2006).
The lower and mid-crustal reflectivity above the Moho reveals zones of coherent
reflectivity. In particular, a diffuse arch-like zone of reflectivity, which is interpreted as
ductilely deformed mid-to-lower crustal metamorphic fabric, is imaged on the seismic
data (profile CX12A, Fig. 8) as discontinuous, variable-amplitude reflections from a
minimum travel time of ~1.8 s two-way traveltime (TWTT) (4.6-km depth) from about
km 7-8 from the southwestern end of profile CX12A to a maximum time of ~4.9 s (~14km depth) near the northeast end of the line (Fig. 5). This reflectivity shows aspects
similar in character to other crustal reflectivity zones observed in various seismic
reflection profiles in the southern Basin and Range province (Goodwin et al., 1989;
Kruger, 1991; Kruger and Johnson, 1994). The formation of these reflectivity zones may
be due to the existence of ductilely deformed, subhorizontal mylonitic fabrics (Smithson
et al., 1978; Fountain et al., 1984; Wang et al., 1989) or layered magmatic sills associated
with Cenozoic extension (Goodwin et al., 1989; Holbrook et al., 1991)
Sedimentary units and their corresponding thicknesses beneath the Tucson Basin
were obtained from the Exxon State 32-1 deep exploration well (Figs 1, 2 and 4) (Eberly
and Stanley, 1978; Houser and Gettings, 2000; Wagner, 2005; Wagner and Johnson,
2006). Two different phases of sedimentary sequences were deposited in the basin. Older
units, exposed on the western flank of the Catalina core complex and observed in the
hanging wall of the detachment system in the central Tucson Basin consist of tilted and
faulted middle Oligocene to lower Miocene sedimentary and volcanic rocks (Figs. 1, 2, 4
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and 9a). Surface outcrops and seismic data document that these units show growthrelations showing variable dips, and are truncated by high-angle normal faults in some
places along the southwestern flank of the Catalina core complex (Figs. 1, 2, and 8).
Coherent reflections interpreted from the seismic reflection profiles throughout the basin,
and sharp changes observed in sonic and density curves in the well data, help to constrain
that these units are bounded by a regional unconformity at the top (Figs. 3, 4 and 9a).
Thus, these lower units are interpreted as synextensional sedimentary deposits in the
hanging wall of the Catalina detachment (Eberly and Stanley, 1978; Scarborough, 1989;
Houser and Gettings, 2000; Johnson and Loy, 1992; Wagner, 2005; Wagner and Johnson,
2006).
Additionally, the rock units imaged in the upper plate of the detachment system
are offset by numerous synthetic and antithetic faults dissecting the hanging wall units
and perhaps merging into the detachment fault. Synextensional mid-Tertiary sedimentary
and volcanic rocks were deposited in small basins, in the hanging wall of the Catalina
detachment system (Fig. 9a). These synextensional sediments form a rollover-anticline
geometry at the easternmost edge of the hanging wall of the detachment, indicating that
mid-Tertiary sedimentary deposition is coeval with the movement along the Catalina
detachment fault (Fig. 9a).
A thick package (~2000 m) of mid-Miocene to Pliocene sedimentary alluvial and
fluvial basin fill overlies synextensional sedimentary units and the regional unconformity
(Figs. 3, 4 and 9a). These younger units, deposited during subsequent Basin and Range
block faulting, document relatively undisturbed sedimentary sequences which are
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composed of mylonitic clasts derived from the adjacent Catalina core complex (Eberly
and Stanley, 1978; Houser and Gettings, 2000; Wagner and Johnson, 2006). The midMiocene unconformity and post unconformity sedimentary rocks filling the basin show
little evidence of faulting and appear from seismic reflection results to “sag” into the axis
of the basin subsidence (Johnson and Loy, 1992; Wagner and Johnson, 2006).
Symmetrically draping the basin, these units onlap the basin edges, and become
progressively tilted at deeper levels. The deepest units and the overall structural
depression can be found in the center of the basin (Fig. 9a). Additionally, the detachment
geometry beneath the central basin is warped downward due to overall structural
depression in response to post-detachment basin formation (Fig. 9a). The basin geometry
is similar in character to the Safford Basin to the northeast, which is observed in various
seismic reflection profiles adjacent to the northeastern flank of the Pinaleño Mountains
core complex in the southern Basin and Range province (Kruger, 1991; Kruger et al.,
1995).

4.4. Galiuro detachment and San Pedro fault
Two 2D seismic reflection profiles across the San Pedro trough were selected for
analysis (Figs. 1 and 2). Profile CX16 extends northeast from the northeastern flank of
the Catalina core complex to the western edge of the Galiuro Mountains. Similarly,
profile CX12C, ~19 km south of line CX16 along the trough axis, extends northeast from
the northeast flank of the Catalina core complex to the center of the San Pedro trough
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(Figs. 1 and 2). Uninterpreted and interpreted stacked sections of these lines (CX16 and
CX12C) are shown in Figs. 10 and 11, respectively.
Profile CX16 is characterized by coherent, but often disrupted, layered reflection
sequences near shallow levels (Fig. 10). Deeper in the profile, reflection quality
diminishes significantly, possibly in crystalline rocks, though some weakly coherent
events are visible. From the southwest end to a location at about 16 km along the profile,
a “notch” in the data occurs representing the approximate axis of the trough. Towards the
northeastern end, this profile lies within or immediately adjacent to the presumed Galiuro
breakaway fault zone. The most salient features on the northeastern half of profile CX16
are gently to moderately northeast-dipping rock units beneath the San Pedro trough,
which are disrupted by numerous normal faults.
Beneath the San Pedro trough, a package of basin sedimentation is evident along
profile CX16 between ~1-4 km and ~7-10 km from its southwest end. Based on
stratigraphic thicknesses in outcrops (Fig. 3), this package can be attributed to midTertiary sedimentary and volcanic rocks, which are interpreted to extend to a depth of
~2.5 km in profile CX16 (Fig. 10). Additionally, a relatively thin (<400 m) upper
sedimentary sequence, mid-Miocene-to-Pliocene in age, may overlie these mid-Tertiary
units beneath the San Pedro trough. However, thicknesses of older (lower) and younger
(upper) sedimentary packages beneath the San Pedro trough can not be constrained due to
lack of deep well data near profile CX16. Towards the Catalina core complex, these
northeast-dipping reflections probably representing mid-Tertiary sedimentary and
volcanic rocks that are truncated by high-angle normal faults at about 5 km and 11 km
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from the southwest end of the profile CX16. The gross structure of the San Pedro trough
as revealed by the seismic reflection profiling is that of a complex half-graben structure
buried by essentially undeformed basin-fill units.
In seismic profile CX16 (Fig. 10), no strong evidence of the Galiuro detachment
in the breakaway zone is resolved. A very weak, but fairly coherent reflection may
represent the detachment fault, initiating from the northeastern corner of profile CX16
where it starts, as a moderately dipping discontinuous reflection into which higher angle
faults above sole, but this interpretation is highly speculative. This very weak reflection
feature appears to continue beneath the San Pedro trough with moderate southwest dip.
Profile CX12C (Fig. 11) is characterized by low-to moderate-angle northeastdipping reflections below outcrops at the eastern flank of the Catalina core complex.
From the southwest end of the profile to a location at about 2 km, this profile continues
across mid-Miocene to Pliocene units of the San Pedro trough. Distinct, coherent
reflections in this profile extend to less than 3 km. From northeast of km ~3.7 along the
profile, weakly coherent and incoherent reflections appear above a strong, discontinuous
reflection dipping gently northeast to km ~6.7 at ~1.3 km-depth where the reflection
apparently merges with or continues as a reflection segment that dips slightly southwest
or is subhorizontal between km ~7 and km ~8.4 from the southwest end of the profile
(Fig. 11). Below this event between ~0.9 km- and ~1.5 km-depth toward the northeast,
apparently higher frequency events dip northeast to near the San Pedro River. Moderately
southwest-dipping events at the northeastern end of profile CX12C may represent a real
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structure; however, these may also be artifacts due to termination and low fold of the
data.
Exposed along the northeast flank of the Catalina core complex are pre-Oligocene
metasedimentary rocks dipping gently at about 25° to 40° towards northeast and are
disrupted by bedding-parallel, northeast-dipping thrust faults (Lingrey, 1982; Dickinson,
1991, 1992). It is likely that some of the northeast-dipping reflections imaged in profile
CX12C can be attributed to rock units juxtaposed by thrust faults.
Additionally, the projected subcrop of the San Pedro fault is crossed by profile
CX12C (Figs.1, 2 and 11). The San Pedro fault may be imaged as the strong, irregular
reflection described above, or may be attributed to slightly deeper, northeast-dipping
reflections (Fig. 11). However, it is likely that this structure could have little or perhaps
no reflection response in the subsurface. From the southwest end of the profile, starting
from km 4.5 to the northeast, shallow, incoherent events above the strong reflection event
could be correlative with northward projection of northeast-dipping units of mid-Tertiary
sedimentary and volcanics rocks and pre-Oligocene rocks exposed in the hanging wall of
the San Pedro fault in the northeastern flank of the Catalina core complex.
In seismic profile (CX12C), there is no seismic evidence for the the Galiuro
detachment fault beneath the San Pedro River from the center of the trough to the eastern
flank of the Catalina core complex. Although we have a low degree of certainty to
exclude the possibility that the San Pedro trough is underlain by a synformal breakaway
fault, the data are more suggestive that the Galiuro detachment fault extends at moderate
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angles beneath the eastern flank of the Catalina core complex. (See Appendix B for
further details).

4.5. Eagle Pass detachment and an east-dipping fault beneath Safford Basin
A single long seismic reflection profile (CX13) documents the subsurface
geometry of the east-dipping range-bounding normal fault in the northeast flank of the
Galiuro Mountains, the Eagle Pass detachment fault exposed in the southwest flank of the
Pinaleno Mountain core complex, and an east-dipping normal fault beneath the Safford
Basin located on the eastern end of the survey area. From the northeast flank of the
Galiuro Mountains, profile CX13 starts in the Aravapai-Sulphur Springs valley on the
southwest and extends northeastward across Eagle Pass area through the Pinaleno
Mountains core complex into the Safford Basin (Figs. 1 and 2). Uninterpreted and
interpreted stacked sections of this line (profile CX13) are shown in Fig. 12.
On the southwestern end of this profile, the Galiuro Mountains range-bounding
normal fault is interpreted as initiating with an approximate near surface dip of ~50°,
decreasing in dip in the subsurface, and dipping gently-to-moderately eastward as
discontinuous reflections beneath the Aravapai-Sulphur Springs Valley (Fig. 12).
Exposed in the southwestern flank of the Pinaleno Mountains core complex is the Eagle
Pass detachment fault imaged on the seismic data as a discontinuous zone of moderateamplitude reflections. Along the profile between kilometers ~9-12 from the southwest
end of the profile, the detachment has an apparent southwest dip of 20° down to 1.1 s
(~2.5 km). Southwest of this location, the fault is buried beneath the undisturbed
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Quaternary sediments of the Aravapai-Sulphur Springs Valley and is interpreted to
project to the surface ~ 6 km from the eastern flank of the Galiuro Mountains (Fig. 12).
From the southwest end of profile CX13, between locations ~6 km and ~12 km tilting of
upper plate units in the hanging wall of the detachment fault appears to decrease
southwestward. Additionally, a discontinuous zone of shallow, moderate-amplitude
reflectivity associated with the fault surface may be due to juxtaposition of younger units
in the hanging wall against older units in the footwall of the Eagle Pass fault (Fig. 12) for
which elastic parameters are different.
On the northeast flank of the Pinaleño Mountains, this profile documents the
subsurface geometry of the northeast-dipping fault as gently to moderately dipping from
discontinuous reflectivity beneath the Safford Basin. This range-bounding normal fault,
which is imaged at about 30 km from the southwestern end of the profile with an
apparent dip of ~20°-25°, is buried beneath undeformed Quaternary deposits and is
interpreted to project to the surface ~ 3 km from the eastern flank of the Pinaleño
Mountains core complex. The interpretation of the subsurface geometry of this fault is
further constrained by a grid of 2-D seismic reflection profiles in Safford Basin (Kruger,
1991; Kruger and Johnson, 1994; Kruger et al., 1995; Kruger and Johnson, 2001).
Coherent, discontinuous, moderate-amplitude reflections from the fault surface may
result from the juxtaposition of brittlely deformed upper-plate rocks against mylonitized
lower-plate rocks (Fig. 12).
The base of the crust is not well imaged in this profile. However, Moho geometry,
which is constrained by other 2-D seismic reflection profiles in the Safford Basin
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(Kruger, 1991), is relatively flat (~29-31 km) beneath the Safford Basin and Pinaleño
Mountains core complex, and consistent with reported Moho depths from passive seismic
experiments by Myers and Becks (1994) and Frasetto et al., (2006), and from seismic
reflection imaging by Wagner (2005) in the southern Basin and Range province of
western United States.
An arch-shaped zone of reflectivity with variable-amplitude reflections is imaged
in this profile extending from a minimum travel time of ~1.9 s (~4.9 km) at about 24 km
from the southwestern end of the profile to a maximum time of almost 5 s (~14 km) near
the end of the profile. The top of this reflectivity extends northeastward from its
maximum location to at least about 32-34 km along the profile, and merges the northeastdipping reflectivity zone, which is interpreted to be due to existence of mylonitic zone
beneath the detachment fault, at about 2.1 s (Fig. 12).
Available well data from the Phillips Petroleum Safford State A-1 well (Fig. 1) in
the Safford Basin and sedimentary facies relationships (Houser, 1990) help us interpret
two distinct phases of sedimentary packages on the seismic reflection profile (CX13).
Older units are exposed on the southwestern flank of the Pinaleno Mountains core
complex and imaged in the hanging wall of the Galiuro Mountains range-bounding fault,
Eagle Pass detachment fault, and a northeast-dipping detachment fault beneath the
Safford Basin (Fig. 12). These units, consisting of tilted and faulted middle-Oligocene to
lower-Miocene sedimentary and volcanic rocks (Figs. 1, 2, 3 and 12), can be interpreted
as synextensional sedimentary and volcanic rocks deposited in the hanging wall of midTertiary normal faults (Houser, 1990; Kruger et al., 1995). Furthermore, the thickest

139

sections of mid-Tertiary strata imaged in the upper plate of the normal fault beneath the
Safford Basin are up to ~2.5 km. These units are offset by numerous synthetic and
antithetic faults dissecting the hanging wall units and perhaps merging into the fault at
depth (Fig. 12).
Younger units (~ 4.5 km thick) imaged on the seismic reflection profile are midOligocene to Pliocene interbedded lacustrine and fluvial basin-fill deposits overlying
synextensional mid-Tertiary sedimentary and volcanic rocks (Fig. 3 and 12) (Houser,
1990; Kruger et al., 1995). Older and younger units beneath the Safford Basin are
separated by an unconformity, which is interpreted to be ~ 17 Ma old (Kruger et al.,
1995) constrained by well data. Seismic data show this interface as coherent, moderateamplitude reflections on the seismic reflection profile in the Safford Basin CX13 (Fig.
12).
Younger units symmetrically drape the basin and, due to the broad structural
depression, the thickest section can be found in the center of the Safford Basin (Fig. 12).
Meanwhile, due to post-detachment basin formation, this structural depression causes
downward warping in the detachment geometry. This downwarped detachment geometry
and symmetrically-draped basin geometry are similar in character to the Catalina
detachment fault and the Tucson Basin (Eberly and Stanley, 1978; Wagner, 2005;
Wagner and Johnson, 2006).
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5. Discussion
5.1. Kinematic Evolution
Analyses of a regional suite of industry 2-D seismic reflection profiles coupled
with surface geology data and well control in some locations along a transect from SW to
NE across highly extended terranes in southeastern Arizona illuminate deformational
styles of major extensional fault systems, their interactions, and permit speculation on the
mechanisms and timing behind regional Cenozoic extensional processes. Seismic data
interpretations and field relations reveal that the Avra Valley fault, Catalina detachment
fault, San Pedro fault, and the Galiuro detachment fault have top-to-the-southwest
displacement, while the Altar Valley fault, the Eagle Pass detachment and the detachment
fault beneath the Safford Basin show top-to-the-east displacement, creating opposing
fault systems. Also, these faults probably merge with a broad zone of mid-crustal
deformation, and represent related aspects of regional extensional events in the middleTertiary. The Galiuro Mountains apparently represent a relatively unextended terrane
forming a stable block and separating the faulted extensional domains of opposing
vergence of fault systems at either side (Davis, 1980; Davis and Hardy, 1981; Spencer
and Reynolds, 1989; Dickinson, 1991).
Earlier “traditional” core-complex models argue that the range-bounding faults on
the southwestern and northeastern flanks of the Galiuro Mountains are the breakaway
faults for the opposing vergence of highly-extended terranes, namely the Catalina and
Pinaleño Mountains core complexes, lying at either side (Davis, 1980; Davis and Hardy,
1981; Dickinson, 1991). These core-complex models define a breakaway normal fault
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along which extension is initially accommodated in the upper crust along faults that dip
in the direction of transport. Slip is initiated on high-angle, listric, or low-angle normal
faults, which then feed slip into subhorizontal or low-angle ductile shear zones at depth.
This initial breakaway fault is subsequently abandoned and deformed into a synform, as
new normal faults break forward in the direction of transport and the lower plate
rebounds isostatically in response to tectonic unloading (Davis, 1980; Davis and Hardy,
1981; Spencer, 1984; Wernicke, 1985; Wernicke and Axen, 1988; Spencer and Reynolds,
1989; Dickinson, 1991). The presence or absence of these synformal structures and
related hanging wall geometry, however, can be investigated using geological,
geochronological and geophysical constraints. (See Appendix B for a detailed discussion
on the implications for models of core complex development).
If the “traditional” model geometry is applied to the Catalina and Pinaleño
Mountains core complexes, then the Galiuro detachment fault along the southwestern
flank and the northeast-dipping range-bounding normal fault along the northeastern flank
of the Galiuro Mountains would be the breakaway faults in this evolutionary process, and
the San Pedro fault and the Eagle Pass detachment faults would be their originally downdip equivalents, respectively, which were folded and rotated during isostatic uplift.
Furthermore, from the geologic and geochronologic constraints, the age of the
Galiuro detachment fault is interpreted to have been coeval with the Catalina detachment
system (Dickinson et al., 1987; Dickinson and Shafiqullah, 1989). Similarly, the age of
the range-bounding normal fault along the northeastern flank of the Galiuro Mountains
could be active concurrently with detachment fault beneath the Safford Basin. However,
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timing and geometric constraints from the seismic data beneath the San Pedro trough and
field relations on the eastern flank of the Catalina core complex do not suggest the
backfolding and tilting of the Galiuro detachment fault into a synform as a northeastdipping San Pedro fault beneath the San Pedro trough. Although we cannot
unequivocally exclude the possibility that the San Pedro trough is underlain by a
synformal breakaway fault, there is no hint in the seismic data for such a feature.
Secondly, the exposed northeast-dipping San Pedro fault along the eastern flank of the
Catalina core complex is interpreted to be an older structure, possibly a thrust fault from
Laramide deformation. (See Appendix B for a detailed discussion).
Another possible scenario would be the presence of a synformal structure beneath
the San Pedro trough as the northeast-dipping, top-to-the-southwest-directed San Pedro
fault which can be interpreted as a large-scale back rotated and abandoned segment of an
older mid-Tertiary normal fault. In this scenario, a simple explanation would be that the
San Pedro fault is a low-angle normal fault, which is a relatively older structure in this
core complex evolutionary process and is unrelated to the Galiuro detachment fault.
Additionally, subsurface geometry of the southwest-dipping, top-to-the-northeastdirected Eagle Pass detachment fault is projected to subcrop somewhere beneath the
Aravapai-Sulphur Springs Valley after being back-rotated, abandoned, and deformed into
a synformal shape due to isostatic rebound in response to tectonic denudation. Similarly,
the origin of the Eagle Pass detachment is interpreted to have been a relatively older midTertiary structure that is not related to the northeast-dipping range-bounding fault on the
northeastern flank of the Galiuro Mountains (Fig. 13).
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We raise the possibility that the relatively younger structures of the Galiuro
detachment fault and the northeast-dipping range-bounding normal fault, lying at either
side of the Galiuro Mountains, are not the breakaway faults for the Catalina and Pinaleño
Mountains core-complex systems. The initial breakaway systems for the Catalina and
Pinaleño Mountains core complexes have likely been eroded due to isostatic
compensation and uplift (Fig. 13). We infer that the range-bounding faults on the flanks
of the Galiuro Mountains extend to mid-crustal depths and probably merge with a midcrustal shear zone beneath the San Pedro trough and the Aravapai-Sulphur Springs
Valley, respectively (Fig. 13).
We present a schematic kinematic model, which is compatible with seismic
reflection and geologic data, for the tectonic evolution of the region from the Baboquivari
Mountains in the southwest to the transition zone of the Colorado Plateau (Fig. 13). In
this sequential restoration, extensional deformation in southeast Arizona began around 30
Ma with onset of a pulse of middle-to late-Oligocene magmatism. In the study area,
geologic and well data indicate that magmatism, with large areal extent of lava flows and
ash-fall deposits, preceded detachment faulting (Eberly and Stanley, 1978; Spencer and
Reynolds, 1989; Dickinson, 1991). Mid-Tertiary extension in the area was concentrated
at two top-to-the-southwest normal fault systems in the southwest and two top-to-thenortheast normal fault systems in the northeast (Fig. 13). In these types of systems, with
increasing extension, isostatic rebound of the footwall and progressive back-rotation
leads to abandonment of the up-dip portion of the initial breakaway faults and initiation
of new breakaway faults in the hanging wall (Lister and Davis, 1989; Spencer and
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Reynolds, 1989; Kapp et al., 2008). At around 30 Ma, major crustal extension was
dominated by evolving normal faults with opposing vergence away from the
southwestern and northeastern flanks of the Galiuro Mountains. From the southwestern
flank of the Galiuro Mountains, major crustal extension became focused around the
evolving top-to-the-southwest-directed Catalina detachment system, the Galiuro
detachment, and top-to-the-northeast directed Altar Valley fault on the southwestern end
of the study area (Fig. 13). Similarly, from the northeast flank of the Galiuro Mountains,
extensional deformation was dominated by the top-to-the-northeast-directed Galiuro
range-bounding fault, the Eagle Pass detachment fault, and the detachment fault beneath
the Safford Basin (Fig. 13).
In this core-complex evolutionary process, the amount of extension was greater
for the Catalina detachment and the detachment fault beneath the Safford Basin, which
were responsible for the exhumation of metamorphic core complexes. In contrast, the
southwest-dipping Galiuro detachment fault and the northeast-dipping Galiuro rangebounding fault have lower magnitudes of displacements. Upper-plates of these
detachment systems document brittle deformation; synextensional sediments were
deposited in their hanging walls. Also dissecting the pre-Oligocene and older units are
high-angle normal faults, probably coeval with the master detachment fault, forming
small grabens in which locally derived synextensional sedimentary materials from the
higher uplands were deposited with alternating volcanic units (Fig. 13). During
progressive deformation, exhumation of the Catalina and Pinaleño Mountains core
complexes was taking place from mid-crustal levels into the upper crust as documented
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by geological and geochronological studies (Eberly and Stanley, 1978; Rehrig and
Reynolds, 1980; Long et al., 1995; Fayon et al., 2000; Davis et al., 2004). Little
topography existed on these core complexes as indicated by the lack of mylonitic clasts in
mid-Tertiary deposits (Eberly and Stanley, 1978; Houser, 1990; Kruger et al., 1995;
Houser and Gettings, 2000; Wagner and Johnson, 2006).
Synextensional units in the hanging wall of the Altar Valley fault and the normal
fault beneath the Avra Valley document growth relations. These units form the lower
sedimentary package of the Altar and Avra Valleys and are similar to mid-Tertiary units
in the Tucson Basin described by Eberly and Stanley (1978) and Scarborough (1989)
(Figs. 9a and 13). Analysis of gravity data from the Avra Valley area (West, 1970)
supports major fault offset of the shallowly buried bedrock surface. The gradient of the
residual anomaly documents north-northwest-trending linear features proposed to be
large-scale faults and associated sub-surface basement scarps (West, 1970). This
interpretation is consistent with our seismic data interpretation that documents the
southwest-dipping listric fault beneath the Avra Valley (Fig. 7).
The Altar Valley fault and the listric fault beneath the Avra Valley are inferred to
be coeval and to merge at mid-crustal levels. The normal fault beneath the Avra Valley
could be an antithetic splay fault of the Altar Valley fault, which was active
synchronously. Alternatively, the normal fault beneath the Avra Valley fault could be a
synthetic high-angle normal fault disrupting the hanging wall units of the Catalina
detachment system, and merging into the main regional detachment.

146

The amount of displacement on the Altar Valley fault is calculated to be about 5
km (Wagner, 2005), which is less than the estimated displacement on the Catalina
detachment fault. Additional information from seismic reflection data (Fig. 9) is the
existence of a structural feature that seems to have splayed off from the Altar Valley fault
and to have continued toward the southwest possibly beneath the Baboquivari Mountains.
This structure could be an older fault that became abandoned and inactive due to
progressive deformation and formation of new faults in the hanging wall (e.g., Lister and
Davis, 1989). This older splay fault seems to subcrop beneath the Altar Valley; however,
it could also crop out within or behind the Baboquivari Mountains as a deeper splay,
which would add to extension amounts across the Altar Valley (Wagner, 2005).
Mid-Tertiary extensional deformation ceased by about 20 Ma (Eberly and
Stanley, 1978; Dickinson, 1991; Houser and Gettings, 2000) and related synextensional
sediments were capped by a regional unconformity representing a depositional hiatus in
the area. After a tectonicly quiescent period, a new phase of deformation dominated by
high-angle Basin-and-Range-style deformation began in southeast Arizona during midMiocene time (Dickinson, 1991; Davis et al., 2004). Starting with this new deformational
phase, mid-Miocene sedimentation started to form a younger sedimentary sequence
above a regional unconformity (Eberly and Stanley, 1978). Sediments of this younger
sequence derived from the adjacent mountain ranges. In particular, in the Tucson and
Safford Basins, late Cenozoic basin-fill forms the deeper sections beneath the center of
the basins (Fig. 13). Similarly, in the Altar Valley, San Pedro trough, and the AravapaiSulphur Springs Valley, similar sedimentary assemblages fill these basins from the flanks
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of the mountain ranges such as the Baboquivari, Santa Catalina-Rincon, Galiuro, and the
Pinaleño Mountains (Fig. 13).
Additionally, these younger sedimentary deposits show little or no internal
deformation and fill the basins with gentle onlap at basin edges. Transition from the midTertiary synextensional sedimentation to the undeformed late Cenozoic basin-fill units
highlights the change in style of extensional deformation i.e., from large-magnitude midTertiary extension to low-magnitude late Cenozoic Basin-and-Range-style extension
(Eberly and Stanley, 1978; Houser, 1990; Dickinson, 1991; Houser and Gettings, 2000;
Davis et al., 2004). Late Cenozoic sedimentation patterns, especially in the Tucson and
Safford Basins, reveal that activity along major normal fault systems (the Catalina
detachment, Altar Valley fault, range-bounding faults on the flanks of the Galiuro
Mountains, and the detachment fault beneath the Safford Basin) had ceased by the time
that Basin and Range extension started in southeast Arizona.

5.2. Implications
Extensional deformation along the transect was controlled by normal-fault
systems, which are interpreted to have been active during the mid-Tertiary, and
synchronous activity along them can be inferred from the synextensional sedimentary
rocks documenting similar patterns of sedimentation in their hanging walls. These fault
systems, the Altar Valley fault, the Avra Valley fault, the Catalina detachment fault, the
Galiuro detachment fault, the northeast-dipping range-bounding normal fault at the
northeastern flank of the Galiuro Mountains, and the detachment fault beneath the
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Safford Basin, probably merge with a broad zone of mid-crustal deformation that
represents a transition zone in which brittlely deformed upper crustal rocks are underlain
by ductilely deformed rocks. Also, the major shear zones from the southwestern and
northeastern parts of the Catalina and Pinaleño core complexes, apparently project
beneath the Galiuro Mountains (Fig. 13). Since relatively little upper crustal extension is
evident at the surface in the Galiuro Mountains, the upper crustal deformation beneath the
Galiuro Mountains and beneath the highly extended terranes lying at either side can be
accommodated by a subhorizontal decoupling-zone of extension in the middle-to lower
crust. This can be explained by a two-layer model for crustal extension in which
heterogeneous upper-crustal extension takes place over a homogenous, ductilely
deformed middle and lower crust (Gans, 1987; Block and Royden, 1990; Wernicke,
1990; Kruger and Johnson, 1994; Kruger et al., 1998; McKenzie et al., 2000; Wagner,
2005). In this context, we can infer that structural features with distinct characteristics on
the surface may be a heterogeneous response to middle-to-lower crustal deformation
taking place in a broad region. This heterogeneous response could exhibit little apparent
surface extension as in the case of apparently stable blocks, such as the Galiuro
Mountains, or it could exhibit large-magnitude extension in which a breakaway fault
initiates and cuts through the upper-crust resulting in isostatic rebound and upwardtransfer of mid-crustal material in response to tectonic denudation as in the case of
Catalina and Pinaleño Mountains core complexes. This heterogeneous upper-crustal
deformation may have taken place roughly simultaneously with large magnitude
extension on the Catalina detachment and the detachment fault beneath the Safford Basin,
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and to a lesser extent on the Altar Valley fault, Avra Valley fault, Galiuro detachment,
and the range-bounding normal fault on the northeastern flank of the Galiuro Mountains.
Furthermore, existence of a relatively flat Moho in the study area (Kruger, 1991; Myers
and Beck, 1994; Wagner, 2005; Frasetto et al., 2006) documents a possible decoupling of
the upper-crust from the mantle through a ductilely deformed middle- and lower-crust
that is capable of flowing. During extension, detachment systems along a transect create
lateral pressure gradients due to tectonically denuded upper-plate material from the
hanging walls of these detachment systems (Fig. 13). This suggests that flowing of crust
at mid-crustal levels fills the “open” spaces created by the thinning of the upper-crust,
and emplacement of mid- to lower-crustal rocks occurs in a domal shape (Gans, 1987;
Block and Royden, 1990).
High topographic elevations of the mountain ranges along the transect imply that
mid-crustal isostatic compensation and flexural uplift may be taking place concurrently in
the region. An arch-like zone of uplifted mid-crustal reflectivity beneath the Pinaleño
Mountains core complex (Kruger and Johnson, 1994) and to a lesser extent beneath the
Catalina core complex and their apparent projections beneath the Galiuro Mountains
suggest that local isostatic compensation may be taking place at mid- to lower-crustal
depths beneath the Galiuro Mountains (Kruger, 1991; Kruger and Johnson, 1994).
Movement along the range-bounding faults may result in flexural uplift across
their footwalls causing mountain ranges to stand relatively high topographically in the
region (Buck, 1988; Kusznir et al., 1991; Egan, 1992; Davis et al., 2004; Wagner and
Johnson, 2006). This may partly explain the relatively high topography of mountain
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ranges, such as the Catalina core complex and the Baboquivari Mountains, resulting from
the flexural uplift of the footwalls across the Pirate and Martinez Ranch faults for the
Catalina core complex, and across the range-bounding Altar Valley fault for the
Baboquivari Mountains.

6. Conclusions
2D seismic reflection profiles, spanning ~180 km along a transect from the
Baboquivari Mountains to the transition zone of the Colorado Plateau, coupled with
surface geologic and well data, reveal structural features including the east-dipping listric
Altar Valley fault, the southwest-dipping listric Avra Valley fault, the southwest-dipping
Catalina detachment fault, the northeast-dipping San Pedro fault, the southwest-dipping
Galiuro detachment fault, the northeast-dipping normal fault at northeastern flank of the
Galiuro Mountains, the southwest-dipping Eagle Pass detachment fault, and the
northeast-dipping detachment fault beneath the Safford Basin. Our analyses suggest that
these faults probably merge with a broad zone of mid-crustal deformation that represents
a transition zone where brittlely deformed rocks are underlain by ductilely deformed
rocks. Also, the major shear zones from the southwestern and northeastern parts of the
Catalina and Pinaleño metamorphic core complexes apparently project beneath the
Galiuro Mountains (Fig. 13). Since relatively little upper crustal extension is evident at
the surface in the Galiuro Mountains, heterogeneous upper-crustal deformation beneath
the Galiuro Mountains and beneath the highly extended terranes lying at either side can
be accommodated by a subhorizontal decoupling-zone of extension in the middle-to
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lower crust. In other words, this can be explained by a two-layer model for crustal
extension along the transect where the Galiuro Mountains are “rafted” above ductilely
deformed middle-to-lower crust.
Relatively flat Moho geometry in this area, as in other areas in the Basin and
Range that have experienced large-magnitude crustal extension during the Cenozoic, may
suggest a zone of decoupling between the upper-crust and the mantle through a mid-tolower crust that is capable of flowing. Additionally, shear zones projecting beneath the
Galiuro Mountains may suggest that local isostatic compensation may be taking place at
mid- to lower crustal depths beneath the Galiuro Mountains.
Collectively, the Galiuro detachment fault on the southwestern flank and the
range-bounding normal fault on northeastern flank of the Galiuro Mountains probably are
not the breakaway faults for the Catalina and the Pinaleño Mountains core complexes;
neither are these range-bounding faults related to the San Pedro fault and the Eagle Pass
detachment fault, respectively. Initial breakaways for these systems likely have been
eroded due to isostatic compensation and uplift.
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Tables and Figures
Table 1. Acquisition Parameters for Seismic Reflection Profiles
Table 2. Generalized Seismic Data Processing Flow

Figure 1. Simplified geologic map of the Baboquivari Mountains, Altar Valley, Avra
Valley, Tucson Mountains, Tucson Basin, Santa Catalina-Rincon Mountains, San
Pedro trough, Galiuro Mountains, Aravapai/Sulphur-Springs Valley, Pinaleno
Mountains, Safford Basin, Gila Mountains, and surrounding region. Seismic
profile locations (solid blue lines) shown, with associated profile numbers.
Phillips Petroleum Co. Redondo State A-1 Well and Exxon State 32-1 Well
borehole locations are shown (modified from Haxel et al., 1984; Thorman and
Naruk, 1987; Hirschberg and Pitts, 2000; Wagner and Johnson, 2006)
Figure 2. Shaded relief geologic map from the Baboquivari Mountains, to the Gila
Mountains. Seismic profile locations shown, with associated profile numbers.
Phillips Petroleum Co. Redondo State A-1 Well and Exxon State 32-1 Well
borehole locations are shown on the map. Solid white lines represent cross-section
profiles along transect. Abbreviations: CDf, Coyote detachment fault; AVF, Altar
Valley fault; AVf, Avra Valley fault; CDF, Catalina detachment fault; GDF,
Galiuro detachment fault; EPD, Eagle Pass detachment fault; PF, Pirate fault;
MRF, Martinez-Ranch fault (modified from Haxel, 1984; Houser et al., 1985;
Throman and Naruk, 1987; Drewes, 1996; Hirschberg and Pitts, 2000). (See also
Appendix A for a detailed view of the compiled geologic map).
Figure 3. Correlation of rock units and generalized stratigraphic columns along a transect
from the Baboquivari in the southwest to the Gila Mountains in the northeast,
with stratigraphic relationships and major tectonic events. Major unconformities
are indicated by wavy horizontal lines.
Figure 4. Velocity and density logs for, a) the Exxon State 32-1 deep exploration well in
the Tucson Basin and, b) the Phillips Petroleum Co. Redondo State A-1 wildcat
well in western Altar Valley. Major unconformities are indicated by wavy
horizontal lines (modified from Wagner, 2005).
Figure 5. A. Upper 4 s (~10-12 km) from uninterpreted stacked and migrated time
section of seismic profile D36 across the Altar Valley (see Figs. 1 and 2 for
location). B. Interpreted section. Horizontal scale in kilometers. Red solid line
represents interpreted Altar Valley fault (AVF), dashed portions are inferred.
White solid line is a geologic boundary. Yellow dashed line is the inferred
unconformity between mid-Tertiary and late Cenozoic deposits. Abbreviations:
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MP, Miocene-Pliocene sedimentary units; Ts, Tertiary sedimentary rocks; Tv,
Tertiary volcanic rocks; AVF, Altar Valley fault.
Figure 6. A. Upper 15 km from uninterpreted stacked and migrated depth section of
seismic profile D42 across the Altar Valley (see Figs. 1 and 2 for location). B.
Interpreted section. Horizontal and vertical scales in kilometers. Red solid line
represents the interpreted Altar Valley fault (AVF), dashed where inferred. Red
dashed lines are interpreted to be abandoned splays of the Altar Valley fault
(AVF). White solid line represents geologic boundary, dashed where inferred.
Yellow dashed line is the inferred unconformity between mid-Tertiary and late
Cenozoic deposits. Phillips Petroleum Co. Redondo State A-1 Well borehole
location and depth is indicated on figure. See Fig. 5 for abbreviations (reinterpreted after Wagner, 2005).
Figure 7. A. Upper 13 km from uninterpreted stacked and migrated depth section of
seismic profile D31 across the southern Avra Valley (see Figs. 1 and 2 for
location). B. Interpreted section. Horizontal and vertical scales in kilometers. Red
solid lines represent the interpreted faults, dashed portions are inferred. White
solid lines represent geologic boundaries, dashed where inferred. Yellow dashed
line may be the inferred unconformity between mid-Tertiary and late Cenozoic
deposits. Abbreviations include: MP, Miocene-Pliocene sedimentary units; QTs,
Quaternary-Tertiary sediments; Ts, Tertiary sedimentary rocks; Tv, Tertiary
volcanic rocks; Kb, Lower Cretaceous Bisbee Group. AVF; Avra Valley fault;
Red dashed lines represent a possible shear zone at depth.
Figure 8. A. Upper 5 s (~12-15 km) from uninterpreted stacked time section of seismic
profile CX12A across the Redington Pass area of the Catalina core complex (See
Figs. 1 and 2 for location). B. Interpreted section. Horizontal scale in kilometers.
Red solid lines represent the Catalina detachment fault (CDF), dashed where
inferred. Black solid lines represent high-angle normal faults disrupting the
hanging wall of the detachment, dashed where inferred. Black dashed lines
represent uplifted mid-crustal reflectivity. Abbreviations: QTs, QuaternaryTertiary sedimentary units; Ts, mid-Tertiary sedimentary rocks (Pantano
Formation); Twm, Eocene Wilderness granite-mylonitic; Yom, Precambrian
Oracle granite-mylonitic; Tw, Eocene Wilderness granite.
Figure 9a. A. Upper ~12 km from uninterpreted stacked and migrated section of seismic
profile Line 2 across the Tucson Basin (see Figs. 1 and 2). B. Interpreted section.
Horizontal and vertical scales in kilometers. Red solid line represents the Catalina
detachment fault (CDF), dashed portions are inferred. Red dashed lines represent
synthetic and antithetic faults disrupting the hanging wall of the detachment.
White solid lines are boundaries between geologic units, dashed where inferred.
Yellow dashed line is the inferred unconformity between mid-Tertiary and late
Cenozoic deposits. Exxon State 32-1 Well location and depth are shown on
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figure. Abbreviations: MP, Miocene-Pliocene sedimentary units; MMU, midMiocene unconformity; Ts, Tertiary sedimentary rocks; Tv, Tertiary volcanic
rocks; CDF, Catalina detachment fault (re-interpreted after Wagner, 2005).
Figure 9b. A. Upper ~32 km from uninterpreted stacked depth section of seismic profile
Line 2 across the Tucson Basin (see Figs. 1 and 2). B. Interpreted section.
Horizontal and vertical scales in kilometers. Base of lower crust (Moho) is
inferred around 31.5 km depth (re-interpreted after Wagner, 2005). See Fig. 9a for
abbreviations.
Figure 10. A. Upper 3 s (~6-8 km) from uninterpreted stacked time section of seismic
profile CX16 across the San Pedro trough (See Figs. 1 and 2 for location). B.
Interpreted Section. Horizontal scale in kilometers. Red solid lines represent
interpreted faults, dashed portions are inferred. Yellow dashed line is the inferred
unconformity between mid-Tertiary and late Cenozoic units. Abbreviations
include: MP, Miocene-Pliocene sedimentary units; Ts, mid-Tertiary sedimentary
deposits; Tv, Tertiary volcanic rocks; Pz: Paleozoic limestone. Black thick arrows
indicate inferred subsurface geometry of Galiuro detachment fault beneath San
Pedro trough.
Figure 11. A. Upper 6 km from uninterpreted stacked depth section of seismic profile
CX12C across the western half of the San Pedro trough (See Figs. 1 and 2 for
location). B. Interpreted section. Horizontal and vertical scales in kilometers. Red
dashed lines are inferred high-angle normal faults. Blue dashed lines are
northeast-dipping reflections which can be attributed to rock units juxtaposed
either by thrust faults or by the San Pedro fault, both exposed in the northeastern
flank of the Catalina core complex. Abbreviations: Ts, mid-Tertiary sedimentary
deposits; Tv, Tertiary volcanic rocks; Xp, Precambrian metasedimentary rocks;
Pm, metamorphosed Paleozoic rocks; Km, metamorphosed Bisbee Group.
Figure 12. A. Upper 6 s (~16-18 km) from uninterpreted stacked time section of seismic
profile CX13 across the Eagle Pass area of the Pinaleño Mountains core complex
and the Safford Basin (see Figs. 1 and 2). B. Interpreted section. Horizontal scale
in kilometers. Red solid lines represent interpreted faults, dashed portions are
inferred. Black dashed lines represent uplifted mid-crustal reflectivity. Solid white
lines represent geologic unit boundaries, dashed where inferred. Yellow lines
represent the inferred unconformity between mid-Tertiary and late Cenozoic
deposits. Abbreviations include: MP, Miocene-Pliocene sedimentary units; Ts,
Tertiary sedimentary rocks; Tv, Tertiary volcanic rocks.
Figure 13. Schematic kinematic model for tectonic evolution of the region along a
transect from the Baboquivari Mountains to the transition zone of the Colorado
Plateau. (a) Initial stage of mid-Tertiary extension. Dashed lines represent future
fault locations interpreted to be the breakaways for the detachment systems. (b)
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Middle-Tertiary extension in the area was concentrated at two top-to-thesouthwest normal fault systems in the southwest and two top-to-the-northeast
normal fault systems in the northeast. With increasing extension, isostatic rebound
of the footwall and progressive back-rotation causes abandonment of the initial
breakaway fault and initiation of new breakaway faults in the hanging wall. (c)
Major crustal extension was dominated by evolving normal faults with opposing
vergence away from the southwestern and northeastern flanks of the Galiuro
Mountains. Upper plates of these detachment systems document brittle
deformation; synextensional sediments were deposited in their hanging walls. (d)
During progressive deformation, exhumation of the Catalina and Pinaleño
Mountains core complexes was taking place from mid-crustal levels into the
upper crust. Onset of mid-Miocene to Pliocene extensional deformation includes
initiation of high-angle Basin-and-Range block-faulting and formation of
relatively undeformed sedimentary packages in the evolving basins.
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Table 1.
* Common depth point
Acquisition Parameters

Exxon
Profile #: Line 2

Phillips Petroleum Co.
Profile #: D42, D36, D31,
CX12A, CX12C, CX16, CX13

Source
Source interval
Receiver interval
CDP* interval
Receiver layout pattern
Number of channels
Maximum offset
Nominal fold
Nominal data length
Recording length
Sample rate
Geophone natural frequency

Vibroseis® 8-32 Hz, 11 s
100.5 m
100.5 m
67 m
split-spread
48
2.5 km
24
6s
16 s
4 ms
10 Hz

Vibroseis® 10-48 Hz, 14 s
100.5 m
100.5 m
67 m
split-spread
48
1.8 km
24
6s
24 s
4 ms
10 Hz
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Table 2.

Exxon Line 2
(modified from Wagner, 2005)

 SEGY in
 Extended Vibroseis correlation
to 12 s
 Geometry apply
 Trace kill
 Mute by offset
 Apply elevation statics
 Velocity analysis (velocities
picked every 25 CDPs)
 Refraction statics
 Dip-moveout (DMO) correction
 Velocity analysis after DMO
 Bandpass filter (10-32 Hz)
 Brute stack
 Flat datum correction
 Finite difference migration
 Lateral coherency filter
 Time-to-depth conversion with
smoothed stacking velocities
 Automatic gain control (AGC)
(1500 ms) for display
 SEGY out

Phillips Petroleum Co. Lines
D42, D36, D31, CX12A, CX12C, CX16, CX13























SEGY in
N/A
Geometry apply
Elevation statics
Tv Spectral whitening
Air-blast attenuation
Time and space variant band-pass
filters (10-45 Hz, 10-65 Hz)
F-X Deconvolution
Trace kill
Mute by offset
Velocity analysis (velocities picked
every 15 CDPs)
Normal-moveout (NMO) correction
Stretch mute after NMO (applied for
lines CX12A, CX12C and CX16)
Bandpass filter (10-32 Hz)
Stack by CDP
Flat datum correction
Finite difference migration (for lines
D42, D36, D31 and CX13)
Lateral coherency filter (for lines
D42, D36, D31)
Time-to-depth conversion with
smoothed stacking velocities
Automatic gain control (AGC) (1500
ms) for display
SEGY out
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